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Human prosperity is the result of the automated industry and services. The level and the 
quality of industry and services are determined notably by the applied results of science 
and innovation. Engineering research, the topic of this book, is one of the main sources of 
innovative novelties and their consequences. Advances in design and technology play a 
pivotal role in our lives and in our future, and this is why the publication of state-of-the-art 
ideas, conceptions, theories, technologies and their realizations is so important.  
This book, as the part of the Industrial Engineering Books Series of Sciyo, presents a full 
spectrum of the range of engineering activities, starting from the nanostructures of materials 
and ending at Digital Factories. The wide and rich palette of the introduced results covers 
almost all segments of industrial work from conceptual design through technology and 
planning, ranging from control and management to experiments and examples of realization, 
thus introducing various trends in engineering development. The variety of the themes 
collected in this book gives the interested reader the opportunity to get an impression of 
different research fields. Although the innovations and solutions come from different areas of 
the engineering sciences, they have one property in common: they not only bring the world 
of technology and engineering closer, but they show a small segment of the future. As the 
foundation of our future, engineering and technology plays a vital role. 

This book is the product of a virtual author collective of recognised researchers. Each chapter 
introduces an interesting area of the mechanical engineering field. 
Chapter 1 introduces the problems of processing and laser micromachining of biocomposites. 
These very new materials are used for bone implants due to their nanostructure and titanium 
content. The importance of these innovative materials and machining processes is evident in 
the area of human bone reconstruction. 
Chapter 2 continues the discussion of applicability of special nanostructure materials. These 
materials are suitable not only for medical purposes but for producing special clothes, portable 
fuel cells and other new products. Nanostructures will change the world with nanomachines 
and nanorobots, resulting in a safer, more humane life. The chapter focuses mainly on the 
application of electrospinning nanofibers. 
Chapter 3 broadens our knowledge concerning innovative materials for improving the thermal 
properties of plastic materials. This is done by the application of different types of fillers into 
the polymer matrix in order to produce polymeric composites. These new materials, with 
their special thermal characteristics, will serve the needs of applications of the future.
Chapter 4 introduces a new technology that injects small particles into fluids. The goal is to 
measure the velocity vector fields by tracing these small particles. This study focuses on the 
determination of oscillating flow fields through sequential images, suggesting a gradient-
based method for investigations.
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X

Chapter 5 continues analysing fluid or gas flow, but the purpose of the research is to perform 
a three-dimensional numerical flow analysis in the inlet and outlet openings of screw 
machines. Moreover, the investigations cover the effect of pressure- and temperature-induced 
deformation of machine components on the performance of a screw compressor or vacuum 
pump.
Chapter 6, while analysing machine parts with screw or helical surfaces, demonstrates the 
capabilities of the Surface Constructor 3D design tool intended for innovative kinematical 
surfaces, mainly gear surfaces. The flexibility of the software tool for handling different gear 
types and kinematical arrangements is demonstrated by examples.
Chapter 7 analyzes journal bearings, another situation in which oil film quality and sliding 
properties are important. Moreover, vibration is also a factor requiring consideration. The 
chapter presents an innovative solution for preventing journal bearing instability, applying 
a continuous vibration control. This method for controlling the journal bearing vibration is 
based on piezo actuators. 
Chapter 8 deals with robot navigation and also emphasises the importance of sensorial 
systems. This system helps the Pioneer 2 mobile robot navigate. The chapter analyzes the 
path-finding capability of the robot while applying the A* search algorithm or the D* search 
algorithm. Unlike the well known heuristic A* algorithm, the D* algorithm used modified 
arcs during robot navigation.  The comprehensive analysis presented here proves that the A* 
algorithm functions better, except in situations where path re-planning is inevitable because 
of inadequate information during planning. 
Chapter 9 directs our attention to manufacturing.  This chapter introduces a dynamic model 
for turning operation, taking into account the deflection of tool caused by dynamic cutting 
force. The realistic mathematical model of cutting makes it possible to optimize the parameters 
of the turning process.
Chapter 10 shows the power of evolutionary computing. In the detailed example given in 
the chapter, one kind of evolutionary algorithm, genetic programming, was applied to the 
creation of a model for the calculation of material parameters of copper rods depending on 
the parameters of cold drawing. The best evolved expression predicts the parameters better 
than a regression model.
Chapter 11 deals with statistical process control (SPC). SPC is used for providing a stable, 
well balanced manufacturing process that is capable of producing the required amount of 
products with perfect quality. The chapter uses a new approach: the SPC as a problem-solving 
instrument that can handle problems that occur and give quick and appropriate answers. The 
chapter gives an example of an SPC application in metallurgy. 
Chapter 12 discusses a relay method which is intended for plant control. The goal of the 
very theoretical chapter by the words of the authors is the following: ”… to describe and 
show the basic modifications of the relay methods from the viewpoint of experimental plant 
identification and to bring out the computational formulas for simple plants. Two-position 
symmetric relays without and with hysteresis and with the integrator in front of the relay and 
behind the relay are considered.”
Chapter 13 presents methods of quality planning and control. The quality planning of the 
product and process are equally in the focus. After the methodological introduction some 
important quality planning techniques are discussed: Quality Function Deployment, Failure 
Mode and Effect Analysis, and Process Capability Analysis. A forming-process-based 
example demonstrates the usage of the methods.

IX

Chapter 14 examines the possible benefits of the use of Radio Frequency Identification 
throughout the life of a product. It lists and analyzes possible emerging problems and suggests 
solutions. Among them are the recording of component data parallel with the product state, 
allowing data entry for authorised persons only, and allowing redundancy to provide a 
higher level of data reliability. The chapter emphasises the importance of the collected data at 
the end of product life, especially for hazardous components.
Chapter 15 introduces the Neural Management Maintenance System (NMMS), which is a 
neural-network-based decision-making agent. After it has been trained it can act as an expert 
and will monitor the controlled system to provide maintenance-oriented interventions. 
Because the quality of maintenance has a direct impact on the life cycle of equipment and 
on maintenance costs, NMMS can indirectly improve the quality of production and of the 
product.  
Chapter 16 gives a comprehensive overview of potential advances in planned disassembly. 
This research direction is very important today, when sustainable growth and green 
environment are everyday watchwords. The chapter mentions all the benefits of applying 
DFD (design for ease of disassembly) guidelines. This thinking needs to pervade all levels of 
design activity, from conception to the reuse of products and materials.    
Chapter 17 describes the “Basque Country experience” about collecting data on manufacturing 
processes and machine tools and the creation of a large knowledge base. Moreover, it reports 
on the dissemination of such information to new technicians and engineers. All these activities 
are concentrated in and coordinated by the High Performance Manufacturing Cooperative 
Research Centre.
Chapter 18 presents the Digital Factory (DF) solution of University of Žilina, Slovakia. The 
chapter describes the collected information about DF, and adds its own results of theoretical 
research accomplished in this area. The developed DF model was implemented in Volkswagen 
Slovakia, Thyssen-Krupp–PSL, and Whirlpool, and these experiences are described in the 
chapter. 
Chapter 19 analyses very important fields: the exploration of errors that appear in the course 
of integration of services distributed on the network, and the probability of building failure-
tolerant network systems. Web services and distributed resources of networks can aid almost 
all tasks and fields mentioned in the previous chapters. The evolution and possibilities of this 
area represent some aspects of future technologies.
Chapter 20 closes the volume thanks to its interdisciplinary and widely influential nature. It 
covers many interesting questions: the evolution of mobile energy sources, the integration of 
stationary power plants into distribution grids and the Green IT domain that needs modelling 
of energy consumption, for instance by server virtualization. A liberal idea, the concept of a 
virtual power plant, closes the book.

The editor would like to thank the authors of the published chapters that have made this 
book a valuable collection of new ideas, conceptions and results, enriching and continuing the 
exemplary knowledge disseminative activity of Sciyo – where the science is yours.

Editor

László Dudás
University of Miskolc

Hungary
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1. Introduction 

Bone grafting is a usual technique commonly applied in order to repair the hard tissue. In 
special cases, small defects detected inside the bones can be removed only using the grafting 
technique.  
From the point of view of the materials dedicated to this purpose, the biomaterials (metallic, 
ceramics or their composites) are used for grafts processing. Among the main demands for 
these materials, ones of the most important are: biocompatibility, comparable biomechanical 
properties with the adjacent bone, good wear behaviour in dry or wet conditions 
(depending on the graft placement).  
Also, another issue to produce bone grafts is the post-processing operation. This aspect 
concerns possible small cuttings, drillings and chamfers that could be processed after the 
grafts elaboration. Considering the mechanical characteristics of the grafts (most brittle than 
ductile, as the bones are) as well as their small dimensions, laser machining is a 
recommended technology for this purpose. 
This chapter presents a new approaching of processing of hydroxyapatite (HAP)-based 
biocomposites by powder metallurgy (PM) technology, which could be applied for bone 
grafting. Also, the wear behaviour of these biocomposites tested in dry friction conditions 
and their capability to be micro-machined by laser beam fulfils the overview concerning the 
potential of HAP based biocomposites for hard tissue grafting. 

 
1.1 Biomaterials for hard tissue grafting. Processing technologies 
One of the most used techniques to repair the damaged hard tissue (vertebrae, hips etc.) is 
grafting. Bone grafting is a surgical procedure that replaces missing bone with material 
from the patient’s own body, named autologous or autogeneous bone grafting (Francaviglia 
et al., 2004; Huber et al., 2008), an artificial/synthetic material, named alloplastic grafting, or 
a natural substitute, named allografting (Antuna et al., 2002).  
Regarding the alloplastic grafting, this is one of the most used technique because it allows 
using different biomaterials with specific properties according to the adjacent hard tissue in 
terms of low clinical risks (Huber et al., 2008; Seiler III et al., 2000). In this respect, the 
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biomaterials used for this purpose knew a great development, as follows: metallic materials 
(alloys based on Ti, Ni, Co-Cr-Mo, stainless steel, amalgam etc.), ceramics (alumina, 
zirconia, bio-glasses, hydroxiapatite – HAP) or composites (Ti-based matrix or HAP-based 
matrix) (Niinomi, 2003).  
Due to the materials development accordingly to the clinical demands for the grafts, the 
advanced biomaterials recently researched and processed offer remarkable advantages from 
the point of view of: 
 
- decreased risk of some neurological diseases that may occur because of V, Al, Cr, Co 
content in Ti alloys. For this reason, these alloying elements are replaced by Nb, Ta and Zr 
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CO2 lasers are molecular lasers that use gas molecules as the lasing medium and the 
excitation of the dioxide is achieved by increasing the vibrational energy of the molecule. 
The wavelength of CO2 lasers is 10.6 m in the region of the electromagnetic spectrum. 
 
Excimer lasers are gas lasers that use argon fluoride (ArF), krypton fluoride (KrF), xenon 
fluoride (XeF) and xenon chloride (XeCl).  The wavelength of an excimer laser depends on 
the molecules used, but is usually in the ultraviolet spectrum 123-351 nm. The excimer lasers 
are useful in micromachining of ceramics, surgery, litography of semiconductors. 
 
Laser ablation offers new possibilities by selective processing of all kinds of technical 
ceramics. It can be concluded that for attaining high accuracies and small geometries in the 
micrometer range, shorter wavelength, e.g., from Nd:YAG lasers and Excimer lasers, have to 
be used. However some researchers (Gillner et al., 2005) mention that for Nd:YAG lasers the 
absorption of ceramics is poor and therefore using frequency tripled Nd:Vanadate lasers 
ablation accuracies of <10 m with surface qualities <1 m can be achieved with sufficient 
ablation rates for the tooling industry. 
 
2. PM processing of HAP/Ti biocomposites for hard tissue grafting 

Because the main demand of a hard tissue graft is the biocompatibility correlated to the 
mechanical properties, the selected biocomposites presented in this chapter is a HAP matrix 
reinforced by Ti, both components being biocompatible. The flexibility in choosing the 
reinforcing ratio as well as the characteristics of the components (matrix and reinforcement) 
is provided by PM technology. This processing route, also allows selecting the powder 
particles size, shape, chemical composition (elemental or pre-alloyed particles) that has a 
great influence on the biocomposite properties. In the same time, anisotropic biocomposites 
can be processed by PM technology, due to the modern routes tailoring the 
porosity/density, hardness, and mechanical properties. 
On the other hand, recent advances in biocomposites provide information on 
nanostructured materials, no matter ceramic or metallic matrix because of the above 
mentioned advantages offered by the nanosized crystalline grains of the structure. 
Thus, processing anisotropic PM nanostructured biocomposites represents a challenge to 
produce bone grafts. 
The basic concepts to process such biocomposites are presented as follow.  
First, the composite matrix is ceramic respectively HAP nanopowders particles because up 
to now research proves very good interface behaviour between the bone and any other 
metallic implants (K de Groot, 1991; S. Huang et al., 2008; Y.H. Meng et al., 2008). 
Secondly, HAP nanopowders present a lack of dimensional stability in as-sintered state [F.-
X. Huber et al., 2008) and the reinforcement with different materials is highly recommended 
(Y.H. Meng et al., 2008). Thus in this chapter nanometric HAP particles are reinforced by Ti 
microparticles (Gingu et al., 2010). 
On the other hand the PM route includes, briefly, the following steps: forming of green 
compacts and sintering. Because the conventional sintering allows the grains growth, it is 
obviously that in the case of nanoparticles as initial powders, advanced sintering routes 
must be applied. In this chapter, spark plasma sintering (SPS) and two steps sintering (TSS) 
are presented, in short, as adequate technologies to process HAP/Ti nanostructured 
biocomposites that could be used as bone grafts biomaterials.  

2.1 Preparation of HAP+Ti powder mixture 
The preparation of the biocomposite powder mixture is presented in detail in (Gingu et al., 
2010) and consists in: calcination in air of HAP nanoparticles powders (average 200 nm 
particle size) followed by mixing and homogenisation of HAP particles with Ti 
microparticles (~100µm), the mixing ratio is 1:1 ... 4:1.  
 

 
Fig. 2. Biocomposite powder mixture prepared of HAP nanopowders and Ti microparticles 
in 3:1 ratio participation to the mixture (Pascu I. et al., 2010) 

 
2.2 Preparation of sintered HAP/Ti biocomposites 
Nanopowders particles used as raw materials for nanostructured biocomposites processing 
request special sintering techniques. The main reason is the risk of grain growth that can 
occur during long time sintering and/or high sintering temperature. The technical solution 
to decrease this risk is to develop the sintering treatment at low temperatures and short 
sintering times. 
SPS and TSS are ones of the PM advanced sintering techniques allowing nanostructured 
materials processing. Fig. 3 presents comparatively the thermal cycle of classic sintering 
(CS), SPS and TSS. The main sintering parameters, dwell time and temperature, are different 
for each sintering route and their influence on processed biocomposites properties will be 
discussed below. 
SPS route is an advanced sintering technique developed in a special equipment and consists 
in a rapid heating (average 1000/min.) of the powder mixture in a carbon die, in a vacuum 
chamber, up to the sintering temperature, TSPS, simultaneously with the compaction motion 
performed by the upper and lower punches. As figure 3 shows, TSPS is lower than the classic 
sintering temperature, TCS, because the diffusion phenomena in SPS route develop in 
plasma conditions generated between the powder particles. Thus, the sintering necks get 
shape in much shorter time (less than 60 minutes) than in the case of CS (usually hours). 
Shorter sintering times and lower sintering temperatures represent the great advantages of 
SPS route. Therefore, SPS is recommended to process: 

- ceramics (which normally are sintered at high temperatures and very long 
sintering times);   

- nanostructured materials because the nanosized crystalline grains are kept inside 
the nanometric range.  
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CO2 lasers are molecular lasers that use gas molecules as the lasing medium and the 
excitation of the dioxide is achieved by increasing the vibrational energy of the molecule. 
The wavelength of CO2 lasers is 10.6 m in the region of the electromagnetic spectrum. 
 
Excimer lasers are gas lasers that use argon fluoride (ArF), krypton fluoride (KrF), xenon 
fluoride (XeF) and xenon chloride (XeCl).  The wavelength of an excimer laser depends on 
the molecules used, but is usually in the ultraviolet spectrum 123-351 nm. The excimer lasers 
are useful in micromachining of ceramics, surgery, litography of semiconductors. 
 
Laser ablation offers new possibilities by selective processing of all kinds of technical 
ceramics. It can be concluded that for attaining high accuracies and small geometries in the 
micrometer range, shorter wavelength, e.g., from Nd:YAG lasers and Excimer lasers, have to 
be used. However some researchers (Gillner et al., 2005) mention that for Nd:YAG lasers the 
absorption of ceramics is poor and therefore using frequency tripled Nd:Vanadate lasers 
ablation accuracies of <10 m with surface qualities <1 m can be achieved with sufficient 
ablation rates for the tooling industry. 
 
2. PM processing of HAP/Ti biocomposites for hard tissue grafting 

Because the main demand of a hard tissue graft is the biocompatibility correlated to the 
mechanical properties, the selected biocomposites presented in this chapter is a HAP matrix 
reinforced by Ti, both components being biocompatible. The flexibility in choosing the 
reinforcing ratio as well as the characteristics of the components (matrix and reinforcement) 
is provided by PM technology. This processing route, also allows selecting the powder 
particles size, shape, chemical composition (elemental or pre-alloyed particles) that has a 
great influence on the biocomposite properties. In the same time, anisotropic biocomposites 
can be processed by PM technology, due to the modern routes tailoring the 
porosity/density, hardness, and mechanical properties. 
On the other hand, recent advances in biocomposites provide information on 
nanostructured materials, no matter ceramic or metallic matrix because of the above 
mentioned advantages offered by the nanosized crystalline grains of the structure. 
Thus, processing anisotropic PM nanostructured biocomposites represents a challenge to 
produce bone grafts. 
The basic concepts to process such biocomposites are presented as follow.  
First, the composite matrix is ceramic respectively HAP nanopowders particles because up 
to now research proves very good interface behaviour between the bone and any other 
metallic implants (K de Groot, 1991; S. Huang et al., 2008; Y.H. Meng et al., 2008). 
Secondly, HAP nanopowders present a lack of dimensional stability in as-sintered state [F.-
X. Huber et al., 2008) and the reinforcement with different materials is highly recommended 
(Y.H. Meng et al., 2008). Thus in this chapter nanometric HAP particles are reinforced by Ti 
microparticles (Gingu et al., 2010). 
On the other hand the PM route includes, briefly, the following steps: forming of green 
compacts and sintering. Because the conventional sintering allows the grains growth, it is 
obviously that in the case of nanoparticles as initial powders, advanced sintering routes 
must be applied. In this chapter, spark plasma sintering (SPS) and two steps sintering (TSS) 
are presented, in short, as adequate technologies to process HAP/Ti nanostructured 
biocomposites that could be used as bone grafts biomaterials.  

2.1 Preparation of HAP+Ti powder mixture 
The preparation of the biocomposite powder mixture is presented in detail in (Gingu et al., 
2010) and consists in: calcination in air of HAP nanoparticles powders (average 200 nm 
particle size) followed by mixing and homogenisation of HAP particles with Ti 
microparticles (~100µm), the mixing ratio is 1:1 ... 4:1.  
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Fig. 3. Schematically representation of thermal cycles in the case of classic sintering (CS), 
spark plasma sintering (SPS) and two steps sintering (TSS) 
 
Thus the research work has been developed to process HAP/Ti nanostructured biocomposites 
by SPS. 
On the other side, TSS takes place in a classic heat treatment furnace, in a special sintering 
atmosphere (inert, reducing or oxidizing) depending on the processed material, Fig. 3. The 
advantage of TSS vs. CS consists in tailoring of sintering temperature, TTSS, and dwell time 
in two steps as follows: 

- the first step: in order to initiate the diffusion processes between the compacted 
powder particles (no matter the compaction route), the samples are heated (around 
100/min) up to T1-TSS which is higher than TCS. The first dwell time is very short 
(few minutes) just to allow the ignition of the diffusion phenomena; 

- the second step: it consists in the densification of the compacts that develops at the 
temperature T2-TSS, lower than TCS, for a specific dwell time, depending on the 
material to be processed. 

Nanostructured materials have been sintered by TSS route and HAP/Ti nanostructured 
biocomposites are elaborated and patented by this method.  
In this chapter, the processing of HAP/Ti nanostructured biocomposites by TSS is 
presented. The technological parameters used for this purpose are monitored in Tab. 1. 
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Table 1. TSS technological parameters 

CS 

SPS 
TSS 

time [h] 

temp [0C] 

TCS 

TSPS 

T1-TSS 

T2-TSS 

The processing parameters, as they are presented in Tab.1, allow obtaining nanostructured 
HAP/Ti biocomposites. Fig. 4 represents SEM microstructure of such biocomposite 
processed by TSS in the following parameters: cold compaction at 120 MPa followed by first 
step sintering at 9000C for 1 min. respectively the second step at 8000C for 1200 min. (Pascu I. 
et al., 2010). 
The microstructural details revealed by Fig. 4 are: homogeneous structure of the 
biocomposite, rounded pores less than 20 µm and nanostructured ceramic matrix with 
crystalline grain size about 400 nm. These aspects correspond to the cortical structure of the 
hard tissue that is characterised, mainly, by a dense structure which the porosity is (5...10)%. 
All the sintered HAP/Ti biocomposites by TSS route have the same structural characteristics 
as the above mentioned ones: dense structures, low porosity and nanostructured ceramic 
matrix and could be recommended for hard tissue grafting. 
Furthermore, one of the most important demands of these materials is good wear behaviour 
in dry or wet friction conditions. In this chapter some preliminary experimental data are 
presented regarding the wear behaviour of HAP/Ti tested in dry ball-on-disc friction 
conditions. 
 

      
Fig. 4. SEM microstructural aspects on HAP/Ti biocomposite cold compacted at 120 MPa 
and processed by TSS at 1step sintering at 9000C/1 min.  and the second sintering step at 
8000C/1200 min. (Pascu I. et al., 2010) 
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3.Laser micromachining of HAP based biocomposites 

3.1 Micromachining conditions and equipment 
The laser micromachining tests were performed on the HAP/Ti samples obtained under the 
same sintering conditions. The biocomposite cylindrical billets of 12 mm diameter have been 
processed by unilateral cold compaction in a metallic die, at 150 MPa, first sintering step at 
9000C for 1 min. and second sintering step at temperature T2=7000C and the dwell time 
600 min. 
The micromachining of the HAP/Ti biocomposites was performed on a LASAG KLS 246 
pulsed Nd:YAG laser for industrial materials processing. The principal applications are 
cutting, drilling and welding. Characteristic for the whole type range is the excellent beam 
quality and the flexibility in the possibilities of adaptation to the different applications. Of 
the multitude of available lasers, for the materials fine processing (spot - and seam welding, 
cutting, drilling, marking, etc.), the pulsed solid state laser has proved to be particularly 
suitable. 
The laser source has been primarily conceived for processing with the direct beam but it can 
also be used on its own with supplementary fiber optic cables. The optical system is 
horizontally mounted on the processing facility free of any stress with a three point bearing 
system. Utilities supply and control system are accommodated in a completely enclosed 
cubicle, protected from dust and water. An internal cooling circuit cools the optical system 
and the power supply. The heat is conducted to the external cooling water in a controlled 
manner via a heat exchanger, without heating up the ambient or ventilating the surrounding 
air. Installation in a cubicle is possible without any additional cooling measures. In the 
Nd:YAG solid state laser, the rod shaped laser crystal is illuminated by visible light 
(“pumped”). The source of the pumping light is a plasma electronic flashlamp (electrical 
discharge in a plasma filled quartz tube). The laser rod stores the pumping light energy for a 
short time in the form of excited electron levels and subsequently emits it again at the 
infrared wavelength of 1064 nm (fluorescence effect). 
With the optical resonator, which consists essentially of one or several laser crystals and two 
parallel mirrors, one achieves several passes through the crystal, which lead to induced light 
emission and therefore 10 coherent (constant phase) light. The laser beam can exit through 
the partially translucent outlet mirror. 
 

 
Fig. 5. Laser principle 

The technical parameters of the LASAG KLS 246 are presented below: 
 

Laser type pulsed Nd:YAG solid state laser 
Wave length 1064 nm 
Beam diameter 4 mm 
Pulse length 0.02-20 ms 
Pulse frequency 0.1-1000 Hz 
Pulse energy. max. 15 J 
Pulse power at 3ms, max 4 kW 
Average power. max. 1000 W 

Table 2. Laser source KlS 246 specifications 
 
The laser parameters: voltage [V], pulse frequency [Hz] and pulse duration [ms] influence 
the quality of a laser micro machined surface for a given material. In order to analyze the 
influence of each parameter on the surface quality eight different cutting regimes were 
employed as presented in table 3. 
 

         Laser parameters 
  
Laser regime 

Voltage 
[V] 

Pulse 
frequency 

[Hz] 

Pulse 
duration 

[ms] 

Average 
power 

[W] 

Surface 
roughness 

Ra [m] 
R1 250 50 0.35 41 18.2 
R2 310 70 0.55 144 11 
R3 280 60 0.45 74 7.8 
R4 280  40 0.35 34 4.6 
R5 280 50 0.35 43 5.2 
R6 280 60 0.35 52 15.4 
R7 310 50 0.35 58.5 4.8 
R8 280 60 0.25 32.4 34.4 

Table 3. Laser parameters for micromachining of HAP/Ti 
 
Other regimes have been tested in order to check the possibility of cutting and the results 
confirmed that using a voltage below 250 V and a repeating frequency less than 50 Hz make 
the cutting impossible. Therefore the laser micromachining regimes were chosen 
accordingly. Further tests should involve a central composite design considering three 
factors of influence at different levels and surface finish as a target function. 
 
3.2 Laser micromachining results and discussions 
The influence of each laser parameter on the surface roughness is analyzed and Then the 
influence of pair of factors is also taken into consideration. The reason for this analyze is to 
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the laser micromachining process followed by grooves at the end of cut. The grooves are 
very clear pointed out and they appear due to the pulse frequency and pulse duration 
combination, figure 7. The photos presented in figure 7 b) and 7 c) show the same pattern 
for the machined surface which can lead to the conclusion that a voltage above 280 V is 
more appropriate as far as surface finish is concerned. Anyways the grooves presented are 
part of a surface layer which is very brittle and suffer a very easy delaminating when it is 
touched. Further research work should be oriented to analyze the substrate under the 
machined surface in terms of microstructure and surface roughness. 
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Fig. 6. Variation of voltage with surface roughness 
 

 
                    a) X8                                               b) X8                                             c) X8 
Fig. 7. Machined surface with three different cutting regimes: a-R1 Ra=18.2 m ; b- R5 Ra=5.2 
m; c – R7 Ra=5 m 

The influence of pulse frequency on surface roughness is presented in figure 8. This graph 
clearly shows that increasing the pulse frequency from 40 Hz to 60 Hz lead to a significant 
increasing in surface roughness. This trend is more clearly presented later in a surface plot 
with voltage and pulse duration as factors of influence vs. surface roughness. 
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Fig. 8. Variation of pulse frequency with surface roughness 
 

Figure 9 presents the surface roughness photos for three different cutting regimes as follows: 
R4: Voltage=280V, Pulse frequency=40Hz, Pulse duration=0.35 ms 
R5: Voltage=280V, Pulse frequency=50Hz, Pulse duration=0.35 ms 
R3: Voltage=280V, Pulse frequency=60Hz, Pulse duration=0.35 ms 
Maintaining voltage and pulse duration constant and varying pulse frequency a change in 
the machined surface pattern has occurred as it is shown in figure 9. 
 

 
                       a) X24                                          b)  X8                                           c) X16 
Fig. 9. Machined surface with three different cutting regimes: a-R4 Ra=4.6 m; b- R5 
Ra=5.2m ; c – R3 Ra=7.8 m 
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When R3 cutting regime was used the surface finish presented the highest value comparing 
with the other two regimes employed. However it should be pointed out that the difference 
between the three regimes in terms of surface roughness is not so high from 4.6 m to 7.8 
m. Therefore it can be considered that pulse frequency in the range 40-60 Hz does not 
affect significantly the surface roughness. 
The variation of pulse duration with the surface roughness is presented in the figure below. 
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Fig. 10. Variation of pulse duration with surface roughness 
 
According to the scattered plot presented in figure 10 a reduction of surface roughness is 
recorded with an increasing of pulse duration from 0.25 ms to 0.55 ms. However the lowest 
surface roughness value isn’t recorded for the highest pulse duration used but for a pulse 
duration of 0.35 ms. In order to have a better analysis of the influence of laser parameters a 
surface plot analysis will be performed to check the influence of pairs of laser parameters.  
Figure 11 shows different patterns for surface roughness obtained for different pulse 
duration values maintaining constant the voltage and the pulse frequency. The following 
cutting regimes were used: 
R8: Voltage=280V, Pulse frequency=60Hz, Pulse duration=0.25 ms 
R6: Voltage=280V, Pulse frequency=60Hz, Pulse duration=0.35 ms 
R3: Voltage=280V, Pulse frequency=60Hz, Pulse duration=0.45 ms 
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Fig. 11. Machined surface with three different cutting regimes: a-R8 Ra=34.4 m; b- R5 
Ra=15.4m; c – R3 Ra=7.8 m 
 
Analyzing the three photos a high amount of melted material can be observed when the 
material was machined with the R6 regime. The melted material is spread all along the 
width of the machined surface. There was a combined effect of evaporation and melt 
expulsion leading to a material loss at the beginning of cutting process. On the contrary 
when the R8 regime was used the melted material is present just in the upper area of the 
machined surface due to lower pulse duration. On the other hand the surface roughness has 
decreased with increasing of pulse duration from 0.25 to 0.35 ms. So far it can be appreciated 
that both thermo-physical properties of the biocomposites HAP/Ti based ceramics and laser 
parameters make the difference in terms of machined surface pattern. The mechanism 
governing the material removal in laser applications depends of the material properties and 
on the laser machining conditions as well (Samant & Dahotre, 2009). 
In the following figures cumulative influence of laser parameters on the surface roughness is 
presented. Figure 12 shows the influence of both voltage and pulse frequency on the surface 
roughness. It seems that the lowest values for surface roughness are obtained for lower 
voltage values as well as lower pulse frequencies. It is obvious that the highest surface 
roughness is obtained when lower values for voltage (240 V) and higher values for pulse 
frequency are employed. The graph shows that the influence of pulse frequency is higher at 
lower values for voltage than for values above 280-300 V. As a matter of fact pulse 
frequencies which are above 60 Hz combined with a voltage value lower than 250 V lead to 
severe increase of surface roughness. The contour plot presented in figure 13 help to have a 
clear view about the parameters that should be used in order to get the lowest values for 
surface finish among the values already employed. According to figure 13 the lowest surface 
roughness values are attainable for a voltage of 240-250 V and a pulse frequency of about 35-
40 Hz, but also when the voltage reaches a values of about 310 V and a pulse frequency of 60 
Hz. 
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Fig. 11. Machined surface with three different cutting regimes: a-R8 Ra=34.4 m; b- R5 
Ra=15.4m; c – R3 Ra=7.8 m 
 
Analyzing the three photos a high amount of melted material can be observed when the 
material was machined with the R6 regime. The melted material is spread all along the 
width of the machined surface. There was a combined effect of evaporation and melt 
expulsion leading to a material loss at the beginning of cutting process. On the contrary 
when the R8 regime was used the melted material is present just in the upper area of the 
machined surface due to lower pulse duration. On the other hand the surface roughness has 
decreased with increasing of pulse duration from 0.25 to 0.35 ms. So far it can be appreciated 
that both thermo-physical properties of the biocomposites HAP/Ti based ceramics and laser 
parameters make the difference in terms of machined surface pattern. The mechanism 
governing the material removal in laser applications depends of the material properties and 
on the laser machining conditions as well (Samant & Dahotre, 2009). 
In the following figures cumulative influence of laser parameters on the surface roughness is 
presented. Figure 12 shows the influence of both voltage and pulse frequency on the surface 
roughness. It seems that the lowest values for surface roughness are obtained for lower 
voltage values as well as lower pulse frequencies. It is obvious that the highest surface 
roughness is obtained when lower values for voltage (240 V) and higher values for pulse 
frequency are employed. The graph shows that the influence of pulse frequency is higher at 
lower values for voltage than for values above 280-300 V. As a matter of fact pulse 
frequencies which are above 60 Hz combined with a voltage value lower than 250 V lead to 
severe increase of surface roughness. The contour plot presented in figure 13 help to have a 
clear view about the parameters that should be used in order to get the lowest values for 
surface finish among the values already employed. According to figure 13 the lowest surface 
roughness values are attainable for a voltage of 240-250 V and a pulse frequency of about 35-
40 Hz, but also when the voltage reaches a values of about 310 V and a pulse frequency of 60 
Hz. 
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When R3 cutting regime was used the surface finish presented the highest value comparing 
with the other two regimes employed. However it should be pointed out that the difference 
between the three regimes in terms of surface roughness is not so high from 4.6 m to 7.8 
m. Therefore it can be considered that pulse frequency in the range 40-60 Hz does not 
affect significantly the surface roughness. 
The variation of pulse duration with the surface roughness is presented in the figure below. 
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Analyzing the graphs presented in figure 14 and 15 it seems that a value around 310 V for 
voltage and 0.35-0.45 ms for pulse duration are the prerequisites for obtaining a good 
surface finish. 
 

 
Fig. 16. Variation of pulse frequency and pulse duration with surface roughness 
 

 
Fig. 17. Contour plot variation of pulse frequency and pulse duration with surface roughness 

When it comes to analyze the influence of pulse frequency and pulse duration on the surface 
roughness it is obvious that a pulse frequency that is less than 45 Hz and pulse duration in 
the range of 0.35 to 0.45 ms are the best option for a low surface roughness. 
 
An analysis based on the macroscopic pattern of the micromachined surface is presented 
furthermore. Thus from macroscopically point of view, it can be stated that the 
micromachined surface of the sample presents longitudinal tracks whose diameter is almost 
the same to the beam laser. The differences between the macroscopic aspects may occur due 
to the different laser micromachining parameters, as it is shown in figure 18. 
 

 
Fig. 18. Macroscopically aspects (X 5.2 magnification)  of HAP/Ti biocomposites, unilateral 
cold compacted in a metallic die, at 150 MPa and processed by TSS (first sintering step at 
9000C for 1 min. and second sintering step at temperature T2=7000C for 600 min.). Laser 
micromachining of the samples is developed using the following parameters: 
a) R1: voltage = 250 V; frequency = 50 Hz; pulse duration = 0.35 ms 
b)R5:  voltage = 280 V; frequency = 50 Hz; pulse duration = 0.35 ms 
c) R2: voltage = 310 V; frequency = 70 Hz; pulse duration = 0.55 ms 
d) R4: voltage = 280 V; frequency = 40 Hz; pulse duration = 0.35 ms 
 
The comparative macroscopic analysis between the samples micromachined using different 
regimes reveals the similarity between the morphological aspects of the laser 
micromachined surfaces. The differences occur due to the frequency variation. For instance, 
samples b) and d) present a sensitive difference from this point of view. The biocomposite 
micromachined with 50 Hz of the laser beam (b) is more uniform and homogeneous from 
macroscopically point of view than the same sample processed at 40 Hz (d). In the same 
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time, the distance between the longitudinal tracks is smaller in b) and d) cases than in a) 
respectively c) cases. Since the pulse duration is the same, 0.35 ms, in the case of samples a), 
b) and c), it means that the distances between the longitudinal tracks and, by consequence, 
the morphological aspect of the entire micromachined surface depends on the laser beam 
voltage.    
 
The general macroscopic aspect of a laser micromachined surface is generated by the basic 
phenomenon developing during this cutting process. There are well-known the main driven 
mechanisms occurring during laser machining, which depend on the materials being 
processed. These mechanisms are:  
1) the vaporization cutting (for nonmelting materials: wood, carbon, thermoset plastics),  
2) the melt and blow cutting or fusion cutting (for metals) and  
3) the thermal stress cracking (for ceramics). 
In the case of HAP/Ti biocomposites presented in this chapter, that are a combination between 
a ceramic matrix and metallic reinforcement, it is obviously the main driven mechanism 
occurring during the laser micromachining is a combination between the thermal stress 
cracking and fusion cutting. Consequently, the macrosopic analysis of the processed samples, 
from the point of view of the driven mechanisms, reveals the characteristic features of the 
phenomenon occurred during laser micromachining, as follows. 
Analyzing a specific micromachining regime, the fusion cutting is predominant vs. the 
thermal cracking. During fusion cutting, the melted component – Ti microparticle 
reinforcements – blows outside the samples surface and covers it more or less. This is the 
case of the biocomposites processed in R4 regime: voltage = 250 V; frequency = 40 Hz; pulse 
duration = 0.35 ms. Melting droplets and solidified are presented at the surface of the 
biocomposite sample, as figure 19 shows. 
 

 
Fig. 19. Macroscopically aspects (X 16 magnification in upper frame, x 48 magnification in 
lower frame) of HAP/Ti biocomposites revealing the melt and blow (fusion) cutting  
mechanism as a predominant one during laser micromachining in R4 regime: voltage = 250 
V; frequency = 40 Hz; pulse duration = 0.35 ms 

In other regimes such as R2, R3, R5, R6 and R8, the thermal cracking mechanism occurs 
during laser micromachining process. The first visible effect is the clean surface of the 
sample, figure 20.  
 

 
Fig. 20. Macroscopically aspects (X 8 magnification)  of HAP/Ti biocomposites, unilateral 
cold compacted in a metallic die, at 150 MPa and processed by TSS (first sintering step at 
9000C for 1 min. and second sintering step at temperature T2=7000C for 600 min.). Laser 
micromachining of the samples is developed under the following parameters: 
a) R2: voltage = 310 V; frequency = 70 Hz; pulse duration = 0.55 ms 
b) R3: voltage = 280 V; frequency = 60 Hz; pulse duration = 0.45 ms 
c) R6: voltage = 280 V; frequency = 60 Hz; pulse duration = 0.35 ms 
d) R8: voltage = 280 V; frequency = 60 Hz; pulse duration = 0.25 ms 
 
Also, in these regimes (R2, R3, R6, R8), the localized heat - generated by the laser beam 
(under the corresponding technological parameters) – determines the thermal expansion of 
the ceramic matrix to the metallic reinforcement’s detriment. Thus local cracks occur on the 
processed surface, along the laser beam motion direction, figure 21. 
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Fig. 19. Macroscopically aspects (X 16 magnification in upper frame, x 48 magnification in 
lower frame) of HAP/Ti biocomposites revealing the melt and blow (fusion) cutting  
mechanism as a predominant one during laser micromachining in R4 regime: voltage = 250 
V; frequency = 40 Hz; pulse duration = 0.35 ms 

In other regimes such as R2, R3, R5, R6 and R8, the thermal cracking mechanism occurs 
during laser micromachining process. The first visible effect is the clean surface of the 
sample, figure 20.  
 

 
Fig. 20. Macroscopically aspects (X 8 magnification)  of HAP/Ti biocomposites, unilateral 
cold compacted in a metallic die, at 150 MPa and processed by TSS (first sintering step at 
9000C for 1 min. and second sintering step at temperature T2=7000C for 600 min.). Laser 
micromachining of the samples is developed under the following parameters: 
a) R2: voltage = 310 V; frequency = 70 Hz; pulse duration = 0.55 ms 
b) R3: voltage = 280 V; frequency = 60 Hz; pulse duration = 0.45 ms 
c) R6: voltage = 280 V; frequency = 60 Hz; pulse duration = 0.35 ms 
d) R8: voltage = 280 V; frequency = 60 Hz; pulse duration = 0.25 ms 
 
Also, in these regimes (R2, R3, R6, R8), the localized heat - generated by the laser beam 
(under the corresponding technological parameters) – determines the thermal expansion of 
the ceramic matrix to the metallic reinforcement’s detriment. Thus local cracks occur on the 
processed surface, along the laser beam motion direction, figure 21. 
 
 

a) b) 

c) d) 
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Fig. 21. Macroscopically aspects (X 8 magnification, upper frame; X 24 magnification, lower 
frame)  of HAP/Ti biocomposites, unilateral cold compacted in a metallic die, at 150 MPa 
and processed by TSS (first sintering step at 9000C for 1 min. and second sintering step at 
temperature T2=7000C for 600 min.). Laser micromachining: voltage = 280 V; frequency = 60 
Hz; pulse duration = 0.45 ms; regime R3. Thermal microcracks displacement (white arrows) 
along the laser beam motion direction (black arrow)  
 
From pictures presented in figure 20 and figure 21, the following conclusion could be 
drawn: the advantage of a clean surface of the bone graft made of HAP/Ti nanostructured 
biocomposite and laser micromachined for various purposes is counterbalanced by the risk 
of microcracks occurring during the cutting process. In this respect, the next research 
direction is to determine the 3D dimensions of these cracks in order to determine their 
possible influence on the heat affected zone (HAZ) nearby the micromachined surface. 

laser beam motion direction 

cracks 

The general conclusion regarding the capability of HAP/Ti nanostructured biocomposites 
to be laser micromachined concerns the common macroscopically aspect of all the 
developed tests: the machined surface (1)  is coated by one melted layer (2), obtained after 
the laser beam motion, figure 22. 
 

  
Fig. 22. Melted layer (2) from the biocomposite sample (1) solidified after the laser beam 
motion during the micromachining operation (left image X8 magnification; write image X16 
magnification)  
 
Depending on the laser micromachining parameters, the roughness of this coating layer is 
different and could influence the properties of HAZ (microstructure, chemical and phase 
composition, hardness). This influence represents one of the next research directions in the 
field of laser micromachining of HAP/Ti nanostructured biocomposites. 
 
4. Conclusions 

Laser micomachining of HAP/Ti biocomposites is a very promising procedure and in some 
situations is the only possible way to machine, cut or drill ceramic bicomposites. In this 
research work several possibilities to obtain nanostructured HAP/TI based biocomposites 
have been presented pointing out especially the TSS and SPS techniques. Regarding laser 
micromachining of these materials it can be concluded that the quality of the machined 
surface is significantly affected by the laser parameters and choosing the appropriate 
parameters in order to get a good surface finish could be done after a very detailed study of 
their influence.  Vaporization, melt expulsion, thermal cracking are phenomena that should 
be very carefully analyzed to determine their impact on the machined surface. 
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1. Introduction 

The largest variety of efficient and elegant multifunctional materials is seen in natural 
biological systems, which occur sometimes in the simple geometrical forms in man-made 
materials. The multifunctionality of a material could be achieved by designing the material 
from the micro to macroscales (bottom up design approach), mimicking the structural 
formations created by nature [1]. Biological materials present around us have a large 
number of ingenious solutions and serve as a source of inspiration. There are different ways 
of producing multifunctional materials that depend largely on whether these materials are 
structural composites, smart materials, or nanostructured materials. The nanostructure 
materials are most challenging and innovative processes, introducing, in the manufacturing, 
a new approaches such as self-assembly and self-replication. For bio-materials involved in 
surface-interface related processes, common geometries involve capillaries, dendrites, hair, 
or fin-like attachments supported on larger substrates. It may be useful to incorporate 
similar hierarchical structures in the design and fabrication of multifunctional synthetic 
products that include surface sensitive functions such as sensing, reactivity, charge storage, 
transport property or stress transfer. Significant effort is being directed in order to fabricate 
and understand materials involving multiple length scales and functionalities. Porous 
fibrous structures can behave like lightweight solids providing significantly higher surface 
area compared to compact ones. Depending on what is attached on their surfaces, or what 
matrix is infiltrated in them, these core structures can be envisioned in a wide variety of 
surface active components or net-shape composites. If nanoelements can be attached in the 
pores, the surface area within the given space can be increased by several orders of 
magnitude, thereby increasing the potency of any desired surface functionality. Recent 
developments in electrospinning have made these possible, thanks to a coelectrospinning 
polymer suspension [2]. This opens up the possibility of taking a functional material of any 
shape and size, and attaching nanoelements on them for added surface functionality. The 
fast growing nanotechnology with modern computational/experimental methods give the 
possibility to design multifunctional materials and products in human surroundings. Smart 
clothing, portable fuel cells, medical devices are some of them. Research in nanotechnology 
began with applications outside of everyday life and is based on discoveries in physics and 
chemistry. The reason for that is need to understand the physical and chemical properties of 
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molecules and nanostructures in order to control them. For example, nanoscale 
manipulation results in new functionalities for textile structures, including self-cleaning, 
sensing, actuating, and communicating. Development of precisely controlled or 
programmable medical nanomachines and nanorobots is great promise for nanomedicine. 
Once nanomachines are available, the ultimate dream of every medical man becomes reality. 
The miniaturisation of instruments on micro- and nano-dimensions promises to make our 
future lives safer with more humanity. A new approach in material synthesis is a 
computational-based material development. It is based on multiscale material and process 
modelling spanning, on a large spectrum of time as well as on length scales. Multi-scale 
materials design means to design materials from a molecular scale up to a macro scale. The 
ability to manipulate at atomic and molecular level is also creating materials and structures 
that have unique functionalities and characteristics. Therefore it will be and revolutionizing 
next-generation technology ranging from structural materials to nano-electro-mechanical 
systems (NEMs), for medicine and bioengineering applications. Recent research 
development in nanomaterials has been progressing at a tremendous speed for it can totally 
change the ways in which materials can be made with unusual properties. Such research 
includes the synthetic of nanomaterials, manufacturing processes, in terms of the controls of 
their nano-structural and geometrical properties, mouldability and mixability with other 
matrix for nanocomposites. The cost of designing and producing a novel multifunctional 
material can be high and the risk of investment to be significant. Computational materials 
research that relies on multi-scale modelling has the potential to significantly reduce 
development costs of new nanostructured materials for demanding applications by bringing 
physical and microstructural information into the realm of the design engineer. As there are 
various potential applications of nanotechnology in design multifunctional product, only 
some of the well-known properties come from by nano-treatment are critically highlighted. 
This chapter review current research in nanotechnology application of the electrospinning 
nanofiber, from fibber production and development to end uses as multifunctional 
nanostructure device and product. The electrospinning phenomena are described from 
experimental point of view to it simulation as multiscale problem. 

 
2. The multifunctional materials and products 

2.1 Responsive nanoparticles 
There are several directions in the research and development of the responsive nanoparticle 
(RNP) applications . Development of particles that respond by changing stability of colloidal 
dispersions is the first directions. Stimuli-responsive emulsions and foams could be very 
attractive for various technologies in coating industries , cosmetic, and personal care. The 
RNPs compete with surfactants and, hence, the costs for the particle production will play a 
key role. The main challenge is the development of robust and simple methods for the 
synthesis of RNPs from inexpensive colloidal particles and suspensions. That is indeed not a 
simple job since most of commercially available NPs are more expensive than surfactants. 
Another important application of RNPs for tunable colloidal stability of the particle 
suspensions is a very broad area of biosensors.  

 
 

Fig. 1. Stimuli-responsive nanoparticles  
 
The second direction is stimuli-responsive capsules that can release the cargo upon external 
stimuli (See Fig. 1). The capsules are interesting for biomedical applications (drugs delivery 
agents) and for composite materials (release of chemicals for self-healing). The most 
challenging task in many cases is to engineering systems capable to work with demanded 
stimuli. It is not a simple job for many biomedical applications where signalling 
biomolecules are present in very small concentrations and a range of changes of many 
properties is limited by physiological conditions. A well-known challenge is related to the 
acceptable size production of capsules. Many medical applications need capsules less than 
50 nm in diameter. Fabrication of capsules with a narrow pore size distribution and tunable 
sizes could dramatically improve the mass transport control. A hierarchically organized 
multicompartment RNPs are in the focus. These particles could respond to weak signals, to 
multiple signals, and could demonstrate a multiple response. They can perform logical 
operations with multiple signals, store energy, absorb and consume chemicals, and 
synthesize and release chemicals. In other words, they could operate as an autonomous 
intelligent minidevice. The development of such RNPs can be considered as a part of 
biomimetics inspired by living cells or logic extension of the bottom up approach in 
nanotechnology. The development of the intelligent RNPs faces numerous challenges 
related to the coupling of many functional building blocks in a single hierarchically 
structured RNP. These particles could find applications for intelligent drug delivery, removal 
of toxic substances, diagnostics in medicine, intelligent catalysis, microreactors for chemical 
synthesis and biotechnology, new generation of smart products for personal use, and others. 

 
2.2 Nanocoatings 
In general, the coating's thickness is at least an order of magnitude lower than the size of the 
geometry to be coated. The coating's thickness less than 10 nm is called nanocoating. Nano-
coatings are materials that are produced by shrinking the material at the molecular level to 
form a denser product. Nanostmcture coatings have an excellent toughness, good corrosion 
resistance, wear and adhesion properties. These coatings can be used to repair component 
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parts instead of replacing them, resulting in significant reductions in maintenance costs. 
Additionally, the nanostructure coatings will extend the service life of the component due to 
the improved properties over conventional coatings. 
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Fig. 4. Multiscale electrospun fabric 

 
3. Fundamentals of electrospinning 

The slender-body approximation is widely used in electrospinning analysis of common 
fluids [4]. The presence of nanoelements (nanoparticles, carbon nanotube, clay) in 
suspension jet complicate replacement 3D axisymetric with 1D equivalent jet problem under 
solid-fluid interaction force on nanolevel domain. The applied electric field induced dipole 
moment, while torque on the dipole rotate and align the nanoelement with electric field. The 
theories developed to describe the behaviour of the suspension jet fall into two levels 
macroscopic and microscopic. The macroscopic governing equations of the electrospinning 
are equation of continuity, conservation of the charge, balance of momentum and electric 
field equation. Conservation of mass for the jet requires that [4] 
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where r is jet radius, and v  is effective velocity. The conservation of charge may be 
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where E the axial component of the electric field is, K  is the effective electrical 
conductivity of the jet, and   is the surface charge density. The momentum equation for 
the fluid can be derived as follow  
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where   is fluid density, respectively. The ij  deviatoric stress tensor in fluid,   is the 

surface tension,   and 0  are the effective dielectric constants of the jet and ambient air 
respectively. Tangential component (effective) of electric field inside the jet has the form [4]  
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where 0r  is initial jet radius, L  is characteristic scale length, E  is the externally imposed 
constant electric field. For polymer suspension stress tensor ij come from polymeric iĵ and 
solvent contribution tensor via constitutive equation  
 
 ijsijij   ˆ  (5) 

 
where s is solvent viscosity, and ij  strain rate tensor. The polymer contribution tensor 

iĵ depend on microscopic models of the suspension. Microscopic approach represents the 
microstructural features of material by means of a large number of micromechanical 
elements (beads, platelet, rods) obeying stochastic differential equations. The evolution 
equations of the microelements arise from a balance of momentum on the elementary level. 
For example, rheological behavior of the dilute suspension of the carbon nanotube (CNTs) 
in polymer matrix can be described as FENE dumbbell model [6]  
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where QQ   is the suspension configuration tensor ( See Fig. 6), c  is a spring constant, 

and maxb  is maximum CNT extensibility. Subscript   represent the upper convected 
derivative,  

     vAAvA
dt
dA T    

 

 
Fig. 6. FENE dumbbell model 

 
and   denote a relaxation time. The polymeric stress can be obtained from the following 
relation  
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where k  is Boltzmann’s constant, T  is temperature, and n is dumbbells density. 
Orientation probability distribution function   of the dumbbell vector Q can be described 
by the Fokker-Planck equation, neglecting rotary diffusivity.  
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Solution equations (7) and (8) with supposition that flow in orifice is Hamel flow [7], give 
value orientation probability distribution function   along streamline of the jet. Rotation 
motion of a nanoelement (CNTs for example) in a Newtonian flow can be described as short 
fiber suspension model as another rheological model [8] 
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where p is a unit vector in nanoelement axis direction, ij  is the rotation rate tensor, ij  is 

the deformation tensor, rD  is the rotary diffusivity and   is shape factor. Microscopic 
models for evolution of suspension microstructure can be coupled to macroscopic transport 
equations of mass and momentum to yield micro-macro multiscale flow models. The 
presence of the CNTs in the solution contributes to new form of instability with influences 
on the formation of the electrospun mat. The high strain rate on the nanoscale with 
complicated microstructure requires innovative research approach from the computational 
modelling point of view [9]. 
 

 
Fig. 7. The CNTs alignment in jet flow [10] 
 
By the Fig. 6 illustrated multiscale treatment the CNTs suspension in the jet , one time as 
short flexible cylinder in solution (microscale), and second time as coarse grain system with 
polymer chain particles and CNT(nanoscale level).  

 
4. Multifunctional nanofiber-based structure 

The variety of materials and fibrous structures that can be electrospun allow for the 
incorporation and optimization of various functions to the nanofiber, either during spinning 
or through post-spinning modifications. A schematic of the multi-level organization of an 
electrospun fiber based composite is shown in Fig. 8.  
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presence of the CNTs in the solution contributes to new form of instability with influences 
on the formation of the electrospun mat. The high strain rate on the nanoscale with 
complicated microstructure requires innovative research approach from the computational 
modelling point of view [9]. 
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The variety of materials and fibrous structures that can be electrospun allow for the 
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or through post-spinning modifications. A schematic of the multi-level organization of an 
electrospun fiber based composite is shown in Fig. 8.  
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Fig. 8. Multiscale electrospun fabrics 
 
Based on current technology, at least four different levels of organization can be put 
together to form a nanofiber based hierarchically organized structure. At the first level, 
nanoparticles or a second polymer can be mixed into the primary polymer solution and 
electrospun to form composite nanofiber. Using a dual-orifice spinneret design, a second 
layer of material can be coated over an inner core material during electrospinning to give 
rise to the second level organization. Two solution reservoirs, one leading to the inner orifice 
and the other to the outer orifice will extrude the solutions simultaneously. Otherwise, other 
conditions for electrospinning remain the same. Rapid evaporation of the solvents during 
the spinning process reduces mixing of the two solutions therefore forming core-shell 
nanofiber. At the same level, various surface coating or functionalization techniques may be 
used to introduce additional property to the fabricated nanofiber surface. Chemical 
functionality is a vital component in advance multi-functional composite material to detect 
and respond to changes in its environment. Thus various surface modifications techniques 
have been used to construct the preferred arrangement of chemically active molecules on 
the surface with the nanofiber as a supporting base. The third level organization will see the 
fibers oriented and organized to optimize its performance. A multi-layered nanofiber 
membrane or mixed materials nanofibers membrane can be fabricated in situ through 
selective spinning or using a multiple orifice spinneret design, respectively. Finally, the 
nanofibrous assembly may be embedded within a matrix to give the fourth-level 
organization. The resultant structure will have various properties and functionality due its 
hierarchical organization. Nanofiber structure at various levels have been constructed and 
tested for various applications and will be covered in the following sections. To follow 
surface functionality and modification, jet flow must be solved on multiple scale level. All 
above scale (nanoscale) can be solved by use particle method together with coarse grain 
method on supramolecular level.  

 

4.1 Nanofiber effective properties 
The effective properties of the nanofiber can be determined by homogenization procedure 
using representative volume element (RVE). There is need for incorporating more physical 
information on microscale in order to precise determine material behaviour model. For 
electrospun suspension with nanoelements (CNTs,..), a concentric composite cylinder 
embedded with a caped carbon nanotube represents RVE as shown by Fig 9. A carbon 
nanotube with a length 2 , radii a2  is embedded at the centre of matrix materials with a 
radii R and length 2L.  
 

 
 

Fig. 9. The nanofiber representative volume element 
 
The discrete atomic nanotube structure replaced the effective (solid) fiber having the same 
length and outer diameter as a discrete nanotube with effective Young’s nanotube modulus 
determined from atomic structure. The stress and strain distribution in RVE was determined 
using modified shear-lag model [11]. For the known stress and strain distribution under 
RVE we can calculate elastic effective properties quantificators. The effective axial module 

33E , and the transverse module 2211 EE  , can be calculated as follow 
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where  denotes a volume average under volume V  as defined by  
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The thre-phase concentric cylindrical shell model has been proposed to predict effective 
modulus of nanotube reinforced nanofibers [12]. The modulus of nanofiber depend strongly 
upon the thickness of the interphase and CNTs diameter (See Fig. 10).  
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Fig. 10. Modulus dependence on interphase and CNT diameter 

 
4.2 Network macroscopic properties 
Macroscopic properties of the multifunctional structure determine final value of the any 
engineering product. The major objective in the determination of macroscopic properties is 
the link between atomic and continuum types of modelling and simulation approaches. The 
multiscale method such as quasi-continuum, bridge method, coarse-grain method, and 
dissipative particle dynamics are some popular methods of solution [9],[13]. The main 
advantage of the mesoscopic model is its higher computational efficiency than the molecular 
modelling without a loss of detailed properties at molecular level. Peridynamic modelling of 
fibrous network is another promising method, which allows damage, fracture and long-
range forces to be treated as natural components of the deformation of materials [14]. In the 
first stage, effective fiber properties are determined by homogenization procedure, while in 
the second stage the point-bonded stochastic fibrous network at mesoscale is replaced by 
continuum plane stress model. Effective mechanical properties of nanofiber sheets at the 
macro scale level can be determined using the 2D Timoshenko beam-network. The critical 
parameters are the mean number of crossings per nanofiber, total nanofiber crossing in 
sheet and mean segment length [15]. Let as first consider a general planar fiber network 
characterized by fibre concentration n and fibre angular and length distribution ),(  , 
where   and   are fibre orientation angle and fibre length, respectively. The fibre radius r  
is considered uniform and the fibre concentration n  is defined as the number of fiber per 
unit area.  
 

 
Fig. 11. The fiber contact analysis  
 
The Poisson probability distribution can be used to describe the fiber segment length 
distribution for electrospun fabrics, a portion of the fiber between two neighbouring 
contacts:  
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where the dangled segments at fiber ends have been excluded. The fiber network will be 
deformed in several ways. The strain energy in fiber segments come from bending, 
stretching and shearing modes of deformation (see Figure 12) 
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where A  and I  are beam cross-section area and moment of inertia, respectively. The first 
term on right side is stretching mode, while second and last term are shear bending modes 
respectively.  
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where A  and I  are beam cross-section area and moment of inertia, respectively. The first 
term on right side is stretching mode, while second and last term are shear bending modes 
respectively.  
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Fig. 12. Fiber network 2D model 
 
The effective material constants for fiber network can be determined using homogenization 
procedure concept for fiber network. The strain energy fiber network for representative 
volume element is equal to strain energy continuum element with effective material 
constant. The strain energy of the representative volume element under plane stress 
conditions are 

  VCU klijklij  
2
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where is rhbV  2  - representative volume element , ijklC  are effective elasticity 

tensor. The square bracket  means macroscopic strain value. We assume that 

microscopic deformation tensor of a fiber segments ij  is compatible with effective 

macroscopic strain ij  of effective continuum (affine transformation). This is bridge 

relations between fiber segment microstrain ij  and macroscopic strain ij  in the effective 

medium. Properties of this nanofibrous structure on the macro scale depend on the 3D joint 
morphology. The joints can be modelled as contact torsional elements with spring and 
dashpot [15]. The elastic energy of the whole random fibre network can be calculated 
numerically, from the local deformation state of the each segment by finite element method 
[16]. The elastic energy of the network is then the sum of the elastic energies of all segments. 
We consider here tensile stress, and the fibers are rigidly bonded to each other at every 
fibre-fibre crossing points. To mimic the microstructure of electrospun mats, we generated 
fibrous structures with fibers positioned in horizontal planes, and stacked the planes on top 
of one another to form a 2D or 3D structure. The representative volume element dimensions 
are considered to be an input parameter that can be used among other parameters to control 
the solid volume fraction of the structure, density number of fibre in the simulations. The 

number of intersections/unit area and mean lengths are obtained from image analysis of 
electrospun sheets. For the random point field the stochastic fiber network was generated. 
Using polar coordinates and having the centreline equation of each fiber, the relevant 
parameters confined in the simulation box is obtained. The procedure is repeated until 
reaching the desired parameters is achieved. The non-load bearing fiber segments were 
removed and trimmed to keep dimensions hb  of the representative window (see Fig. 13). 
A line representative network model is replaced by finite element beam mesh. The finite 
element analyses were performed in a network of 100 fibers, for some CNTs volume 
fractions values. Nanofibers were modelled as equivalent cylindrical beam as mentioned 
above. Effective mechanical properties of nanofiber sheets at the macro scale level can be 
determined using the 2D Timoshenko beam-network. 
 

 
Fig. 13. Repesentative volume element of the network 
 
For a displacement-based form of beam element, the principle of virtual work is assumed 
valid. For a beam system, a necessary and sufficient condition for equilibrium is that the 
virtual work done by sum of the external forces and internal forces vanish for any virtual 
displacement 0W . The W is the virtual work which the work is done by imaginary or 
virtual displacements. 
 

  dAuTdVuFdVW j
A

j
A

j
V

ijij     (16) 
 

where,   is the strain,   is the stress, F  is the body force, u  is the virtual 
displacement, and T is the traction on surface A . The symbol   is the variational operator 
designating the virtual quantity . Finite element interpolation for displacement field [15] 
 
    uNu ˆ   (17) 

Design multifunctional product by nanostructures 39

 
Fig. 12. Fiber network 2D model 
 
The effective material constants for fiber network can be determined using homogenization 
procedure concept for fiber network. The strain energy fiber network for representative 
volume element is equal to strain energy continuum element with effective material 
constant. The strain energy of the representative volume element under plane stress 
conditions are 

  VCU klijklij  
2
1

  (15) 

 

where is rhbV  2  - representative volume element , ijklC  are effective elasticity 

tensor. The square bracket  means macroscopic strain value. We assume that 

microscopic deformation tensor of a fiber segments ij  is compatible with effective 

macroscopic strain ij  of effective continuum (affine transformation). This is bridge 

relations between fiber segment microstrain ij  and macroscopic strain ij  in the effective 

medium. Properties of this nanofibrous structure on the macro scale depend on the 3D joint 
morphology. The joints can be modelled as contact torsional elements with spring and 
dashpot [15]. The elastic energy of the whole random fibre network can be calculated 
numerically, from the local deformation state of the each segment by finite element method 
[16]. The elastic energy of the network is then the sum of the elastic energies of all segments. 
We consider here tensile stress, and the fibers are rigidly bonded to each other at every 
fibre-fibre crossing points. To mimic the microstructure of electrospun mats, we generated 
fibrous structures with fibers positioned in horizontal planes, and stacked the planes on top 
of one another to form a 2D or 3D structure. The representative volume element dimensions 
are considered to be an input parameter that can be used among other parameters to control 
the solid volume fraction of the structure, density number of fibre in the simulations. The 

number of intersections/unit area and mean lengths are obtained from image analysis of 
electrospun sheets. For the random point field the stochastic fiber network was generated. 
Using polar coordinates and having the centreline equation of each fiber, the relevant 
parameters confined in the simulation box is obtained. The procedure is repeated until 
reaching the desired parameters is achieved. The non-load bearing fiber segments were 
removed and trimmed to keep dimensions hb  of the representative window (see Fig. 13). 
A line representative network model is replaced by finite element beam mesh. The finite 
element analyses were performed in a network of 100 fibers, for some CNTs volume 
fractions values. Nanofibers were modelled as equivalent cylindrical beam as mentioned 
above. Effective mechanical properties of nanofiber sheets at the macro scale level can be 
determined using the 2D Timoshenko beam-network. 
 

 
Fig. 13. Repesentative volume element of the network 
 
For a displacement-based form of beam element, the principle of virtual work is assumed 
valid. For a beam system, a necessary and sufficient condition for equilibrium is that the 
virtual work done by sum of the external forces and internal forces vanish for any virtual 
displacement 0W . The W is the virtual work which the work is done by imaginary or 
virtual displacements. 
 

  dAuTdVuFdVW j
A

j
A

j
V

ijij     (16) 
 

where,   is the strain,   is the stress, F  is the body force, u  is the virtual 
displacement, and T is the traction on surface A . The symbol   is the variational operator 
designating the virtual quantity . Finite element interpolation for displacement field [15] 
 
    uNu ˆ   (17) 



Engineering the Future38

 
Fig. 12. Fiber network 2D model 
 
The effective material constants for fiber network can be determined using homogenization 
procedure concept for fiber network. The strain energy fiber network for representative 
volume element is equal to strain energy continuum element with effective material 
constant. The strain energy of the representative volume element under plane stress 
conditions are 

  VCU klijklij  
2
1

  (15) 

 

where is rhbV  2  - representative volume element , ijklC  are effective elasticity 

tensor. The square bracket  means macroscopic strain value. We assume that 

microscopic deformation tensor of a fiber segments ij  is compatible with effective 

macroscopic strain ij  of effective continuum (affine transformation). This is bridge 

relations between fiber segment microstrain ij  and macroscopic strain ij  in the effective 

medium. Properties of this nanofibrous structure on the macro scale depend on the 3D joint 
morphology. The joints can be modelled as contact torsional elements with spring and 
dashpot [15]. The elastic energy of the whole random fibre network can be calculated 
numerically, from the local deformation state of the each segment by finite element method 
[16]. The elastic energy of the network is then the sum of the elastic energies of all segments. 
We consider here tensile stress, and the fibers are rigidly bonded to each other at every 
fibre-fibre crossing points. To mimic the microstructure of electrospun mats, we generated 
fibrous structures with fibers positioned in horizontal planes, and stacked the planes on top 
of one another to form a 2D or 3D structure. The representative volume element dimensions 
are considered to be an input parameter that can be used among other parameters to control 
the solid volume fraction of the structure, density number of fibre in the simulations. The 

number of intersections/unit area and mean lengths are obtained from image analysis of 
electrospun sheets. For the random point field the stochastic fiber network was generated. 
Using polar coordinates and having the centreline equation of each fiber, the relevant 
parameters confined in the simulation box is obtained. The procedure is repeated until 
reaching the desired parameters is achieved. The non-load bearing fiber segments were 
removed and trimmed to keep dimensions hb  of the representative window (see Fig. 13). 
A line representative network model is replaced by finite element beam mesh. The finite 
element analyses were performed in a network of 100 fibers, for some CNTs volume 
fractions values. Nanofibers were modelled as equivalent cylindrical beam as mentioned 
above. Effective mechanical properties of nanofiber sheets at the macro scale level can be 
determined using the 2D Timoshenko beam-network. 
 

 
Fig. 13. Repesentative volume element of the network 
 
For a displacement-based form of beam element, the principle of virtual work is assumed 
valid. For a beam system, a necessary and sufficient condition for equilibrium is that the 
virtual work done by sum of the external forces and internal forces vanish for any virtual 
displacement 0W . The W is the virtual work which the work is done by imaginary or 
virtual displacements. 
 

  dAuTdVuFdVW j
A

j
A

j
V

ijij     (16) 
 

where,   is the strain,   is the stress, F  is the body force, u  is the virtual 
displacement, and T is the traction on surface A . The symbol   is the variational operator 
designating the virtual quantity . Finite element interpolation for displacement field [15] 
 
    uNu ˆ   (17) 

Design multifunctional product by nanostructures 39

 
Fig. 12. Fiber network 2D model 
 
The effective material constants for fiber network can be determined using homogenization 
procedure concept for fiber network. The strain energy fiber network for representative 
volume element is equal to strain energy continuum element with effective material 
constant. The strain energy of the representative volume element under plane stress 
conditions are 

  VCU klijklij  
2
1

  (15) 

 

where is rhbV  2  - representative volume element , ijklC  are effective elasticity 

tensor. The square bracket  means macroscopic strain value. We assume that 

microscopic deformation tensor of a fiber segments ij  is compatible with effective 

macroscopic strain ij  of effective continuum (affine transformation). This is bridge 

relations between fiber segment microstrain ij  and macroscopic strain ij  in the effective 

medium. Properties of this nanofibrous structure on the macro scale depend on the 3D joint 
morphology. The joints can be modelled as contact torsional elements with spring and 
dashpot [15]. The elastic energy of the whole random fibre network can be calculated 
numerically, from the local deformation state of the each segment by finite element method 
[16]. The elastic energy of the network is then the sum of the elastic energies of all segments. 
We consider here tensile stress, and the fibers are rigidly bonded to each other at every 
fibre-fibre crossing points. To mimic the microstructure of electrospun mats, we generated 
fibrous structures with fibers positioned in horizontal planes, and stacked the planes on top 
of one another to form a 2D or 3D structure. The representative volume element dimensions 
are considered to be an input parameter that can be used among other parameters to control 
the solid volume fraction of the structure, density number of fibre in the simulations. The 

number of intersections/unit area and mean lengths are obtained from image analysis of 
electrospun sheets. For the random point field the stochastic fiber network was generated. 
Using polar coordinates and having the centreline equation of each fiber, the relevant 
parameters confined in the simulation box is obtained. The procedure is repeated until 
reaching the desired parameters is achieved. The non-load bearing fiber segments were 
removed and trimmed to keep dimensions hb  of the representative window (see Fig. 13). 
A line representative network model is replaced by finite element beam mesh. The finite 
element analyses were performed in a network of 100 fibers, for some CNTs volume 
fractions values. Nanofibers were modelled as equivalent cylindrical beam as mentioned 
above. Effective mechanical properties of nanofiber sheets at the macro scale level can be 
determined using the 2D Timoshenko beam-network. 
 

 
Fig. 13. Repesentative volume element of the network 
 
For a displacement-based form of beam element, the principle of virtual work is assumed 
valid. For a beam system, a necessary and sufficient condition for equilibrium is that the 
virtual work done by sum of the external forces and internal forces vanish for any virtual 
displacement 0W . The W is the virtual work which the work is done by imaginary or 
virtual displacements. 
 

  dAuTdVuFdVW j
A

j
A

j
V

ijij     (16) 
 

where,   is the strain,   is the stress, F  is the body force, u  is the virtual 
displacement, and T is the traction on surface A . The symbol   is the variational operator 
designating the virtual quantity . Finite element interpolation for displacement field [15] 
 
    uNu ˆ   (17) 



Engineering the Future40

where is u u displacement vector of arbitrary point and û  is nodal displacement 

point's vector.  N  is shape function matrix. After FEM procedure the problem is reduced 
to the solution of the linear system of equations 
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where are  u  is global displacement vector, f  - global nodal force vector, and  eK  - 
global stiffness matrix. Finite element analyses were performed for computer generated network 
of 100 fibers. The comparison of calculated data with experimental data [10] for nanotube sheet 
shows some discrepancies (Figure 14). A rough morphological network model for the sheets can 
explain this on the one hand and simple joint morphology on the other hand [16].  
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Fig. 14. The stress-strain curve [10] 

 
4.3 Flow in fibre network 
Electrospun nanofiber materials are becoming an integral part of many recent applications 
and products. Such materials are currently being used in tissue engineering, air and liquid 
filtration, protective clothing's, drug delivery, and many others. Permeability of fibrous 
media is important in many applications, therefore during the past few decades, there have 
been many original studies dedicated to this subject. Depending on the fiber diameter and 
the air thermal conditions, there are four different regimes of flow around a fiber: 

a) Continuum regime ( 310 NK ),  

b) Slip-flow regime ( 25.010 3 
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d) Free molecule regime ( 10NK ),  
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mean free path of gas molecules, d  is fiber diameter, N̂ is Avogadro number. Air flow 
around most electrospun nanofibers is typically in the slip or transition flow regimes. In the 
context of air filtration, the 2D analytical work of Kuwabara [17] has long been used for 
predicting the permeability across fibrous filters. The analytical expression has been 
modified by Brown [18] to develop an expression for predicting the permeability across 
filter media operating in the slip flow regime. The ratio of the slip to no-slip pressure drops 
obtained from the simplified 2D models may be used to modify the more realistic, and so 
more accurate, existing 3D permeability models in such a way that they could be used to 
predict the permeability of nanofiber structure. To test this supposition, for above 
developed 3D virtual nanofibrous structure, the Stokes flow equations solved numerically 
inside these virtual structures with an appropriate slip boundary condition that is 
developed for accounting the gas slip at fiber surface. Our results leading to the 
development of a correction factor for the available analytical permeability models of 3D 
fibrous media are presented.  

 
4.3.1 Flow field calculation 
A steady state, laminar, incompressible model has been adopted for the flow regime inside 
our virtual media. Implemented in the Fluent code [19] is used to solve continuity and 
conservation of linear momentum in the absence of inertial effects 
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The grid size required to mesh the gap between two fibers around their crossover point is 
often too small. The computational grid used for computational fluid dynamics (CFD) 
simulations needs to be fine enough to resolve the flow field in the narrow gaps, and at the 
same time coarse enough to cover the whole domain without requiring infinite 
computational power. Permeability of a fibrous material is often presented as a function of 
fiber radius, r, and solid volume fraction  , of the medium. Here, we use the continuum 
regime analytical expressions of Jackson and James [20], developed for 3D isotropic fibrous 
structures given as  
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Brown [18] has proposed an expression for the pressure drop across a fibrous medium 
based on the 2D cell model of Kuwabara [17] with the slip boundary condition 
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point's vector.  N  is shape function matrix. After FEM procedure the problem is reduced 
to the solution of the linear system of equations 
 
     fuKe     (18) 
 
where are  u  is global displacement vector, f  - global nodal force vector, and  eK  - 
global stiffness matrix. Finite element analyses were performed for computer generated network 
of 100 fibers. The comparison of calculated data with experimental data [10] for nanotube sheet 
shows some discrepancies (Figure 14). A rough morphological network model for the sheets can 
explain this on the one hand and simple joint morphology on the other hand [16].  
 

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09
0

5

10

15

20

25

STRAIN  [--]

 S
TR

E
S

S
  [

M
P

a]

EKSPERIMENT

NUMERICKI

 
Fig. 14. The stress-strain curve [10] 
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Fig. 14. The stress-strain curve [10] 
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where 225.075.05.0ˆ   nK   Kuwabara hydrodynamic factor, h is 
fabric thickness, and V  is velocity. As discussed in the some reference [*], permeability (or 
pressure drop) models obtained using ordered 2D fiber arrangements are known for under-
predicting the permeability of a fibrous medium. In order to overcome this problem, if a 
correction factor can be derived based on the above 2D expression, and used with the 
realistic expressions developed for realistic 3D fibrous structures. From equation (22) we 
have for the case of no-slip boundary condition ( 0NK ): 
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Here, we define our correction factor as  
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to be used in modifying the original permeability expressions of Jackson and 
James[19],Jackson and James, 1986 G. Jackson and D. James, The permeability of fibrous 
porous media, The Canadian Journal of Chemical Engineering 64 (1986), p. 364. Full Text via 
CrossRef | View Record in Scopus | Cited By in Scopus (204) and/or any other expression 
based on the no-slip boundary condition, in order to incorporate the slip effect. For instance, 
the modified expression of Jackson and James can be presented as 
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operating pressure has no influence on the pressure drop in the continuum region, while 
pressure drop in the free molecular region is linearly proportional to the operating pressure. 
While there are many equations available for predicting the permeability of fibrous 
materials made up of coarse fibers, there are no accurate “easy-to-use” permeability 
expressions that can be used for nanofiber media. On Fig. 15 are drown corrected Jackson 
and James data (blue line). Points on figure are CFD numerical data.  
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Fig. 15. Permeability 2/ rk dependence on solid volume fraction   

 
4.4 Some illustrative examples 
4.4.1 FUEL CELL EXAMPLE 
A Yttria stabilized zirconia were formed in an electrospinning process. The electrospun 
fibers were calcinated at temperature more then 1000°C and finally coated with nickel in 
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While there are many equations available for predicting the permeability of fibrous 
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4.4.2 PROTECTIVE CLOTHING EXAMPLE 
The development of smart nanotextiles has the potential to revolutionize the functionality of 
our clothing and the fabrics in our surroundings. This is made possible by such 
developments as new materials, fibbers, and finishing; inherently conducting polymers; 
carbon nanotubes; and antimicrobial nanocoatings. These additional functionalities have 
numerous applications in healthcare, sports, military applications, fashion, at.. Smart textiles 
become a critical part of the emerging area of body sensor networks incorporating sensing, 
actuation, control and wireless data transmission.  
 

 
Fig. 17. Ultrathin layer for selective transport  
 
4.4.3 MEDICAL DEVICE 
 

 
Fig. 18. Cotton coated with silver 
 
Basic engineered nanomaterial and biotechnology products will be enormously useful in 
future medical applications. We know nanomedicine as the monitoring, repair, construction 
and control of biological systems at the nanoscale level, using engineered nanodevices and 

nanostructures. The upper portion of the dress contains cotton coated with silver 
nanoparticles. Silver possesses natural antibacterial qualities that are strengthened at the 
nanoscale, thus giving the ability to deactivate many harmful bacteria and viruses. The 
silver infusion also reduces the need to wash the garment, since it destroys bacteria, and the 
small size of the particles prevents soiling and stains. 

 
5. Conclusion 

Electrospinning is a simple, versatile, and cost-effective technology which generates non-
woven fibers with high surface area to volume ratio, porosity and tunable porosity. Because 
of these properties this process seems to be a promising candidate for various applications 
especially nanostructure applications. Electrospun fibers are increasingly being used in a 
variety of applications such as, tissue engineering scaffolds, wound healing, drug delivery, 
immobilization of enzymes, as membrane in biosensors, protective clothing, cosmetics, 
affinity membranes, filtration applications etc. In summary, mother Nature has always used 
hierarchical structures such as capillaries and dendrites to increase multifunctional of living 
organs. Material scientists are at beginning to use this concept and create multiscale 
structures where nanotubes, nanofillers can be attached to larger surfaces and subsequently 
functionalized. In principle, many more applications can be envisioned and created. Despite 
of several advantages and success of electrospinning there are some critical limitations in 
this process such as small pore size inside the fibers. Several attempts in these directions are 
being made to improve the design through multilayering, inclusion of nanoelements and 
blending with polymers with different degradation behaviour. As new architectures 
develop, a new wave of surface-sensitive devices related to sensing, catalysis, photo-voltaic, 
cell scaffolding, and gas storage applications is bound to follow. 
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1. Introduction     
 

The development of heterogeneous engineered materials, such are the multiphase polymeric 
composites, requires combined knowledge and skills, both theoretically and experimentally, 
in order to provide a material combination with desired thermo-mechanical and physical 
properties for structural components from a given application. Nonetheless, these new 
emerging materials have to posses improved mechanical, thermal or electrical properties 
comparatively with their classical counterparts to prove their consistency, development and 
manufacturing (Curtu & Motoc Luca, 2009; Motoc Luca et al., 2010). 
Multiphase polymeric composites have found a niche into engineering applications as 
materials for structural components in aero-space (e.g. rocket nozzles, fuel tanks, ), civil 
engineering (e.g. liquid tanks), mechatronics (e.g. electronic packaging, sensors/actuators), 
electrical (e.g. electrical contacts, electrical shields), automotive (e.g. drive shafts, cylinders, 
brake rotors) or manufacturing (e.g. bearings, pistons) industries.   
All the engineering applications of these multiphase polymeric composite materials require 
controlled thermal expansion characteristics in order to match those of other components 
and low values of the property to attain a good dimensional stability. With respect to the 
stability issue, this can be view from two perspectives: a change in the geometrical form – 
materials’ CTE (i.e. CTE - coefficient of thermal expansion) is playing a key role and a 
change in mechanical properties – a mismatch between the constitutive have a dominant 
effect (Tan & et al.,1999; Dimitrienko, 1997, a & b). 
Technical literature provides numerous experimentally related papers on the effective CTE 
for composite materials, manufactured as metal or polymeric based matrices. Most of these 
papers are approaching the 2-phase combination, either with fibres or particle reinforced as 
inclusions of the composite structure leaving an unexplored field with respect to the 
multiphase composite structures (Dey & Tripathi, 2008; Tognana & et. al., 2009). The 
previous holds for the theoretical based micromechanical approaches as well, the papers 
focusing on different methods developed to predict the effective properties of the composite 
structures, at the representative volume element or representative unit cell levels, based on 
double or multi-inclusion homogenization schemes.  
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1. Introduction     
 

The development of heterogeneous engineered materials, such are the multiphase polymeric 
composites, requires combined knowledge and skills, both theoretically and experimentally, 
in order to provide a material combination with desired thermo-mechanical and physical 
properties for structural components from a given application. Nonetheless, these new 
emerging materials have to posses improved mechanical, thermal or electrical properties 
comparatively with their classical counterparts to prove their consistency, development and 
manufacturing (Curtu & Motoc Luca, 2009; Motoc Luca et al., 2010). 
Multiphase polymeric composites have found a niche into engineering applications as 
materials for structural components in aero-space (e.g. rocket nozzles, fuel tanks, ), civil 
engineering (e.g. liquid tanks), mechatronics (e.g. electronic packaging, sensors/actuators), 
electrical (e.g. electrical contacts, electrical shields), automotive (e.g. drive shafts, cylinders, 
brake rotors) or manufacturing (e.g. bearings, pistons) industries.   
All the engineering applications of these multiphase polymeric composite materials require 
controlled thermal expansion characteristics in order to match those of other components 
and low values of the property to attain a good dimensional stability. With respect to the 
stability issue, this can be view from two perspectives: a change in the geometrical form – 
materials’ CTE (i.e. CTE - coefficient of thermal expansion) is playing a key role and a 
change in mechanical properties – a mismatch between the constitutive have a dominant 
effect (Tan & et al.,1999; Dimitrienko, 1997, a & b). 
Technical literature provides numerous experimentally related papers on the effective CTE 
for composite materials, manufactured as metal or polymeric based matrices. Most of these 
papers are approaching the 2-phase combination, either with fibres or particle reinforced as 
inclusions of the composite structure leaving an unexplored field with respect to the 
multiphase composite structures (Dey & Tripathi, 2008; Tognana & et. al., 2009). The 
previous holds for the theoretical based micromechanical approaches as well, the papers 
focusing on different methods developed to predict the effective properties of the composite 
structures, at the representative volume element or representative unit cell levels, based on 
double or multi-inclusion homogenization schemes.  
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These approaches are aiming the general objective of predicting the interaction between the 
microstructure and the effective (overall) properties (Nemat-Nasser & Hori, 1999). 
In order to design a proper multiphase composite material for the previous mentioned 
engineering applications, to withstand different environmental condition, a lower CTE is 
desired. Following this objective, an attempt has been made to study and present the CTE 
behaviour for self-made multiphase polymeric composite materials combinations, to 
identify, to size and to tailor the major influencing factors in order to address thermal 
management issues.   
The paper aims to present a comparison approach, from theoretical and experimental 
perspectives, of the CTE and the influencing factors on the thermal behaviour (e.g. 
manufacturing conditions, material morphology, material structure, environmental 
conditioning, etc.) for classes of two and multiphase polymeric composites. The samples 
were manufactured using self-developed technologies and were made up as a particle 
reinforced, fibre reinforced or particle-fibres and particle-particle combinations reinforced 
polymeric composites. The fillers used were different materials (metallic, ceramics) with 
different particle sizes and were embedded in different volume fraction, solely or in 
combinations into polymeric matrices. 

 
2. Theoretical approaches 
 

The fundamental knowledge on the CTE material properties define and use 3 different types 
of coefficients of thermal expansion: linear, superficial and volumetric. These CTE 
coefficients are constant only over specific temperature intervals and are defined function of 
this temperature range. With respect to the composite materials there are difficulties in 
predicting, through modelling, the CTE property due to the constitutive – either fibres or 
particles – embedded into another type of material that has its own behaviour subjected to 
the same environmental conditions.  
The micromechanical approach methodology was developed as a useful tool for predicting 
the material properties – mechanical, thermal or electrical – of composite materials, based on 
the volume/mass ratio of the phases, geometrical parameters (e.g. size, length and shape), 
distribution, type of phases, etc., in the form of: 

 

Technical literature provides several theoretical models that were used for predicting the 
effective CTE property of composite materials function of its individual phases 
with/without of interaction among them. The mean homogenization schemes were 
implemented already in specialized modelling software. Among these methods are the well 
known Mori-Tanaka and double inclusion micromechanical approaches (Pindera & et al. 
2009). The Mori-Tanaka method was developed in 1973, based on the approximate solution 
provided by the Eshelby, each inclusion from the RVE behaving as if it were isolated into 
the real matrix. The assumptions were made considering the body infinite and subjected to 
the average matrix strains in the RVE as the remote strain (see Fig. 1). The Mori-Tanaka 
theoretical model was used successfully for predicting the effective properties of composite 
materials having their inclusion phase less than 25%, even was proved that it works very 
well for higher values. 

 

The double inclusion method was proposed by Nemat-Nasser and Hori and relays on the 
following principle: each inclusions (I) having the stiffness C1 is surrounded with the real 
matrix of stiffness C0, the outside area being fulfilled by a reference medium with Cr 
stiffness. In other words, the composite is being replaced with a fictitious reference matrix 
containing embedding the inclusions and the real matrix of the composite structure as was 
depicted in Fig. 2. For linear elastic two-phase composites the double inclusion model gives 
good prediction of the effective material properties no matter the size, volume fraction and 
individual constitutive material properties of inclusion phase.  
These two theoretical micromechanical based models will be used herein in order to predict 
the mechanical and thermal effective material properties of the multiphase composite 
polymeric composite materials under investigation.          
 

Fig. 1. Schematic illustration of the Mori-Tanaka model (from Nemat-Nasser & Hori, 1999) 

Fig. 2. Schematic illustration of the double inclusion method  
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3. Experimental research 
 

3.1 Materials. Manufacturing issues  
The particle-fibre multiphase composite samples were manufactured as having random fibres 
and particles embedded in different volume fraction into a polymeric matrix. The matrix 
material is commercially known as SYNOLITE 8388 P2 from DSM Composite Resins 
(Switzerland), a polyester resin type. The particle inclusions considered were ceramic 
materials (with a high content of Al2O3), made from a natural stone, characterized as having a 
relatively high purity and provided by Alpha Calcite, Germany under the ALFRIMAL 
registered trade-mark or technical pure iron particles, mixed within the polyester resin mass in 
5% and 10% volume fraction, respectively. The 3rd phase chosen were E-glass type random 
fibres, commercially available under MultiStratTM Mat ES 33-0-25 trade name, from Johns 
Manville, SUA, mixed as having a 65% volume fraction in the overall composite volume. The 
reference sample was made without any particle content and used for comparison purpose. 
With respect to the second combination chosen, particle-particle type multiphase composite 
materials, the particles were technical pure iron having 50 μm as a mean value of the 
particle size in combination with black carbon particles of 1 μm in diameter, embedded into 
different volume fraction (e.g. black carbon – 0%, 5%, 10%) into a PVAc (e.g. polyvinyl 
acetate) polymeric matrix material having a 30% content in the mixture, from DSM 
Composite Resins (Switzerland). As in the previous case, a reference sample was 
manufactured, containing no carbon particles. A self-conceived manufacturing 
configuration was used for the particle-particle multiphase composites samples to be able to 
use a controlled temperature environment to aid the polymerization process as well as a 
compression head to aid the sample compaction. 

 
3.2 Testing procedure and devices 
The CTE measurements were performed using a DIL 420 PC differential dilatometer from 
NETZSCH GmbH (Germany). The particle-fibre reinforced multiphase composite samples 
were shaped into rectangular bars of about 5x5x25 mm3 whereas the particle-particle 
combinations of multiphase composites were shaped as cylinders of 10x25 mm2 (dxh). For 
all samples the transversal external surfaces were polished to guarantee plan-parallel 
surfaces for precise positioning within the measuring head.  
The samples are positioned horizontally on two quartz beds. The measured experimental 
data were sent to a PC via an USB cable, the acquisition software – Proteus Analysis (from 
the same manufacturer) - displaying information regarding the thermal strain variation with 
the imposed thermal range. Further experimental data manipulation allows linear or 
technical CTE retrieval vs. temperature range or time. 
The temperature variation was set up having different trends in time, with a heating rate of 
1 K/min, into a static air atmosphere. To eliminate the systems errors, the dilatometer was 
calibrated by measuring a standard SiO2 specimen under identical conditions.  
The thermal regimes imposed were as follows, successive heating (2 thermal cycles) being 
imposed for all the multiphase polymeric composite samples: 

 linear – monotonically rise from 200C up to 2500C for the particle-fibres multiphase 
combination;  

 triangular – monotonically heating and cooling up/down to/from 1500C for the 
particle-particle multiphase combination; 

 

4. Results and discussion 
 

Figure 3 shows the measuring head containing the thermocouple positioned in the sample 
neighbourhood along with the quartz beds and pushrod used to hold the composite 
samples. In Fig. 4 and Fig. 5 are being shown the microscopic views (x500 magnification) 
taken with a digital microscope for the 10% Fe & 65% E-glass fibres multiphase polymeric 
composite sample and for the 10% C & 60% Fe particles multiphase combination, 
respectively.  
 

 
Fig. 4. Microscopic view for the 10% Fe & 65% E-glass fibres multiphase composite sample 

Composite sample Sample pushrod 

Thermocouple 

Fig. 3. The measuring head – thermocouple and composite sample positions 
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Composite Resins (Switzerland). As in the previous case, a reference sample was 
manufactured, containing no carbon particles. A self-conceived manufacturing 
configuration was used for the particle-particle multiphase composites samples to be able to 
use a controlled temperature environment to aid the polymerization process as well as a 
compression head to aid the sample compaction. 
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all samples the transversal external surfaces were polished to guarantee plan-parallel 
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the imposed thermal range. Further experimental data manipulation allows linear or 
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calibrated by measuring a standard SiO2 specimen under identical conditions.  
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 linear – monotonically rise from 200C up to 2500C for the particle-fibres multiphase 
combination;  

 triangular – monotonically heating and cooling up/down to/from 1500C for the 
particle-particle multiphase combination; 

 

4. Results and discussion 
 

Figure 3 shows the measuring head containing the thermocouple positioned in the sample 
neighbourhood along with the quartz beds and pushrod used to hold the composite 
samples. In Fig. 4 and Fig. 5 are being shown the microscopic views (x500 magnification) 
taken with a digital microscope for the 10% Fe & 65% E-glass fibres multiphase polymeric 
composite sample and for the 10% C & 60% Fe particles multiphase combination, 
respectively.  
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Fig. 5. Microscopic view for the 10% C & 60% Fe particles multiphase composite sample 
 
As it can be seen, in case of the particle-fibres multiphase structure the particles were 
embedded within the overall composite structure as having a dilute nature, being 
widespread into the mixture, whereas in case of the particle-particle multiphase 
combination, due to the manufacturing process, an agglomeration of the iron particles can 
be seen, leading to a clustering effect within the overall compound. The latter was 
responsible for the conductive paths during the electrical measurements done to fully 
characterize the multiphase composite samples, the subject being approached by the authors 
elsewhere. 
 
Fibre-particle multiphase composite materials 
In Table 1 are provided the values of the instantaneous CTE recorded experimentally, 
whereas in Table 2 are given the values of the temperatures at which were recorded the 
maximum values of the CTE for all the particle-fibres multiphase polymeric composite 
samples under experimental investigations experiencing a single linear heating cycle. These 
temperature values can be viewed as an overall behaviour of the polymeric multiphase 
composite samples as experiencing a linear increase of a temperature in their surrounding 
environment and not necessarily as a compulsory measure for the composites’ performance.   
These differences can be also sized on the experimental curves corresponding to the 
instantaneous coefficient of linear expansion, from Fig.6 to Fig. 8. Three different regions can 
be identified for all the composite samples, according to the curve shapes – region I up to 
500C, region II – from 500C to 1000C, and region III – from 1000C to 2500C.  
Also, as it can be seen, the higher the particle content the different get the thermal strain 
fields developed within the composite structure. For all the composite samples an abrupt 
decrease in the instantaneous CTE variation it can be seen around the 550C, changes that can 
be regarded to the polymeric matrix material whose chains it must be broken and reshaped 
differently.  
Usually, within the literature are reported the CTE values for a specific temperature. The 
idea of reporting a mean value over a temperature range lied on the fundamental principles 

 

of thermal dilatations – measuring coefficients of linear expansions has to provide a linear 
variation of the property and any variations from this has to be regarded to the internal 
structure of the material under study or other influencing factors.  
Figure 6 is showing both thermal strain and instantaneous coefficient of thermal expansion 
for the reference sample containing only the 5 layers of E-glass random fibres subjected to 
two heating thermal cycles. Within the region I the CTE values are almost linearly, in both 
cases, differences between the curves being relatively higher and revealing the 
environmental conditioning influence, whereas region II is revealing an abrupt decrease in 
the instantaneous CTE values based on the polymer chains reordering and chemical 
modifications as a part of an unfinished cure process. Region III is revealing a smother 
linearly variation on both experimental curves, differences among the values being not as 
higher as in the first region. This variation can be regarded less to the polymer behaviour at 
temperature higher than its glass temperature but to the fibres reinforcements thermal 
behaviour.         
The successive heating cycles do have an influence on both thermal strains and instantaneous 
coefficient of thermal expansion of the composite materials, as it can be seen from the same 
previous figure. The experimental data retrieved for the reference sample reveal the 
polymer behaviour under temperature variations, the more cycling the most stable the 
overall composite, the resin polymerization reaching its final stage. A maximum value of the 
linear CTE was recorded at 22.10C with an onset at 45.40C for the first thermal cycling, 
whereas in case of the second cycling the peak was reached at 55.90C. 
 The particle types, either ceramic (e.g. Al2O3) or metallic (e.g. Fe) and particle volume fraction 
do not have a major influence on the overall linear CTE of the multiphase composite 
material mainly due to the reduce volume fraction in which were embedded.  This 
behaviour can be sized in the Fig. 7 and Fig. 8.  
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issues. Unfortunately, as it can be seen from the values provided in Table 2, the 
instantaneous linear CTE slightly rise with the particle volume fraction content for the same 
temperature range. From authors’ point of view this behaviour does not necessarily has to 
be regarded as a drawback but manufacturing related influencing factors has to be identified, 
such as non-uniform dispersion of the particles over the entire volume of the polymeric 
composite.  
 

 
Fig. 7. Thermal strain and instantaneous coefficient of thermal expansion for the reference 
sample, 5% and 10% Al2O3 reinforced multiphase composites – linear thermal regime 

 
Fig. 8. Thermal strain and instantaneous coefficient of thermal expansion for the 5% and 
10% Al2O3 reinforced multiphase composites subjected to heating/cooling linearly 

In the same table, over the entire temperature range the overall CTE for each composite 
sample, individually, is experiencing a decrease.   
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Temperature 
[0C] 

Reference sample 
[x10-6 /0C] 

5% particles 
multiphase composite 

[x10-6 /0C] 

10% particles 
multiphase composite 

[x10-6 /0C] 

Al2O3 Fe Al2O3 Fe 

20 31.434 36.789 31.903 41.237 29.624 

50 21.809 13.326 25.045 12.579 24.826 

100 1.2586 2.8613 4.4431 3.8404 4.6403 

150 5.2118 3.4754 4.8478 4.4835 4.7307 

200 4.2617 2.1328 4.9412 1.3774 4.6980 

250 2.6055 1.5667 2.4167 3.4394 2.5823 

Table 1. Instantaneous CTE values for all the particle-fibres multiphase polymeric composite 
samples subjected a single heating thermal cycle  
 

 Reference 
sample 

5% particles 
multiphase composite 

10% particles 
multiphase composite 

Al2O3 Fe Al2O3 Fe 

Temperature [0C] 55.3 52.4 123.4 52.0 118.8 

CTEmax[x10-3 /0C] 0.9050 0.9679 0.0967 1.030 0.1634 

Table 2. Peak values of the CTE and the temperatures values associated as were recorded 
experimentally 
 
The predicted values based on the micromechanical approach were subjected to comparison 
with the experimental retrieved data. In Fig. 9 is being shown two RVEs corresponding to 
the reference composite sample (only E-glass fibres) and to a 5% particle reinforced 
multiphase polymeric composite sample. The RVEs were generated using a commercial 
software called DIGIMAT and the predicted CTE values based on the double inclusion and 
Mori-Tanaka homogenization concepts. In Fig. 10 were plotted the predicted values vs. the 
experimental retrieved values for iron particles reinforced multiphase composite materials 
at the reference temperature of 200C. As it can be seen the experimental values closer 
approaches the predicted values based on the Mori-Tanaka homogenization scheme, even 
the double inclusion predicted values are more precisely.   
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temperature range. From authors’ point of view this behaviour does not necessarily has to 
be regarded as a drawback but manufacturing related influencing factors has to be identified, 
such as non-uniform dispersion of the particles over the entire volume of the polymeric 
composite.  
 

 
Fig. 7. Thermal strain and instantaneous coefficient of thermal expansion for the reference 
sample, 5% and 10% Al2O3 reinforced multiphase composites – linear thermal regime 

 
Fig. 8. Thermal strain and instantaneous coefficient of thermal expansion for the 5% and 
10% Al2O3 reinforced multiphase composites subjected to heating/cooling linearly 

In the same table, over the entire temperature range the overall CTE for each composite 
sample, individually, is experiencing a decrease.   
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Temperature 
[0C] 

Reference sample 
[x10-6 /0C] 

5% particles 
multiphase composite 

[x10-6 /0C] 

10% particles 
multiphase composite 

[x10-6 /0C] 

Al2O3 Fe Al2O3 Fe 

20 31.434 36.789 31.903 41.237 29.624 

50 21.809 13.326 25.045 12.579 24.826 

100 1.2586 2.8613 4.4431 3.8404 4.6403 

150 5.2118 3.4754 4.8478 4.4835 4.7307 

200 4.2617 2.1328 4.9412 1.3774 4.6980 

250 2.6055 1.5667 2.4167 3.4394 2.5823 

Table 1. Instantaneous CTE values for all the particle-fibres multiphase polymeric composite 
samples subjected a single heating thermal cycle  
 

 Reference 
sample 

5% particles 
multiphase composite 

10% particles 
multiphase composite 

Al2O3 Fe Al2O3 Fe 

Temperature [0C] 55.3 52.4 123.4 52.0 118.8 

CTEmax[x10-3 /0C] 0.9050 0.9679 0.0967 1.030 0.1634 

Table 2. Peak values of the CTE and the temperatures values associated as were recorded 
experimentally 
 
The predicted values based on the micromechanical approach were subjected to comparison 
with the experimental retrieved data. In Fig. 9 is being shown two RVEs corresponding to 
the reference composite sample (only E-glass fibres) and to a 5% particle reinforced 
multiphase polymeric composite sample. The RVEs were generated using a commercial 
software called DIGIMAT and the predicted CTE values based on the double inclusion and 
Mori-Tanaka homogenization concepts. In Fig. 10 were plotted the predicted values vs. the 
experimental retrieved values for iron particles reinforced multiphase composite materials 
at the reference temperature of 200C. As it can be seen the experimental values closer 
approaches the predicted values based on the Mori-Tanaka homogenization scheme, even 
the double inclusion predicted values are more precisely.   

Predicting, measuring and tailoring thermal properties  
of morphological and structural modified polymeric composite materials 55

 

issues. Unfortunately, as it can be seen from the values provided in Table 2, the 
instantaneous linear CTE slightly rise with the particle volume fraction content for the same 
temperature range. From authors’ point of view this behaviour does not necessarily has to 
be regarded as a drawback but manufacturing related influencing factors has to be identified, 
such as non-uniform dispersion of the particles over the entire volume of the polymeric 
composite.  
 

 
Fig. 7. Thermal strain and instantaneous coefficient of thermal expansion for the reference 
sample, 5% and 10% Al2O3 reinforced multiphase composites – linear thermal regime 

 
Fig. 8. Thermal strain and instantaneous coefficient of thermal expansion for the 5% and 
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Table 2. Peak values of the CTE and the temperatures values associated as were recorded 
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The predicted values based on the micromechanical approach were subjected to comparison 
with the experimental retrieved data. In Fig. 9 is being shown two RVEs corresponding to 
the reference composite sample (only E-glass fibres) and to a 5% particle reinforced 
multiphase polymeric composite sample. The RVEs were generated using a commercial 
software called DIGIMAT and the predicted CTE values based on the double inclusion and 
Mori-Tanaka homogenization concepts. In Fig. 10 were plotted the predicted values vs. the 
experimental retrieved values for iron particles reinforced multiphase composite materials 
at the reference temperature of 200C. As it can be seen the experimental values closer 
approaches the predicted values based on the Mori-Tanaka homogenization scheme, even 
the double inclusion predicted values are more precisely.   
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Fig. 9. Representative volume elements for random fibres reinforced polymeric composite 
(left) and multiphase fibre-particle reinforced polymeric composites (right) 
 

Fig. 10. Theoretical vs. experimental CTE values for the multiphase particle-fibre type 
polymeric composite materials (65% E-glass fibres, 0% to 10% Fe particles) 
 
Particle-particle multiphase composite materials 
In Table 3 are provided the values of the instantaneous CTE recorded experimentally, 
whereas in Table 4 are given the values of the temperatures at which were recorded the 
maximum values of the CTE for all the particle-fibres multiphase polymeric composite 
samples under experimental investigations experiencing a single linear heating cycle. 
These differences can be also sized on the experimental curves corresponding to the 
instantaneous coefficient of linear expansion, from Fig.11 to Fig. 13. For these cases the 
analysis will be carried out on the heating and on the cooling thermal trends –up to 1500C, 
down from 1500C, respectively.  
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Also, as it can be seen, the higher the particle content the different get the thermal strain 
fields developed within the composite structure. For all the composite samples an abrupt 
decrease in the instantaneous CTE variation it can be seen around the 350C in the heating 
step, changes that can be regarded to the polymeric matrix material whose chains it must be 
broken and reshaped differently. 
For all the particle-particle multiphase composite polymeric samples the second thermal 
cycles lead to a smoothly variation in the instantaneous CTE over the temperature range. 
From manufacturing point of view, the first heating cycle can be viewed as a thermal 
treatment applied upon the composite samples, as a supplementary aid to the 
polymerization process. 
 

 
Fig. 11. Thermal strain and instantaneous coefficient of thermal expansion for the reference 
sample subjected to successive heating under a linear increase/decrease of temperature  

 
Fig. 12. Thermal strain and instantaneous coefficient of thermal expansion for the reference 
sample, 5% and 10% C reinforced multiphase composites – 1st thermal cycle 
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Also, as it can be seen, the higher the particle content the different get the thermal strain 
fields developed within the composite structure. For all the composite samples an abrupt 
decrease in the instantaneous CTE variation it can be seen around the 350C in the heating 
step, changes that can be regarded to the polymeric matrix material whose chains it must be 
broken and reshaped differently. 
For all the particle-particle multiphase composite polymeric samples the second thermal 
cycles lead to a smoothly variation in the instantaneous CTE over the temperature range. 
From manufacturing point of view, the first heating cycle can be viewed as a thermal 
treatment applied upon the composite samples, as a supplementary aid to the 
polymerization process. 
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Fig. 12. Thermal strain and instantaneous coefficient of thermal expansion for the reference 
sample, 5% and 10% C reinforced multiphase composites – 1st thermal cycle 
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Fig. 10. Theoretical vs. experimental CTE values for the multiphase particle-fibre type 
polymeric composite materials (65% E-glass fibres, 0% to 10% Fe particles) 
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Also, as it can be seen, the higher the particle content the different get the thermal strain 
fields developed within the composite structure. For all the composite samples an abrupt 
decrease in the instantaneous CTE variation it can be seen around the 350C in the heating 
step, changes that can be regarded to the polymeric matrix material whose chains it must be 
broken and reshaped differently. 
For all the particle-particle multiphase composite polymeric samples the second thermal 
cycles lead to a smoothly variation in the instantaneous CTE over the temperature range. 
From manufacturing point of view, the first heating cycle can be viewed as a thermal 
treatment applied upon the composite samples, as a supplementary aid to the 
polymerization process. 
 

 
Fig. 11. Thermal strain and instantaneous coefficient of thermal expansion for the reference 
sample subjected to successive heating under a linear increase/decrease of temperature  

 
Fig. 12. Thermal strain and instantaneous coefficient of thermal expansion for the reference 
sample, 5% and 10% C reinforced multiphase composites – 1st thermal cycle 
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Fig. 9. Representative volume elements for random fibres reinforced polymeric composite 
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Fig. 10. Theoretical vs. experimental CTE values for the multiphase particle-fibre type 
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Also, as it can be seen, the higher the particle content the different get the thermal strain 
fields developed within the composite structure. For all the composite samples an abrupt 
decrease in the instantaneous CTE variation it can be seen around the 350C in the heating 
step, changes that can be regarded to the polymeric matrix material whose chains it must be 
broken and reshaped differently. 
For all the particle-particle multiphase composite polymeric samples the second thermal 
cycles lead to a smoothly variation in the instantaneous CTE over the temperature range. 
From manufacturing point of view, the first heating cycle can be viewed as a thermal 
treatment applied upon the composite samples, as a supplementary aid to the 
polymerization process. 
 

 
Fig. 11. Thermal strain and instantaneous coefficient of thermal expansion for the reference 
sample subjected to successive heating under a linear increase/decrease of temperature  

 
Fig. 12. Thermal strain and instantaneous coefficient of thermal expansion for the reference 
sample, 5% and 10% C reinforced multiphase composites – 1st thermal cycle 
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Fig. 13. Instantaneous coefficient of thermal expansion and thermal strain variation over the 
time for two successive thermal cycles applied to the 10% C & 60% Fe multiphase composite 
 

Temperature 
[0C] 

Reference sample 
[x10-6 /0C] 

5% C particles 

multiphase composite 
[x10-6 /0C] 

10% C particles 

multiphase composite 
[x10-6 /0C] 

1st cycle 2nd cycle 1st cycle 2nd cycle 1st cycle 2nd cycle 

20  14.087 12.899 11.742 13.459 10.996 15.548 

50  4.7076 14.637 2.0925 10.834 4.2966 2.4086 

100  8 .2254 12.088 4.1026 10.928 8.3001 9.6639 

150  9.5383 10.833 4.7260 10.902 4.7654 10.915 

100  13.091 12.962 13.236 14.269 12.359 12.465 

50 17.538 17.946 23.458 23.759 24.122 24.859 

20 15.880 16.010 20.810 20.946 20.097 20.479 

Table 3. Instantaneous CTE values for all the particle-particle multiphase polymeric 
composite samples subjected a single heating thermal cycle  

The increase of the carbon black volume fraction within the multiphase structure has an 
influence on the overall instantaneous CTE of the composite, actually leading to a decrease 
of the experimentally recorded values, as it can be seen in Table 3. 

0 50 100 150 200 250
Time /min

-1.0

-0.5

0.0

0.5

1.0

1.5

dL/Lo *10-3

40

60

80

100

120

140

Temp. /°C

-400

-350

-300

-250

-200

-150

-100

-50

0

Alpha *10-6 /K-1

[1] SM_Fe_10%C_1st.dl4 
dL

Alpha
Temp.

[2] SM_Fe_10%C_2nd.dl4 
dL

Alpha
Temp. [1]

[1]

[2]

[2]

[2] [1]

 

Composite samples Heating Cooling 
T [0C] CTEmax 

[x10-3 /0C] 
T [0C] CTEmax 

[x10-3 /0C] 

Reference composite 70% 
Fe 

32.6 0.2695 42.7 -0.3942 

145.5 0.7860 - - 

Multiphase composite 

5% C, 65% Fe 

36.7 0.4935 42.3 -1.1101 

145.8 0.4919 - - 

Multiphase composite 

10% C, 60% Fe 

146 0.2271 46.2 -1.3163 

Table 4. Peak values of the CTE and the temperatures values associated as were recorded 
experimentally – first heating thermal regime 
 
In Fig. 14 is being shown two RVEs corresponding to the reference composite sample (only 
Fe particles) and for a 5% C & 65% Fe particles reinforced multiphase polymeric composite 
sample. The RVEs were generated using the same software as previously and the predicted 
CTE values based on the double inclusion and Mori-Tanaka homogenization concepts. In 
Fig. 15 were plotted the predicted values vs. the experimental retrieved values for the 
multiphase particle-particle reinforced composite materials at the reference temperature of 
200C. 
 

 
Fig. 14. Representative volume elements for random particle reinforced polymeric 
composite (left) and multiphase particle-particle reinforced polymeric composites (right) 
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Fig. 13. Instantaneous coefficient of thermal expansion and thermal strain variation over the 
time for two successive thermal cycles applied to the 10% C & 60% Fe multiphase composite 
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of the experimentally recorded values, as it can be seen in Table 3. 
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In Fig. 14 is being shown two RVEs corresponding to the reference composite sample (only 
Fe particles) and for a 5% C & 65% Fe particles reinforced multiphase polymeric composite 
sample. The RVEs were generated using the same software as previously and the predicted 
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Fig. 13. Instantaneous coefficient of thermal expansion and thermal strain variation over the 
time for two successive thermal cycles applied to the 10% C & 60% Fe multiphase composite 
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The increase of the carbon black volume fraction within the multiphase structure has an 
influence on the overall instantaneous CTE of the composite, actually leading to a decrease 
of the experimentally recorded values, as it can be seen in Table 3. 
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Fig. 15. Theoretical vs. experimental CTE values for the multiphase particle-particle type 
polymeric composite materials (70% to 60% Fe particles, 0% to 10% C particles) 
 
For all the particle-particle multiphase composite samples in the cooling down step of the 
thermal regime imposed, the retrieved CTE values are higher than their counterparts from 
the heating step. This behaviour is somehow natural due to the fact that the temperature 
within the oven do not experience a suddenly temperature decrease. Also, it can be seen the 
fact that in the cooling step the instantaneous CTE values are almost the same over a large 
temperature range, denoting stability in the composites’ behaviour.    
This also can be sized on the peak values retrieved for all the particle-particle polymeric 
composite samples. In the heating step of the first thermal cycle, from 200C up to 1500C, two 
different peaks at different temperature values are being registered whereas in the cooling 
down step, from 1500C to 200C only one peak is being revealed. With respect to the second 
thermal regime applied a single peak is being registered for all the samples, in the cooling 
down step. Interesting is the fact that the temperatures values are almost the same for all the 
multiphase composite samples as it can be seen from the values provided in Table 4.     
As it can be seen from Fig. 15 the predicted values based on the double inclusion method 
closely approaches the experimentally recorded values, not as in the case of the particle-fibre 
reinforced polymeric composites. This observation it cannot be generalized to hold for these 
multiphase combinations due to the lack of the experimentally values and composite 
structures subjected to study. 
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composite material is not an invariant value being very sensitive to the heterogeneities and 
thermal regimes at which is subjected the measured sample. Its temperature dependence 
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such as particles into a 2 phase composite either fibre or particle reinforced lower the overall 
effective CTE property and provide stability to the multiphase composite structure. 
The herein analysis did not take into account the presence of voids or other micro-defects 
nor of the inclusions interaction within the multiphase composite structure even their 
presence or influence it can be sized in the experimentally retrieved values of the effective 
CTE material property.    
Further studies are under development on multiphase composites made of different 
combinations, arrangements, particle sizes or fibre length, with or without being subjected 
to extreme environmental conditions. Different thermal regimes will be also considered as 
viable alternatives for developing a protocol for thermal residual stresses recovery. 
Supplementary, the presence of porosities, inclusions or interaction among the constitutive 
will be included into the modelling models.    
Thermal management issues can be addressed after thermal properties measurements on 
these multiphase composite structures based on a tailoring process for different 
combinations among the phases, theoretical predictions and an optimization approach.   
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such as particles into a 2 phase composite either fibre or particle reinforced lower the overall 
effective CTE property and provide stability to the multiphase composite structure. 
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such as particles into a 2 phase composite either fibre or particle reinforced lower the overall 
effective CTE property and provide stability to the multiphase composite structure. 
The herein analysis did not take into account the presence of voids or other micro-defects 
nor of the inclusions interaction within the multiphase composite structure even their 
presence or influence it can be sized in the experimentally retrieved values of the effective 
CTE material property.    
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viable alternatives for developing a protocol for thermal residual stresses recovery. 
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Thermal management issues can be addressed after thermal properties measurements on 
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combinations among the phases, theoretical predictions and an optimization approach.   
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1. Introduction

Oscillating velocity vector fields are often observed in fluid flow fields. A flow field caused
by the Karman vortices is a typical example of an oscillating velocity vector field. In particle
image velocimetry (PIV), a velocity vector field is determined from an image sequence rep-
resenting a fluid flow field visualised by particles (Adrian, 1991; Raffel et al., 2007). When
we focus on an oscillating velocity vector field, we can expect that the oscillatory characteris-
tic of the field is useful for determining a high accurate velocity vector field. Thus, utilising
the oscillatory characteristic as an additional constraint is an interesting topic for the PIV ap-
proaches, such as the matching-based approach and the gradient-based one.
The matching-based approach utilises a pattern-matching procedure, which calculates a cross-
correlation function between two image templates on the two successive image frames. The
peak position of the obtained two-dimensional cross-correlation function provides a displace-
ment vector for a brightness pattern during one frame, that is, a velocity vector. Under the
low density of particles, it is possible to track a particular particle during two or more succes-
sive image frames by the pattern-matching procedure (Hassan et al., 1992). When the density
of particles is in the middle range, the pattern-matching procedure for a particle distribution
function is utilised to detect its velocity vector (Willert and Gharib, 1991).
The gradient-based approach first estimates spatio-temporal gradients on an image brightness
function, and then derives the basic constraint equation consisting of the gradients and two
velocity components (Horn and Schunck, 1981). The basic constraint equation is derived from
the correspondence of a moving image brightness pattern during a short time period. Next, it
organises the error function consisting of the basic constraint equation and additional one(s)
modelling the characteristics of a fluid flow field. Finally, minimising the error function by an
optimisation method provides the two velocity components.
There are several problems in the matching-based approach and the gradient-based one. With
the gradient-based approach, it is difficult to determine high speed flow fields. In contrast
to this, while the matching-based approach can determine such the high speed flow fields,
the sub-pixel accuracy of the approach is generally unreliable. The gradient-based approach
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1. Introduction

Oscillating velocity vector fields are often observed in fluid flow fields. A flow field caused
by the Karman vortices is a typical example of an oscillating velocity vector field. In particle
image velocimetry (PIV), a velocity vector field is determined from an image sequence rep-
resenting a fluid flow field visualised by particles (Adrian, 1991; Raffel et al., 2007). When
we focus on an oscillating velocity vector field, we can expect that the oscillatory characteris-
tic of the field is useful for determining a high accurate velocity vector field. Thus, utilising
the oscillatory characteristic as an additional constraint is an interesting topic for the PIV ap-
proaches, such as the matching-based approach and the gradient-based one.
The matching-based approach utilises a pattern-matching procedure, which calculates a cross-
correlation function between two image templates on the two successive image frames. The
peak position of the obtained two-dimensional cross-correlation function provides a displace-
ment vector for a brightness pattern during one frame, that is, a velocity vector. Under the
low density of particles, it is possible to track a particular particle during two or more succes-
sive image frames by the pattern-matching procedure (Hassan et al., 1992). When the density
of particles is in the middle range, the pattern-matching procedure for a particle distribution
function is utilised to detect its velocity vector (Willert and Gharib, 1991).
The gradient-based approach first estimates spatio-temporal gradients on an image brightness
function, and then derives the basic constraint equation consisting of the gradients and two
velocity components (Horn and Schunck, 1981). The basic constraint equation is derived from
the correspondence of a moving image brightness pattern during a short time period. Next, it
organises the error function consisting of the basic constraint equation and additional one(s)
modelling the characteristics of a fluid flow field. Finally, minimising the error function by an
optimisation method provides the two velocity components.
There are several problems in the matching-based approach and the gradient-based one. With
the gradient-based approach, it is difficult to determine high speed flow fields. In contrast
to this, while the matching-based approach can determine such the high speed flow fields,
the sub-pixel accuracy of the approach is generally unreliable. The gradient-based approach
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provides the high resolution of velocity vector fields, namely, dense velocity vector fields.
Both the approaches have difficulty in determining high velocity gradients.
To overcome these problems in the particular approaches, several methods have been pro-
posed. The multigrid relaxation method enlarges the velocity range of the gradient-based
approach (Terzopoulos, 1986). Sub-pixel peak detection techniques for the cross-correlation
function improve the sub-pixel accuracy on determined velocity vectors in the matching-
based approach (Roesgen, 2003). The hybrid method consisting of the gradient-based ap-
proach and the matching-based one achieves the large velocity range and the reliable sub-
pixel accuracy (Sugii et al, 2000). The combination of the matching procedure on a particle
distribution and the tracking procedure on a particular particle provides the high resolution
on a velocity vector field (Cowen and Monismith, 1997). Tokumaru and Dimotakis (1995)
proposed a matching-based method that improves the accuracy of the velocity vector field
having high velocity gradients. Their method expresses a local velocity vector field with the
Taylor series including higher order velocity gradients. The method organises the error func-
tion expressing the Lagrangian invariance on a moving brightness pattern as well as a spatial
smoothness constraint on velocity. The method minimises the error function by the global
optimisation strategy utilised in the gradient-based method of Horn and Schunck (1981). Sev-
eral researchers also proposed to adaptively shift and distort image templates and a search
area for the pattern matching procedure according to previously determined velocity vector
fields, by utilising the iterative, interpolating and multigrid techniques (Westerweel et al.,
1997; Fincham and Delerce, 2000). Scarano (2002) reviewed the matching-based approach
with adaptive templates; the approach has been developed intensively as a state-of-the-art
one (Astarita, 2009; Theunissen et al., 2010). Hart (2000) and Meinhart et al. (2000) proposed
the methods utilising multiple cross-correlation functions to obtain a reliable cross-correlation
function. In particular, concerning the present topic of determination of oscillating flow fields,
the method proposed by Meinhart et al. (2000) averages multiple cross-correlation functions
obtained for a stationary or oscillatory flow field and searches the maximum peak position
from the obtained reliable cross-correlation function.
This chapter proposes two gradient-based methods which focus on temporally oscillating ve-
locity vector fields for achieving high accuracy and high spatio-temporal resolution. Previous
studies on the gradient-based approach present no methods focusing on oscillating velocity
vector fields. The two methods proposed here utilise the oscillatory characteristic as addi-
tional constraints. A fixed velocity vector field regularly appears at the time intervals of its
oscillation period. Thus, a constancy assumption on velocity is applicable to basic constraint
equations sampled at the time intervals. One of the proposed methods utilises the constancy
assumption for the sampled basic constraint equations as an additional constraint. The other
method assumes that the temporal change of a velocity vector at a fixed pixel site is approx-
imately expressed by the Fourier series. Thus, the method utilises the Fourier series as an
additional constraint. The preliminary knowledge of the oscillatory characteristic of a fluid
flow field helps to improve the accuracy and the temporal resolution of the approach.
To realise the two methods utilising the proposed constraints, it is necessary to determine the
oscillation period in advance. This chapter proposes two methods for determining the os-
cillation period. One of the methods tentatively determines velocity vectors by an ordinary
gradient-based method which requires little calculation cost, and then analyses the temporal
changes of the tentative velocity vectors by the Fourier analysis method. An obtained power
spectrum distribution provides the oscillation period. The other method first analyses spatio-
temporal sectional images by a spatio-temporal filter. The spatio-temporal sectional images

are sliced from an original image sequence; the filter detects the direction of a short line seg-
ment representing a particle trajectory on a spatio-temporal sectional image. The outputs of
the filter are also analysed by the Fourier analysis method along a time coordinate system.
The proposed two gradient-based methods are quantitatively compared to ordinary gradient-
and matching-based methods through the analysis of synthetic image sequences. The ordi-
nary gradient-based method utilises a simple phase-averaging processing method as post-
processing; the ordinary matching-based method utilises an averaged version of the cross-
correlation function proposed by Meinhart et al. (2000). Experimental results for the synthetic
image sequences show the characteristics of the proposed methods and the ordinary ones.
Finally, we apply the proposed two gradient-based methods and the ordinary ones to a real
image sequence of the Karman vortices.

2. Background

2.1 Matching-Based Approach: Average Correlation Method
An ordinary matching-based approach determines a velocity vector by seeking the correspon-
dence of a moving brightness pattern between two successive image frames f (x, y, t) and
f (x, y, t + 1) by the use of a cross-correlation function Ct,t+1(dx, dy) (e.g., Raffel et al., 2007).
The function Ct,t+1(dx, dy) evaluates similarity between two image templates, one of which
has its centre at the pixel site (x, y) on the tth image frame and the other of which has its cen-
tre at the pixel site (x + dx, y + dy) on the (t + 1)th image frame. Both the templates have the
(2Lx + 1)× (2Ly + 1) (pixels2) rectangular domains surrounding their centre pixel sites.
For the determination of oscillating flow fields or stationary ones with high accuracy, Meinhart
et al. (2000) proposed to utilise the averaged version of the cross-correlation function in the
matching-based approach. Their method calculates the averaged cross-correlation function
Ca(dx, dy) from cross-correlation functions obtained at the time intervals of the oscillation
period T, that is, at t, t + [T], t + [2T], · · · t + [(K − 1)T] (frame), and/or within the temporal
local domain (2Lt + 1) (frames),

Ca(dx, dy) =
1

K × (2Lt + 1)

K−1

∑
k=0

t+[kT]+Lt

∑
t0=t+[kT]−Lt

Ct0,t0+1(dx, dy), (1)

where the symbol [·] refers to the Gauss’ notation. By changing the discrete displacement pa-
rameters dx and dy in the ranges of −Wx ≤ dx ≤ Wx and −Wy ≤ dy ≤ Wy (pixels), we obtain
the averaged cross-correlation function Ca defined within the rectangular domain consisting
of (2Wx + 1)× (2Wy + 1) (pixels2). The peak position of the averaged cross-correlation func-
tion provides the discrete displacement vector (dx0 , dy0 ) at the position (x, y) and at the tth
frame. The method utilising the averaged version of Eq. (1) is called the "Average Correlation
Method (ACM)".
For sub-pixel accuracy on a velocity vector, an ordinary matching-based method fits the Gaus-
sian function to the cross-correlation function around its peak position (dx0 , dy0 ). Let us utilise
the peak position and its neighbouring four discrete positions (dx0 − 1, dy0 ), (dx0 + 1, dy0 ),
(dx0 , dy0 − 1) and (dx0 , dy0 + 1). Then, we fit the five points and their corresponding averaged
cross-correlation values,

Ca, = Ca(dx0 , dy0 ), Ca−, = Ca(dx0 − 1, dy0 ), Ca+, = Ca(dx0 + 1, dy0 ),

Ca,− = Ca(dx0 , dy0 − 1), Ca,+ = Ca(dx0 , dy0 + 1),
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provides the high resolution of velocity vector fields, namely, dense velocity vector fields.
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function improve the sub-pixel accuracy on determined velocity vectors in the matching-
based approach (Roesgen, 2003). The hybrid method consisting of the gradient-based ap-
proach and the matching-based one achieves the large velocity range and the reliable sub-
pixel accuracy (Sugii et al, 2000). The combination of the matching procedure on a particle
distribution and the tracking procedure on a particular particle provides the high resolution
on a velocity vector field (Cowen and Monismith, 1997). Tokumaru and Dimotakis (1995)
proposed a matching-based method that improves the accuracy of the velocity vector field
having high velocity gradients. Their method expresses a local velocity vector field with the
Taylor series including higher order velocity gradients. The method organises the error func-
tion expressing the Lagrangian invariance on a moving brightness pattern as well as a spatial
smoothness constraint on velocity. The method minimises the error function by the global
optimisation strategy utilised in the gradient-based method of Horn and Schunck (1981). Sev-
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area for the pattern matching procedure according to previously determined velocity vector
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one (Astarita, 2009; Theunissen et al., 2010). Hart (2000) and Meinhart et al. (2000) proposed
the methods utilising multiple cross-correlation functions to obtain a reliable cross-correlation
function. In particular, concerning the present topic of determination of oscillating flow fields,
the method proposed by Meinhart et al. (2000) averages multiple cross-correlation functions
obtained for a stationary or oscillatory flow field and searches the maximum peak position
from the obtained reliable cross-correlation function.
This chapter proposes two gradient-based methods which focus on temporally oscillating ve-
locity vector fields for achieving high accuracy and high spatio-temporal resolution. Previous
studies on the gradient-based approach present no methods focusing on oscillating velocity
vector fields. The two methods proposed here utilise the oscillatory characteristic as addi-
tional constraints. A fixed velocity vector field regularly appears at the time intervals of its
oscillation period. Thus, a constancy assumption on velocity is applicable to basic constraint
equations sampled at the time intervals. One of the proposed methods utilises the constancy
assumption for the sampled basic constraint equations as an additional constraint. The other
method assumes that the temporal change of a velocity vector at a fixed pixel site is approx-
imately expressed by the Fourier series. Thus, the method utilises the Fourier series as an
additional constraint. The preliminary knowledge of the oscillatory characteristic of a fluid
flow field helps to improve the accuracy and the temporal resolution of the approach.
To realise the two methods utilising the proposed constraints, it is necessary to determine the
oscillation period in advance. This chapter proposes two methods for determining the os-
cillation period. One of the methods tentatively determines velocity vectors by an ordinary
gradient-based method which requires little calculation cost, and then analyses the temporal
changes of the tentative velocity vectors by the Fourier analysis method. An obtained power
spectrum distribution provides the oscillation period. The other method first analyses spatio-
temporal sectional images by a spatio-temporal filter. The spatio-temporal sectional images
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image sequences show the characteristics of the proposed methods and the ordinary ones.
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provides the high resolution of velocity vector fields, namely, dense velocity vector fields.
Both the approaches have difficulty in determining high velocity gradients.
To overcome these problems in the particular approaches, several methods have been pro-
posed. The multigrid relaxation method enlarges the velocity range of the gradient-based
approach (Terzopoulos, 1986). Sub-pixel peak detection techniques for the cross-correlation
function improve the sub-pixel accuracy on determined velocity vectors in the matching-
based approach (Roesgen, 2003). The hybrid method consisting of the gradient-based ap-
proach and the matching-based one achieves the large velocity range and the reliable sub-
pixel accuracy (Sugii et al, 2000). The combination of the matching procedure on a particle
distribution and the tracking procedure on a particular particle provides the high resolution
on a velocity vector field (Cowen and Monismith, 1997). Tokumaru and Dimotakis (1995)
proposed a matching-based method that improves the accuracy of the velocity vector field
having high velocity gradients. Their method expresses a local velocity vector field with the
Taylor series including higher order velocity gradients. The method organises the error func-
tion expressing the Lagrangian invariance on a moving brightness pattern as well as a spatial
smoothness constraint on velocity. The method minimises the error function by the global
optimisation strategy utilised in the gradient-based method of Horn and Schunck (1981). Sev-
eral researchers also proposed to adaptively shift and distort image templates and a search
area for the pattern matching procedure according to previously determined velocity vector
fields, by utilising the iterative, interpolating and multigrid techniques (Westerweel et al.,
1997; Fincham and Delerce, 2000). Scarano (2002) reviewed the matching-based approach
with adaptive templates; the approach has been developed intensively as a state-of-the-art
one (Astarita, 2009; Theunissen et al., 2010). Hart (2000) and Meinhart et al. (2000) proposed
the methods utilising multiple cross-correlation functions to obtain a reliable cross-correlation
function. In particular, concerning the present topic of determination of oscillating flow fields,
the method proposed by Meinhart et al. (2000) averages multiple cross-correlation functions
obtained for a stationary or oscillatory flow field and searches the maximum peak position
from the obtained reliable cross-correlation function.
This chapter proposes two gradient-based methods which focus on temporally oscillating ve-
locity vector fields for achieving high accuracy and high spatio-temporal resolution. Previous
studies on the gradient-based approach present no methods focusing on oscillating velocity
vector fields. The two methods proposed here utilise the oscillatory characteristic as addi-
tional constraints. A fixed velocity vector field regularly appears at the time intervals of its
oscillation period. Thus, a constancy assumption on velocity is applicable to basic constraint
equations sampled at the time intervals. One of the proposed methods utilises the constancy
assumption for the sampled basic constraint equations as an additional constraint. The other
method assumes that the temporal change of a velocity vector at a fixed pixel site is approx-
imately expressed by the Fourier series. Thus, the method utilises the Fourier series as an
additional constraint. The preliminary knowledge of the oscillatory characteristic of a fluid
flow field helps to improve the accuracy and the temporal resolution of the approach.
To realise the two methods utilising the proposed constraints, it is necessary to determine the
oscillation period in advance. This chapter proposes two methods for determining the os-
cillation period. One of the methods tentatively determines velocity vectors by an ordinary
gradient-based method which requires little calculation cost, and then analyses the temporal
changes of the tentative velocity vectors by the Fourier analysis method. An obtained power
spectrum distribution provides the oscillation period. The other method first analyses spatio-
temporal sectional images by a spatio-temporal filter. The spatio-temporal sectional images
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nary gradient-based method utilises a simple phase-averaging processing method as post-
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the peak position and its neighbouring four discrete positions (dx0 − 1, dy0 ), (dx0 + 1, dy0 ),
(dx0 , dy0 − 1) and (dx0 , dy0 + 1). Then, we fit the five points and their corresponding averaged
cross-correlation values,
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provides the high resolution of velocity vector fields, namely, dense velocity vector fields.
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to the following two-dimensional Gaussian function having the peak value Cm, the sub-pixel
peak position (d∗x0

, d∗y0
) and the variances (k2

x, k2
y),

Ca(dx, dy) = Cm exp

(
−
(dx − d∗x0

)2

k2
x

−
(dy − d∗y0

)2

k2
y

)
. (2)

Finally, we obtain the two velocity components with the sub-pixel accuracy,

u(x, y, t)=d∗x0
= dx0 + (ln Ca−, − ln Ca+, )/(2 ln Ca−, − 4 ln Ca, + 2 ln Ca+, ),

v(x, y, t)=d∗y0
= dy0 + (ln Ca,− − ln Ca,+ )/(2 ln Ca,− − 4 ln Ca, + 2 ln Ca,+ ), (3)

as well as the other parameters of,

k2
x = {2(d∗x0

− dx0 ) + 1}/(ln Ca, − ln Ca−, ), k2
y = {2(d∗y0

− dy0 ) + 1}/(ln Ca, − ln Ca,− ), (4)

and

Cm = Ca, exp

(
(d∗x0

− dx0 )
2

k2
x

+
(d∗y0

− dy0 )
2

k2
y

)
. (5)

2.2 Gradient-Based Approach: Local Optimisation Method
The gradient-based approach utilises the following basic constraint equation,

fxu + fyv + ft = 0 (6)

where fx, fy, ft are spatio-temporal gradients on the brightness distribution function f (x, y, t)
of an image sequence, and �v = (u, v) is the set of two velocity components to be determined.
Equation (6) is derived from a correspondence relation on a moving rigid brightness pattern
during a short time period (Horn and Schunck, 1981). The spatio-temporal gradients are
numerically estimated for the brightness distribution function.
It is not able to determine the set of the two unknown components (u, v) with one constraint
of Eq. (6) at a particular pixel site (x, y, t). One more additional constraint is necessary for the
determination of the velocity components. A very simple assumption that two neighbouring
pixel sites, such as (x, y, t) and (x, y, t + 1), have the same velocity (u, v), brings the following
two basic constraint equations sharing the two unknowns (u, v).

fx(x, y, t)u + fy(x, y, t)v + ft(x, y, t)=0

fx(x, y, t + 1)u + fy(x, y, t + 1)v + ft(x, y, t + 1)=0 (7)

Solving the set of the two equations for the two unknown parameters (u, v) provides the
velocity vector.
For obtaining more stable solution, which is robust to the random noise component contained
in realistic image sequences, Kearney et al. (1987) proposed a constancy assumption on a
velocity vector field within a spatial local domain as an additional constraint. We proposed
a temporal constancy assumption on a velocity vector field during a temporal local domain
(Nomura et al., 1991). More generally, we can assume that a velocity vector field is constant
within a spatio-temporal local domain δS × δT.

�v(x, y, t) is constant in δS × δT. (8)

Equation (8) assumes that the basic constraint equations derived within the local domain δS×
δT share the same velocity components. Thus, we organise the following error function with
the basic constraint equations derived within the domain δS × δT; the error function defines
the sum of the departure values of the basic constraint equations from zero under the spatio-
temporal constancy assumption of Eq. (8) (Nakajima et al., 1997),

E(u, v) =
1
2 ∑

δS×δT

(
fxu + fyv + ft

)2 → minimum, (9)

where the gradients fx, fy, ft are estimated at a particular pixel site (x, y, t) within the spatio-
temporal domain δS × δT consisting of (2Lx + 1)× (2Ly + 1) (pixels2) and (2Lt + 1) (frames).
By minimising the error function of Eq. (9) with ∂E/∂u = 0 and with ∂E/∂v = 0, we obtain
the next set of linear equations,

(
∑ f 2

x ∑ fx fy
∑ fx fy ∑ f 2

y

)(
u
v

)
= −

(
∑ fx ft
∑ fy ft

)
, (10)

where the symbol ∑ refers to the summation within the domain δS × δT. This method assum-
ing the spatio-temporal local constancy on a velocity vector field is called the "Local Optimi-
sation Method (LOM)" (Kearney et al., 1987).
Many other additional constraints have been proposed. Horn and Schunck (1981) proposed
a spatial smoothness constraint on a velocity vector field. Nakajima et al. (2003) proposed
the additional constraints consisting of the continuity equation and the Navier-Stokes ones
for determining a fluid flow field. Corpetti et al. (2002) proposed an additional constraint
designed for preserving a rotational field and a divergent one on a fluid flow field.
The basic constraint Eq. (6) requires the estimation of spatio-temporal gradients fx, fy, ft. For
example, the gradient fx(x, y, t) is approximately estimated by the forward difference method
at a point (x + 1/2, y + 1/2, t + 1/2) as follows.

fx(x, y, t)� 1
4
{ f (x + 1, y, t)− f (x, y, t) + f (x + 1, y + 1, t)− f (x, y + 1, t)

+ f (x + 1, y, t + 1)− f (x, y, t + 1) + f (x + 1, y + 1, t + 1)− f (x, y + 1, t + 1)} (11)

The above Eq. (11) estimates the gradient fx averaged for the four pairs of the forward dif-
ferences within 2 × 2 (pixels2) and 2 (frames). In addition, by averaging the gradient fx over
more global spatial domain consisting of (2La + 1) × (2La + 1) (pixels2), we can expect the
reliable gradient fx.

fx(x, y, t) � 1
(2La + 1)2

y+La

∑
y0=y−La

x+La

∑
x0=x−La

fx(x0, y0, t) (12)

The other gradients fy and ft are also estimated in the same way.

3. Proposed Method in the Gradient-Based Approach

3.1 Additional constraints for oscillating flow fields
We propose two additional constraints to determine an oscillating velocity vector field. Let
us fix an observation point at a pixel site (x, y) on an image plane, and observe the temporal
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where fx, fy, ft are spatio-temporal gradients on the brightness distribution function f (x, y, t)
of an image sequence, and �v = (u, v) is the set of two velocity components to be determined.
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numerically estimated for the brightness distribution function.
It is not able to determine the set of the two unknown components (u, v) with one constraint
of Eq. (6) at a particular pixel site (x, y, t). One more additional constraint is necessary for the
determination of the velocity components. A very simple assumption that two neighbouring
pixel sites, such as (x, y, t) and (x, y, t + 1), have the same velocity (u, v), brings the following
two basic constraint equations sharing the two unknowns (u, v).

fx(x, y, t)u + fy(x, y, t)v + ft(x, y, t)=0

fx(x, y, t + 1)u + fy(x, y, t + 1)v + ft(x, y, t + 1)=0 (7)

Solving the set of the two equations for the two unknown parameters (u, v) provides the
velocity vector.
For obtaining more stable solution, which is robust to the random noise component contained
in realistic image sequences, Kearney et al. (1987) proposed a constancy assumption on a
velocity vector field within a spatial local domain as an additional constraint. We proposed
a temporal constancy assumption on a velocity vector field during a temporal local domain
(Nomura et al., 1991). More generally, we can assume that a velocity vector field is constant
within a spatio-temporal local domain δS × δT.

�v(x, y, t) is constant in δS × δT. (8)

Equation (8) assumes that the basic constraint equations derived within the local domain δS×
δT share the same velocity components. Thus, we organise the following error function with
the basic constraint equations derived within the domain δS × δT; the error function defines
the sum of the departure values of the basic constraint equations from zero under the spatio-
temporal constancy assumption of Eq. (8) (Nakajima et al., 1997),
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where the symbol ∑ refers to the summation within the domain δS × δT. This method assum-
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a spatial smoothness constraint on a velocity vector field. Nakajima et al. (2003) proposed
the additional constraints consisting of the continuity equation and the Navier-Stokes ones
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designed for preserving a rotational field and a divergent one on a fluid flow field.
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numerically estimated for the brightness distribution function.
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of Eq. (6) at a particular pixel site (x, y, t). One more additional constraint is necessary for the
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Solving the set of the two equations for the two unknown parameters (u, v) provides the
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For obtaining more stable solution, which is robust to the random noise component contained
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velocity vector field within a spatial local domain as an additional constraint. We proposed
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(Nomura et al., 1991). More generally, we can assume that a velocity vector field is constant
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fx(x, y, t)u + fy(x, y, t)v + ft(x, y, t)=0

fx(x, y, t + 1)u + fy(x, y, t + 1)v + ft(x, y, t + 1)=0 (7)

Solving the set of the two equations for the two unknown parameters (u, v) provides the
velocity vector.
For obtaining more stable solution, which is robust to the random noise component contained
in realistic image sequences, Kearney et al. (1987) proposed a constancy assumption on a
velocity vector field within a spatial local domain as an additional constraint. We proposed
a temporal constancy assumption on a velocity vector field during a temporal local domain
(Nomura et al., 1991). More generally, we can assume that a velocity vector field is constant
within a spatio-temporal local domain δS × δT.

�v(x, y, t) is constant in δS × δT. (8)

Equation (8) assumes that the basic constraint equations derived within the local domain δS×
δT share the same velocity components. Thus, we organise the following error function with
the basic constraint equations derived within the domain δS × δT; the error function defines
the sum of the departure values of the basic constraint equations from zero under the spatio-
temporal constancy assumption of Eq. (8) (Nakajima et al., 1997),

E(u, v) =
1
2 ∑

δS×δT

(
fxu + fyv + ft

)2 → minimum, (9)

where the gradients fx, fy, ft are estimated at a particular pixel site (x, y, t) within the spatio-
temporal domain δS × δT consisting of (2Lx + 1)× (2Ly + 1) (pixels2) and (2Lt + 1) (frames).
By minimising the error function of Eq. (9) with ∂E/∂u = 0 and with ∂E/∂v = 0, we obtain
the next set of linear equations,

(
∑ f 2

x ∑ fx fy
∑ fx fy ∑ f 2

y

)(
u
v

)
= −

(
∑ fx ft
∑ fy ft

)
, (10)

where the symbol ∑ refers to the summation within the domain δS × δT. This method assum-
ing the spatio-temporal local constancy on a velocity vector field is called the "Local Optimi-
sation Method (LOM)" (Kearney et al., 1987).
Many other additional constraints have been proposed. Horn and Schunck (1981) proposed
a spatial smoothness constraint on a velocity vector field. Nakajima et al. (2003) proposed
the additional constraints consisting of the continuity equation and the Navier-Stokes ones
for determining a fluid flow field. Corpetti et al. (2002) proposed an additional constraint
designed for preserving a rotational field and a divergent one on a fluid flow field.
The basic constraint Eq. (6) requires the estimation of spatio-temporal gradients fx, fy, ft. For
example, the gradient fx(x, y, t) is approximately estimated by the forward difference method
at a point (x + 1/2, y + 1/2, t + 1/2) as follows.

fx(x, y, t)� 1
4
{ f (x + 1, y, t)− f (x, y, t) + f (x + 1, y + 1, t)− f (x, y + 1, t)

+ f (x + 1, y, t + 1)− f (x, y, t + 1) + f (x + 1, y + 1, t + 1)− f (x, y + 1, t + 1)} (11)

The above Eq. (11) estimates the gradient fx averaged for the four pairs of the forward dif-
ferences within 2 × 2 (pixels2) and 2 (frames). In addition, by averaging the gradient fx over
more global spatial domain consisting of (2La + 1) × (2La + 1) (pixels2), we can expect the
reliable gradient fx.

fx(x, y, t) � 1
(2La + 1)2

y+La

∑
y0=y−La

x+La

∑
x0=x−La

fx(x0, y0, t) (12)

The other gradients fy and ft are also estimated in the same way.

3. Proposed Method in the Gradient-Based Approach

3.1 Additional constraints for oscillating flow fields
We propose two additional constraints to determine an oscillating velocity vector field. Let
us fix an observation point at a pixel site (x, y) on an image plane, and observe the temporal
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change of a velocity vector field. When the velocity vector field is oscillating with time t, a
fixed velocity vector �v = (u, v) regularly appears at the intervals of its oscillation period T,

�v(x, y, t + kT) is constant for k = 0, 1, · · · , K − 1, (13)

where the oscillation period T is constant from the time t to t+ (K − 1)T at the pixel site (x, y).
The parameter K refers to the number of multiple periods contained in the frame number
St = KT (frames). (In general, the parameter ’K’ refers to the wave number of 1/T, that
is, the number of multiple periods per unit time. However, in this chapter, the parameter K
refers to the number of multiple periods contained in the whole image frames or the temporal
length St of an image sequence utilised for velocity determination.) Equation (13) is the first
additional constraint proposed in this chapter. Basic constraint equations sampled at the time
intervals of T share the same velocity vector �v = (u, v). Thus, if we preliminarily know the
parameter T and if we also assume the spatio-temporal local constancy on the velocity vector
field within the spatio-temporal domain δS × δT, we can determine two velocity components
by minimising the next error function,

E(u, v) =
1
2

K−1

∑
k=0

∑
δS×δT

(
fxu + fyv + ft

)2 → minimum, (14)

where the gradients fx, fy, ft are estimated at (x, y, t + kT); the pixel site (x, y, t) is in δS × δT
consisting of (2Lx + 1)× (2Ly + 1) (pixels2) and (2Lt + 1) (frames). In computing Eq. (14), the
gradients are estimated at the nearest pixel site, that is, at (x, y, t + [kT + 1/2]). By minimising
the error function of Eq. (14), we obtain the set of linear equations similar to Eq. (10). We can
recognise that the additional constraint of Eq. (13) works as a kind of phase-averaging in the
method of Eq. (14). Later, we propose two methods to determine the oscillation period T and
the number of multiple periods K from an image sequence.
The second additional constraint proposed here assumes that the oscillating velocity compo-
nents can be expanded into the Fourier series with the Mth highest harmonics as follows,

u=u0 +
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(
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T
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T

)
, (15)

v=v0 +
M

∑
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(
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2πmt
T

+ dm cos
2πmt

T

)
, (16)

where the parameters u0 and v0 are the direct components of the velocity vector along a time
coordinate system t; the parameters am, bm, cm, dm are the amplitude coefficients of the mth
harmonics. We define the next error function and substitute the additional constraint of Eqs.
(15) and (16) for the two velocity components u and v of the next error function,

E(u0, am, bm, v0, cm, dm) =
1
2

St−1

∑
t=0

∑
δS

(
fxu + fyv + ft

)2 → minimum, (17)

where the parameters u0, v0, am, bm, cm, dm for m = 1, 2, · · · , M are constants in the spatial local
domain δS and during the whole image frames St; the gradients fx, fy, ft are estimated at a

particular pixel site within the spatial local domain δS and during the whole image frames St.
By minimising the error function of Eq. (17), we obtain the following set of linear equations,
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where n = 1, 2, · · · , M and Ed refers to the departure value of the basic constraint Eq. (6)
combined with the additional constraint of Eqs. (15) and (16) from zero as follows,

Ed = ft + fx
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T
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Note that the number of unknown parameters is (2 + 4M). Thus, the number of pixel sites
(2Lx + 1)× (2Ly + 1)× St utilised for velocity determination should be larger than (2 + 4M).
The singular value decomposition is applied to the coefficient matrix of the set of linear equa-
tions derived from Eqs. (18) and (19). A singular value obtained by the decomposition is
referred as Si for the subscript index i = 0, 1, 2, · · · , (2 + 4M)− 1. When a singular value Si
is smaller than β maxi(Si), the singular value is rejected and the inverse 1/Si is replaced with
zero in solving the set of linear equations (Press et al., 1988). The parameter β refers to the
ratio between the maximum singular value and the threshold one; the parameter is usually
set to a quite small value 0 < β � 1. The singular value decomposition provides the set of
solutions (u0, a1, b1, · · · , aM, bM, v0, c1, d1, · · · , cM, dM).

3.2 Determining an oscillation period and the number of multiple periods
The above proposed additional constraints require the oscillation period T and the number of
multiple periods K to organise the error functions of Eq. (14) and Eq. (17). Several approaches
are possible for determining T and K. One of the approaches first determines tentative time-
varying velocity vector fields by a simple ordinary gradient-based method solving Eq. (7) or
Eq. (10), and then analyses temporal changes of the tentatively determined velocity vectors by
the Fourier analysis method. The maximum peak position of the power spectrum distribution
function obtained by the Fourier analysis method provides the oscillation period T and the
number K.
Another method for determining the oscillation period T and the number K utilises a spatio-
temporal sectional image. Let us assume that the vertical component v of a velocity vector is
oscillating with time t, and that the other horizontal component u is zero. A particle moves at
an oscillating velocity vector. A spatio-temporal sectional image with a y − t plane contains
the trajectory of the moving particle; the trajectory becomes a sinusoidal pattern [Fig. 1(a)]. A
filter that detects the direction of a short line segment on the spatio-temporal sectional image
provides a one-dimensional oscillatory signal along the time coordinate system. Figure 1(b)
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change of a velocity vector field. When the velocity vector field is oscillating with time t, a
fixed velocity vector �v = (u, v) regularly appears at the intervals of its oscillation period T,

�v(x, y, t + kT) is constant for k = 0, 1, · · · , K − 1, (13)

where the oscillation period T is constant from the time t to t+ (K − 1)T at the pixel site (x, y).
The parameter K refers to the number of multiple periods contained in the frame number
St = KT (frames). (In general, the parameter ’K’ refers to the wave number of 1/T, that
is, the number of multiple periods per unit time. However, in this chapter, the parameter K
refers to the number of multiple periods contained in the whole image frames or the temporal
length St of an image sequence utilised for velocity determination.) Equation (13) is the first
additional constraint proposed in this chapter. Basic constraint equations sampled at the time
intervals of T share the same velocity vector �v = (u, v). Thus, if we preliminarily know the
parameter T and if we also assume the spatio-temporal local constancy on the velocity vector
field within the spatio-temporal domain δS × δT, we can determine two velocity components
by minimising the next error function,
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1
2
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(
fxu + fyv + ft

)2 → minimum, (14)

where the gradients fx, fy, ft are estimated at (x, y, t + kT); the pixel site (x, y, t) is in δS × δT
consisting of (2Lx + 1)× (2Ly + 1) (pixels2) and (2Lt + 1) (frames). In computing Eq. (14), the
gradients are estimated at the nearest pixel site, that is, at (x, y, t + [kT + 1/2]). By minimising
the error function of Eq. (14), we obtain the set of linear equations similar to Eq. (10). We can
recognise that the additional constraint of Eq. (13) works as a kind of phase-averaging in the
method of Eq. (14). Later, we propose two methods to determine the oscillation period T and
the number of multiple periods K from an image sequence.
The second additional constraint proposed here assumes that the oscillating velocity compo-
nents can be expanded into the Fourier series with the Mth highest harmonics as follows,
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where the parameters u0 and v0 are the direct components of the velocity vector along a time
coordinate system t; the parameters am, bm, cm, dm are the amplitude coefficients of the mth
harmonics. We define the next error function and substitute the additional constraint of Eqs.
(15) and (16) for the two velocity components u and v of the next error function,

E(u0, am, bm, v0, cm, dm) =
1
2
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∑
t=0
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)2 → minimum, (17)

where the parameters u0, v0, am, bm, cm, dm for m = 1, 2, · · · , M are constants in the spatial local
domain δS and during the whole image frames St; the gradients fx, fy, ft are estimated at a

particular pixel site within the spatial local domain δS and during the whole image frames St.
By minimising the error function of Eq. (17), we obtain the following set of linear equations,
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where n = 1, 2, · · · , M and Ed refers to the departure value of the basic constraint Eq. (6)
combined with the additional constraint of Eqs. (15) and (16) from zero as follows,
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Note that the number of unknown parameters is (2 + 4M). Thus, the number of pixel sites
(2Lx + 1)× (2Ly + 1)× St utilised for velocity determination should be larger than (2 + 4M).
The singular value decomposition is applied to the coefficient matrix of the set of linear equa-
tions derived from Eqs. (18) and (19). A singular value obtained by the decomposition is
referred as Si for the subscript index i = 0, 1, 2, · · · , (2 + 4M)− 1. When a singular value Si
is smaller than β maxi(Si), the singular value is rejected and the inverse 1/Si is replaced with
zero in solving the set of linear equations (Press et al., 1988). The parameter β refers to the
ratio between the maximum singular value and the threshold one; the parameter is usually
set to a quite small value 0 < β � 1. The singular value decomposition provides the set of
solutions (u0, a1, b1, · · · , aM, bM, v0, c1, d1, · · · , cM, dM).

3.2 Determining an oscillation period and the number of multiple periods
The above proposed additional constraints require the oscillation period T and the number of
multiple periods K to organise the error functions of Eq. (14) and Eq. (17). Several approaches
are possible for determining T and K. One of the approaches first determines tentative time-
varying velocity vector fields by a simple ordinary gradient-based method solving Eq. (7) or
Eq. (10), and then analyses temporal changes of the tentatively determined velocity vectors by
the Fourier analysis method. The maximum peak position of the power spectrum distribution
function obtained by the Fourier analysis method provides the oscillation period T and the
number K.
Another method for determining the oscillation period T and the number K utilises a spatio-
temporal sectional image. Let us assume that the vertical component v of a velocity vector is
oscillating with time t, and that the other horizontal component u is zero. A particle moves at
an oscillating velocity vector. A spatio-temporal sectional image with a y − t plane contains
the trajectory of the moving particle; the trajectory becomes a sinusoidal pattern [Fig. 1(a)]. A
filter that detects the direction of a short line segment on the spatio-temporal sectional image
provides a one-dimensional oscillatory signal along the time coordinate system. Figure 1(b)
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change of a velocity vector field. When the velocity vector field is oscillating with time t, a
fixed velocity vector �v = (u, v) regularly appears at the intervals of its oscillation period T,

�v(x, y, t + kT) is constant for k = 0, 1, · · · , K − 1, (13)

where the oscillation period T is constant from the time t to t+ (K − 1)T at the pixel site (x, y).
The parameter K refers to the number of multiple periods contained in the frame number
St = KT (frames). (In general, the parameter ’K’ refers to the wave number of 1/T, that
is, the number of multiple periods per unit time. However, in this chapter, the parameter K
refers to the number of multiple periods contained in the whole image frames or the temporal
length St of an image sequence utilised for velocity determination.) Equation (13) is the first
additional constraint proposed in this chapter. Basic constraint equations sampled at the time
intervals of T share the same velocity vector �v = (u, v). Thus, if we preliminarily know the
parameter T and if we also assume the spatio-temporal local constancy on the velocity vector
field within the spatio-temporal domain δS × δT, we can determine two velocity components
by minimising the next error function,
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1
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where the gradients fx, fy, ft are estimated at (x, y, t + kT); the pixel site (x, y, t) is in δS × δT
consisting of (2Lx + 1)× (2Ly + 1) (pixels2) and (2Lt + 1) (frames). In computing Eq. (14), the
gradients are estimated at the nearest pixel site, that is, at (x, y, t + [kT + 1/2]). By minimising
the error function of Eq. (14), we obtain the set of linear equations similar to Eq. (10). We can
recognise that the additional constraint of Eq. (13) works as a kind of phase-averaging in the
method of Eq. (14). Later, we propose two methods to determine the oscillation period T and
the number of multiple periods K from an image sequence.
The second additional constraint proposed here assumes that the oscillating velocity compo-
nents can be expanded into the Fourier series with the Mth highest harmonics as follows,
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where the parameters u0 and v0 are the direct components of the velocity vector along a time
coordinate system t; the parameters am, bm, cm, dm are the amplitude coefficients of the mth
harmonics. We define the next error function and substitute the additional constraint of Eqs.
(15) and (16) for the two velocity components u and v of the next error function,

E(u0, am, bm, v0, cm, dm) =
1
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where the parameters u0, v0, am, bm, cm, dm for m = 1, 2, · · · , M are constants in the spatial local
domain δS and during the whole image frames St; the gradients fx, fy, ft are estimated at a

particular pixel site within the spatial local domain δS and during the whole image frames St.
By minimising the error function of Eq. (17), we obtain the following set of linear equations,
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where n = 1, 2, · · · , M and Ed refers to the departure value of the basic constraint Eq. (6)
combined with the additional constraint of Eqs. (15) and (16) from zero as follows,
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Note that the number of unknown parameters is (2 + 4M). Thus, the number of pixel sites
(2Lx + 1)× (2Ly + 1)× St utilised for velocity determination should be larger than (2 + 4M).
The singular value decomposition is applied to the coefficient matrix of the set of linear equa-
tions derived from Eqs. (18) and (19). A singular value obtained by the decomposition is
referred as Si for the subscript index i = 0, 1, 2, · · · , (2 + 4M)− 1. When a singular value Si
is smaller than β maxi(Si), the singular value is rejected and the inverse 1/Si is replaced with
zero in solving the set of linear equations (Press et al., 1988). The parameter β refers to the
ratio between the maximum singular value and the threshold one; the parameter is usually
set to a quite small value 0 < β � 1. The singular value decomposition provides the set of
solutions (u0, a1, b1, · · · , aM, bM, v0, c1, d1, · · · , cM, dM).

3.2 Determining an oscillation period and the number of multiple periods
The above proposed additional constraints require the oscillation period T and the number of
multiple periods K to organise the error functions of Eq. (14) and Eq. (17). Several approaches
are possible for determining T and K. One of the approaches first determines tentative time-
varying velocity vector fields by a simple ordinary gradient-based method solving Eq. (7) or
Eq. (10), and then analyses temporal changes of the tentatively determined velocity vectors by
the Fourier analysis method. The maximum peak position of the power spectrum distribution
function obtained by the Fourier analysis method provides the oscillation period T and the
number K.
Another method for determining the oscillation period T and the number K utilises a spatio-
temporal sectional image. Let us assume that the vertical component v of a velocity vector is
oscillating with time t, and that the other horizontal component u is zero. A particle moves at
an oscillating velocity vector. A spatio-temporal sectional image with a y − t plane contains
the trajectory of the moving particle; the trajectory becomes a sinusoidal pattern [Fig. 1(a)]. A
filter that detects the direction of a short line segment on the spatio-temporal sectional image
provides a one-dimensional oscillatory signal along the time coordinate system. Figure 1(b)

Gradient-based approach for determination of oscillating flow fields in PIV 69
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fixed velocity vector �v = (u, v) regularly appears at the intervals of its oscillation period T,

�v(x, y, t + kT) is constant for k = 0, 1, · · · , K − 1, (13)

where the oscillation period T is constant from the time t to t+ (K − 1)T at the pixel site (x, y).
The parameter K refers to the number of multiple periods contained in the frame number
St = KT (frames). (In general, the parameter ’K’ refers to the wave number of 1/T, that
is, the number of multiple periods per unit time. However, in this chapter, the parameter K
refers to the number of multiple periods contained in the whole image frames or the temporal
length St of an image sequence utilised for velocity determination.) Equation (13) is the first
additional constraint proposed in this chapter. Basic constraint equations sampled at the time
intervals of T share the same velocity vector �v = (u, v). Thus, if we preliminarily know the
parameter T and if we also assume the spatio-temporal local constancy on the velocity vector
field within the spatio-temporal domain δS × δT, we can determine two velocity components
by minimising the next error function,
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where the gradients fx, fy, ft are estimated at (x, y, t + kT); the pixel site (x, y, t) is in δS × δT
consisting of (2Lx + 1)× (2Ly + 1) (pixels2) and (2Lt + 1) (frames). In computing Eq. (14), the
gradients are estimated at the nearest pixel site, that is, at (x, y, t + [kT + 1/2]). By minimising
the error function of Eq. (14), we obtain the set of linear equations similar to Eq. (10). We can
recognise that the additional constraint of Eq. (13) works as a kind of phase-averaging in the
method of Eq. (14). Later, we propose two methods to determine the oscillation period T and
the number of multiple periods K from an image sequence.
The second additional constraint proposed here assumes that the oscillating velocity compo-
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where the parameters u0 and v0 are the direct components of the velocity vector along a time
coordinate system t; the parameters am, bm, cm, dm are the amplitude coefficients of the mth
harmonics. We define the next error function and substitute the additional constraint of Eqs.
(15) and (16) for the two velocity components u and v of the next error function,
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where the parameters u0, v0, am, bm, cm, dm for m = 1, 2, · · · , M are constants in the spatial local
domain δS and during the whole image frames St; the gradients fx, fy, ft are estimated at a

particular pixel site within the spatial local domain δS and during the whole image frames St.
By minimising the error function of Eq. (17), we obtain the following set of linear equations,

∂E
∂u0

=
St−1

∑
t=0

∑
δS

Ed fx = 0,
∂E
∂v0

=
St−1

∑
t=0

∑
δS

Ed fy = 0,

∂E
∂an

=
St−1

∑
t=0

∑
δS

Ed fx sin
2πnt

T
= 0,

∂E
∂bn

=
St−1

∑
t=0

∑
δS

Ed fx cos
2πnt

T
= 0,

∂E
∂cn

=
St−1

∑
t=0

∑
δS

Ed fy sin
2πnt

T
= 0,

∂E
∂dn

=
St−1

∑
t=0

∑
δS

Ed fy cos
2πnt

T
= 0, (18)

where n = 1, 2, · · · , M and Ed refers to the departure value of the basic constraint Eq. (6)
combined with the additional constraint of Eqs. (15) and (16) from zero as follows,

Ed = ft + fx

{
u0 +

M

∑
m=1

(
am sin

2πmt
T

+ bm cos
2πmt

T

)}

+ fy

{
v0 +

M

∑
m=1

(
cm sin

2πmt
T

+ dm cos
2πmt

T

)}
. (19)

Note that the number of unknown parameters is (2 + 4M). Thus, the number of pixel sites
(2Lx + 1)× (2Ly + 1)× St utilised for velocity determination should be larger than (2 + 4M).
The singular value decomposition is applied to the coefficient matrix of the set of linear equa-
tions derived from Eqs. (18) and (19). A singular value obtained by the decomposition is
referred as Si for the subscript index i = 0, 1, 2, · · · , (2 + 4M)− 1. When a singular value Si
is smaller than β maxi(Si), the singular value is rejected and the inverse 1/Si is replaced with
zero in solving the set of linear equations (Press et al., 1988). The parameter β refers to the
ratio between the maximum singular value and the threshold one; the parameter is usually
set to a quite small value 0 < β � 1. The singular value decomposition provides the set of
solutions (u0, a1, b1, · · · , aM, bM, v0, c1, d1, · · · , cM, dM).

3.2 Determining an oscillation period and the number of multiple periods
The above proposed additional constraints require the oscillation period T and the number of
multiple periods K to organise the error functions of Eq. (14) and Eq. (17). Several approaches
are possible for determining T and K. One of the approaches first determines tentative time-
varying velocity vector fields by a simple ordinary gradient-based method solving Eq. (7) or
Eq. (10), and then analyses temporal changes of the tentatively determined velocity vectors by
the Fourier analysis method. The maximum peak position of the power spectrum distribution
function obtained by the Fourier analysis method provides the oscillation period T and the
number K.
Another method for determining the oscillation period T and the number K utilises a spatio-
temporal sectional image. Let us assume that the vertical component v of a velocity vector is
oscillating with time t, and that the other horizontal component u is zero. A particle moves at
an oscillating velocity vector. A spatio-temporal sectional image with a y − t plane contains
the trajectory of the moving particle; the trajectory becomes a sinusoidal pattern [Fig. 1(a)]. A
filter that detects the direction of a short line segment on the spatio-temporal sectional image
provides a one-dimensional oscillatory signal along the time coordinate system. Figure 1(b)



Engineering the Future70

x

y

t

 

Tra
je

ct
or

y

Spa
tio

-te
m

po
ra

l 

se
ct

io
na

l i
m

ag
e

Image plane
Tim

e

O
sc

il
la

ti
o

n

Par
tic

le

t

y

O

Trajectory of

an oscillating particle

θm

L

(a) (b)

Fig. 1. Oscillation of a visualisation particle. (a) Spatio-temporal sectional image sliced from
an image sequence, which contains an oscillating particle on a y − t plane. The trajectory of
the particle illustrates a sinusoidal pattern on the spatio-temporal sectional image. (b) Spatio-
temporal filter detecting the direction of a short line segment. The variance value evaluated
along the direction θm on brightness becomes the minimum for those evaluated along all of
the directions. Thus, by finding the minimum variance value, the filter detects the direction
θm of the particle trajectory. The variance value is evaluated in a circular local domain; the
parameter L refers to its radius.

shows the spatio-temporal y − t sectional image having a moving particle at the direction
θm in a spatio-temporal circular domain. When we evaluate the variance sI(θ) on brightness
along the direction θ, we obtain the minimum value of sI at the direction θm,

sI(θ) =
1

2L + 1

L

∑
l=−L

{I(l, θ)− Ī}2 for 0 ≤ θ < π, (20)

where L refers to the discrete radius of the circular domain, I(l, θ) refers to the spatio-temporal
image brightness function having the polar coordinate system, and Ī does to the averaged
brightness level along the direction θ,

Ī =
1

2L + 1

L

∑
l=−L

I(l, θ). (21)

Thus, we can determine the direction θm by finding the minimum variance of sI(θ). Since the
flow velocity is oscillating along the time coordinate system t, the direction θm(t) is also os-
cillating. (Note that the direction of a short line segment refers to a one-dimensional velocity
component.) Analysing the temporal change of the direction θm(t) by the one-dimensional
Fourier analysis method, we can determine the oscillation period T and the number of mul-
tiple periods K. In realistic situations that have many moving particles in fluid, many short
line segments that represent the trajectories of the many particles exist on a spatio-temporal
sectional image. When the velocity component u is not zero, the trajectory due to a particu-
lar particle is not clearly observed. However, a set of the many trajectories due to the many
particles provides the oscillation period of temporally oscillating signals.

4. Experimental Results

4.1 Generating synthetic image sequences
We assumed the brightness distribution of a particle locating at a pixel site (x0, y0) to be the
following function B(x, y) (Raffel, 1998),

B(x, y) = B0 exp
(
− (x − x0)

2 + (y − y0)
2

R2/8

)
(22)

where B0 refers to the maximum brightness level of the particle and R refers to its diameter.
In the present experiments, the parameter B0 was randomly distributed from 150 to 255 in 256
brightness levels; the background brightness level was fixed at 20.
We generated temporally oscillating flow fields at the fundamental oscillation period T = 25.6
(frames). The flow fields have translational, rotational and shear components as described by
the following equations,

u(x, y, t)=U0 + U(t)− ω(t)(y − yc) + σ(t)(x − xc),

v(x, y, t)=V0 + V(t) + ω(t)(x − xc)− σ(t)(y − yc), (23)

where,

U(t) = U1

H

∑
h=1

1
h

cos
(

2πht
T

+ φuh

)
, V(t) = V1

H

∑
h=1

1
h

cos
(

2πht
T

+ φvh

)
,

ω(t) =
P
Sx

H

∑
h=1

1
h

cos
(

2πht
T

+ φωh

)
, σ(t) =

P
Sx

H

∑
h=1

1
h

cos
(

2πht
T

+ φσh

)
. (24)

The parameter H refers to the number of harmonics contained in a particular oscillation; the
parameter varied as H = 0, 1, 2, 3. Each amplitude coefficient of the harmonics decreases with
1/h. The parameters φuh , φvh , φωh , φσh refer to the phase shifts of the hth harmonics. The pa-
rameters U0 and V0 refer to the horizontal and vertical direct components of the oscillating
velocity vector field; they were fixed at (U0, V0) = (0.1,−0.2) (pixels/frame). The param-
eters (U1, V1) refer to the amplitude coefficients of the first harmonics in the translational
component; they were fixed at (U1, V1) = (0.3,−0.5) (pixels/frame) except the assessment
of dynamic ranges. The set of the parameters (Sx, Sy) refers to the spatial size of an image
plane; all of the synthetic image sequences have Sx = Sy = 256 (pixels). In generating flow
fields, we partitioned an image plane into rectangular domains, the number of which is P2.
The particular domains have the spatial size of (Sx/P)× (Sy/P) (pixels2). Equations (23) and
(24) describe a flow field in a particular domain; a pixel site denoted by (xc, yc) refers to the
centre position of the particular domain. Several different values of the discrete parameter
P = 1, 2, 3, 4, 5 generate flow fields with different velocity gradients. The parameter P controls
the maximum velocity gradient within a particular domain. As the parameter P increases, the
velocity gradient also increases. Figure 2 shows a typical velocity vector field generated by
Eqs. (23) and (24), and the temporal changes of two velocity components observed at a pixel
site.
Image sequences utilised in the present experiments have the flow fields generated above;
particles having the brightness function of Eq. (22) visualise the flow fields. To confirm the
error dependence of the proposed methods on the density of particles dp, we changed the
diameter of Eq. (22) as R = 2, 4, 6, 8, 10 (pixels), and the number of particles as Np = 100, 200,
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Fig. 1. Oscillation of a visualisation particle. (a) Spatio-temporal sectional image sliced from
an image sequence, which contains an oscillating particle on a y − t plane. The trajectory of
the particle illustrates a sinusoidal pattern on the spatio-temporal sectional image. (b) Spatio-
temporal filter detecting the direction of a short line segment. The variance value evaluated
along the direction θm on brightness becomes the minimum for those evaluated along all of
the directions. Thus, by finding the minimum variance value, the filter detects the direction
θm of the particle trajectory. The variance value is evaluated in a circular local domain; the
parameter L refers to its radius.

shows the spatio-temporal y − t sectional image having a moving particle at the direction
θm in a spatio-temporal circular domain. When we evaluate the variance sI(θ) on brightness
along the direction θ, we obtain the minimum value of sI at the direction θm,

sI(θ) =
1

2L + 1

L

∑
l=−L

{I(l, θ)− Ī}2 for 0 ≤ θ < π, (20)

where L refers to the discrete radius of the circular domain, I(l, θ) refers to the spatio-temporal
image brightness function having the polar coordinate system, and Ī does to the averaged
brightness level along the direction θ,

Ī =
1

2L + 1

L

∑
l=−L

I(l, θ). (21)

Thus, we can determine the direction θm by finding the minimum variance of sI(θ). Since the
flow velocity is oscillating along the time coordinate system t, the direction θm(t) is also os-
cillating. (Note that the direction of a short line segment refers to a one-dimensional velocity
component.) Analysing the temporal change of the direction θm(t) by the one-dimensional
Fourier analysis method, we can determine the oscillation period T and the number of mul-
tiple periods K. In realistic situations that have many moving particles in fluid, many short
line segments that represent the trajectories of the many particles exist on a spatio-temporal
sectional image. When the velocity component u is not zero, the trajectory due to a particu-
lar particle is not clearly observed. However, a set of the many trajectories due to the many
particles provides the oscillation period of temporally oscillating signals.

4. Experimental Results

4.1 Generating synthetic image sequences
We assumed the brightness distribution of a particle locating at a pixel site (x0, y0) to be the
following function B(x, y) (Raffel, 1998),

B(x, y) = B0 exp
(
− (x − x0)

2 + (y − y0)
2

R2/8

)
(22)

where B0 refers to the maximum brightness level of the particle and R refers to its diameter.
In the present experiments, the parameter B0 was randomly distributed from 150 to 255 in 256
brightness levels; the background brightness level was fixed at 20.
We generated temporally oscillating flow fields at the fundamental oscillation period T = 25.6
(frames). The flow fields have translational, rotational and shear components as described by
the following equations,

u(x, y, t)=U0 + U(t)− ω(t)(y − yc) + σ(t)(x − xc),

v(x, y, t)=V0 + V(t) + ω(t)(x − xc)− σ(t)(y − yc), (23)

where,

U(t) = U1

H

∑
h=1

1
h

cos
(

2πht
T

+ φuh

)
, V(t) = V1

H

∑
h=1

1
h

cos
(

2πht
T

+ φvh

)
,

ω(t) =
P
Sx

H

∑
h=1

1
h

cos
(

2πht
T

+ φωh

)
, σ(t) =

P
Sx

H

∑
h=1

1
h

cos
(

2πht
T

+ φσh

)
. (24)

The parameter H refers to the number of harmonics contained in a particular oscillation; the
parameter varied as H = 0, 1, 2, 3. Each amplitude coefficient of the harmonics decreases with
1/h. The parameters φuh , φvh , φωh , φσh refer to the phase shifts of the hth harmonics. The pa-
rameters U0 and V0 refer to the horizontal and vertical direct components of the oscillating
velocity vector field; they were fixed at (U0, V0) = (0.1,−0.2) (pixels/frame). The param-
eters (U1, V1) refer to the amplitude coefficients of the first harmonics in the translational
component; they were fixed at (U1, V1) = (0.3,−0.5) (pixels/frame) except the assessment
of dynamic ranges. The set of the parameters (Sx, Sy) refers to the spatial size of an image
plane; all of the synthetic image sequences have Sx = Sy = 256 (pixels). In generating flow
fields, we partitioned an image plane into rectangular domains, the number of which is P2.
The particular domains have the spatial size of (Sx/P)× (Sy/P) (pixels2). Equations (23) and
(24) describe a flow field in a particular domain; a pixel site denoted by (xc, yc) refers to the
centre position of the particular domain. Several different values of the discrete parameter
P = 1, 2, 3, 4, 5 generate flow fields with different velocity gradients. The parameter P controls
the maximum velocity gradient within a particular domain. As the parameter P increases, the
velocity gradient also increases. Figure 2 shows a typical velocity vector field generated by
Eqs. (23) and (24), and the temporal changes of two velocity components observed at a pixel
site.
Image sequences utilised in the present experiments have the flow fields generated above;
particles having the brightness function of Eq. (22) visualise the flow fields. To confirm the
error dependence of the proposed methods on the density of particles dp, we changed the
diameter of Eq. (22) as R = 2, 4, 6, 8, 10 (pixels), and the number of particles as Np = 100, 200,
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Fig. 1. Oscillation of a visualisation particle. (a) Spatio-temporal sectional image sliced from
an image sequence, which contains an oscillating particle on a y − t plane. The trajectory of
the particle illustrates a sinusoidal pattern on the spatio-temporal sectional image. (b) Spatio-
temporal filter detecting the direction of a short line segment. The variance value evaluated
along the direction θm on brightness becomes the minimum for those evaluated along all of
the directions. Thus, by finding the minimum variance value, the filter detects the direction
θm of the particle trajectory. The variance value is evaluated in a circular local domain; the
parameter L refers to its radius.

shows the spatio-temporal y − t sectional image having a moving particle at the direction
θm in a spatio-temporal circular domain. When we evaluate the variance sI(θ) on brightness
along the direction θ, we obtain the minimum value of sI at the direction θm,

sI(θ) =
1

2L + 1

L

∑
l=−L

{I(l, θ)− Ī}2 for 0 ≤ θ < π, (20)

where L refers to the discrete radius of the circular domain, I(l, θ) refers to the spatio-temporal
image brightness function having the polar coordinate system, and Ī does to the averaged
brightness level along the direction θ,

Ī =
1

2L + 1

L

∑
l=−L

I(l, θ). (21)

Thus, we can determine the direction θm by finding the minimum variance of sI(θ). Since the
flow velocity is oscillating along the time coordinate system t, the direction θm(t) is also os-
cillating. (Note that the direction of a short line segment refers to a one-dimensional velocity
component.) Analysing the temporal change of the direction θm(t) by the one-dimensional
Fourier analysis method, we can determine the oscillation period T and the number of mul-
tiple periods K. In realistic situations that have many moving particles in fluid, many short
line segments that represent the trajectories of the many particles exist on a spatio-temporal
sectional image. When the velocity component u is not zero, the trajectory due to a particu-
lar particle is not clearly observed. However, a set of the many trajectories due to the many
particles provides the oscillation period of temporally oscillating signals.

4. Experimental Results

4.1 Generating synthetic image sequences
We assumed the brightness distribution of a particle locating at a pixel site (x0, y0) to be the
following function B(x, y) (Raffel, 1998),

B(x, y) = B0 exp
(
− (x − x0)

2 + (y − y0)
2

R2/8

)
(22)

where B0 refers to the maximum brightness level of the particle and R refers to its diameter.
In the present experiments, the parameter B0 was randomly distributed from 150 to 255 in 256
brightness levels; the background brightness level was fixed at 20.
We generated temporally oscillating flow fields at the fundamental oscillation period T = 25.6
(frames). The flow fields have translational, rotational and shear components as described by
the following equations,

u(x, y, t)=U0 + U(t)− ω(t)(y − yc) + σ(t)(x − xc),

v(x, y, t)=V0 + V(t) + ω(t)(x − xc)− σ(t)(y − yc), (23)

where,

U(t) = U1

H

∑
h=1

1
h

cos
(

2πht
T

+ φuh

)
, V(t) = V1

H

∑
h=1

1
h

cos
(

2πht
T

+ φvh

)
,

ω(t) =
P
Sx

H

∑
h=1

1
h

cos
(

2πht
T

+ φωh

)
, σ(t) =

P
Sx

H

∑
h=1

1
h

cos
(

2πht
T

+ φσh

)
. (24)

The parameter H refers to the number of harmonics contained in a particular oscillation; the
parameter varied as H = 0, 1, 2, 3. Each amplitude coefficient of the harmonics decreases with
1/h. The parameters φuh , φvh , φωh , φσh refer to the phase shifts of the hth harmonics. The pa-
rameters U0 and V0 refer to the horizontal and vertical direct components of the oscillating
velocity vector field; they were fixed at (U0, V0) = (0.1,−0.2) (pixels/frame). The param-
eters (U1, V1) refer to the amplitude coefficients of the first harmonics in the translational
component; they were fixed at (U1, V1) = (0.3,−0.5) (pixels/frame) except the assessment
of dynamic ranges. The set of the parameters (Sx, Sy) refers to the spatial size of an image
plane; all of the synthetic image sequences have Sx = Sy = 256 (pixels). In generating flow
fields, we partitioned an image plane into rectangular domains, the number of which is P2.
The particular domains have the spatial size of (Sx/P)× (Sy/P) (pixels2). Equations (23) and
(24) describe a flow field in a particular domain; a pixel site denoted by (xc, yc) refers to the
centre position of the particular domain. Several different values of the discrete parameter
P = 1, 2, 3, 4, 5 generate flow fields with different velocity gradients. The parameter P controls
the maximum velocity gradient within a particular domain. As the parameter P increases, the
velocity gradient also increases. Figure 2 shows a typical velocity vector field generated by
Eqs. (23) and (24), and the temporal changes of two velocity components observed at a pixel
site.
Image sequences utilised in the present experiments have the flow fields generated above;
particles having the brightness function of Eq. (22) visualise the flow fields. To confirm the
error dependence of the proposed methods on the density of particles dp, we changed the
diameter of Eq. (22) as R = 2, 4, 6, 8, 10 (pixels), and the number of particles as Np = 100, 200,
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Fig. 1. Oscillation of a visualisation particle. (a) Spatio-temporal sectional image sliced from
an image sequence, which contains an oscillating particle on a y − t plane. The trajectory of
the particle illustrates a sinusoidal pattern on the spatio-temporal sectional image. (b) Spatio-
temporal filter detecting the direction of a short line segment. The variance value evaluated
along the direction θm on brightness becomes the minimum for those evaluated along all of
the directions. Thus, by finding the minimum variance value, the filter detects the direction
θm of the particle trajectory. The variance value is evaluated in a circular local domain; the
parameter L refers to its radius.

shows the spatio-temporal y − t sectional image having a moving particle at the direction
θm in a spatio-temporal circular domain. When we evaluate the variance sI(θ) on brightness
along the direction θ, we obtain the minimum value of sI at the direction θm,

sI(θ) =
1

2L + 1

L

∑
l=−L

{I(l, θ)− Ī}2 for 0 ≤ θ < π, (20)

where L refers to the discrete radius of the circular domain, I(l, θ) refers to the spatio-temporal
image brightness function having the polar coordinate system, and Ī does to the averaged
brightness level along the direction θ,

Ī =
1

2L + 1

L

∑
l=−L

I(l, θ). (21)

Thus, we can determine the direction θm by finding the minimum variance of sI(θ). Since the
flow velocity is oscillating along the time coordinate system t, the direction θm(t) is also os-
cillating. (Note that the direction of a short line segment refers to a one-dimensional velocity
component.) Analysing the temporal change of the direction θm(t) by the one-dimensional
Fourier analysis method, we can determine the oscillation period T and the number of mul-
tiple periods K. In realistic situations that have many moving particles in fluid, many short
line segments that represent the trajectories of the many particles exist on a spatio-temporal
sectional image. When the velocity component u is not zero, the trajectory due to a particu-
lar particle is not clearly observed. However, a set of the many trajectories due to the many
particles provides the oscillation period of temporally oscillating signals.

4. Experimental Results

4.1 Generating synthetic image sequences
We assumed the brightness distribution of a particle locating at a pixel site (x0, y0) to be the
following function B(x, y) (Raffel, 1998),

B(x, y) = B0 exp
(
− (x − x0)

2 + (y − y0)
2

R2/8

)
(22)

where B0 refers to the maximum brightness level of the particle and R refers to its diameter.
In the present experiments, the parameter B0 was randomly distributed from 150 to 255 in 256
brightness levels; the background brightness level was fixed at 20.
We generated temporally oscillating flow fields at the fundamental oscillation period T = 25.6
(frames). The flow fields have translational, rotational and shear components as described by
the following equations,

u(x, y, t)=U0 + U(t)− ω(t)(y − yc) + σ(t)(x − xc),

v(x, y, t)=V0 + V(t) + ω(t)(x − xc)− σ(t)(y − yc), (23)

where,

U(t) = U1

H

∑
h=1

1
h

cos
(

2πht
T

+ φuh

)
, V(t) = V1

H

∑
h=1

1
h

cos
(

2πht
T

+ φvh

)
,

ω(t) =
P
Sx

H

∑
h=1

1
h

cos
(

2πht
T

+ φωh

)
, σ(t) =

P
Sx

H

∑
h=1

1
h

cos
(

2πht
T

+ φσh

)
. (24)

The parameter H refers to the number of harmonics contained in a particular oscillation; the
parameter varied as H = 0, 1, 2, 3. Each amplitude coefficient of the harmonics decreases with
1/h. The parameters φuh , φvh , φωh , φσh refer to the phase shifts of the hth harmonics. The pa-
rameters U0 and V0 refer to the horizontal and vertical direct components of the oscillating
velocity vector field; they were fixed at (U0, V0) = (0.1,−0.2) (pixels/frame). The param-
eters (U1, V1) refer to the amplitude coefficients of the first harmonics in the translational
component; they were fixed at (U1, V1) = (0.3,−0.5) (pixels/frame) except the assessment
of dynamic ranges. The set of the parameters (Sx, Sy) refers to the spatial size of an image
plane; all of the synthetic image sequences have Sx = Sy = 256 (pixels). In generating flow
fields, we partitioned an image plane into rectangular domains, the number of which is P2.
The particular domains have the spatial size of (Sx/P)× (Sy/P) (pixels2). Equations (23) and
(24) describe a flow field in a particular domain; a pixel site denoted by (xc, yc) refers to the
centre position of the particular domain. Several different values of the discrete parameter
P = 1, 2, 3, 4, 5 generate flow fields with different velocity gradients. The parameter P controls
the maximum velocity gradient within a particular domain. As the parameter P increases, the
velocity gradient also increases. Figure 2 shows a typical velocity vector field generated by
Eqs. (23) and (24), and the temporal changes of two velocity components observed at a pixel
site.
Image sequences utilised in the present experiments have the flow fields generated above;
particles having the brightness function of Eq. (22) visualise the flow fields. To confirm the
error dependence of the proposed methods on the density of particles dp, we changed the
diameter of Eq. (22) as R = 2, 4, 6, 8, 10 (pixels), and the number of particles as Np = 100, 200,
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Parameter values
Method Model equations For synthetic image For real image

LOM+PA Eq. (6) + Eq. (8) Lx = Ly = 3 (pixels) Lx = Ly = 5 (pixels)
+ Phase averaging Lt = 1 (frame) Lt = 5 (frames)

La = 0 (pixel) La = 2 (pixels)
PM1 Eq. (6) + Eq. (8) Lx = Ly = 3 (pixels) Lx = Ly = 5 (pixels)

+ Eq. (13) Lt = 1 (frame) Lt = 5 (frames)
La = 0 (pixel) La = 2 (pixels)

PM2 Eq. (6) + Eq. (15) Lx = Ly = 3 (pixels) Lx = Ly = 5 (pixels)
+ Eq. (16) M = 3, La = 0 (pixel) M = 5, La = 2 (pixels)

β = 1.0 × 10−6 β = 1.0 × 10−3

ACM Eq. (1)+Eq. (2) Lx = Ly = 3 (pixels) Lx = Ly = 5 (pixels)
Lt = 1 (frame) Lt = 5 (frames)

Wx = Wy = 2 (pixels) Wx = Wy = 2 (pixels)
Table 1. Parameter values of the gradient-based methods (LOM+PA, PM1 and PM2) and the
matching-based one (ACM) applied to synthetic and real image sequences. When the param-
eter values are not explicitly stated in the particular figures showing experimental results, the
parameter values stated in this table were utilised. In LOM+PA, the phase-averaging process-
ing was applied to velocity vectors having |�v| < 2.0 (pixels/frame) as post-processing except
Fig. 6. Refer to Eqs. (11) and (12) for the estimation of spatio-temporal gradients on an image
brightness distribution function required in the gradient-based methods. The frame num-
ber utilised for the analysis of the synthetic image sequences was St = 128 (frames) except
Figs. 5(b) and 5(c).

300, 400, 500, 1000, 2000, 3000, 4000, 5000. Figure 3 shows snapshots of the synthetic image
sequences. The density of particles dp refers to the ratio of the number of the pixel sites having
brightness levels higher than the background level to the number of the whole pixel sites.

4.2 Accuracy assessment
To confirm the performance of the two proposed methods, we applied the proposed methods
and two ordinary ones to the synthetic image sequences generated above. We call the pro-
posed method utilising the phase constancy assumption of Eq. (13) and the error function of
Eq. (14) "PM1", and the other proposed method utilising the Fourier series of Eqs. (15) and
(16) and the error function of Eq. (17) "PM2". We realised the local optimisation method as
the ordinary gradient-based method. The method utilises the spatio-temporal local constancy
assumption of Eq. (8) and the error function of Eq. (9). In addition, the method utilises a
phase-averaging processing as post-processing. We call this ordinary gradient-based method
"LOM+PA". We also realised the average correlation method "ACM" proposed by Meinhart
et al. (2000) as the ordinary matching-based method. The method evaluates a reliable cross-
correlation function by averaging cross-correlation functions obtained within a temporal local
domain and/or at the time intervals of an oscillation period, as described in Section 2.1. These
four methods LOM+PA, PM1, PM2 and ACM have several parameters. Table 1 shows the pa-
rameter values chosen for the four methods in the most of the following experiments.
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Fig. 2. Typical synthetic flow field and its temporal velocity change. (a) A flow filed at
t = 0 (frame). (b) The temporal changes of the velocity components (u, v) observed at
(x, y) = (32, 32) (pixel). The spatial size of the flow field is Sx × Sy = 256 × 256 (pixels2).
The flow field was generated by Eqs. (23) and (24) with (U0 = 0.1, V0 = −0.2) (pixels/frame),
(U1 = 0.3, V1 = −0.5) (pixels/frame) and P = 1. The number of harmonics was H = 3, the
fundamental oscillation period was T = 25.6 (frames), and the phase shifts φuh , φvh , φωh , φσh

of the hth harmonics were generated with random numbers.
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Fig. 3. Snapshots of synthetic image sequences. All of the sequences consist of the spatial
size Sx × Sy = 256 × 256 (pixels2). Image brightness was quantised into 256 levels. Refer to
Eq. (22) for the brightness distribution function of a particle; B0 was set to a random number
in the range of 150 ≤ B0 ≤ 255. Particular images have Np = 1000, 5000 particles with the
diameter of R = 4, 8 (pixels). The parameter dp (%) refers to the density of particles, which is
the ratio of the number of the pixel sites having brightness levels higher than the background
brightness level B = 20 to the spatial size Sx × Sy.

The next root-mean-square (RMS) error measure Er evaluates the accuracy of an obtained
time-varying velocity vector field,
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Parameter values
Method Model equations For synthetic image For real image

LOM+PA Eq. (6) + Eq. (8) Lx = Ly = 3 (pixels) Lx = Ly = 5 (pixels)
+ Phase averaging Lt = 1 (frame) Lt = 5 (frames)

La = 0 (pixel) La = 2 (pixels)
PM1 Eq. (6) + Eq. (8) Lx = Ly = 3 (pixels) Lx = Ly = 5 (pixels)

+ Eq. (13) Lt = 1 (frame) Lt = 5 (frames)
La = 0 (pixel) La = 2 (pixels)

PM2 Eq. (6) + Eq. (15) Lx = Ly = 3 (pixels) Lx = Ly = 5 (pixels)
+ Eq. (16) M = 3, La = 0 (pixel) M = 5, La = 2 (pixels)

β = 1.0 × 10−6 β = 1.0 × 10−3

ACM Eq. (1)+Eq. (2) Lx = Ly = 3 (pixels) Lx = Ly = 5 (pixels)
Lt = 1 (frame) Lt = 5 (frames)

Wx = Wy = 2 (pixels) Wx = Wy = 2 (pixels)
Table 1. Parameter values of the gradient-based methods (LOM+PA, PM1 and PM2) and the
matching-based one (ACM) applied to synthetic and real image sequences. When the param-
eter values are not explicitly stated in the particular figures showing experimental results, the
parameter values stated in this table were utilised. In LOM+PA, the phase-averaging process-
ing was applied to velocity vectors having |�v| < 2.0 (pixels/frame) as post-processing except
Fig. 6. Refer to Eqs. (11) and (12) for the estimation of spatio-temporal gradients on an image
brightness distribution function required in the gradient-based methods. The frame num-
ber utilised for the analysis of the synthetic image sequences was St = 128 (frames) except
Figs. 5(b) and 5(c).

300, 400, 500, 1000, 2000, 3000, 4000, 5000. Figure 3 shows snapshots of the synthetic image
sequences. The density of particles dp refers to the ratio of the number of the pixel sites having
brightness levels higher than the background level to the number of the whole pixel sites.

4.2 Accuracy assessment
To confirm the performance of the two proposed methods, we applied the proposed methods
and two ordinary ones to the synthetic image sequences generated above. We call the pro-
posed method utilising the phase constancy assumption of Eq. (13) and the error function of
Eq. (14) "PM1", and the other proposed method utilising the Fourier series of Eqs. (15) and
(16) and the error function of Eq. (17) "PM2". We realised the local optimisation method as
the ordinary gradient-based method. The method utilises the spatio-temporal local constancy
assumption of Eq. (8) and the error function of Eq. (9). In addition, the method utilises a
phase-averaging processing as post-processing. We call this ordinary gradient-based method
"LOM+PA". We also realised the average correlation method "ACM" proposed by Meinhart
et al. (2000) as the ordinary matching-based method. The method evaluates a reliable cross-
correlation function by averaging cross-correlation functions obtained within a temporal local
domain and/or at the time intervals of an oscillation period, as described in Section 2.1. These
four methods LOM+PA, PM1, PM2 and ACM have several parameters. Table 1 shows the pa-
rameter values chosen for the four methods in the most of the following experiments.
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Fig. 2. Typical synthetic flow field and its temporal velocity change. (a) A flow filed at
t = 0 (frame). (b) The temporal changes of the velocity components (u, v) observed at
(x, y) = (32, 32) (pixel). The spatial size of the flow field is Sx × Sy = 256 × 256 (pixels2).
The flow field was generated by Eqs. (23) and (24) with (U0 = 0.1, V0 = −0.2) (pixels/frame),
(U1 = 0.3, V1 = −0.5) (pixels/frame) and P = 1. The number of harmonics was H = 3, the
fundamental oscillation period was T = 25.6 (frames), and the phase shifts φuh , φvh , φωh , φσh

of the hth harmonics were generated with random numbers.
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Fig. 3. Snapshots of synthetic image sequences. All of the sequences consist of the spatial
size Sx × Sy = 256 × 256 (pixels2). Image brightness was quantised into 256 levels. Refer to
Eq. (22) for the brightness distribution function of a particle; B0 was set to a random number
in the range of 150 ≤ B0 ≤ 255. Particular images have Np = 1000, 5000 particles with the
diameter of R = 4, 8 (pixels). The parameter dp (%) refers to the density of particles, which is
the ratio of the number of the pixel sites having brightness levels higher than the background
brightness level B = 20 to the spatial size Sx × Sy.

The next root-mean-square (RMS) error measure Er evaluates the accuracy of an obtained
time-varying velocity vector field,

Er =
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Parameter values
Method Model equations For synthetic image For real image

LOM+PA Eq. (6) + Eq. (8) Lx = Ly = 3 (pixels) Lx = Ly = 5 (pixels)
+ Phase averaging Lt = 1 (frame) Lt = 5 (frames)

La = 0 (pixel) La = 2 (pixels)
PM1 Eq. (6) + Eq. (8) Lx = Ly = 3 (pixels) Lx = Ly = 5 (pixels)

+ Eq. (13) Lt = 1 (frame) Lt = 5 (frames)
La = 0 (pixel) La = 2 (pixels)

PM2 Eq. (6) + Eq. (15) Lx = Ly = 3 (pixels) Lx = Ly = 5 (pixels)
+ Eq. (16) M = 3, La = 0 (pixel) M = 5, La = 2 (pixels)

β = 1.0 × 10−6 β = 1.0 × 10−3

ACM Eq. (1)+Eq. (2) Lx = Ly = 3 (pixels) Lx = Ly = 5 (pixels)
Lt = 1 (frame) Lt = 5 (frames)

Wx = Wy = 2 (pixels) Wx = Wy = 2 (pixels)
Table 1. Parameter values of the gradient-based methods (LOM+PA, PM1 and PM2) and the
matching-based one (ACM) applied to synthetic and real image sequences. When the param-
eter values are not explicitly stated in the particular figures showing experimental results, the
parameter values stated in this table were utilised. In LOM+PA, the phase-averaging process-
ing was applied to velocity vectors having |�v| < 2.0 (pixels/frame) as post-processing except
Fig. 6. Refer to Eqs. (11) and (12) for the estimation of spatio-temporal gradients on an image
brightness distribution function required in the gradient-based methods. The frame num-
ber utilised for the analysis of the synthetic image sequences was St = 128 (frames) except
Figs. 5(b) and 5(c).

300, 400, 500, 1000, 2000, 3000, 4000, 5000. Figure 3 shows snapshots of the synthetic image
sequences. The density of particles dp refers to the ratio of the number of the pixel sites having
brightness levels higher than the background level to the number of the whole pixel sites.

4.2 Accuracy assessment
To confirm the performance of the two proposed methods, we applied the proposed methods
and two ordinary ones to the synthetic image sequences generated above. We call the pro-
posed method utilising the phase constancy assumption of Eq. (13) and the error function of
Eq. (14) "PM1", and the other proposed method utilising the Fourier series of Eqs. (15) and
(16) and the error function of Eq. (17) "PM2". We realised the local optimisation method as
the ordinary gradient-based method. The method utilises the spatio-temporal local constancy
assumption of Eq. (8) and the error function of Eq. (9). In addition, the method utilises a
phase-averaging processing as post-processing. We call this ordinary gradient-based method
"LOM+PA". We also realised the average correlation method "ACM" proposed by Meinhart
et al. (2000) as the ordinary matching-based method. The method evaluates a reliable cross-
correlation function by averaging cross-correlation functions obtained within a temporal local
domain and/or at the time intervals of an oscillation period, as described in Section 2.1. These
four methods LOM+PA, PM1, PM2 and ACM have several parameters. Table 1 shows the pa-
rameter values chosen for the four methods in the most of the following experiments.
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Fig. 2. Typical synthetic flow field and its temporal velocity change. (a) A flow filed at
t = 0 (frame). (b) The temporal changes of the velocity components (u, v) observed at
(x, y) = (32, 32) (pixel). The spatial size of the flow field is Sx × Sy = 256 × 256 (pixels2).
The flow field was generated by Eqs. (23) and (24) with (U0 = 0.1, V0 = −0.2) (pixels/frame),
(U1 = 0.3, V1 = −0.5) (pixels/frame) and P = 1. The number of harmonics was H = 3, the
fundamental oscillation period was T = 25.6 (frames), and the phase shifts φuh , φvh , φωh , φσh

of the hth harmonics were generated with random numbers.
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Fig. 3. Snapshots of synthetic image sequences. All of the sequences consist of the spatial
size Sx × Sy = 256 × 256 (pixels2). Image brightness was quantised into 256 levels. Refer to
Eq. (22) for the brightness distribution function of a particle; B0 was set to a random number
in the range of 150 ≤ B0 ≤ 255. Particular images have Np = 1000, 5000 particles with the
diameter of R = 4, 8 (pixels). The parameter dp (%) refers to the density of particles, which is
the ratio of the number of the pixel sites having brightness levels higher than the background
brightness level B = 20 to the spatial size Sx × Sy.

The next root-mean-square (RMS) error measure Er evaluates the accuracy of an obtained
time-varying velocity vector field,

Er =
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Parameter values
Method Model equations For synthetic image For real image

LOM+PA Eq. (6) + Eq. (8) Lx = Ly = 3 (pixels) Lx = Ly = 5 (pixels)
+ Phase averaging Lt = 1 (frame) Lt = 5 (frames)

La = 0 (pixel) La = 2 (pixels)
PM1 Eq. (6) + Eq. (8) Lx = Ly = 3 (pixels) Lx = Ly = 5 (pixels)

+ Eq. (13) Lt = 1 (frame) Lt = 5 (frames)
La = 0 (pixel) La = 2 (pixels)

PM2 Eq. (6) + Eq. (15) Lx = Ly = 3 (pixels) Lx = Ly = 5 (pixels)
+ Eq. (16) M = 3, La = 0 (pixel) M = 5, La = 2 (pixels)

β = 1.0 × 10−6 β = 1.0 × 10−3

ACM Eq. (1)+Eq. (2) Lx = Ly = 3 (pixels) Lx = Ly = 5 (pixels)
Lt = 1 (frame) Lt = 5 (frames)

Wx = Wy = 2 (pixels) Wx = Wy = 2 (pixels)
Table 1. Parameter values of the gradient-based methods (LOM+PA, PM1 and PM2) and the
matching-based one (ACM) applied to synthetic and real image sequences. When the param-
eter values are not explicitly stated in the particular figures showing experimental results, the
parameter values stated in this table were utilised. In LOM+PA, the phase-averaging process-
ing was applied to velocity vectors having |�v| < 2.0 (pixels/frame) as post-processing except
Fig. 6. Refer to Eqs. (11) and (12) for the estimation of spatio-temporal gradients on an image
brightness distribution function required in the gradient-based methods. The frame num-
ber utilised for the analysis of the synthetic image sequences was St = 128 (frames) except
Figs. 5(b) and 5(c).

300, 400, 500, 1000, 2000, 3000, 4000, 5000. Figure 3 shows snapshots of the synthetic image
sequences. The density of particles dp refers to the ratio of the number of the pixel sites having
brightness levels higher than the background level to the number of the whole pixel sites.

4.2 Accuracy assessment
To confirm the performance of the two proposed methods, we applied the proposed methods
and two ordinary ones to the synthetic image sequences generated above. We call the pro-
posed method utilising the phase constancy assumption of Eq. (13) and the error function of
Eq. (14) "PM1", and the other proposed method utilising the Fourier series of Eqs. (15) and
(16) and the error function of Eq. (17) "PM2". We realised the local optimisation method as
the ordinary gradient-based method. The method utilises the spatio-temporal local constancy
assumption of Eq. (8) and the error function of Eq. (9). In addition, the method utilises a
phase-averaging processing as post-processing. We call this ordinary gradient-based method
"LOM+PA". We also realised the average correlation method "ACM" proposed by Meinhart
et al. (2000) as the ordinary matching-based method. The method evaluates a reliable cross-
correlation function by averaging cross-correlation functions obtained within a temporal local
domain and/or at the time intervals of an oscillation period, as described in Section 2.1. These
four methods LOM+PA, PM1, PM2 and ACM have several parameters. Table 1 shows the pa-
rameter values chosen for the four methods in the most of the following experiments.
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Fig. 2. Typical synthetic flow field and its temporal velocity change. (a) A flow filed at
t = 0 (frame). (b) The temporal changes of the velocity components (u, v) observed at
(x, y) = (32, 32) (pixel). The spatial size of the flow field is Sx × Sy = 256 × 256 (pixels2).
The flow field was generated by Eqs. (23) and (24) with (U0 = 0.1, V0 = −0.2) (pixels/frame),
(U1 = 0.3, V1 = −0.5) (pixels/frame) and P = 1. The number of harmonics was H = 3, the
fundamental oscillation period was T = 25.6 (frames), and the phase shifts φuh , φvh , φωh , φσh

of the hth harmonics were generated with random numbers.
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Fig. 3. Snapshots of synthetic image sequences. All of the sequences consist of the spatial
size Sx × Sy = 256 × 256 (pixels2). Image brightness was quantised into 256 levels. Refer to
Eq. (22) for the brightness distribution function of a particle; B0 was set to a random number
in the range of 150 ≤ B0 ≤ 255. Particular images have Np = 1000, 5000 particles with the
diameter of R = 4, 8 (pixels). The parameter dp (%) refers to the density of particles, which is
the ratio of the number of the pixel sites having brightness levels higher than the background
brightness level B = 20 to the spatial size Sx × Sy.

The next root-mean-square (RMS) error measure Er evaluates the accuracy of an obtained
time-varying velocity vector field,

Er =

√√√√ 1
N

N

∑
i=1

∣∣�vdi
−�vti

∣∣2 (25)



Engineering the Future74

dp(%)

Er(pixels/frame)

(a)

dp(%)

Er(pixels/frame)

(c)

dp(%)

Er(pixels/frame)

(b)

Er(pixels/frame)

dp(%)

(d)
 0.02

 0.05

 0.1

 0.5

 0.7

 0  20  40  60  80  100

R=  2
R=  4
R=  6
R=  8
R=10

 0.02

 0.05

 0.1

 0.5

 0.7

 0  20  40  60  80  100

R=  2
R=  4
R=  6
R=  8
R=10

 0.02

 0.05

 0.1

 0.5

 0.7

0  20  40  60  80  100

R=  2
R=  4
R=  6
R=  8
R=10

 0.02

 0.05

 0.1

 0.5

 0.7

0  20  40  60  80  100

R=  2
R=  4
R=  6
R=  8
R=10

Fig. 4. Dependence of the RMS error measures Er on the density of particles dp. Image se-
quences were analysed by (a) LOM+PA, (b) PM1, (c) PM2 and (d) ACM; the sequences have
the oscillating flow field with H = 3 and P = 1 (Fig. 2) and Np = 100, 200, 300, 400, 500, 1000,
2000, 3000, 4000, 5000 particles with the diameter of R = 2, 4, 6, 8, 10 (pixels) (Fig. 3). Refer to
Table 1 for the parameter values of the four methods and Eq. (25) for the RMS error measure.

where N refers to the number of all obtained velocity vectors, �vdi
(x, y, t) = (udi

, vdi
) refers

to the ith obtained velocity vector (components) determined at the pixel site (x, y, t) and
�vti (x, y, t) = (uti , vti ) refers to its corresponding true vector. Since ACM restricts the search
area to ±2 (pixels) with Wx = Wy = 2 (pixels) in computing a cross-correlation function (see
Table 1), we discarded the velocity vectors having the absolute speed larger than 2.0 (pix-
els/frame) in computing the RMS error measure except the assessment of dynamic ranges.
First, we assessed the dependence of the RMS error measures on the density of particles dp
for the image sequences having the different diameters of R and the different numbers of par-
ticles Np. Figure 4 shows the obtained dependence. As the density of particles dp increases
in its rather smaller range, the RMS error measures decrease for the gradient-based meth-
ods LOM+PA, PM1 and PM2. However, when dp becomes large, the error measures again
increase as dp increases. In particular, the dependence obtained for PM2 show this trend of
increasing error measures in the range of about dp > 70 (%) for R = 8, 10 (pixels). The high
density due to a large particle diameter and the large number of particles causes occluding
boundaries among several particles. Along the occluding boundaries, it is difficult to estimate
accurate gradients on a brightness pattern. In the gradient-based methods, erroneous gradi-
ents caused by the occluding boundaries bring erroneous velocity vectors. After the density of
particles reaches at a saturated value such as dp = 90 (%) with R = 10 (pixels), the occluding
boundaries occupies most of an image sequence. Thus, the error measures highly increase as
dp increases under the saturated density. The dependence obtained for ACM differs from that
for the gradient-based methods. The RMS error measures for ACM monotonically decrease as

the density of particles increases. The matching-based approach does not utilise gradients, but
does a cross-correlation function between two successive image frames. The spatial arrange-
ment of particles is important for computing a high reliable correlation function. When the
density of particles is low, there are many candidates of pattern correspondences between two
image frames. Thus, the correlation function obtained under such the low density has uncer-
tainty in finding the peak position of the function. The high density of randomly distributed
particles reduces the uncertainty in finding the peak position. The dependence obtained here
shows that PM2 has the best accuracy among the four methods. In particular, the large size
of the diameter such as R = 8, 10 (pixels) brings the best accuracy in the middle range of the
density such as about 60 < dp < 80 (%). In addition, by comparing LOM+PA and PM1, we
can recognise that PM1 is somewhat superior to LOM+PA in the low density of particles.
Figure 5(a) shows the dependence of the RMS error measures on the parameter P, which
controls spatial velocity gradients. The four methods assume that a brightness pattern remains
during its motion and that a flow field is locally uniform. As the parameter P increases, these
assumptions on a rigid pattern and a uniform flow field become to be unmatched to the image
sequences. The dependence obtained by the four methods shows similar trends that the RMS
error measures become large as the parameter P increases.
The four methods assume that the oscillation period T is constant during the number of mul-
tiple periods K, namely, during St = KT. The ideal situation for the methods is that the
oscillation period is constant during a huge number of image frames, and that all of these
image frames are provided to determine velocity vector fields by the methods. In practical sit-
uations, we can utilise only a limited number of image frames. Figures 5(b) and 5(c) show the
dependence of the RMS error measures on the frame number St = KT for the image sequences
having the number of particles Np = 1000 and Np = 5000. When the number of particles con-
tained in an image sequence is small, such as, Np = 1000, the error measures on the four
methods decrease as the frame number St increases. When the number of particles is large,
such as, Np = 5000, the error measures on the methods except ACM do not decrease as the
frame number increases. For the large number of particles, we can observe spatio-temporal
brightness changes all over the image plane and during whole image frames. Therefore, the
small number of image frames is enough for high accurate velocity determination. This result
shows that increasing the frame number is effective when an image sequence has the small
number of particles. When an image sequence has the large number of particles, increasing
the frame number is not so effective for the accuracy improvement of the gradient-based ap-
proach. Furthermore, we compare the two gradient-based methods PM1 and PM2. When St is
less than 64 (frames) in the result obtained for Np = 1000 [Fig. 5(b)], PM1 is superior to PM2.
The model utilised in PM2 has more unknown parameters, such as am, bm, cm, dm than that
in PM1. In order to estimate accurately many unknown parameters, it is necessary to have a
huge number of data points. Thus, when St is small, there are not enough image frames, that
is, not enough data points to achieve the accurate determination of the unknown parameters
in PM2. When we determine an oscillating flow field with the slightly varying oscillation pe-
riod and when the number of particles is small, we are not able to utilise many image frames.
In this case, we can utilise PM1 to achieve better accuracy.
When the oscillation period T is enough large, or when a velocity vector field is stationary,
we can expect more accuracy of the methods LOM+PA, PM1 and ACM by increasing the size
Lt on the temporal constancy assumption. We confirmed the dependence of the RMS error
measures on the parameter Lt for the several image sequences generated with the different
values of H = 0, 1, 2, 3. Figures 5(d) and 5(e) show the obtained dependence. The parameter
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Fig. 4. Dependence of the RMS error measures Er on the density of particles dp. Image se-
quences were analysed by (a) LOM+PA, (b) PM1, (c) PM2 and (d) ACM; the sequences have
the oscillating flow field with H = 3 and P = 1 (Fig. 2) and Np = 100, 200, 300, 400, 500, 1000,
2000, 3000, 4000, 5000 particles with the diameter of R = 2, 4, 6, 8, 10 (pixels) (Fig. 3). Refer to
Table 1 for the parameter values of the four methods and Eq. (25) for the RMS error measure.

where N refers to the number of all obtained velocity vectors, �vdi
(x, y, t) = (udi

, vdi
) refers

to the ith obtained velocity vector (components) determined at the pixel site (x, y, t) and
�vti (x, y, t) = (uti , vti ) refers to its corresponding true vector. Since ACM restricts the search
area to ±2 (pixels) with Wx = Wy = 2 (pixels) in computing a cross-correlation function (see
Table 1), we discarded the velocity vectors having the absolute speed larger than 2.0 (pix-
els/frame) in computing the RMS error measure except the assessment of dynamic ranges.
First, we assessed the dependence of the RMS error measures on the density of particles dp
for the image sequences having the different diameters of R and the different numbers of par-
ticles Np. Figure 4 shows the obtained dependence. As the density of particles dp increases
in its rather smaller range, the RMS error measures decrease for the gradient-based meth-
ods LOM+PA, PM1 and PM2. However, when dp becomes large, the error measures again
increase as dp increases. In particular, the dependence obtained for PM2 show this trend of
increasing error measures in the range of about dp > 70 (%) for R = 8, 10 (pixels). The high
density due to a large particle diameter and the large number of particles causes occluding
boundaries among several particles. Along the occluding boundaries, it is difficult to estimate
accurate gradients on a brightness pattern. In the gradient-based methods, erroneous gradi-
ents caused by the occluding boundaries bring erroneous velocity vectors. After the density of
particles reaches at a saturated value such as dp = 90 (%) with R = 10 (pixels), the occluding
boundaries occupies most of an image sequence. Thus, the error measures highly increase as
dp increases under the saturated density. The dependence obtained for ACM differs from that
for the gradient-based methods. The RMS error measures for ACM monotonically decrease as

the density of particles increases. The matching-based approach does not utilise gradients, but
does a cross-correlation function between two successive image frames. The spatial arrange-
ment of particles is important for computing a high reliable correlation function. When the
density of particles is low, there are many candidates of pattern correspondences between two
image frames. Thus, the correlation function obtained under such the low density has uncer-
tainty in finding the peak position of the function. The high density of randomly distributed
particles reduces the uncertainty in finding the peak position. The dependence obtained here
shows that PM2 has the best accuracy among the four methods. In particular, the large size
of the diameter such as R = 8, 10 (pixels) brings the best accuracy in the middle range of the
density such as about 60 < dp < 80 (%). In addition, by comparing LOM+PA and PM1, we
can recognise that PM1 is somewhat superior to LOM+PA in the low density of particles.
Figure 5(a) shows the dependence of the RMS error measures on the parameter P, which
controls spatial velocity gradients. The four methods assume that a brightness pattern remains
during its motion and that a flow field is locally uniform. As the parameter P increases, these
assumptions on a rigid pattern and a uniform flow field become to be unmatched to the image
sequences. The dependence obtained by the four methods shows similar trends that the RMS
error measures become large as the parameter P increases.
The four methods assume that the oscillation period T is constant during the number of mul-
tiple periods K, namely, during St = KT. The ideal situation for the methods is that the
oscillation period is constant during a huge number of image frames, and that all of these
image frames are provided to determine velocity vector fields by the methods. In practical sit-
uations, we can utilise only a limited number of image frames. Figures 5(b) and 5(c) show the
dependence of the RMS error measures on the frame number St = KT for the image sequences
having the number of particles Np = 1000 and Np = 5000. When the number of particles con-
tained in an image sequence is small, such as, Np = 1000, the error measures on the four
methods decrease as the frame number St increases. When the number of particles is large,
such as, Np = 5000, the error measures on the methods except ACM do not decrease as the
frame number increases. For the large number of particles, we can observe spatio-temporal
brightness changes all over the image plane and during whole image frames. Therefore, the
small number of image frames is enough for high accurate velocity determination. This result
shows that increasing the frame number is effective when an image sequence has the small
number of particles. When an image sequence has the large number of particles, increasing
the frame number is not so effective for the accuracy improvement of the gradient-based ap-
proach. Furthermore, we compare the two gradient-based methods PM1 and PM2. When St is
less than 64 (frames) in the result obtained for Np = 1000 [Fig. 5(b)], PM1 is superior to PM2.
The model utilised in PM2 has more unknown parameters, such as am, bm, cm, dm than that
in PM1. In order to estimate accurately many unknown parameters, it is necessary to have a
huge number of data points. Thus, when St is small, there are not enough image frames, that
is, not enough data points to achieve the accurate determination of the unknown parameters
in PM2. When we determine an oscillating flow field with the slightly varying oscillation pe-
riod and when the number of particles is small, we are not able to utilise many image frames.
In this case, we can utilise PM1 to achieve better accuracy.
When the oscillation period T is enough large, or when a velocity vector field is stationary,
we can expect more accuracy of the methods LOM+PA, PM1 and ACM by increasing the size
Lt on the temporal constancy assumption. We confirmed the dependence of the RMS error
measures on the parameter Lt for the several image sequences generated with the different
values of H = 0, 1, 2, 3. Figures 5(d) and 5(e) show the obtained dependence. The parameter
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Fig. 4. Dependence of the RMS error measures Er on the density of particles dp. Image se-
quences were analysed by (a) LOM+PA, (b) PM1, (c) PM2 and (d) ACM; the sequences have
the oscillating flow field with H = 3 and P = 1 (Fig. 2) and Np = 100, 200, 300, 400, 500, 1000,
2000, 3000, 4000, 5000 particles with the diameter of R = 2, 4, 6, 8, 10 (pixels) (Fig. 3). Refer to
Table 1 for the parameter values of the four methods and Eq. (25) for the RMS error measure.
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) refers

to the ith obtained velocity vector (components) determined at the pixel site (x, y, t) and
�vti (x, y, t) = (uti , vti ) refers to its corresponding true vector. Since ACM restricts the search
area to ±2 (pixels) with Wx = Wy = 2 (pixels) in computing a cross-correlation function (see
Table 1), we discarded the velocity vectors having the absolute speed larger than 2.0 (pix-
els/frame) in computing the RMS error measure except the assessment of dynamic ranges.
First, we assessed the dependence of the RMS error measures on the density of particles dp
for the image sequences having the different diameters of R and the different numbers of par-
ticles Np. Figure 4 shows the obtained dependence. As the density of particles dp increases
in its rather smaller range, the RMS error measures decrease for the gradient-based meth-
ods LOM+PA, PM1 and PM2. However, when dp becomes large, the error measures again
increase as dp increases. In particular, the dependence obtained for PM2 show this trend of
increasing error measures in the range of about dp > 70 (%) for R = 8, 10 (pixels). The high
density due to a large particle diameter and the large number of particles causes occluding
boundaries among several particles. Along the occluding boundaries, it is difficult to estimate
accurate gradients on a brightness pattern. In the gradient-based methods, erroneous gradi-
ents caused by the occluding boundaries bring erroneous velocity vectors. After the density of
particles reaches at a saturated value such as dp = 90 (%) with R = 10 (pixels), the occluding
boundaries occupies most of an image sequence. Thus, the error measures highly increase as
dp increases under the saturated density. The dependence obtained for ACM differs from that
for the gradient-based methods. The RMS error measures for ACM monotonically decrease as

the density of particles increases. The matching-based approach does not utilise gradients, but
does a cross-correlation function between two successive image frames. The spatial arrange-
ment of particles is important for computing a high reliable correlation function. When the
density of particles is low, there are many candidates of pattern correspondences between two
image frames. Thus, the correlation function obtained under such the low density has uncer-
tainty in finding the peak position of the function. The high density of randomly distributed
particles reduces the uncertainty in finding the peak position. The dependence obtained here
shows that PM2 has the best accuracy among the four methods. In particular, the large size
of the diameter such as R = 8, 10 (pixels) brings the best accuracy in the middle range of the
density such as about 60 < dp < 80 (%). In addition, by comparing LOM+PA and PM1, we
can recognise that PM1 is somewhat superior to LOM+PA in the low density of particles.
Figure 5(a) shows the dependence of the RMS error measures on the parameter P, which
controls spatial velocity gradients. The four methods assume that a brightness pattern remains
during its motion and that a flow field is locally uniform. As the parameter P increases, these
assumptions on a rigid pattern and a uniform flow field become to be unmatched to the image
sequences. The dependence obtained by the four methods shows similar trends that the RMS
error measures become large as the parameter P increases.
The four methods assume that the oscillation period T is constant during the number of mul-
tiple periods K, namely, during St = KT. The ideal situation for the methods is that the
oscillation period is constant during a huge number of image frames, and that all of these
image frames are provided to determine velocity vector fields by the methods. In practical sit-
uations, we can utilise only a limited number of image frames. Figures 5(b) and 5(c) show the
dependence of the RMS error measures on the frame number St = KT for the image sequences
having the number of particles Np = 1000 and Np = 5000. When the number of particles con-
tained in an image sequence is small, such as, Np = 1000, the error measures on the four
methods decrease as the frame number St increases. When the number of particles is large,
such as, Np = 5000, the error measures on the methods except ACM do not decrease as the
frame number increases. For the large number of particles, we can observe spatio-temporal
brightness changes all over the image plane and during whole image frames. Therefore, the
small number of image frames is enough for high accurate velocity determination. This result
shows that increasing the frame number is effective when an image sequence has the small
number of particles. When an image sequence has the large number of particles, increasing
the frame number is not so effective for the accuracy improvement of the gradient-based ap-
proach. Furthermore, we compare the two gradient-based methods PM1 and PM2. When St is
less than 64 (frames) in the result obtained for Np = 1000 [Fig. 5(b)], PM1 is superior to PM2.
The model utilised in PM2 has more unknown parameters, such as am, bm, cm, dm than that
in PM1. In order to estimate accurately many unknown parameters, it is necessary to have a
huge number of data points. Thus, when St is small, there are not enough image frames, that
is, not enough data points to achieve the accurate determination of the unknown parameters
in PM2. When we determine an oscillating flow field with the slightly varying oscillation pe-
riod and when the number of particles is small, we are not able to utilise many image frames.
In this case, we can utilise PM1 to achieve better accuracy.
When the oscillation period T is enough large, or when a velocity vector field is stationary,
we can expect more accuracy of the methods LOM+PA, PM1 and ACM by increasing the size
Lt on the temporal constancy assumption. We confirmed the dependence of the RMS error
measures on the parameter Lt for the several image sequences generated with the different
values of H = 0, 1, 2, 3. Figures 5(d) and 5(e) show the obtained dependence. The parameter
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Fig. 4. Dependence of the RMS error measures Er on the density of particles dp. Image se-
quences were analysed by (a) LOM+PA, (b) PM1, (c) PM2 and (d) ACM; the sequences have
the oscillating flow field with H = 3 and P = 1 (Fig. 2) and Np = 100, 200, 300, 400, 500, 1000,
2000, 3000, 4000, 5000 particles with the diameter of R = 2, 4, 6, 8, 10 (pixels) (Fig. 3). Refer to
Table 1 for the parameter values of the four methods and Eq. (25) for the RMS error measure.
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to the ith obtained velocity vector (components) determined at the pixel site (x, y, t) and
�vti (x, y, t) = (uti , vti ) refers to its corresponding true vector. Since ACM restricts the search
area to ±2 (pixels) with Wx = Wy = 2 (pixels) in computing a cross-correlation function (see
Table 1), we discarded the velocity vectors having the absolute speed larger than 2.0 (pix-
els/frame) in computing the RMS error measure except the assessment of dynamic ranges.
First, we assessed the dependence of the RMS error measures on the density of particles dp
for the image sequences having the different diameters of R and the different numbers of par-
ticles Np. Figure 4 shows the obtained dependence. As the density of particles dp increases
in its rather smaller range, the RMS error measures decrease for the gradient-based meth-
ods LOM+PA, PM1 and PM2. However, when dp becomes large, the error measures again
increase as dp increases. In particular, the dependence obtained for PM2 show this trend of
increasing error measures in the range of about dp > 70 (%) for R = 8, 10 (pixels). The high
density due to a large particle diameter and the large number of particles causes occluding
boundaries among several particles. Along the occluding boundaries, it is difficult to estimate
accurate gradients on a brightness pattern. In the gradient-based methods, erroneous gradi-
ents caused by the occluding boundaries bring erroneous velocity vectors. After the density of
particles reaches at a saturated value such as dp = 90 (%) with R = 10 (pixels), the occluding
boundaries occupies most of an image sequence. Thus, the error measures highly increase as
dp increases under the saturated density. The dependence obtained for ACM differs from that
for the gradient-based methods. The RMS error measures for ACM monotonically decrease as

the density of particles increases. The matching-based approach does not utilise gradients, but
does a cross-correlation function between two successive image frames. The spatial arrange-
ment of particles is important for computing a high reliable correlation function. When the
density of particles is low, there are many candidates of pattern correspondences between two
image frames. Thus, the correlation function obtained under such the low density has uncer-
tainty in finding the peak position of the function. The high density of randomly distributed
particles reduces the uncertainty in finding the peak position. The dependence obtained here
shows that PM2 has the best accuracy among the four methods. In particular, the large size
of the diameter such as R = 8, 10 (pixels) brings the best accuracy in the middle range of the
density such as about 60 < dp < 80 (%). In addition, by comparing LOM+PA and PM1, we
can recognise that PM1 is somewhat superior to LOM+PA in the low density of particles.
Figure 5(a) shows the dependence of the RMS error measures on the parameter P, which
controls spatial velocity gradients. The four methods assume that a brightness pattern remains
during its motion and that a flow field is locally uniform. As the parameter P increases, these
assumptions on a rigid pattern and a uniform flow field become to be unmatched to the image
sequences. The dependence obtained by the four methods shows similar trends that the RMS
error measures become large as the parameter P increases.
The four methods assume that the oscillation period T is constant during the number of mul-
tiple periods K, namely, during St = KT. The ideal situation for the methods is that the
oscillation period is constant during a huge number of image frames, and that all of these
image frames are provided to determine velocity vector fields by the methods. In practical sit-
uations, we can utilise only a limited number of image frames. Figures 5(b) and 5(c) show the
dependence of the RMS error measures on the frame number St = KT for the image sequences
having the number of particles Np = 1000 and Np = 5000. When the number of particles con-
tained in an image sequence is small, such as, Np = 1000, the error measures on the four
methods decrease as the frame number St increases. When the number of particles is large,
such as, Np = 5000, the error measures on the methods except ACM do not decrease as the
frame number increases. For the large number of particles, we can observe spatio-temporal
brightness changes all over the image plane and during whole image frames. Therefore, the
small number of image frames is enough for high accurate velocity determination. This result
shows that increasing the frame number is effective when an image sequence has the small
number of particles. When an image sequence has the large number of particles, increasing
the frame number is not so effective for the accuracy improvement of the gradient-based ap-
proach. Furthermore, we compare the two gradient-based methods PM1 and PM2. When St is
less than 64 (frames) in the result obtained for Np = 1000 [Fig. 5(b)], PM1 is superior to PM2.
The model utilised in PM2 has more unknown parameters, such as am, bm, cm, dm than that
in PM1. In order to estimate accurately many unknown parameters, it is necessary to have a
huge number of data points. Thus, when St is small, there are not enough image frames, that
is, not enough data points to achieve the accurate determination of the unknown parameters
in PM2. When we determine an oscillating flow field with the slightly varying oscillation pe-
riod and when the number of particles is small, we are not able to utilise many image frames.
In this case, we can utilise PM1 to achieve better accuracy.
When the oscillation period T is enough large, or when a velocity vector field is stationary,
we can expect more accuracy of the methods LOM+PA, PM1 and ACM by increasing the size
Lt on the temporal constancy assumption. We confirmed the dependence of the RMS error
measures on the parameter Lt for the several image sequences generated with the different
values of H = 0, 1, 2, 3. Figures 5(d) and 5(e) show the obtained dependence. The parameter
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Fig. 5. Dependence of the RMS error measures Er on several parameter values. Figure (a)
shows the dependence on the parameter P of velocity gradients. The dependence was evalu-
ated for LOM+PA, PM1, PM2 and ACM with the image sequences of H = 3 and Np = 5000.
Figures (b) and (c) shows the dependence on the frame number St = KT (frames). The depen-
dence was evaluated for LOM+PA, PM1, PM2 and ACM with the image sequences of H = 3,
P = 1, and (b) Np = 1000 and (c) Np = 5000. Figures (d) and (e) shows the dependence on the
parameter of the temporal local domain Lt. The dependence was evaluated for (d) PM1 and
(e) ACM with the image sequences of H = 0, 1, 2, 3, P = 1, and Np = 3000. Figure (f) shows
the dependence on the density of particles dp for the spatial size La = 0, 2, 4 (pixels) and the
particle diameter R = 4, 8 (pixels). The dependence was evaluated for PM2 with the image
sequences of H = 3, P = 1 and Np = 100, 200, 300, 400, 500, 1000, 2000, 3000, 4000, 5000. We
fixed a particle diameter of the image sequences utilised for the evaluation at R = 4 (pixels)
except for (f). Refer to Table 1 for the parameter values of the four methods, Fig. 2 and Eqs. (23)
and (24) for synthetic flow fields, Fig. 3 for synthetic images, and Eq. (25) for the RMS error
measure.

H refers to the number of harmonics contained in the temporal change of an oscillating flow
field [see Eq. (24)]. Thus, increasing the parameter H brings the shorter oscillation period.
A flow field with H = 0 is stationary; a flow field with H ≥ 1 has the harmonics with the
oscillation period T/H (frames). On the dependence of PM1, as the parameter Lt increases, the
error measures also increase monotonically except the dependence of H = 0. The dependence
of ACM has the minimum RMS error measures at Lt = 1 or 2 (frames) for H = 1 and at
Lt = 1 (frame) for H = 2, 3. From the dependence, we can increase the size Lt of ACM
more than that of PM1. In addition, on the dependence of H = 0, we can highly increase the
accuracy of ACM by increasing the size Lt, as compared with PM1.

In the above experiments, the gradient-based methods LOM+PA, PM1 and PM2 estimated
the spatio-temporal gradients fx, fy, ft by the forward difference method, which utilised the
spatio-temporal domain consisting of 2× 2 (pixels2) and 2 (frames) and averaged the four val-
ues of the forward differences [see Eq. (11)]. We confirmed the dependence of the RMS error
measures on the spatial size of the rectangular domain (2La + 1)× (2La + 1) (pixels2), which
were utilised for averaging the gradients [see Eq. (12)]. Figure 5(f) shows the dependence of
the RMS error measures on the parameter La. The obtained dependence shows that we can
improve the accuracy of PM2 by increasing the spatial size La. In particular, we can highly
improve the accuracy with La = 2 (pixels), compared to that with La = 0 (pixel).

4.3 Assessment of dynamic ranges
The dynamic ranges of the four methods were assessed for synthetic image sequences having
oscillating flow fields. The flow fields were generated with the parameter values of U1 =
0.3× Q (pixels/frame) and V1 = −0.7× Q (pixels/frame) for Q = 1, 2, · · · , 10 in Eqs. (23) and
(24). As the parameter Q increases, the difference between the maximum absolute velocity and
the minimum one contained in a generated flow field also increases. The other parameters of
Eqs. (23) and (24) have the same values as those of Fig. 2. The synthetic image sequences have
Np=5000 particles with the diameter of R = 10 (pixels).
The next equation evaluates the dynamic range D of a method,

D = (vtmax − vtmin )/Er, (26)

where vtmax = maxi |�vti | and vtmin = mini |�vti | respectively refer to the maximum absolute flow
velocity and the minimum one of all the true velocity vectors �vti for i = 1, 2, · · · , N, and Er
refers to the RMS error measure of Eq. (25) evaluated for the determined velocity vectors of
|�vd| < 10 (pixels/frame).
Figure 6 shows the dependence of the dynamic ranges on the parameter Q for the four meth-
ods. The gradient-based methods LOM+PA, PM1 and PM2 show the similar trends that the
dynamic ranges D rapidly decrease around Q = 2, 3, 4 as the parameter Q increases. The dy-
namic ranges of the gradient-based methods finally reach the very small constant value about
D � 1.3. Since the gradient-based methods have difficulty on determining a large velocity
vector, the RMS error measures become quite large for the large values of Q. In comparison
to the dependence of the gradient-based methods, the matching-based method ACM shows
the different dependence that the dynamic range D increases in the range of about Q < 4 and
it reaches the almost constant large value about D = 50 ∼ 60 in the range of about Q > 5.
In determining large velocity, the matching-based approach is essentially much more suitable
than the gradient-based one.
By comparing the dynamic ranges of the four methods, we confirmed that the dynamic range
of the matching-based method is larger than those of the gradient-based ones. However,
when focusing on low flow speed (Q = 1), we confirmed that the dynamic ranges of the
gradient-based methods are larger than the matching-based one. When we analyse a real im-
age sequence without preliminary knowledge on a velocity vector field, the matching-based
approach is better than the gradient-based one, since the maximum flow velocity is prelim-
inary unknown in practical situations. However, when we furthermore require dense and
accurate analysis for low flow speed, we can utilise the gradient-based approach having the
larger dynamic range for the low flow speed. By combining the matching-based approach
with the gradient-based one according to the proposal of Sugii et al. (2000), we can expect to
realise the new method having the large dynamic range for the large range of flow speed.
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Fig. 5. Dependence of the RMS error measures Er on several parameter values. Figure (a)
shows the dependence on the parameter P of velocity gradients. The dependence was evalu-
ated for LOM+PA, PM1, PM2 and ACM with the image sequences of H = 3 and Np = 5000.
Figures (b) and (c) shows the dependence on the frame number St = KT (frames). The depen-
dence was evaluated for LOM+PA, PM1, PM2 and ACM with the image sequences of H = 3,
P = 1, and (b) Np = 1000 and (c) Np = 5000. Figures (d) and (e) shows the dependence on the
parameter of the temporal local domain Lt. The dependence was evaluated for (d) PM1 and
(e) ACM with the image sequences of H = 0, 1, 2, 3, P = 1, and Np = 3000. Figure (f) shows
the dependence on the density of particles dp for the spatial size La = 0, 2, 4 (pixels) and the
particle diameter R = 4, 8 (pixels). The dependence was evaluated for PM2 with the image
sequences of H = 3, P = 1 and Np = 100, 200, 300, 400, 500, 1000, 2000, 3000, 4000, 5000. We
fixed a particle diameter of the image sequences utilised for the evaluation at R = 4 (pixels)
except for (f). Refer to Table 1 for the parameter values of the four methods, Fig. 2 and Eqs. (23)
and (24) for synthetic flow fields, Fig. 3 for synthetic images, and Eq. (25) for the RMS error
measure.

H refers to the number of harmonics contained in the temporal change of an oscillating flow
field [see Eq. (24)]. Thus, increasing the parameter H brings the shorter oscillation period.
A flow field with H = 0 is stationary; a flow field with H ≥ 1 has the harmonics with the
oscillation period T/H (frames). On the dependence of PM1, as the parameter Lt increases, the
error measures also increase monotonically except the dependence of H = 0. The dependence
of ACM has the minimum RMS error measures at Lt = 1 or 2 (frames) for H = 1 and at
Lt = 1 (frame) for H = 2, 3. From the dependence, we can increase the size Lt of ACM
more than that of PM1. In addition, on the dependence of H = 0, we can highly increase the
accuracy of ACM by increasing the size Lt, as compared with PM1.

In the above experiments, the gradient-based methods LOM+PA, PM1 and PM2 estimated
the spatio-temporal gradients fx, fy, ft by the forward difference method, which utilised the
spatio-temporal domain consisting of 2× 2 (pixels2) and 2 (frames) and averaged the four val-
ues of the forward differences [see Eq. (11)]. We confirmed the dependence of the RMS error
measures on the spatial size of the rectangular domain (2La + 1)× (2La + 1) (pixels2), which
were utilised for averaging the gradients [see Eq. (12)]. Figure 5(f) shows the dependence of
the RMS error measures on the parameter La. The obtained dependence shows that we can
improve the accuracy of PM2 by increasing the spatial size La. In particular, we can highly
improve the accuracy with La = 2 (pixels), compared to that with La = 0 (pixel).

4.3 Assessment of dynamic ranges
The dynamic ranges of the four methods were assessed for synthetic image sequences having
oscillating flow fields. The flow fields were generated with the parameter values of U1 =
0.3× Q (pixels/frame) and V1 = −0.7× Q (pixels/frame) for Q = 1, 2, · · · , 10 in Eqs. (23) and
(24). As the parameter Q increases, the difference between the maximum absolute velocity and
the minimum one contained in a generated flow field also increases. The other parameters of
Eqs. (23) and (24) have the same values as those of Fig. 2. The synthetic image sequences have
Np=5000 particles with the diameter of R = 10 (pixels).
The next equation evaluates the dynamic range D of a method,

D = (vtmax − vtmin )/Er, (26)

where vtmax = maxi |�vti | and vtmin = mini |�vti | respectively refer to the maximum absolute flow
velocity and the minimum one of all the true velocity vectors �vti for i = 1, 2, · · · , N, and Er
refers to the RMS error measure of Eq. (25) evaluated for the determined velocity vectors of
|�vd| < 10 (pixels/frame).
Figure 6 shows the dependence of the dynamic ranges on the parameter Q for the four meth-
ods. The gradient-based methods LOM+PA, PM1 and PM2 show the similar trends that the
dynamic ranges D rapidly decrease around Q = 2, 3, 4 as the parameter Q increases. The dy-
namic ranges of the gradient-based methods finally reach the very small constant value about
D � 1.3. Since the gradient-based methods have difficulty on determining a large velocity
vector, the RMS error measures become quite large for the large values of Q. In comparison
to the dependence of the gradient-based methods, the matching-based method ACM shows
the different dependence that the dynamic range D increases in the range of about Q < 4 and
it reaches the almost constant large value about D = 50 ∼ 60 in the range of about Q > 5.
In determining large velocity, the matching-based approach is essentially much more suitable
than the gradient-based one.
By comparing the dynamic ranges of the four methods, we confirmed that the dynamic range
of the matching-based method is larger than those of the gradient-based ones. However,
when focusing on low flow speed (Q = 1), we confirmed that the dynamic ranges of the
gradient-based methods are larger than the matching-based one. When we analyse a real im-
age sequence without preliminary knowledge on a velocity vector field, the matching-based
approach is better than the gradient-based one, since the maximum flow velocity is prelim-
inary unknown in practical situations. However, when we furthermore require dense and
accurate analysis for low flow speed, we can utilise the gradient-based approach having the
larger dynamic range for the low flow speed. By combining the matching-based approach
with the gradient-based one according to the proposal of Sugii et al. (2000), we can expect to
realise the new method having the large dynamic range for the large range of flow speed.
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Fig. 5. Dependence of the RMS error measures Er on several parameter values. Figure (a)
shows the dependence on the parameter P of velocity gradients. The dependence was evalu-
ated for LOM+PA, PM1, PM2 and ACM with the image sequences of H = 3 and Np = 5000.
Figures (b) and (c) shows the dependence on the frame number St = KT (frames). The depen-
dence was evaluated for LOM+PA, PM1, PM2 and ACM with the image sequences of H = 3,
P = 1, and (b) Np = 1000 and (c) Np = 5000. Figures (d) and (e) shows the dependence on the
parameter of the temporal local domain Lt. The dependence was evaluated for (d) PM1 and
(e) ACM with the image sequences of H = 0, 1, 2, 3, P = 1, and Np = 3000. Figure (f) shows
the dependence on the density of particles dp for the spatial size La = 0, 2, 4 (pixels) and the
particle diameter R = 4, 8 (pixels). The dependence was evaluated for PM2 with the image
sequences of H = 3, P = 1 and Np = 100, 200, 300, 400, 500, 1000, 2000, 3000, 4000, 5000. We
fixed a particle diameter of the image sequences utilised for the evaluation at R = 4 (pixels)
except for (f). Refer to Table 1 for the parameter values of the four methods, Fig. 2 and Eqs. (23)
and (24) for synthetic flow fields, Fig. 3 for synthetic images, and Eq. (25) for the RMS error
measure.

H refers to the number of harmonics contained in the temporal change of an oscillating flow
field [see Eq. (24)]. Thus, increasing the parameter H brings the shorter oscillation period.
A flow field with H = 0 is stationary; a flow field with H ≥ 1 has the harmonics with the
oscillation period T/H (frames). On the dependence of PM1, as the parameter Lt increases, the
error measures also increase monotonically except the dependence of H = 0. The dependence
of ACM has the minimum RMS error measures at Lt = 1 or 2 (frames) for H = 1 and at
Lt = 1 (frame) for H = 2, 3. From the dependence, we can increase the size Lt of ACM
more than that of PM1. In addition, on the dependence of H = 0, we can highly increase the
accuracy of ACM by increasing the size Lt, as compared with PM1.

In the above experiments, the gradient-based methods LOM+PA, PM1 and PM2 estimated
the spatio-temporal gradients fx, fy, ft by the forward difference method, which utilised the
spatio-temporal domain consisting of 2× 2 (pixels2) and 2 (frames) and averaged the four val-
ues of the forward differences [see Eq. (11)]. We confirmed the dependence of the RMS error
measures on the spatial size of the rectangular domain (2La + 1)× (2La + 1) (pixels2), which
were utilised for averaging the gradients [see Eq. (12)]. Figure 5(f) shows the dependence of
the RMS error measures on the parameter La. The obtained dependence shows that we can
improve the accuracy of PM2 by increasing the spatial size La. In particular, we can highly
improve the accuracy with La = 2 (pixels), compared to that with La = 0 (pixel).

4.3 Assessment of dynamic ranges
The dynamic ranges of the four methods were assessed for synthetic image sequences having
oscillating flow fields. The flow fields were generated with the parameter values of U1 =
0.3× Q (pixels/frame) and V1 = −0.7× Q (pixels/frame) for Q = 1, 2, · · · , 10 in Eqs. (23) and
(24). As the parameter Q increases, the difference between the maximum absolute velocity and
the minimum one contained in a generated flow field also increases. The other parameters of
Eqs. (23) and (24) have the same values as those of Fig. 2. The synthetic image sequences have
Np=5000 particles with the diameter of R = 10 (pixels).
The next equation evaluates the dynamic range D of a method,

D = (vtmax − vtmin )/Er, (26)

where vtmax = maxi |�vti | and vtmin = mini |�vti | respectively refer to the maximum absolute flow
velocity and the minimum one of all the true velocity vectors �vti for i = 1, 2, · · · , N, and Er
refers to the RMS error measure of Eq. (25) evaluated for the determined velocity vectors of
|�vd| < 10 (pixels/frame).
Figure 6 shows the dependence of the dynamic ranges on the parameter Q for the four meth-
ods. The gradient-based methods LOM+PA, PM1 and PM2 show the similar trends that the
dynamic ranges D rapidly decrease around Q = 2, 3, 4 as the parameter Q increases. The dy-
namic ranges of the gradient-based methods finally reach the very small constant value about
D � 1.3. Since the gradient-based methods have difficulty on determining a large velocity
vector, the RMS error measures become quite large for the large values of Q. In comparison
to the dependence of the gradient-based methods, the matching-based method ACM shows
the different dependence that the dynamic range D increases in the range of about Q < 4 and
it reaches the almost constant large value about D = 50 ∼ 60 in the range of about Q > 5.
In determining large velocity, the matching-based approach is essentially much more suitable
than the gradient-based one.
By comparing the dynamic ranges of the four methods, we confirmed that the dynamic range
of the matching-based method is larger than those of the gradient-based ones. However,
when focusing on low flow speed (Q = 1), we confirmed that the dynamic ranges of the
gradient-based methods are larger than the matching-based one. When we analyse a real im-
age sequence without preliminary knowledge on a velocity vector field, the matching-based
approach is better than the gradient-based one, since the maximum flow velocity is prelim-
inary unknown in practical situations. However, when we furthermore require dense and
accurate analysis for low flow speed, we can utilise the gradient-based approach having the
larger dynamic range for the low flow speed. By combining the matching-based approach
with the gradient-based one according to the proposal of Sugii et al. (2000), we can expect to
realise the new method having the large dynamic range for the large range of flow speed.
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Fig. 5. Dependence of the RMS error measures Er on several parameter values. Figure (a)
shows the dependence on the parameter P of velocity gradients. The dependence was evalu-
ated for LOM+PA, PM1, PM2 and ACM with the image sequences of H = 3 and Np = 5000.
Figures (b) and (c) shows the dependence on the frame number St = KT (frames). The depen-
dence was evaluated for LOM+PA, PM1, PM2 and ACM with the image sequences of H = 3,
P = 1, and (b) Np = 1000 and (c) Np = 5000. Figures (d) and (e) shows the dependence on the
parameter of the temporal local domain Lt. The dependence was evaluated for (d) PM1 and
(e) ACM with the image sequences of H = 0, 1, 2, 3, P = 1, and Np = 3000. Figure (f) shows
the dependence on the density of particles dp for the spatial size La = 0, 2, 4 (pixels) and the
particle diameter R = 4, 8 (pixels). The dependence was evaluated for PM2 with the image
sequences of H = 3, P = 1 and Np = 100, 200, 300, 400, 500, 1000, 2000, 3000, 4000, 5000. We
fixed a particle diameter of the image sequences utilised for the evaluation at R = 4 (pixels)
except for (f). Refer to Table 1 for the parameter values of the four methods, Fig. 2 and Eqs. (23)
and (24) for synthetic flow fields, Fig. 3 for synthetic images, and Eq. (25) for the RMS error
measure.

H refers to the number of harmonics contained in the temporal change of an oscillating flow
field [see Eq. (24)]. Thus, increasing the parameter H brings the shorter oscillation period.
A flow field with H = 0 is stationary; a flow field with H ≥ 1 has the harmonics with the
oscillation period T/H (frames). On the dependence of PM1, as the parameter Lt increases, the
error measures also increase monotonically except the dependence of H = 0. The dependence
of ACM has the minimum RMS error measures at Lt = 1 or 2 (frames) for H = 1 and at
Lt = 1 (frame) for H = 2, 3. From the dependence, we can increase the size Lt of ACM
more than that of PM1. In addition, on the dependence of H = 0, we can highly increase the
accuracy of ACM by increasing the size Lt, as compared with PM1.

In the above experiments, the gradient-based methods LOM+PA, PM1 and PM2 estimated
the spatio-temporal gradients fx, fy, ft by the forward difference method, which utilised the
spatio-temporal domain consisting of 2× 2 (pixels2) and 2 (frames) and averaged the four val-
ues of the forward differences [see Eq. (11)]. We confirmed the dependence of the RMS error
measures on the spatial size of the rectangular domain (2La + 1)× (2La + 1) (pixels2), which
were utilised for averaging the gradients [see Eq. (12)]. Figure 5(f) shows the dependence of
the RMS error measures on the parameter La. The obtained dependence shows that we can
improve the accuracy of PM2 by increasing the spatial size La. In particular, we can highly
improve the accuracy with La = 2 (pixels), compared to that with La = 0 (pixel).

4.3 Assessment of dynamic ranges
The dynamic ranges of the four methods were assessed for synthetic image sequences having
oscillating flow fields. The flow fields were generated with the parameter values of U1 =
0.3× Q (pixels/frame) and V1 = −0.7× Q (pixels/frame) for Q = 1, 2, · · · , 10 in Eqs. (23) and
(24). As the parameter Q increases, the difference between the maximum absolute velocity and
the minimum one contained in a generated flow field also increases. The other parameters of
Eqs. (23) and (24) have the same values as those of Fig. 2. The synthetic image sequences have
Np=5000 particles with the diameter of R = 10 (pixels).
The next equation evaluates the dynamic range D of a method,

D = (vtmax − vtmin )/Er, (26)

where vtmax = maxi |�vti | and vtmin = mini |�vti | respectively refer to the maximum absolute flow
velocity and the minimum one of all the true velocity vectors �vti for i = 1, 2, · · · , N, and Er
refers to the RMS error measure of Eq. (25) evaluated for the determined velocity vectors of
|�vd| < 10 (pixels/frame).
Figure 6 shows the dependence of the dynamic ranges on the parameter Q for the four meth-
ods. The gradient-based methods LOM+PA, PM1 and PM2 show the similar trends that the
dynamic ranges D rapidly decrease around Q = 2, 3, 4 as the parameter Q increases. The dy-
namic ranges of the gradient-based methods finally reach the very small constant value about
D � 1.3. Since the gradient-based methods have difficulty on determining a large velocity
vector, the RMS error measures become quite large for the large values of Q. In comparison
to the dependence of the gradient-based methods, the matching-based method ACM shows
the different dependence that the dynamic range D increases in the range of about Q < 4 and
it reaches the almost constant large value about D = 50 ∼ 60 in the range of about Q > 5.
In determining large velocity, the matching-based approach is essentially much more suitable
than the gradient-based one.
By comparing the dynamic ranges of the four methods, we confirmed that the dynamic range
of the matching-based method is larger than those of the gradient-based ones. However,
when focusing on low flow speed (Q = 1), we confirmed that the dynamic ranges of the
gradient-based methods are larger than the matching-based one. When we analyse a real im-
age sequence without preliminary knowledge on a velocity vector field, the matching-based
approach is better than the gradient-based one, since the maximum flow velocity is prelim-
inary unknown in practical situations. However, when we furthermore require dense and
accurate analysis for low flow speed, we can utilise the gradient-based approach having the
larger dynamic range for the low flow speed. By combining the matching-based approach
with the gradient-based one according to the proposal of Sugii et al. (2000), we can expect to
realise the new method having the large dynamic range for the large range of flow speed.
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Fig. 6. Dependence of the dynamic range D [Eq. (26)] on the parameter Q. Image sequences
utilised here have the oscillating flow fields generated with H = 3, P = 1, (U0 = 0.1, V0 =
−0.2) (pixels/frame), T = 25.6 (frames) and (U1 = 0.3 × Q, V1 = −0.7 × Q) (pixels/frame)
for Q = 1, 2, 3, · · · , 10. The size of the image sequences is Sx × Sy = 256 × 256 (pixels2)
and St = 128 (frames). The image sequences have Np = 5000 particles with the diameter of
R = 10 (pixels). The four methods LOM+PA, PM1, PM2 and ACM were applied to the image
sequences. The parameter values of the four methods were as follows: Lx = Ly = 10 (pixels),
Lt = 0 (frame) for all of the methods, La = 0 (pixel) for the gradient-based methods LOM+PA,
PM1 and PM2, M = 3 and β = 1.0 × 10−6 for PM2 and Wx = Wy = 10 (pixels) for ACM.
Determined velocity vectors having |�vd| < 10 (pixels/frame) were utilised for the evaluation
of a dynamic range.

4.4 Stability of the proposed method PM2 on the number of harmonics
The method PM2 has the parameter M that refers to the number of harmonics contained in a
temporal velocity change. The parameter M is unknown in practical situations. Figure 7(a)
shows the dependence of the RMS error measures on the parameter M for three experimental
conditions [Figs. 7(a-1), 7(a-2) and 7(a-3)], and two additional ones [Figs. 7(a-4) and 7(a-5)].
The image sequences analysed here have the oscillating flow field with H = 3. Thus, accord-
ing to the value H = 3, the parameter M of PM2 should be larger than 3. The method PM2
also has the parameter β, which refers to the ratio between the maximum singular value and
the threshold one for the singular value decomposition. The dependence of Figs. 7(a-1), 7(a-2)
and 7(a-3) was obtained with β = 1.0 × 10−6; that of Figs. 7(a-4) and 7(a-5) was obtained with
β = 1.0 × 10−3.
Figure 7(a-1) shows the dependence obtained for the experimental condition of Np = 5000
and Lx = Ly = 3 (pixels). The dependence is almost flat in the range of M ≥ 3. Figure 7(a-
2) shows the dependence obtained for the experimental condition of Np = 1000 and Lx =
Ly = 3 (pixels). The dependence shows the similar trend to that of Fig. 7(a-1). However,
the error measure slightly increases as the parameter M increases, in particular, in the range
of M ≥ 12. In comparison to the dependence of Figs. 7(a-1) and 7(a-2), the dependence of
Fig. 7(a-3) obtained for the experimental condition of Np = 5000 and Lx = Ly = 0 (pixel)
shows that the error measure more rapidly increases as the parameter M increases in the
range of M > 3. When the number of particles Np is small, and/or when the spatial sizes of
Lx and Ly are small, there is little brightness change utilised for velocity determination. Thus,
the dependence of Figs. 7(a-1), 7(a-2) and 7(a-3) shows that the small number of particles
and/or the small spatial sizes of Lx and Ly cause error in particular for the larger number
of M. The proposed method PM2 with the parameter value of β = 1.0 × 10−3 provided the
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Fig. 7. Performance of the proposed method PM2 and its instability on the parameter M re-
ferring to the number of harmonics. (a) The dependence of the RMS error measures Er on the
parameter M. The image sequence analysed in (a-1), (a-3) and (a-5) has Np = 5000 particles
with the diameter of R = 4 (pixels); the sequence done in (a-2) and (a-4) has Np = 1000 par-
ticles with the same diameter. The parameters Lx and Ly were Lx = Ly = 3 (pixels) in (a-1),
(a-2) and (a-4) and Lx = Ly = 0 (pixel) in (a-3) and (a-5). The parameter β was β = 1.0 × 10−6

in (a-1), (a-2) and (a-3) and β = 1.0 × 10−3 in (a-4) and (a-5). (b) The two sets of singular val-
ues Si obtained by the singular value decomposition. One of the two sets was obtained at the
pixel site (x = 128, y = 128) (pixel) and the other one was done at (x = 137, y = 198) (pixel).
The parameter values utilised here were Lx = Ly = 0 (pixel) and M = 10. The horizon-
tal coordinate refers to the subscript index i in the range of 0 ≤ i < (2 + 4M) and the
vertical one does to the ith singular value Si. (c) Temporal brightness changes observed
at the two pixel sites (x = 128, y = 128) (pixel) and (x = 137, y = 198) (pixel). Bright-
ness was averaged within the spatial local domain consisting of 7 × 7 (pixels2) at a particu-
lar frame. (d) The temporal changes of two velocity components (ud, vd) determined at the
pixel site (x = 128, y = 128) (pixel) and those of their corresponding true ones (ut, vt). The
parameter values utilised here were Lx = Ly = 0 (pixel), M = 10 and β = 1.0 × 10−6.
(e) The temporal changes of two velocity components (ud, vd) determined at the pixel site
(x = 137, y = 198) (pixel) and those of their corresponding true ones (ut, vt). The parameter
values utilised here were the same as (d) except β = 1.0 × 10−3. (f) The temporal changes
of two velocity components (ud, vd) determined at the same pixel site as (e) and their corre-
sponding true ones (ut, vt). The parameter values utilised here were the same as (d). The
image sequence utilised in (b) ∼ (f) has Np = 1000 particles with the diameter of R = 4 (pix-
els) (Fig. 3). All of the image sequences have the oscillating flow field with H = 3 and P = 1
(see Fig. 2). Refer to Table 1 for the other parameter values of PM2 and Eq. (25) for the RMS
error measure.
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Fig. 6. Dependence of the dynamic range D [Eq. (26)] on the parameter Q. Image sequences
utilised here have the oscillating flow fields generated with H = 3, P = 1, (U0 = 0.1, V0 =
−0.2) (pixels/frame), T = 25.6 (frames) and (U1 = 0.3 × Q, V1 = −0.7 × Q) (pixels/frame)
for Q = 1, 2, 3, · · · , 10. The size of the image sequences is Sx × Sy = 256 × 256 (pixels2)
and St = 128 (frames). The image sequences have Np = 5000 particles with the diameter of
R = 10 (pixels). The four methods LOM+PA, PM1, PM2 and ACM were applied to the image
sequences. The parameter values of the four methods were as follows: Lx = Ly = 10 (pixels),
Lt = 0 (frame) for all of the methods, La = 0 (pixel) for the gradient-based methods LOM+PA,
PM1 and PM2, M = 3 and β = 1.0 × 10−6 for PM2 and Wx = Wy = 10 (pixels) for ACM.
Determined velocity vectors having |�vd| < 10 (pixels/frame) were utilised for the evaluation
of a dynamic range.

4.4 Stability of the proposed method PM2 on the number of harmonics
The method PM2 has the parameter M that refers to the number of harmonics contained in a
temporal velocity change. The parameter M is unknown in practical situations. Figure 7(a)
shows the dependence of the RMS error measures on the parameter M for three experimental
conditions [Figs. 7(a-1), 7(a-2) and 7(a-3)], and two additional ones [Figs. 7(a-4) and 7(a-5)].
The image sequences analysed here have the oscillating flow field with H = 3. Thus, accord-
ing to the value H = 3, the parameter M of PM2 should be larger than 3. The method PM2
also has the parameter β, which refers to the ratio between the maximum singular value and
the threshold one for the singular value decomposition. The dependence of Figs. 7(a-1), 7(a-2)
and 7(a-3) was obtained with β = 1.0 × 10−6; that of Figs. 7(a-4) and 7(a-5) was obtained with
β = 1.0 × 10−3.
Figure 7(a-1) shows the dependence obtained for the experimental condition of Np = 5000
and Lx = Ly = 3 (pixels). The dependence is almost flat in the range of M ≥ 3. Figure 7(a-
2) shows the dependence obtained for the experimental condition of Np = 1000 and Lx =
Ly = 3 (pixels). The dependence shows the similar trend to that of Fig. 7(a-1). However,
the error measure slightly increases as the parameter M increases, in particular, in the range
of M ≥ 12. In comparison to the dependence of Figs. 7(a-1) and 7(a-2), the dependence of
Fig. 7(a-3) obtained for the experimental condition of Np = 5000 and Lx = Ly = 0 (pixel)
shows that the error measure more rapidly increases as the parameter M increases in the
range of M > 3. When the number of particles Np is small, and/or when the spatial sizes of
Lx and Ly are small, there is little brightness change utilised for velocity determination. Thus,
the dependence of Figs. 7(a-1), 7(a-2) and 7(a-3) shows that the small number of particles
and/or the small spatial sizes of Lx and Ly cause error in particular for the larger number
of M. The proposed method PM2 with the parameter value of β = 1.0 × 10−3 provided the
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Fig. 7. Performance of the proposed method PM2 and its instability on the parameter M re-
ferring to the number of harmonics. (a) The dependence of the RMS error measures Er on the
parameter M. The image sequence analysed in (a-1), (a-3) and (a-5) has Np = 5000 particles
with the diameter of R = 4 (pixels); the sequence done in (a-2) and (a-4) has Np = 1000 par-
ticles with the same diameter. The parameters Lx and Ly were Lx = Ly = 3 (pixels) in (a-1),
(a-2) and (a-4) and Lx = Ly = 0 (pixel) in (a-3) and (a-5). The parameter β was β = 1.0 × 10−6

in (a-1), (a-2) and (a-3) and β = 1.0 × 10−3 in (a-4) and (a-5). (b) The two sets of singular val-
ues Si obtained by the singular value decomposition. One of the two sets was obtained at the
pixel site (x = 128, y = 128) (pixel) and the other one was done at (x = 137, y = 198) (pixel).
The parameter values utilised here were Lx = Ly = 0 (pixel) and M = 10. The horizon-
tal coordinate refers to the subscript index i in the range of 0 ≤ i < (2 + 4M) and the
vertical one does to the ith singular value Si. (c) Temporal brightness changes observed
at the two pixel sites (x = 128, y = 128) (pixel) and (x = 137, y = 198) (pixel). Bright-
ness was averaged within the spatial local domain consisting of 7 × 7 (pixels2) at a particu-
lar frame. (d) The temporal changes of two velocity components (ud, vd) determined at the
pixel site (x = 128, y = 128) (pixel) and those of their corresponding true ones (ut, vt). The
parameter values utilised here were Lx = Ly = 0 (pixel), M = 10 and β = 1.0 × 10−6.
(e) The temporal changes of two velocity components (ud, vd) determined at the pixel site
(x = 137, y = 198) (pixel) and those of their corresponding true ones (ut, vt). The parameter
values utilised here were the same as (d) except β = 1.0 × 10−3. (f) The temporal changes
of two velocity components (ud, vd) determined at the same pixel site as (e) and their corre-
sponding true ones (ut, vt). The parameter values utilised here were the same as (d). The
image sequence utilised in (b) ∼ (f) has Np = 1000 particles with the diameter of R = 4 (pix-
els) (Fig. 3). All of the image sequences have the oscillating flow field with H = 3 and P = 1
(see Fig. 2). Refer to Table 1 for the other parameter values of PM2 and Eq. (25) for the RMS
error measure.
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Fig. 6. Dependence of the dynamic range D [Eq. (26)] on the parameter Q. Image sequences
utilised here have the oscillating flow fields generated with H = 3, P = 1, (U0 = 0.1, V0 =
−0.2) (pixels/frame), T = 25.6 (frames) and (U1 = 0.3 × Q, V1 = −0.7 × Q) (pixels/frame)
for Q = 1, 2, 3, · · · , 10. The size of the image sequences is Sx × Sy = 256 × 256 (pixels2)
and St = 128 (frames). The image sequences have Np = 5000 particles with the diameter of
R = 10 (pixels). The four methods LOM+PA, PM1, PM2 and ACM were applied to the image
sequences. The parameter values of the four methods were as follows: Lx = Ly = 10 (pixels),
Lt = 0 (frame) for all of the methods, La = 0 (pixel) for the gradient-based methods LOM+PA,
PM1 and PM2, M = 3 and β = 1.0 × 10−6 for PM2 and Wx = Wy = 10 (pixels) for ACM.
Determined velocity vectors having |�vd| < 10 (pixels/frame) were utilised for the evaluation
of a dynamic range.

4.4 Stability of the proposed method PM2 on the number of harmonics
The method PM2 has the parameter M that refers to the number of harmonics contained in a
temporal velocity change. The parameter M is unknown in practical situations. Figure 7(a)
shows the dependence of the RMS error measures on the parameter M for three experimental
conditions [Figs. 7(a-1), 7(a-2) and 7(a-3)], and two additional ones [Figs. 7(a-4) and 7(a-5)].
The image sequences analysed here have the oscillating flow field with H = 3. Thus, accord-
ing to the value H = 3, the parameter M of PM2 should be larger than 3. The method PM2
also has the parameter β, which refers to the ratio between the maximum singular value and
the threshold one for the singular value decomposition. The dependence of Figs. 7(a-1), 7(a-2)
and 7(a-3) was obtained with β = 1.0 × 10−6; that of Figs. 7(a-4) and 7(a-5) was obtained with
β = 1.0 × 10−3.
Figure 7(a-1) shows the dependence obtained for the experimental condition of Np = 5000
and Lx = Ly = 3 (pixels). The dependence is almost flat in the range of M ≥ 3. Figure 7(a-
2) shows the dependence obtained for the experimental condition of Np = 1000 and Lx =
Ly = 3 (pixels). The dependence shows the similar trend to that of Fig. 7(a-1). However,
the error measure slightly increases as the parameter M increases, in particular, in the range
of M ≥ 12. In comparison to the dependence of Figs. 7(a-1) and 7(a-2), the dependence of
Fig. 7(a-3) obtained for the experimental condition of Np = 5000 and Lx = Ly = 0 (pixel)
shows that the error measure more rapidly increases as the parameter M increases in the
range of M > 3. When the number of particles Np is small, and/or when the spatial sizes of
Lx and Ly are small, there is little brightness change utilised for velocity determination. Thus,
the dependence of Figs. 7(a-1), 7(a-2) and 7(a-3) shows that the small number of particles
and/or the small spatial sizes of Lx and Ly cause error in particular for the larger number
of M. The proposed method PM2 with the parameter value of β = 1.0 × 10−3 provided the
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Fig. 7. Performance of the proposed method PM2 and its instability on the parameter M re-
ferring to the number of harmonics. (a) The dependence of the RMS error measures Er on the
parameter M. The image sequence analysed in (a-1), (a-3) and (a-5) has Np = 5000 particles
with the diameter of R = 4 (pixels); the sequence done in (a-2) and (a-4) has Np = 1000 par-
ticles with the same diameter. The parameters Lx and Ly were Lx = Ly = 3 (pixels) in (a-1),
(a-2) and (a-4) and Lx = Ly = 0 (pixel) in (a-3) and (a-5). The parameter β was β = 1.0 × 10−6

in (a-1), (a-2) and (a-3) and β = 1.0 × 10−3 in (a-4) and (a-5). (b) The two sets of singular val-
ues Si obtained by the singular value decomposition. One of the two sets was obtained at the
pixel site (x = 128, y = 128) (pixel) and the other one was done at (x = 137, y = 198) (pixel).
The parameter values utilised here were Lx = Ly = 0 (pixel) and M = 10. The horizon-
tal coordinate refers to the subscript index i in the range of 0 ≤ i < (2 + 4M) and the
vertical one does to the ith singular value Si. (c) Temporal brightness changes observed
at the two pixel sites (x = 128, y = 128) (pixel) and (x = 137, y = 198) (pixel). Bright-
ness was averaged within the spatial local domain consisting of 7 × 7 (pixels2) at a particu-
lar frame. (d) The temporal changes of two velocity components (ud, vd) determined at the
pixel site (x = 128, y = 128) (pixel) and those of their corresponding true ones (ut, vt). The
parameter values utilised here were Lx = Ly = 0 (pixel), M = 10 and β = 1.0 × 10−6.
(e) The temporal changes of two velocity components (ud, vd) determined at the pixel site
(x = 137, y = 198) (pixel) and those of their corresponding true ones (ut, vt). The parameter
values utilised here were the same as (d) except β = 1.0 × 10−3. (f) The temporal changes
of two velocity components (ud, vd) determined at the same pixel site as (e) and their corre-
sponding true ones (ut, vt). The parameter values utilised here were the same as (d). The
image sequence utilised in (b) ∼ (f) has Np = 1000 particles with the diameter of R = 4 (pix-
els) (Fig. 3). All of the image sequences have the oscillating flow field with H = 3 and P = 1
(see Fig. 2). Refer to Table 1 for the other parameter values of PM2 and Eq. (25) for the RMS
error measure.
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Fig. 6. Dependence of the dynamic range D [Eq. (26)] on the parameter Q. Image sequences
utilised here have the oscillating flow fields generated with H = 3, P = 1, (U0 = 0.1, V0 =
−0.2) (pixels/frame), T = 25.6 (frames) and (U1 = 0.3 × Q, V1 = −0.7 × Q) (pixels/frame)
for Q = 1, 2, 3, · · · , 10. The size of the image sequences is Sx × Sy = 256 × 256 (pixels2)
and St = 128 (frames). The image sequences have Np = 5000 particles with the diameter of
R = 10 (pixels). The four methods LOM+PA, PM1, PM2 and ACM were applied to the image
sequences. The parameter values of the four methods were as follows: Lx = Ly = 10 (pixels),
Lt = 0 (frame) for all of the methods, La = 0 (pixel) for the gradient-based methods LOM+PA,
PM1 and PM2, M = 3 and β = 1.0 × 10−6 for PM2 and Wx = Wy = 10 (pixels) for ACM.
Determined velocity vectors having |�vd| < 10 (pixels/frame) were utilised for the evaluation
of a dynamic range.

4.4 Stability of the proposed method PM2 on the number of harmonics
The method PM2 has the parameter M that refers to the number of harmonics contained in a
temporal velocity change. The parameter M is unknown in practical situations. Figure 7(a)
shows the dependence of the RMS error measures on the parameter M for three experimental
conditions [Figs. 7(a-1), 7(a-2) and 7(a-3)], and two additional ones [Figs. 7(a-4) and 7(a-5)].
The image sequences analysed here have the oscillating flow field with H = 3. Thus, accord-
ing to the value H = 3, the parameter M of PM2 should be larger than 3. The method PM2
also has the parameter β, which refers to the ratio between the maximum singular value and
the threshold one for the singular value decomposition. The dependence of Figs. 7(a-1), 7(a-2)
and 7(a-3) was obtained with β = 1.0 × 10−6; that of Figs. 7(a-4) and 7(a-5) was obtained with
β = 1.0 × 10−3.
Figure 7(a-1) shows the dependence obtained for the experimental condition of Np = 5000
and Lx = Ly = 3 (pixels). The dependence is almost flat in the range of M ≥ 3. Figure 7(a-
2) shows the dependence obtained for the experimental condition of Np = 1000 and Lx =
Ly = 3 (pixels). The dependence shows the similar trend to that of Fig. 7(a-1). However,
the error measure slightly increases as the parameter M increases, in particular, in the range
of M ≥ 12. In comparison to the dependence of Figs. 7(a-1) and 7(a-2), the dependence of
Fig. 7(a-3) obtained for the experimental condition of Np = 5000 and Lx = Ly = 0 (pixel)
shows that the error measure more rapidly increases as the parameter M increases in the
range of M > 3. When the number of particles Np is small, and/or when the spatial sizes of
Lx and Ly are small, there is little brightness change utilised for velocity determination. Thus,
the dependence of Figs. 7(a-1), 7(a-2) and 7(a-3) shows that the small number of particles
and/or the small spatial sizes of Lx and Ly cause error in particular for the larger number
of M. The proposed method PM2 with the parameter value of β = 1.0 × 10−3 provided the
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Fig. 7. Performance of the proposed method PM2 and its instability on the parameter M re-
ferring to the number of harmonics. (a) The dependence of the RMS error measures Er on the
parameter M. The image sequence analysed in (a-1), (a-3) and (a-5) has Np = 5000 particles
with the diameter of R = 4 (pixels); the sequence done in (a-2) and (a-4) has Np = 1000 par-
ticles with the same diameter. The parameters Lx and Ly were Lx = Ly = 3 (pixels) in (a-1),
(a-2) and (a-4) and Lx = Ly = 0 (pixel) in (a-3) and (a-5). The parameter β was β = 1.0 × 10−6

in (a-1), (a-2) and (a-3) and β = 1.0 × 10−3 in (a-4) and (a-5). (b) The two sets of singular val-
ues Si obtained by the singular value decomposition. One of the two sets was obtained at the
pixel site (x = 128, y = 128) (pixel) and the other one was done at (x = 137, y = 198) (pixel).
The parameter values utilised here were Lx = Ly = 0 (pixel) and M = 10. The horizon-
tal coordinate refers to the subscript index i in the range of 0 ≤ i < (2 + 4M) and the
vertical one does to the ith singular value Si. (c) Temporal brightness changes observed
at the two pixel sites (x = 128, y = 128) (pixel) and (x = 137, y = 198) (pixel). Bright-
ness was averaged within the spatial local domain consisting of 7 × 7 (pixels2) at a particu-
lar frame. (d) The temporal changes of two velocity components (ud, vd) determined at the
pixel site (x = 128, y = 128) (pixel) and those of their corresponding true ones (ut, vt). The
parameter values utilised here were Lx = Ly = 0 (pixel), M = 10 and β = 1.0 × 10−6.
(e) The temporal changes of two velocity components (ud, vd) determined at the pixel site
(x = 137, y = 198) (pixel) and those of their corresponding true ones (ut, vt). The parameter
values utilised here were the same as (d) except β = 1.0 × 10−3. (f) The temporal changes
of two velocity components (ud, vd) determined at the same pixel site as (e) and their corre-
sponding true ones (ut, vt). The parameter values utilised here were the same as (d). The
image sequence utilised in (b) ∼ (f) has Np = 1000 particles with the diameter of R = 4 (pix-
els) (Fig. 3). All of the image sequences have the oscillating flow field with H = 3 and P = 1
(see Fig. 2). Refer to Table 1 for the other parameter values of PM2 and Eq. (25) for the RMS
error measure.
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better dependence as shown in Figs. 7(a-4) and 7(a-5) in the larger number of M. Note that
the experimental conditions and the parameter values were the same between Figs. 7(a-2) and
7(a-4) and between Figs. 7(a-3) and 7(a-5), except the parameter value of β.
Let us focus on the difference between the dependence of Fig. 7(a-2) and that of Fig. 7(a-
4). With the parameter value of M = 10, the RMS error measure with β = 1.0 × 10−3 in
Fig. 7(a-4) is smaller than that with β = 1.0 × 10−6 in Fig. 7(a-2). Figures 7(b) ∼ 7(f) show
numerical situations that caused error in the velocity determination with β = 1.0 × 10−6, and
that avoided the error with β = 1.0 × 10−3. Figure 7(b) shows the two sets of singular values
obtained by the singular value decomposition at the two pixel sites (x = 128, y = 128) (pixel)
and (x = 137, y = 198) (pixel). Since the method PM2 solves the set of linear equations
Eq. (18) by utilising the singular value decomposition, the method provides a set of singular
values at a particular pixel site.
There is a large difference between the two sets of singular values. On the one hand, all of the
singular values obtained at (x = 128, y = 128) (pixel) are almost similar in their magnitude.
The ratio mini(Si)/ maxi(Si) between the minimum singular value and the maximum one
is larger than 0.1. On the other hand, the ratio computed for the singular values obtained
at (x = 137, y = 198) is quite small [mini(Si)/ maxi(Si) � 10−16]. Singular values much
smaller than the maximum one are numerically meaningless and harmful in solving the set of
linear equations (Press et all., 1988). (This situation is so-called "ill-condition".) The value of
β maxi(Si) refers to the threshold value for the rejection of much smaller singular values. The
appropriate parameter value of β for the singular value decomposition can suppress the error
due to little brightness change and can avoid the instability of PM2.
Figure 7(c) shows clear difference between the temporal brightness changes observed at the
two pixel sites (x = 128, y = 128) (pixel) and (x = 137, y = 198) (pixel), where brightness was
averaged within the spatial local domain consisting of 7 × 7 (pixels2) at a particular frame.
The temporal brightness change observed at (x = 137, y = 198) (pixel) has little brightness
change, compared to that observed at the pixel site (x = 128, y = 128) (pixel). The brightness
change is insufficient for velocity determination at the pixel site (x = 137, y = 198). This is the
reason why some of the singular values obtained at the pixel site (x = 137, y = 198) (pixel)
are very small compared to other singular values.
At the pixel site (x = 128, y = 128) (pixel) having much brightness change, PM2 determined
an accurate velocity vector with either β = 1.0 × 10−3 or β = 1.0 × 10−6. Figure 7(d) shows
the temporal changes of the two velocity components ud and vd obtained at the pixel site and
their corresponding true ones ut and vt. The obtained velocity components are quite similar
to the true ones. The two velocity components ud and vd were obtained with β = 1.0 × 10−6.
Therefore, we can restate that the much brightness change does not cause the instability of
PM2. In this case, we do not have to mention the choice of the parameter value β.
At the pixel site (x = 137, y = 198) (pixel) having little brightness change, the temporal
changes of the two velocity components ud and vd obtained with β = 1.0× 10−3 [see Fig. 7(e)]
differ from those obtained with β = 1.0× 10−6 [see Fig. 7(f)]. The temporal changes of Fig. 7(e)
are much better than those of Fig. 7(f). The comparison between the two figures of Figs. 7(e)
and 7(f) shows that the singular value decomposition with the appropriate parameter β sup-
presses error in the determination of a velocity vector field and avoids the instability of PM2.
However, the method automatically choosing an appropriate parameter β is still the problem.
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Fig. 8. Performance of the two proposed methods determining the number of multiple peri-
ods. The horizontal coordinates refer to the density of particles dp and the vertical ones do to
the determined number of multiple periods K. The height of a particular impulse shows the
determined number K. The true number is Kt = 5.0. Both the figures omitted impulses being
out of the range 3.0 ≤ K ≤ 7.0. Figure (a) was obtained by the proposed method analysing
the temporal changes of velocity vectors by the Fourier analysis method; the velocity vectors
were tentatively determined by the ordinary gradient-based method of Eq. (7). Figure (b)
was obtained by the proposed method analysing spatio-temporal sectional images by also the
Fourier analysis method. Both the figures were obtained from the synthetic image sequences
having the oscillating flow field with H = 3 and P = 1 (Fig. 2) and Np = 100, 200, 300, 400,
500, 1000, 2000, 3000, 4000, 5000 particles with the diameter of R = 2, 4, 6, 8, 10 (pixels) (Fig. 3).
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Fig. 9. Spatio-temporal sectional image and its direction distribution map utilised in the de-
termination of an oscillation period and the number of multiple periods. The spatio-temporal
sectional image (a) was sliced from a synthetic image sequence at x = 64 (pixel) within the
y − t plane. The sequence has the oscillating flow field with H = 3 and P = 1 (Fig. 2)
and Np = 5000 particles with the diameter of R = 4 (pixels). The size of the sequence is
Sx × Sy = 256 × 256 (pixels2) and St = 128 (frames). The direction distribution map (b) was
obtained from the image (a) by the spatio-temporal filter detecting the direction of a short line
segment. The parameter L of the filter in Eq. (20) was set to 3 (pixels) [see also Fig. 1(b)].

4.5 Performance of the methods determining the number of multiple periods
We investigated the performance of the two methods determining the number of multiple
periods K from an image sequence. As described in the section 3.2, one of the two methods
analyses tentatively determined velocity vectors by the Fourier analysis method; the other
one analyses the temporal changes of pattern directions on spatio-temporal sectional images
by also the Fourier analysis method.
Figure 8 shows the number of multiple periods K determined by the two methods from syn-
thetic image sequences. The number K determined by the former proposed method analysing

Gradient-based approach for determination of oscillating flow fields in PIV 81

better dependence as shown in Figs. 7(a-4) and 7(a-5) in the larger number of M. Note that
the experimental conditions and the parameter values were the same between Figs. 7(a-2) and
7(a-4) and between Figs. 7(a-3) and 7(a-5), except the parameter value of β.
Let us focus on the difference between the dependence of Fig. 7(a-2) and that of Fig. 7(a-
4). With the parameter value of M = 10, the RMS error measure with β = 1.0 × 10−3 in
Fig. 7(a-4) is smaller than that with β = 1.0 × 10−6 in Fig. 7(a-2). Figures 7(b) ∼ 7(f) show
numerical situations that caused error in the velocity determination with β = 1.0 × 10−6, and
that avoided the error with β = 1.0 × 10−3. Figure 7(b) shows the two sets of singular values
obtained by the singular value decomposition at the two pixel sites (x = 128, y = 128) (pixel)
and (x = 137, y = 198) (pixel). Since the method PM2 solves the set of linear equations
Eq. (18) by utilising the singular value decomposition, the method provides a set of singular
values at a particular pixel site.
There is a large difference between the two sets of singular values. On the one hand, all of the
singular values obtained at (x = 128, y = 128) (pixel) are almost similar in their magnitude.
The ratio mini(Si)/ maxi(Si) between the minimum singular value and the maximum one
is larger than 0.1. On the other hand, the ratio computed for the singular values obtained
at (x = 137, y = 198) is quite small [mini(Si)/ maxi(Si) � 10−16]. Singular values much
smaller than the maximum one are numerically meaningless and harmful in solving the set of
linear equations (Press et all., 1988). (This situation is so-called "ill-condition".) The value of
β maxi(Si) refers to the threshold value for the rejection of much smaller singular values. The
appropriate parameter value of β for the singular value decomposition can suppress the error
due to little brightness change and can avoid the instability of PM2.
Figure 7(c) shows clear difference between the temporal brightness changes observed at the
two pixel sites (x = 128, y = 128) (pixel) and (x = 137, y = 198) (pixel), where brightness was
averaged within the spatial local domain consisting of 7 × 7 (pixels2) at a particular frame.
The temporal brightness change observed at (x = 137, y = 198) (pixel) has little brightness
change, compared to that observed at the pixel site (x = 128, y = 128) (pixel). The brightness
change is insufficient for velocity determination at the pixel site (x = 137, y = 198). This is the
reason why some of the singular values obtained at the pixel site (x = 137, y = 198) (pixel)
are very small compared to other singular values.
At the pixel site (x = 128, y = 128) (pixel) having much brightness change, PM2 determined
an accurate velocity vector with either β = 1.0 × 10−3 or β = 1.0 × 10−6. Figure 7(d) shows
the temporal changes of the two velocity components ud and vd obtained at the pixel site and
their corresponding true ones ut and vt. The obtained velocity components are quite similar
to the true ones. The two velocity components ud and vd were obtained with β = 1.0 × 10−6.
Therefore, we can restate that the much brightness change does not cause the instability of
PM2. In this case, we do not have to mention the choice of the parameter value β.
At the pixel site (x = 137, y = 198) (pixel) having little brightness change, the temporal
changes of the two velocity components ud and vd obtained with β = 1.0× 10−3 [see Fig. 7(e)]
differ from those obtained with β = 1.0× 10−6 [see Fig. 7(f)]. The temporal changes of Fig. 7(e)
are much better than those of Fig. 7(f). The comparison between the two figures of Figs. 7(e)
and 7(f) shows that the singular value decomposition with the appropriate parameter β sup-
presses error in the determination of a velocity vector field and avoids the instability of PM2.
However, the method automatically choosing an appropriate parameter β is still the problem.

dp(%)

K

Kt

R=  2
R=  4
R=  6
R=  8
R=10

(a)

3.0

4.0

5.0

6.0

7.0

0 20 40 60 80 100
dp(%)

K

Kt

R=  2
R=  4
R=  6
R=  8
R=10

(b)

3.0

4.0

5.0

6.0

7.0

0 20 40 60 80 100

Fig. 8. Performance of the two proposed methods determining the number of multiple peri-
ods. The horizontal coordinates refer to the density of particles dp and the vertical ones do to
the determined number of multiple periods K. The height of a particular impulse shows the
determined number K. The true number is Kt = 5.0. Both the figures omitted impulses being
out of the range 3.0 ≤ K ≤ 7.0. Figure (a) was obtained by the proposed method analysing
the temporal changes of velocity vectors by the Fourier analysis method; the velocity vectors
were tentatively determined by the ordinary gradient-based method of Eq. (7). Figure (b)
was obtained by the proposed method analysing spatio-temporal sectional images by also the
Fourier analysis method. Both the figures were obtained from the synthetic image sequences
having the oscillating flow field with H = 3 and P = 1 (Fig. 2) and Np = 100, 200, 300, 400,
500, 1000, 2000, 3000, 4000, 5000 particles with the diameter of R = 2, 4, 6, 8, 10 (pixels) (Fig. 3).
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Fig. 9. Spatio-temporal sectional image and its direction distribution map utilised in the de-
termination of an oscillation period and the number of multiple periods. The spatio-temporal
sectional image (a) was sliced from a synthetic image sequence at x = 64 (pixel) within the
y − t plane. The sequence has the oscillating flow field with H = 3 and P = 1 (Fig. 2)
and Np = 5000 particles with the diameter of R = 4 (pixels). The size of the sequence is
Sx × Sy = 256 × 256 (pixels2) and St = 128 (frames). The direction distribution map (b) was
obtained from the image (a) by the spatio-temporal filter detecting the direction of a short line
segment. The parameter L of the filter in Eq. (20) was set to 3 (pixels) [see also Fig. 1(b)].

4.5 Performance of the methods determining the number of multiple periods
We investigated the performance of the two methods determining the number of multiple
periods K from an image sequence. As described in the section 3.2, one of the two methods
analyses tentatively determined velocity vectors by the Fourier analysis method; the other
one analyses the temporal changes of pattern directions on spatio-temporal sectional images
by also the Fourier analysis method.
Figure 8 shows the number of multiple periods K determined by the two methods from syn-
thetic image sequences. The number K determined by the former proposed method analysing
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better dependence as shown in Figs. 7(a-4) and 7(a-5) in the larger number of M. Note that
the experimental conditions and the parameter values were the same between Figs. 7(a-2) and
7(a-4) and between Figs. 7(a-3) and 7(a-5), except the parameter value of β.
Let us focus on the difference between the dependence of Fig. 7(a-2) and that of Fig. 7(a-
4). With the parameter value of M = 10, the RMS error measure with β = 1.0 × 10−3 in
Fig. 7(a-4) is smaller than that with β = 1.0 × 10−6 in Fig. 7(a-2). Figures 7(b) ∼ 7(f) show
numerical situations that caused error in the velocity determination with β = 1.0 × 10−6, and
that avoided the error with β = 1.0 × 10−3. Figure 7(b) shows the two sets of singular values
obtained by the singular value decomposition at the two pixel sites (x = 128, y = 128) (pixel)
and (x = 137, y = 198) (pixel). Since the method PM2 solves the set of linear equations
Eq. (18) by utilising the singular value decomposition, the method provides a set of singular
values at a particular pixel site.
There is a large difference between the two sets of singular values. On the one hand, all of the
singular values obtained at (x = 128, y = 128) (pixel) are almost similar in their magnitude.
The ratio mini(Si)/ maxi(Si) between the minimum singular value and the maximum one
is larger than 0.1. On the other hand, the ratio computed for the singular values obtained
at (x = 137, y = 198) is quite small [mini(Si)/ maxi(Si) � 10−16]. Singular values much
smaller than the maximum one are numerically meaningless and harmful in solving the set of
linear equations (Press et all., 1988). (This situation is so-called "ill-condition".) The value of
β maxi(Si) refers to the threshold value for the rejection of much smaller singular values. The
appropriate parameter value of β for the singular value decomposition can suppress the error
due to little brightness change and can avoid the instability of PM2.
Figure 7(c) shows clear difference between the temporal brightness changes observed at the
two pixel sites (x = 128, y = 128) (pixel) and (x = 137, y = 198) (pixel), where brightness was
averaged within the spatial local domain consisting of 7 × 7 (pixels2) at a particular frame.
The temporal brightness change observed at (x = 137, y = 198) (pixel) has little brightness
change, compared to that observed at the pixel site (x = 128, y = 128) (pixel). The brightness
change is insufficient for velocity determination at the pixel site (x = 137, y = 198). This is the
reason why some of the singular values obtained at the pixel site (x = 137, y = 198) (pixel)
are very small compared to other singular values.
At the pixel site (x = 128, y = 128) (pixel) having much brightness change, PM2 determined
an accurate velocity vector with either β = 1.0 × 10−3 or β = 1.0 × 10−6. Figure 7(d) shows
the temporal changes of the two velocity components ud and vd obtained at the pixel site and
their corresponding true ones ut and vt. The obtained velocity components are quite similar
to the true ones. The two velocity components ud and vd were obtained with β = 1.0 × 10−6.
Therefore, we can restate that the much brightness change does not cause the instability of
PM2. In this case, we do not have to mention the choice of the parameter value β.
At the pixel site (x = 137, y = 198) (pixel) having little brightness change, the temporal
changes of the two velocity components ud and vd obtained with β = 1.0× 10−3 [see Fig. 7(e)]
differ from those obtained with β = 1.0× 10−6 [see Fig. 7(f)]. The temporal changes of Fig. 7(e)
are much better than those of Fig. 7(f). The comparison between the two figures of Figs. 7(e)
and 7(f) shows that the singular value decomposition with the appropriate parameter β sup-
presses error in the determination of a velocity vector field and avoids the instability of PM2.
However, the method automatically choosing an appropriate parameter β is still the problem.
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Fig. 8. Performance of the two proposed methods determining the number of multiple peri-
ods. The horizontal coordinates refer to the density of particles dp and the vertical ones do to
the determined number of multiple periods K. The height of a particular impulse shows the
determined number K. The true number is Kt = 5.0. Both the figures omitted impulses being
out of the range 3.0 ≤ K ≤ 7.0. Figure (a) was obtained by the proposed method analysing
the temporal changes of velocity vectors by the Fourier analysis method; the velocity vectors
were tentatively determined by the ordinary gradient-based method of Eq. (7). Figure (b)
was obtained by the proposed method analysing spatio-temporal sectional images by also the
Fourier analysis method. Both the figures were obtained from the synthetic image sequences
having the oscillating flow field with H = 3 and P = 1 (Fig. 2) and Np = 100, 200, 300, 400,
500, 1000, 2000, 3000, 4000, 5000 particles with the diameter of R = 2, 4, 6, 8, 10 (pixels) (Fig. 3).
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Fig. 9. Spatio-temporal sectional image and its direction distribution map utilised in the de-
termination of an oscillation period and the number of multiple periods. The spatio-temporal
sectional image (a) was sliced from a synthetic image sequence at x = 64 (pixel) within the
y − t plane. The sequence has the oscillating flow field with H = 3 and P = 1 (Fig. 2)
and Np = 5000 particles with the diameter of R = 4 (pixels). The size of the sequence is
Sx × Sy = 256 × 256 (pixels2) and St = 128 (frames). The direction distribution map (b) was
obtained from the image (a) by the spatio-temporal filter detecting the direction of a short line
segment. The parameter L of the filter in Eq. (20) was set to 3 (pixels) [see also Fig. 1(b)].

4.5 Performance of the methods determining the number of multiple periods
We investigated the performance of the two methods determining the number of multiple
periods K from an image sequence. As described in the section 3.2, one of the two methods
analyses tentatively determined velocity vectors by the Fourier analysis method; the other
one analyses the temporal changes of pattern directions on spatio-temporal sectional images
by also the Fourier analysis method.
Figure 8 shows the number of multiple periods K determined by the two methods from syn-
thetic image sequences. The number K determined by the former proposed method analysing
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better dependence as shown in Figs. 7(a-4) and 7(a-5) in the larger number of M. Note that
the experimental conditions and the parameter values were the same between Figs. 7(a-2) and
7(a-4) and between Figs. 7(a-3) and 7(a-5), except the parameter value of β.
Let us focus on the difference between the dependence of Fig. 7(a-2) and that of Fig. 7(a-
4). With the parameter value of M = 10, the RMS error measure with β = 1.0 × 10−3 in
Fig. 7(a-4) is smaller than that with β = 1.0 × 10−6 in Fig. 7(a-2). Figures 7(b) ∼ 7(f) show
numerical situations that caused error in the velocity determination with β = 1.0 × 10−6, and
that avoided the error with β = 1.0 × 10−3. Figure 7(b) shows the two sets of singular values
obtained by the singular value decomposition at the two pixel sites (x = 128, y = 128) (pixel)
and (x = 137, y = 198) (pixel). Since the method PM2 solves the set of linear equations
Eq. (18) by utilising the singular value decomposition, the method provides a set of singular
values at a particular pixel site.
There is a large difference between the two sets of singular values. On the one hand, all of the
singular values obtained at (x = 128, y = 128) (pixel) are almost similar in their magnitude.
The ratio mini(Si)/ maxi(Si) between the minimum singular value and the maximum one
is larger than 0.1. On the other hand, the ratio computed for the singular values obtained
at (x = 137, y = 198) is quite small [mini(Si)/ maxi(Si) � 10−16]. Singular values much
smaller than the maximum one are numerically meaningless and harmful in solving the set of
linear equations (Press et all., 1988). (This situation is so-called "ill-condition".) The value of
β maxi(Si) refers to the threshold value for the rejection of much smaller singular values. The
appropriate parameter value of β for the singular value decomposition can suppress the error
due to little brightness change and can avoid the instability of PM2.
Figure 7(c) shows clear difference between the temporal brightness changes observed at the
two pixel sites (x = 128, y = 128) (pixel) and (x = 137, y = 198) (pixel), where brightness was
averaged within the spatial local domain consisting of 7 × 7 (pixels2) at a particular frame.
The temporal brightness change observed at (x = 137, y = 198) (pixel) has little brightness
change, compared to that observed at the pixel site (x = 128, y = 128) (pixel). The brightness
change is insufficient for velocity determination at the pixel site (x = 137, y = 198). This is the
reason why some of the singular values obtained at the pixel site (x = 137, y = 198) (pixel)
are very small compared to other singular values.
At the pixel site (x = 128, y = 128) (pixel) having much brightness change, PM2 determined
an accurate velocity vector with either β = 1.0 × 10−3 or β = 1.0 × 10−6. Figure 7(d) shows
the temporal changes of the two velocity components ud and vd obtained at the pixel site and
their corresponding true ones ut and vt. The obtained velocity components are quite similar
to the true ones. The two velocity components ud and vd were obtained with β = 1.0 × 10−6.
Therefore, we can restate that the much brightness change does not cause the instability of
PM2. In this case, we do not have to mention the choice of the parameter value β.
At the pixel site (x = 137, y = 198) (pixel) having little brightness change, the temporal
changes of the two velocity components ud and vd obtained with β = 1.0× 10−3 [see Fig. 7(e)]
differ from those obtained with β = 1.0× 10−6 [see Fig. 7(f)]. The temporal changes of Fig. 7(e)
are much better than those of Fig. 7(f). The comparison between the two figures of Figs. 7(e)
and 7(f) shows that the singular value decomposition with the appropriate parameter β sup-
presses error in the determination of a velocity vector field and avoids the instability of PM2.
However, the method automatically choosing an appropriate parameter β is still the problem.
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Fig. 8. Performance of the two proposed methods determining the number of multiple peri-
ods. The horizontal coordinates refer to the density of particles dp and the vertical ones do to
the determined number of multiple periods K. The height of a particular impulse shows the
determined number K. The true number is Kt = 5.0. Both the figures omitted impulses being
out of the range 3.0 ≤ K ≤ 7.0. Figure (a) was obtained by the proposed method analysing
the temporal changes of velocity vectors by the Fourier analysis method; the velocity vectors
were tentatively determined by the ordinary gradient-based method of Eq. (7). Figure (b)
was obtained by the proposed method analysing spatio-temporal sectional images by also the
Fourier analysis method. Both the figures were obtained from the synthetic image sequences
having the oscillating flow field with H = 3 and P = 1 (Fig. 2) and Np = 100, 200, 300, 400,
500, 1000, 2000, 3000, 4000, 5000 particles with the diameter of R = 2, 4, 6, 8, 10 (pixels) (Fig. 3).
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Fig. 9. Spatio-temporal sectional image and its direction distribution map utilised in the de-
termination of an oscillation period and the number of multiple periods. The spatio-temporal
sectional image (a) was sliced from a synthetic image sequence at x = 64 (pixel) within the
y − t plane. The sequence has the oscillating flow field with H = 3 and P = 1 (Fig. 2)
and Np = 5000 particles with the diameter of R = 4 (pixels). The size of the sequence is
Sx × Sy = 256 × 256 (pixels2) and St = 128 (frames). The direction distribution map (b) was
obtained from the image (a) by the spatio-temporal filter detecting the direction of a short line
segment. The parameter L of the filter in Eq. (20) was set to 3 (pixels) [see also Fig. 1(b)].

4.5 Performance of the methods determining the number of multiple periods
We investigated the performance of the two methods determining the number of multiple
periods K from an image sequence. As described in the section 3.2, one of the two methods
analyses tentatively determined velocity vectors by the Fourier analysis method; the other
one analyses the temporal changes of pattern directions on spatio-temporal sectional images
by also the Fourier analysis method.
Figure 8 shows the number of multiple periods K determined by the two methods from syn-
thetic image sequences. The number K determined by the former proposed method analysing
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tentatively determined velocity vectors is almost correct for most of the synthetic image se-
quences. The latter proposed method analysing spatio-temporal sectional images provided
several erroneous results under the condition of about dp < 30 (%). Under the low density of
dp, the latter method provided several abnormal results having huge error, compared to the
former method.
Figure 9 shows a spatio-temporal sectional image sliced from a synthetic image sequence and
its direction distribution map obtained by the direction detection filter. Since the latter pro-
posed method analyses brightness patterns on a spatio-temporal sectional image, its perfor-
mance directly depends on the density of particles. Furthermore, the latter proposed method
assumes that particles are oscillating on a spatio-temporal sectional image of a y − t image
plane or a x − t image plane (Fig. 1). However, the assumption is not satisfactory for the
synthetic image sequence.
By comparing the results obtained by the two methods, we can conclude that the former
proposed method is better than the latter one in particular under the low density of particles.
Under the high density of particles, such as dp > 50 (%), both the methods work well.

4.6 Analysis of a real image sequence
We present the experimental results obtained when applying the methods LOM+PA, PM1,
PM2 and ACM to a real image sequence. The sequence was captured through a camera for
the Karman vortices flow field visualised by particles with the sampling frequency of 30 (Hz)
[Fig. 10(a)]. We obtained a frequency distribution on brightness from the real image sequence
as shown in Fig. 10(b). We estimated the threshold level segmenting the particle region, which
has higher brightness levels, from the background region. The estimated threshold level was
100 in 256 brightness levels. By counting the number of pixel sites which had brightness levels
larger than the threshold one, we estimated the density of particles to be dp = 47.3 (%).
To confirm the maximum flow speed contained in the real image sequence, we determined a
time-varying velocity vector field by an ordinary matching-based method. While the matching-
based approach is appropriate for a high flow speed, the gradient-based approach is not ap-
propriate for a high flow speed of more than 1.0 (pixel/frame). We applied the ordinary
matching-based method to a real image sequence re-sampled from the original real image
sequence. The sampling frequency of the re-sampled image sequence was 15 (Hz). The or-
dinary matching-based method has the template consisting of the 7 × 7 (pixels2) rectangular
domain [Lx = Ly = 3 (pixels)]; the search area is the 11 × 11 (pixels2) rectangular domain
[Wx = Wy = 5 (pixels)]. Figure 10(c) shows a frequency distribution on determined abso-
lute speed. The distribution shows that most of the pixel sites (98 %) have an absolute speed
of less than 2.0 (pixels/frame), which corresponds to 1.0 (pixel/frame) in the original real
image sequence. Thus, most of the velocity vectors are appropriate for the gradient-based ap-
proach. This result allowed us to apply the gradient-based methods to the original real image
sequence.
We determined the number of multiple periods K and the oscillation period T from the real
image sequence. First, we determined the parameters K and T by the proposed method
analysing the temporal change of a tentatively determined velocity vector field. Figure 11(a)
shows the temporal changes of the two velocity components tentatively determined by the
ordinary gradient-based method with the local optimisation. The application of the Fourier
analysis method to the temporal velocity changes provided power spectrum distribution func-
tions. Figure 11(b) shows the sum of the functions obtained at all of the pixel sites for both
the velocity components. The maximum peak position in the averaged power spectrum dis-

x

y  

(a) 0.0

1.0

2.0

3.0

4.0

5.0

6.0

0 50 100 150 200 250

Frequency (%)

Threshold

Brightness

(b)
Brightness

0

127

255

Frequency (%)

Speed (pixels/frame)

(c)

0.0

0.5

1.0

1.5

2.0

0.0 1.0 2.0 3.0 4.0 5.0

C
y
li

n
d

er

Main
stream

Fig. 10. Real image sequence of the Karman vortices flow field visualised by particles. (a) A
snapshot of the image sequence. The size of the sequence is Sx × Sy = 80 × 56 (pixels2) and
St = 1856 (frames). Image brightness was quantised into 256 levels. The sampling frequency
was 30 (Hz). The main stream was directed from right to left. A cylinder was located at the
right side. (b) Frequency distribution on brightness. The threshold brightness level segment-
ing the foreground expressing particles from the background was estimated to be 100 in 256
brightness levels. The density of particles was estimated as dp = 47.3 (%). (c) Frequency
distribution on absolute speed determined by an ordinary matching-based method with a
sub-pixel approximation method. The matching-based method was applied to an image se-
quence re-sampled from the original real image sequence (a) with the sampling frequency of
15 (Hz).
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Fig. 11. Determination of the number of multiple periods K from the real image sequence of
Fig. 10. (a) The temporal changes of the two velocity components u and v determined at the
centre of the image plane by the local optimisation method. The spatio-temporal local domain
δS × δT for the constancy assumption consists of 3 × 3 (pixels2) and 3 (frames) [Lx = Ly =
1 (pixel) and Lt = 1 (frame)]. (b) Power spectrum distribution function obtained by the one-
dimensional temporal Fourier analysis method from the temporal changes of both the velocity
components. The maximum peak position in the distribution function provides the number
of multiple periods K = 11.019 and the oscillation period T = 168.4 (frames).

tribution function provided K = 11.019 and T = 168.4 (frames). Next, we applied the other
proposed method analysing spatio-temporal sectional images to the real image sequence. Fig-
ure 12(a) shows a spatio-temporal sectional image on the y − t plane sliced at the centre pixel
site of the image plane. The filter detecting the direction of a short line segment provides
the direction distribution map of Fig. 12(b). The application of the temporal Fourier analysis
method to the direction distribution maps obtained at all of the pixel sites provided power
spectrum distribution functions. Figure 12(c) shows the sum of the power spectrum distri-
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tentatively determined velocity vectors is almost correct for most of the synthetic image se-
quences. The latter proposed method analysing spatio-temporal sectional images provided
several erroneous results under the condition of about dp < 30 (%). Under the low density of
dp, the latter method provided several abnormal results having huge error, compared to the
former method.
Figure 9 shows a spatio-temporal sectional image sliced from a synthetic image sequence and
its direction distribution map obtained by the direction detection filter. Since the latter pro-
posed method analyses brightness patterns on a spatio-temporal sectional image, its perfor-
mance directly depends on the density of particles. Furthermore, the latter proposed method
assumes that particles are oscillating on a spatio-temporal sectional image of a y − t image
plane or a x − t image plane (Fig. 1). However, the assumption is not satisfactory for the
synthetic image sequence.
By comparing the results obtained by the two methods, we can conclude that the former
proposed method is better than the latter one in particular under the low density of particles.
Under the high density of particles, such as dp > 50 (%), both the methods work well.

4.6 Analysis of a real image sequence
We present the experimental results obtained when applying the methods LOM+PA, PM1,
PM2 and ACM to a real image sequence. The sequence was captured through a camera for
the Karman vortices flow field visualised by particles with the sampling frequency of 30 (Hz)
[Fig. 10(a)]. We obtained a frequency distribution on brightness from the real image sequence
as shown in Fig. 10(b). We estimated the threshold level segmenting the particle region, which
has higher brightness levels, from the background region. The estimated threshold level was
100 in 256 brightness levels. By counting the number of pixel sites which had brightness levels
larger than the threshold one, we estimated the density of particles to be dp = 47.3 (%).
To confirm the maximum flow speed contained in the real image sequence, we determined a
time-varying velocity vector field by an ordinary matching-based method. While the matching-
based approach is appropriate for a high flow speed, the gradient-based approach is not ap-
propriate for a high flow speed of more than 1.0 (pixel/frame). We applied the ordinary
matching-based method to a real image sequence re-sampled from the original real image
sequence. The sampling frequency of the re-sampled image sequence was 15 (Hz). The or-
dinary matching-based method has the template consisting of the 7 × 7 (pixels2) rectangular
domain [Lx = Ly = 3 (pixels)]; the search area is the 11 × 11 (pixels2) rectangular domain
[Wx = Wy = 5 (pixels)]. Figure 10(c) shows a frequency distribution on determined abso-
lute speed. The distribution shows that most of the pixel sites (98 %) have an absolute speed
of less than 2.0 (pixels/frame), which corresponds to 1.0 (pixel/frame) in the original real
image sequence. Thus, most of the velocity vectors are appropriate for the gradient-based ap-
proach. This result allowed us to apply the gradient-based methods to the original real image
sequence.
We determined the number of multiple periods K and the oscillation period T from the real
image sequence. First, we determined the parameters K and T by the proposed method
analysing the temporal change of a tentatively determined velocity vector field. Figure 11(a)
shows the temporal changes of the two velocity components tentatively determined by the
ordinary gradient-based method with the local optimisation. The application of the Fourier
analysis method to the temporal velocity changes provided power spectrum distribution func-
tions. Figure 11(b) shows the sum of the functions obtained at all of the pixel sites for both
the velocity components. The maximum peak position in the averaged power spectrum dis-
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Fig. 10. Real image sequence of the Karman vortices flow field visualised by particles. (a) A
snapshot of the image sequence. The size of the sequence is Sx × Sy = 80 × 56 (pixels2) and
St = 1856 (frames). Image brightness was quantised into 256 levels. The sampling frequency
was 30 (Hz). The main stream was directed from right to left. A cylinder was located at the
right side. (b) Frequency distribution on brightness. The threshold brightness level segment-
ing the foreground expressing particles from the background was estimated to be 100 in 256
brightness levels. The density of particles was estimated as dp = 47.3 (%). (c) Frequency
distribution on absolute speed determined by an ordinary matching-based method with a
sub-pixel approximation method. The matching-based method was applied to an image se-
quence re-sampled from the original real image sequence (a) with the sampling frequency of
15 (Hz).
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Fig. 11. Determination of the number of multiple periods K from the real image sequence of
Fig. 10. (a) The temporal changes of the two velocity components u and v determined at the
centre of the image plane by the local optimisation method. The spatio-temporal local domain
δS × δT for the constancy assumption consists of 3 × 3 (pixels2) and 3 (frames) [Lx = Ly =
1 (pixel) and Lt = 1 (frame)]. (b) Power spectrum distribution function obtained by the one-
dimensional temporal Fourier analysis method from the temporal changes of both the velocity
components. The maximum peak position in the distribution function provides the number
of multiple periods K = 11.019 and the oscillation period T = 168.4 (frames).

tribution function provided K = 11.019 and T = 168.4 (frames). Next, we applied the other
proposed method analysing spatio-temporal sectional images to the real image sequence. Fig-
ure 12(a) shows a spatio-temporal sectional image on the y − t plane sliced at the centre pixel
site of the image plane. The filter detecting the direction of a short line segment provides
the direction distribution map of Fig. 12(b). The application of the temporal Fourier analysis
method to the direction distribution maps obtained at all of the pixel sites provided power
spectrum distribution functions. Figure 12(c) shows the sum of the power spectrum distri-
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tentatively determined velocity vectors is almost correct for most of the synthetic image se-
quences. The latter proposed method analysing spatio-temporal sectional images provided
several erroneous results under the condition of about dp < 30 (%). Under the low density of
dp, the latter method provided several abnormal results having huge error, compared to the
former method.
Figure 9 shows a spatio-temporal sectional image sliced from a synthetic image sequence and
its direction distribution map obtained by the direction detection filter. Since the latter pro-
posed method analyses brightness patterns on a spatio-temporal sectional image, its perfor-
mance directly depends on the density of particles. Furthermore, the latter proposed method
assumes that particles are oscillating on a spatio-temporal sectional image of a y − t image
plane or a x − t image plane (Fig. 1). However, the assumption is not satisfactory for the
synthetic image sequence.
By comparing the results obtained by the two methods, we can conclude that the former
proposed method is better than the latter one in particular under the low density of particles.
Under the high density of particles, such as dp > 50 (%), both the methods work well.

4.6 Analysis of a real image sequence
We present the experimental results obtained when applying the methods LOM+PA, PM1,
PM2 and ACM to a real image sequence. The sequence was captured through a camera for
the Karman vortices flow field visualised by particles with the sampling frequency of 30 (Hz)
[Fig. 10(a)]. We obtained a frequency distribution on brightness from the real image sequence
as shown in Fig. 10(b). We estimated the threshold level segmenting the particle region, which
has higher brightness levels, from the background region. The estimated threshold level was
100 in 256 brightness levels. By counting the number of pixel sites which had brightness levels
larger than the threshold one, we estimated the density of particles to be dp = 47.3 (%).
To confirm the maximum flow speed contained in the real image sequence, we determined a
time-varying velocity vector field by an ordinary matching-based method. While the matching-
based approach is appropriate for a high flow speed, the gradient-based approach is not ap-
propriate for a high flow speed of more than 1.0 (pixel/frame). We applied the ordinary
matching-based method to a real image sequence re-sampled from the original real image
sequence. The sampling frequency of the re-sampled image sequence was 15 (Hz). The or-
dinary matching-based method has the template consisting of the 7 × 7 (pixels2) rectangular
domain [Lx = Ly = 3 (pixels)]; the search area is the 11 × 11 (pixels2) rectangular domain
[Wx = Wy = 5 (pixels)]. Figure 10(c) shows a frequency distribution on determined abso-
lute speed. The distribution shows that most of the pixel sites (98 %) have an absolute speed
of less than 2.0 (pixels/frame), which corresponds to 1.0 (pixel/frame) in the original real
image sequence. Thus, most of the velocity vectors are appropriate for the gradient-based ap-
proach. This result allowed us to apply the gradient-based methods to the original real image
sequence.
We determined the number of multiple periods K and the oscillation period T from the real
image sequence. First, we determined the parameters K and T by the proposed method
analysing the temporal change of a tentatively determined velocity vector field. Figure 11(a)
shows the temporal changes of the two velocity components tentatively determined by the
ordinary gradient-based method with the local optimisation. The application of the Fourier
analysis method to the temporal velocity changes provided power spectrum distribution func-
tions. Figure 11(b) shows the sum of the functions obtained at all of the pixel sites for both
the velocity components. The maximum peak position in the averaged power spectrum dis-
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Fig. 10. Real image sequence of the Karman vortices flow field visualised by particles. (a) A
snapshot of the image sequence. The size of the sequence is Sx × Sy = 80 × 56 (pixels2) and
St = 1856 (frames). Image brightness was quantised into 256 levels. The sampling frequency
was 30 (Hz). The main stream was directed from right to left. A cylinder was located at the
right side. (b) Frequency distribution on brightness. The threshold brightness level segment-
ing the foreground expressing particles from the background was estimated to be 100 in 256
brightness levels. The density of particles was estimated as dp = 47.3 (%). (c) Frequency
distribution on absolute speed determined by an ordinary matching-based method with a
sub-pixel approximation method. The matching-based method was applied to an image se-
quence re-sampled from the original real image sequence (a) with the sampling frequency of
15 (Hz).
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Fig. 11. Determination of the number of multiple periods K from the real image sequence of
Fig. 10. (a) The temporal changes of the two velocity components u and v determined at the
centre of the image plane by the local optimisation method. The spatio-temporal local domain
δS × δT for the constancy assumption consists of 3 × 3 (pixels2) and 3 (frames) [Lx = Ly =
1 (pixel) and Lt = 1 (frame)]. (b) Power spectrum distribution function obtained by the one-
dimensional temporal Fourier analysis method from the temporal changes of both the velocity
components. The maximum peak position in the distribution function provides the number
of multiple periods K = 11.019 and the oscillation period T = 168.4 (frames).

tribution function provided K = 11.019 and T = 168.4 (frames). Next, we applied the other
proposed method analysing spatio-temporal sectional images to the real image sequence. Fig-
ure 12(a) shows a spatio-temporal sectional image on the y − t plane sliced at the centre pixel
site of the image plane. The filter detecting the direction of a short line segment provides
the direction distribution map of Fig. 12(b). The application of the temporal Fourier analysis
method to the direction distribution maps obtained at all of the pixel sites provided power
spectrum distribution functions. Figure 12(c) shows the sum of the power spectrum distri-
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tentatively determined velocity vectors is almost correct for most of the synthetic image se-
quences. The latter proposed method analysing spatio-temporal sectional images provided
several erroneous results under the condition of about dp < 30 (%). Under the low density of
dp, the latter method provided several abnormal results having huge error, compared to the
former method.
Figure 9 shows a spatio-temporal sectional image sliced from a synthetic image sequence and
its direction distribution map obtained by the direction detection filter. Since the latter pro-
posed method analyses brightness patterns on a spatio-temporal sectional image, its perfor-
mance directly depends on the density of particles. Furthermore, the latter proposed method
assumes that particles are oscillating on a spatio-temporal sectional image of a y − t image
plane or a x − t image plane (Fig. 1). However, the assumption is not satisfactory for the
synthetic image sequence.
By comparing the results obtained by the two methods, we can conclude that the former
proposed method is better than the latter one in particular under the low density of particles.
Under the high density of particles, such as dp > 50 (%), both the methods work well.

4.6 Analysis of a real image sequence
We present the experimental results obtained when applying the methods LOM+PA, PM1,
PM2 and ACM to a real image sequence. The sequence was captured through a camera for
the Karman vortices flow field visualised by particles with the sampling frequency of 30 (Hz)
[Fig. 10(a)]. We obtained a frequency distribution on brightness from the real image sequence
as shown in Fig. 10(b). We estimated the threshold level segmenting the particle region, which
has higher brightness levels, from the background region. The estimated threshold level was
100 in 256 brightness levels. By counting the number of pixel sites which had brightness levels
larger than the threshold one, we estimated the density of particles to be dp = 47.3 (%).
To confirm the maximum flow speed contained in the real image sequence, we determined a
time-varying velocity vector field by an ordinary matching-based method. While the matching-
based approach is appropriate for a high flow speed, the gradient-based approach is not ap-
propriate for a high flow speed of more than 1.0 (pixel/frame). We applied the ordinary
matching-based method to a real image sequence re-sampled from the original real image
sequence. The sampling frequency of the re-sampled image sequence was 15 (Hz). The or-
dinary matching-based method has the template consisting of the 7 × 7 (pixels2) rectangular
domain [Lx = Ly = 3 (pixels)]; the search area is the 11 × 11 (pixels2) rectangular domain
[Wx = Wy = 5 (pixels)]. Figure 10(c) shows a frequency distribution on determined abso-
lute speed. The distribution shows that most of the pixel sites (98 %) have an absolute speed
of less than 2.0 (pixels/frame), which corresponds to 1.0 (pixel/frame) in the original real
image sequence. Thus, most of the velocity vectors are appropriate for the gradient-based ap-
proach. This result allowed us to apply the gradient-based methods to the original real image
sequence.
We determined the number of multiple periods K and the oscillation period T from the real
image sequence. First, we determined the parameters K and T by the proposed method
analysing the temporal change of a tentatively determined velocity vector field. Figure 11(a)
shows the temporal changes of the two velocity components tentatively determined by the
ordinary gradient-based method with the local optimisation. The application of the Fourier
analysis method to the temporal velocity changes provided power spectrum distribution func-
tions. Figure 11(b) shows the sum of the functions obtained at all of the pixel sites for both
the velocity components. The maximum peak position in the averaged power spectrum dis-
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Fig. 10. Real image sequence of the Karman vortices flow field visualised by particles. (a) A
snapshot of the image sequence. The size of the sequence is Sx × Sy = 80 × 56 (pixels2) and
St = 1856 (frames). Image brightness was quantised into 256 levels. The sampling frequency
was 30 (Hz). The main stream was directed from right to left. A cylinder was located at the
right side. (b) Frequency distribution on brightness. The threshold brightness level segment-
ing the foreground expressing particles from the background was estimated to be 100 in 256
brightness levels. The density of particles was estimated as dp = 47.3 (%). (c) Frequency
distribution on absolute speed determined by an ordinary matching-based method with a
sub-pixel approximation method. The matching-based method was applied to an image se-
quence re-sampled from the original real image sequence (a) with the sampling frequency of
15 (Hz).
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Fig. 11. Determination of the number of multiple periods K from the real image sequence of
Fig. 10. (a) The temporal changes of the two velocity components u and v determined at the
centre of the image plane by the local optimisation method. The spatio-temporal local domain
δS × δT for the constancy assumption consists of 3 × 3 (pixels2) and 3 (frames) [Lx = Ly =
1 (pixel) and Lt = 1 (frame)]. (b) Power spectrum distribution function obtained by the one-
dimensional temporal Fourier analysis method from the temporal changes of both the velocity
components. The maximum peak position in the distribution function provides the number
of multiple periods K = 11.019 and the oscillation period T = 168.4 (frames).

tribution function provided K = 11.019 and T = 168.4 (frames). Next, we applied the other
proposed method analysing spatio-temporal sectional images to the real image sequence. Fig-
ure 12(a) shows a spatio-temporal sectional image on the y − t plane sliced at the centre pixel
site of the image plane. The filter detecting the direction of a short line segment provides
the direction distribution map of Fig. 12(b). The application of the temporal Fourier analysis
method to the direction distribution maps obtained at all of the pixel sites provided power
spectrum distribution functions. Figure 12(c) shows the sum of the power spectrum distri-
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Fig. 12. Determination of the number of multiple periods K from the real image sequence of
Fig. 10. (a) Spatio-temporal sectional image sliced at the centre of the image plane within the
y − t plane. (b) Direction distribution map obtained by the spatio-temporal filter detecting the
direction of a short line segment from the spatio-temporal sectional image. The parameter L
referring to the size of the circular local domain of the filter was set to 3 (pixels) [Fig. 1(b)].
(c) Power spectrum distribution function obtained by the one-dimensional temporal Fourier
analysis method from the direction distribution map. The maximum peak position provides
K = 11.012 and the oscillation period T = 168.5 (frames).

bution functions. The maximum peak position of the function provided K = 11.012 and
T = 168.5 (frames). Since we can clearly distinguish the peak positions in both the power
spectrum distribution functions Figs. 11(b) and 12(c), we can expect that both the determined
oscillation periods are reliable. However, the previous results obtained for the synthetic im-
age sequences (see Section 4.5) show that the former method analysing tentatively determined
velocity vectors works better than the other latter one. Thus, we utilise K = 11.019 and
T = 168.4 (frames) in the following analysis. In addition, the power spectrum distribution
function [Fig. 11(b)] obtained by the former method shows that there exists at least the third
harmonics in the temporal change of the flow field. This result implies that the parameter M
for PM2 should be larger than 3.
We determined velocity vector fields from the real image sequence by LOM+PA, PM1, PM2
and ACM with the above parameters K = 11.019 and T = 168.4 (frames). Table 1 shows the
parameter values utilised in the four methods. Figure 13(a) shows the temporal changes of
velocity vectors determined at the centre of the image plane. The horizontal components u de-
termined by the four methods show very similar temporal changes. The vertical components
v determined by the gradient-based methods LOM+PA, PM1 and PM2 are smaller than that
of the matching-based method ACM in their amplitude. To confirm the validity of the verti-
cal components, we roughly determined the vertical velocity component v around the centre
of the image plane, by tracking a distinguishable particle with the naked eyes during t =
86 ∼ 128 (frame). The result of the rough determination was about v = −0.35 ∼ −0.40 (pix-
els/frame). Thus, by comparing this result with Fig. 13(a), we confirm that the result of ACM
is more consistent with that of the naked eyes than those of the gradient-based methods on
the vertical velocity component.
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Fig. 13. Comparison among the velocity vector fields determined by LOM+PA, PM1, PM2
and ACM from the real image sequence of Fig. 10. (a) The temporal changes of the velocity
components (u, v) determined at the centre of the image plane. (b) The temporal changes of
the divergence measures |div(�v)| averaged over an image plane at a particular frame. (c) The
temporal changes of the rotation values rot(�v) obtained at the centre of the image plane. Refer
to Table 1 for the parameter values of the four methods.
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Fig. 14. Velocity vector fields determined by (a) PM2 and (b) ACM from the real image se-
quence of Fig. 10. Both the fields were obtained at t = 120 (frame). Refer to Table 1 for the
parameter values of PM2 and ACM.

We measured the average of the absolute divergence |div(�v)| for each of the determined ve-
locity vector fields at a particular frame. Since the divergence measure is expected to be zero
for a non-compressible fluid flow field, it becomes a good measure to show accuracy on a
determined velocity vector field. Figure 13(b) shows the temporal changes of the divergence
measures; the measures of LOM+PA, PM1 and PM2 are much smaller than that of ACM.
Furthermore, we also measured the rotation value rot(�v) for each of the determined veloc-
ity vector fields. Figure 13(c) shows the temporal changes of the rotation measures at the
centre of the image plane. These temporal changes show similar signals. However, the tem-
poral change of ACM has the several unusual values of rot(�v) at about t = 40, 70, 120 (frame).
Figures 14(a) and 14(b) respectively show the velocity vector fields determined by PM2 and
ACM at t = 120 (frame). The velocity vector field determined by ACM lacks some vectors
around its centre. (Such the regions lacking vectors suddenly appear and disappear.) We do
not clearly understand the mechanism causing the unusual values of rot(�v) and the lack of
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Fig. 12. Determination of the number of multiple periods K from the real image sequence of
Fig. 10. (a) Spatio-temporal sectional image sliced at the centre of the image plane within the
y − t plane. (b) Direction distribution map obtained by the spatio-temporal filter detecting the
direction of a short line segment from the spatio-temporal sectional image. The parameter L
referring to the size of the circular local domain of the filter was set to 3 (pixels) [Fig. 1(b)].
(c) Power spectrum distribution function obtained by the one-dimensional temporal Fourier
analysis method from the direction distribution map. The maximum peak position provides
K = 11.012 and the oscillation period T = 168.5 (frames).

bution functions. The maximum peak position of the function provided K = 11.012 and
T = 168.5 (frames). Since we can clearly distinguish the peak positions in both the power
spectrum distribution functions Figs. 11(b) and 12(c), we can expect that both the determined
oscillation periods are reliable. However, the previous results obtained for the synthetic im-
age sequences (see Section 4.5) show that the former method analysing tentatively determined
velocity vectors works better than the other latter one. Thus, we utilise K = 11.019 and
T = 168.4 (frames) in the following analysis. In addition, the power spectrum distribution
function [Fig. 11(b)] obtained by the former method shows that there exists at least the third
harmonics in the temporal change of the flow field. This result implies that the parameter M
for PM2 should be larger than 3.
We determined velocity vector fields from the real image sequence by LOM+PA, PM1, PM2
and ACM with the above parameters K = 11.019 and T = 168.4 (frames). Table 1 shows the
parameter values utilised in the four methods. Figure 13(a) shows the temporal changes of
velocity vectors determined at the centre of the image plane. The horizontal components u de-
termined by the four methods show very similar temporal changes. The vertical components
v determined by the gradient-based methods LOM+PA, PM1 and PM2 are smaller than that
of the matching-based method ACM in their amplitude. To confirm the validity of the verti-
cal components, we roughly determined the vertical velocity component v around the centre
of the image plane, by tracking a distinguishable particle with the naked eyes during t =
86 ∼ 128 (frame). The result of the rough determination was about v = −0.35 ∼ −0.40 (pix-
els/frame). Thus, by comparing this result with Fig. 13(a), we confirm that the result of ACM
is more consistent with that of the naked eyes than those of the gradient-based methods on
the vertical velocity component.
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Fig. 13. Comparison among the velocity vector fields determined by LOM+PA, PM1, PM2
and ACM from the real image sequence of Fig. 10. (a) The temporal changes of the velocity
components (u, v) determined at the centre of the image plane. (b) The temporal changes of
the divergence measures |div(�v)| averaged over an image plane at a particular frame. (c) The
temporal changes of the rotation values rot(�v) obtained at the centre of the image plane. Refer
to Table 1 for the parameter values of the four methods.
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Fig. 14. Velocity vector fields determined by (a) PM2 and (b) ACM from the real image se-
quence of Fig. 10. Both the fields were obtained at t = 120 (frame). Refer to Table 1 for the
parameter values of PM2 and ACM.

We measured the average of the absolute divergence |div(�v)| for each of the determined ve-
locity vector fields at a particular frame. Since the divergence measure is expected to be zero
for a non-compressible fluid flow field, it becomes a good measure to show accuracy on a
determined velocity vector field. Figure 13(b) shows the temporal changes of the divergence
measures; the measures of LOM+PA, PM1 and PM2 are much smaller than that of ACM.
Furthermore, we also measured the rotation value rot(�v) for each of the determined veloc-
ity vector fields. Figure 13(c) shows the temporal changes of the rotation measures at the
centre of the image plane. These temporal changes show similar signals. However, the tem-
poral change of ACM has the several unusual values of rot(�v) at about t = 40, 70, 120 (frame).
Figures 14(a) and 14(b) respectively show the velocity vector fields determined by PM2 and
ACM at t = 120 (frame). The velocity vector field determined by ACM lacks some vectors
around its centre. (Such the regions lacking vectors suddenly appear and disappear.) We do
not clearly understand the mechanism causing the unusual values of rot(�v) and the lack of
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Fig. 12. Determination of the number of multiple periods K from the real image sequence of
Fig. 10. (a) Spatio-temporal sectional image sliced at the centre of the image plane within the
y − t plane. (b) Direction distribution map obtained by the spatio-temporal filter detecting the
direction of a short line segment from the spatio-temporal sectional image. The parameter L
referring to the size of the circular local domain of the filter was set to 3 (pixels) [Fig. 1(b)].
(c) Power spectrum distribution function obtained by the one-dimensional temporal Fourier
analysis method from the direction distribution map. The maximum peak position provides
K = 11.012 and the oscillation period T = 168.5 (frames).

bution functions. The maximum peak position of the function provided K = 11.012 and
T = 168.5 (frames). Since we can clearly distinguish the peak positions in both the power
spectrum distribution functions Figs. 11(b) and 12(c), we can expect that both the determined
oscillation periods are reliable. However, the previous results obtained for the synthetic im-
age sequences (see Section 4.5) show that the former method analysing tentatively determined
velocity vectors works better than the other latter one. Thus, we utilise K = 11.019 and
T = 168.4 (frames) in the following analysis. In addition, the power spectrum distribution
function [Fig. 11(b)] obtained by the former method shows that there exists at least the third
harmonics in the temporal change of the flow field. This result implies that the parameter M
for PM2 should be larger than 3.
We determined velocity vector fields from the real image sequence by LOM+PA, PM1, PM2
and ACM with the above parameters K = 11.019 and T = 168.4 (frames). Table 1 shows the
parameter values utilised in the four methods. Figure 13(a) shows the temporal changes of
velocity vectors determined at the centre of the image plane. The horizontal components u de-
termined by the four methods show very similar temporal changes. The vertical components
v determined by the gradient-based methods LOM+PA, PM1 and PM2 are smaller than that
of the matching-based method ACM in their amplitude. To confirm the validity of the verti-
cal components, we roughly determined the vertical velocity component v around the centre
of the image plane, by tracking a distinguishable particle with the naked eyes during t =
86 ∼ 128 (frame). The result of the rough determination was about v = −0.35 ∼ −0.40 (pix-
els/frame). Thus, by comparing this result with Fig. 13(a), we confirm that the result of ACM
is more consistent with that of the naked eyes than those of the gradient-based methods on
the vertical velocity component.
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Fig. 13. Comparison among the velocity vector fields determined by LOM+PA, PM1, PM2
and ACM from the real image sequence of Fig. 10. (a) The temporal changes of the velocity
components (u, v) determined at the centre of the image plane. (b) The temporal changes of
the divergence measures |div(�v)| averaged over an image plane at a particular frame. (c) The
temporal changes of the rotation values rot(�v) obtained at the centre of the image plane. Refer
to Table 1 for the parameter values of the four methods.
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Fig. 14. Velocity vector fields determined by (a) PM2 and (b) ACM from the real image se-
quence of Fig. 10. Both the fields were obtained at t = 120 (frame). Refer to Table 1 for the
parameter values of PM2 and ACM.

We measured the average of the absolute divergence |div(�v)| for each of the determined ve-
locity vector fields at a particular frame. Since the divergence measure is expected to be zero
for a non-compressible fluid flow field, it becomes a good measure to show accuracy on a
determined velocity vector field. Figure 13(b) shows the temporal changes of the divergence
measures; the measures of LOM+PA, PM1 and PM2 are much smaller than that of ACM.
Furthermore, we also measured the rotation value rot(�v) for each of the determined veloc-
ity vector fields. Figure 13(c) shows the temporal changes of the rotation measures at the
centre of the image plane. These temporal changes show similar signals. However, the tem-
poral change of ACM has the several unusual values of rot(�v) at about t = 40, 70, 120 (frame).
Figures 14(a) and 14(b) respectively show the velocity vector fields determined by PM2 and
ACM at t = 120 (frame). The velocity vector field determined by ACM lacks some vectors
around its centre. (Such the regions lacking vectors suddenly appear and disappear.) We do
not clearly understand the mechanism causing the unusual values of rot(�v) and the lack of
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Fig. 12. Determination of the number of multiple periods K from the real image sequence of
Fig. 10. (a) Spatio-temporal sectional image sliced at the centre of the image plane within the
y − t plane. (b) Direction distribution map obtained by the spatio-temporal filter detecting the
direction of a short line segment from the spatio-temporal sectional image. The parameter L
referring to the size of the circular local domain of the filter was set to 3 (pixels) [Fig. 1(b)].
(c) Power spectrum distribution function obtained by the one-dimensional temporal Fourier
analysis method from the direction distribution map. The maximum peak position provides
K = 11.012 and the oscillation period T = 168.5 (frames).

bution functions. The maximum peak position of the function provided K = 11.012 and
T = 168.5 (frames). Since we can clearly distinguish the peak positions in both the power
spectrum distribution functions Figs. 11(b) and 12(c), we can expect that both the determined
oscillation periods are reliable. However, the previous results obtained for the synthetic im-
age sequences (see Section 4.5) show that the former method analysing tentatively determined
velocity vectors works better than the other latter one. Thus, we utilise K = 11.019 and
T = 168.4 (frames) in the following analysis. In addition, the power spectrum distribution
function [Fig. 11(b)] obtained by the former method shows that there exists at least the third
harmonics in the temporal change of the flow field. This result implies that the parameter M
for PM2 should be larger than 3.
We determined velocity vector fields from the real image sequence by LOM+PA, PM1, PM2
and ACM with the above parameters K = 11.019 and T = 168.4 (frames). Table 1 shows the
parameter values utilised in the four methods. Figure 13(a) shows the temporal changes of
velocity vectors determined at the centre of the image plane. The horizontal components u de-
termined by the four methods show very similar temporal changes. The vertical components
v determined by the gradient-based methods LOM+PA, PM1 and PM2 are smaller than that
of the matching-based method ACM in their amplitude. To confirm the validity of the verti-
cal components, we roughly determined the vertical velocity component v around the centre
of the image plane, by tracking a distinguishable particle with the naked eyes during t =
86 ∼ 128 (frame). The result of the rough determination was about v = −0.35 ∼ −0.40 (pix-
els/frame). Thus, by comparing this result with Fig. 13(a), we confirm that the result of ACM
is more consistent with that of the naked eyes than those of the gradient-based methods on
the vertical velocity component.
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We measured the average of the absolute divergence |div(�v)| for each of the determined ve-
locity vector fields at a particular frame. Since the divergence measure is expected to be zero
for a non-compressible fluid flow field, it becomes a good measure to show accuracy on a
determined velocity vector field. Figure 13(b) shows the temporal changes of the divergence
measures; the measures of LOM+PA, PM1 and PM2 are much smaller than that of ACM.
Furthermore, we also measured the rotation value rot(�v) for each of the determined veloc-
ity vector fields. Figure 13(c) shows the temporal changes of the rotation measures at the
centre of the image plane. These temporal changes show similar signals. However, the tem-
poral change of ACM has the several unusual values of rot(�v) at about t = 40, 70, 120 (frame).
Figures 14(a) and 14(b) respectively show the velocity vector fields determined by PM2 and
ACM at t = 120 (frame). The velocity vector field determined by ACM lacks some vectors
around its centre. (Such the regions lacking vectors suddenly appear and disappear.) We do
not clearly understand the mechanism causing the unusual values of rot(�v) and the lack of
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Fig. 15. Temporal changes of two velocity components (u, v) and the sets of singular values
obtained by the proposed method PM2 from the real image sequence (Fig. 10). The temporal
changes were obtained with the parameter values of (a) M = 1, 3, 5 and (b) M = 10, 20, 50.
(c) The sets of the singular values Si were obtained with M = 1, 3, 5, 10, 20, 50. All of the results
were obtained at the centre of the image plane. The horizontal coordinate in (c) refers to the
subscript index i in the range of 0 ≤ i < (2 + 4M) and the vertical one does to the ith singular
value Si. Refer to Table 1 for the other parameter values of PM2.

velocity vectors. Figure 13(c) shows that the unusual values appear at the frames having high
rotational values. In addition, Fig. 14(b) shows that the region lacking vectors exists around
the high rotational field. Thus, the unusual changes and the regions lacking vectors seem to
be caused by high rotational fields. We expect that the combination of ACM and the higher
order matching-based approach (e.g. Scarano, 2002) solves this problem.
Finally, we analysed the real image sequence by PM2 with several different parameters of M.
Figure 15 shows the temporal changes of velocity vectors obtained with M = 1, 3, 5, 10, 20, 50
at the centre of the image plane. The parameter value M = 1 is too small to express the tempo-
ral change of the velocity vector. In particular, the temporal change of the horizontal compo-
nent u determined with M = 1 clearly differs from those with M = 3, 5 as shown in Fig. 15(a).
The parameter value M = 50 is too large; we obtained the noisy components as shown in
Fig. 15(b). Figure 15(c) shows the sets of singular values obtained by the singular value de-
composition at the centre of the image plane. The ratio of the minimum singular value to the
maximum one is about 1/10 for all of the parameter values M = 1, 3, 5, 10, 20, 50. Since all
of the singular values Si were larger than the threshold value β maxi(Si) for β = 1.0 × 10−3,
all of them were utilised in solving the set of linear equations. The previous result for the
synthetic image sequences (Fig. 7) shows that the singular value decomposition can avoid er-
roneous results due to the high harmonics with the appropriate parameter β. However, the
real experimental result shows that the proposed method PM2 also requires further develop-
ment on choosing the appropriate parameters M and β. The combination of the singular value
decomposition and the methods automatically choosing the appropriate parameters M and β
is expected to improve the accuracy and the stability of the proposed method PM2.

5. Conclusion

We proposed two methods for determining oscillating velocity vector fields in the gradient-
based approach. One of the methods utilises a phase-constancy assumption on velocity; the
other one does the Fourier series expressing a temporal velocity change. Both the proposed

methods take account of the oscillation characteristic in their error functions. The proposed
two methods preliminarily require the parameters of an oscillation period and the number of
multiple periods. Thus, we have also proposed two methods for determining the parameters
in advance. One of the methods analyses the temporal changes of velocity vectors tenta-
tively determined by an ordinary gradient-based method; the other method analyses spatio-
temporal sectional images sliced from an original image sequence. Both the methods utilise
the one-dimensional Fourier analysis method; the maximum peak position of an obtained
power spectrum distribution provides the parameters.
The proposed gradient-based methods were compared to ordinary gradient- and matching-
based methods through the analysis of synthetic and real image sequences. Results for the
synthetic image sequences show that the proposed method utilising the Fourier series achieves
the best accuracy for the image sequences having huge image frames, low flow speed and
the middle density of particles. When the flow speed is high, the ordinary matching-based
method is better. When the number of image frames utilised for analysis is small, the pro-
posed method utilising the phase-constancy assumption as an additional constraint is better
than the other proposed method. In addition, we confirmed performance of the proposed
two methods determining an oscillation period and the number of multiple periods for the
synthetic image sequences. Both the methods work well under the high density of particles.
The method analysing tentatively determined velocity vectors works better than the other one
analysing a spatio-temporal sectional images under the low density.
There are three future research topics. The first one is on the instability of the proposed
method utilising the Fourier series. The method becomes unstable, when the number of har-
monics becomes large. The singular value decomposition can partially avoid the instability by
the choice of an appropriate threshold value utilised for the rejection of obtained small singu-
lar values. However, the proposed method still requires an additional method automatically
choosing the appropriate threshold value as well as the appropriate number of harmonics.
The second one is on a dynamic range. The gradient-based approach is generally inappro-
priate to high flow speed, in comparison to the matching-based method. Oscillating veloc-
ity vector generally ranges from low flow speed to high flow speed. Thus, a wide dynamic
range is required for oscillating flow fields in PIV. The combination of the proposed gradient-
based methods with the ordinary matching-based one is expected to achieve the wide dy-
namic range. The last one is on the constancy assumption of the oscillation period. Since
the proposed methods assume the oscillation period to be constant, they are not applicable
to image sequences with time-varying oscillation period. We need to solve the limitation of
assuming the constant oscillation period for more realistic situations.
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value Si. Refer to Table 1 for the other parameter values of PM2.

velocity vectors. Figure 13(c) shows that the unusual values appear at the frames having high
rotational values. In addition, Fig. 14(b) shows that the region lacking vectors exists around
the high rotational field. Thus, the unusual changes and the regions lacking vectors seem to
be caused by high rotational fields. We expect that the combination of ACM and the higher
order matching-based approach (e.g. Scarano, 2002) solves this problem.
Finally, we analysed the real image sequence by PM2 with several different parameters of M.
Figure 15 shows the temporal changes of velocity vectors obtained with M = 1, 3, 5, 10, 20, 50
at the centre of the image plane. The parameter value M = 1 is too small to express the tempo-
ral change of the velocity vector. In particular, the temporal change of the horizontal compo-
nent u determined with M = 1 clearly differs from those with M = 3, 5 as shown in Fig. 15(a).
The parameter value M = 50 is too large; we obtained the noisy components as shown in
Fig. 15(b). Figure 15(c) shows the sets of singular values obtained by the singular value de-
composition at the centre of the image plane. The ratio of the minimum singular value to the
maximum one is about 1/10 for all of the parameter values M = 1, 3, 5, 10, 20, 50. Since all
of the singular values Si were larger than the threshold value β maxi(Si) for β = 1.0 × 10−3,
all of them were utilised in solving the set of linear equations. The previous result for the
synthetic image sequences (Fig. 7) shows that the singular value decomposition can avoid er-
roneous results due to the high harmonics with the appropriate parameter β. However, the
real experimental result shows that the proposed method PM2 also requires further develop-
ment on choosing the appropriate parameters M and β. The combination of the singular value
decomposition and the methods automatically choosing the appropriate parameters M and β
is expected to improve the accuracy and the stability of the proposed method PM2.
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We proposed two methods for determining oscillating velocity vector fields in the gradient-
based approach. One of the methods utilises a phase-constancy assumption on velocity; the
other one does the Fourier series expressing a temporal velocity change. Both the proposed

methods take account of the oscillation characteristic in their error functions. The proposed
two methods preliminarily require the parameters of an oscillation period and the number of
multiple periods. Thus, we have also proposed two methods for determining the parameters
in advance. One of the methods analyses the temporal changes of velocity vectors tenta-
tively determined by an ordinary gradient-based method; the other method analyses spatio-
temporal sectional images sliced from an original image sequence. Both the methods utilise
the one-dimensional Fourier analysis method; the maximum peak position of an obtained
power spectrum distribution provides the parameters.
The proposed gradient-based methods were compared to ordinary gradient- and matching-
based methods through the analysis of synthetic and real image sequences. Results for the
synthetic image sequences show that the proposed method utilising the Fourier series achieves
the best accuracy for the image sequences having huge image frames, low flow speed and
the middle density of particles. When the flow speed is high, the ordinary matching-based
method is better. When the number of image frames utilised for analysis is small, the pro-
posed method utilising the phase-constancy assumption as an additional constraint is better
than the other proposed method. In addition, we confirmed performance of the proposed
two methods determining an oscillation period and the number of multiple periods for the
synthetic image sequences. Both the methods work well under the high density of particles.
The method analysing tentatively determined velocity vectors works better than the other one
analysing a spatio-temporal sectional images under the low density.
There are three future research topics. The first one is on the instability of the proposed
method utilising the Fourier series. The method becomes unstable, when the number of har-
monics becomes large. The singular value decomposition can partially avoid the instability by
the choice of an appropriate threshold value utilised for the rejection of obtained small singu-
lar values. However, the proposed method still requires an additional method automatically
choosing the appropriate threshold value as well as the appropriate number of harmonics.
The second one is on a dynamic range. The gradient-based approach is generally inappro-
priate to high flow speed, in comparison to the matching-based method. Oscillating veloc-
ity vector generally ranges from low flow speed to high flow speed. Thus, a wide dynamic
range is required for oscillating flow fields in PIV. The combination of the proposed gradient-
based methods with the ordinary matching-based one is expected to achieve the wide dy-
namic range. The last one is on the constancy assumption of the oscillation period. Since
the proposed methods assume the oscillation period to be constant, they are not applicable
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velocity vectors. Figure 13(c) shows that the unusual values appear at the frames having high
rotational values. In addition, Fig. 14(b) shows that the region lacking vectors exists around
the high rotational field. Thus, the unusual changes and the regions lacking vectors seem to
be caused by high rotational fields. We expect that the combination of ACM and the higher
order matching-based approach (e.g. Scarano, 2002) solves this problem.
Finally, we analysed the real image sequence by PM2 with several different parameters of M.
Figure 15 shows the temporal changes of velocity vectors obtained with M = 1, 3, 5, 10, 20, 50
at the centre of the image plane. The parameter value M = 1 is too small to express the tempo-
ral change of the velocity vector. In particular, the temporal change of the horizontal compo-
nent u determined with M = 1 clearly differs from those with M = 3, 5 as shown in Fig. 15(a).
The parameter value M = 50 is too large; we obtained the noisy components as shown in
Fig. 15(b). Figure 15(c) shows the sets of singular values obtained by the singular value de-
composition at the centre of the image plane. The ratio of the minimum singular value to the
maximum one is about 1/10 for all of the parameter values M = 1, 3, 5, 10, 20, 50. Since all
of the singular values Si were larger than the threshold value β maxi(Si) for β = 1.0 × 10−3,
all of them were utilised in solving the set of linear equations. The previous result for the
synthetic image sequences (Fig. 7) shows that the singular value decomposition can avoid er-
roneous results due to the high harmonics with the appropriate parameter β. However, the
real experimental result shows that the proposed method PM2 also requires further develop-
ment on choosing the appropriate parameters M and β. The combination of the singular value
decomposition and the methods automatically choosing the appropriate parameters M and β
is expected to improve the accuracy and the stability of the proposed method PM2.
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temporal sectional images sliced from an original image sequence. Both the methods utilise
the one-dimensional Fourier analysis method; the maximum peak position of an obtained
power spectrum distribution provides the parameters.
The proposed gradient-based methods were compared to ordinary gradient- and matching-
based methods through the analysis of synthetic and real image sequences. Results for the
synthetic image sequences show that the proposed method utilising the Fourier series achieves
the best accuracy for the image sequences having huge image frames, low flow speed and
the middle density of particles. When the flow speed is high, the ordinary matching-based
method is better. When the number of image frames utilised for analysis is small, the pro-
posed method utilising the phase-constancy assumption as an additional constraint is better
than the other proposed method. In addition, we confirmed performance of the proposed
two methods determining an oscillation period and the number of multiple periods for the
synthetic image sequences. Both the methods work well under the high density of particles.
The method analysing tentatively determined velocity vectors works better than the other one
analysing a spatio-temporal sectional images under the low density.
There are three future research topics. The first one is on the instability of the proposed
method utilising the Fourier series. The method becomes unstable, when the number of har-
monics becomes large. The singular value decomposition can partially avoid the instability by
the choice of an appropriate threshold value utilised for the rejection of obtained small singu-
lar values. However, the proposed method still requires an additional method automatically
choosing the appropriate threshold value as well as the appropriate number of harmonics.
The second one is on a dynamic range. The gradient-based approach is generally inappro-
priate to high flow speed, in comparison to the matching-based method. Oscillating veloc-
ity vector generally ranges from low flow speed to high flow speed. Thus, a wide dynamic
range is required for oscillating flow fields in PIV. The combination of the proposed gradient-
based methods with the ordinary matching-based one is expected to achieve the wide dy-
namic range. The last one is on the constancy assumption of the oscillation period. Since
the proposed methods assume the oscillation period to be constant, they are not applicable
to image sequences with time-varying oscillation period. We need to solve the limitation of
assuming the constant oscillation period for more realistic situations.
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velocity vectors. Figure 13(c) shows that the unusual values appear at the frames having high
rotational values. In addition, Fig. 14(b) shows that the region lacking vectors exists around
the high rotational field. Thus, the unusual changes and the regions lacking vectors seem to
be caused by high rotational fields. We expect that the combination of ACM and the higher
order matching-based approach (e.g. Scarano, 2002) solves this problem.
Finally, we analysed the real image sequence by PM2 with several different parameters of M.
Figure 15 shows the temporal changes of velocity vectors obtained with M = 1, 3, 5, 10, 20, 50
at the centre of the image plane. The parameter value M = 1 is too small to express the tempo-
ral change of the velocity vector. In particular, the temporal change of the horizontal compo-
nent u determined with M = 1 clearly differs from those with M = 3, 5 as shown in Fig. 15(a).
The parameter value M = 50 is too large; we obtained the noisy components as shown in
Fig. 15(b). Figure 15(c) shows the sets of singular values obtained by the singular value de-
composition at the centre of the image plane. The ratio of the minimum singular value to the
maximum one is about 1/10 for all of the parameter values M = 1, 3, 5, 10, 20, 50. Since all
of the singular values Si were larger than the threshold value β maxi(Si) for β = 1.0 × 10−3,
all of them were utilised in solving the set of linear equations. The previous result for the
synthetic image sequences (Fig. 7) shows that the singular value decomposition can avoid er-
roneous results due to the high harmonics with the appropriate parameter β. However, the
real experimental result shows that the proposed method PM2 also requires further develop-
ment on choosing the appropriate parameters M and β. The combination of the singular value
decomposition and the methods automatically choosing the appropriate parameters M and β
is expected to improve the accuracy and the stability of the proposed method PM2.

5. Conclusion

We proposed two methods for determining oscillating velocity vector fields in the gradient-
based approach. One of the methods utilises a phase-constancy assumption on velocity; the
other one does the Fourier series expressing a temporal velocity change. Both the proposed

methods take account of the oscillation characteristic in their error functions. The proposed
two methods preliminarily require the parameters of an oscillation period and the number of
multiple periods. Thus, we have also proposed two methods for determining the parameters
in advance. One of the methods analyses the temporal changes of velocity vectors tenta-
tively determined by an ordinary gradient-based method; the other method analyses spatio-
temporal sectional images sliced from an original image sequence. Both the methods utilise
the one-dimensional Fourier analysis method; the maximum peak position of an obtained
power spectrum distribution provides the parameters.
The proposed gradient-based methods were compared to ordinary gradient- and matching-
based methods through the analysis of synthetic and real image sequences. Results for the
synthetic image sequences show that the proposed method utilising the Fourier series achieves
the best accuracy for the image sequences having huge image frames, low flow speed and
the middle density of particles. When the flow speed is high, the ordinary matching-based
method is better. When the number of image frames utilised for analysis is small, the pro-
posed method utilising the phase-constancy assumption as an additional constraint is better
than the other proposed method. In addition, we confirmed performance of the proposed
two methods determining an oscillation period and the number of multiple periods for the
synthetic image sequences. Both the methods work well under the high density of particles.
The method analysing tentatively determined velocity vectors works better than the other one
analysing a spatio-temporal sectional images under the low density.
There are three future research topics. The first one is on the instability of the proposed
method utilising the Fourier series. The method becomes unstable, when the number of har-
monics becomes large. The singular value decomposition can partially avoid the instability by
the choice of an appropriate threshold value utilised for the rejection of obtained small singu-
lar values. However, the proposed method still requires an additional method automatically
choosing the appropriate threshold value as well as the appropriate number of harmonics.
The second one is on a dynamic range. The gradient-based approach is generally inappro-
priate to high flow speed, in comparison to the matching-based method. Oscillating veloc-
ity vector generally ranges from low flow speed to high flow speed. Thus, a wide dynamic
range is required for oscillating flow fields in PIV. The combination of the proposed gradient-
based methods with the ordinary matching-based one is expected to achieve the wide dy-
namic range. The last one is on the constancy assumption of the oscillation period. Since
the proposed methods assume the oscillation period to be constant, they are not applicable
to image sequences with time-varying oscillation period. We need to solve the limitation of
assuming the constant oscillation period for more realistic situations.
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1. Introduction 

It has been estimated that almost 20% of the world’s electricity consumption is used for gas 
compression and pumping. For example, in developed countries, more than 25% of the 
electrical power output during the summer months is used for the compression of 
refrigerants in air-conditioning systems.   
For most industrial compression and pumping applications, machines of the positive 
displacement type are used and, due to their technological advantages over other types, 
approximately 85% of industrial compressors now made, are of the twin screw type.  
Although these are used for a variety of applications, such as compressors, expanders, 
blowers, vacuum pumps and liquid and multiphase pumps, the most common use of such 
machines is for industrial refrigeration, air conditioning and process gas compression.  
Depending on the application screw compressors may operate flooded by oil or another fluid or 
without any form of internal rotor cooling or lubrication. Typical examples of a disassembled oil 
injected screw compressor and an assembled dry compressor are presented in Fig. 1. 
 

 
Fig. 1. Typical examples of oil injected and dry screw compressors 
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Although these are used for a variety of applications, such as compressors, expanders, 
blowers, vacuum pumps and liquid and multiphase pumps, the most common use of such 
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Depending on the application screw compressors may operate flooded by oil or another fluid or 
without any form of internal rotor cooling or lubrication. Typical examples of a disassembled oil 
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Fig. 1. Typical examples of oil injected and dry screw compressors 
 
The performance of such compressors largely depends on the rotor geometry which may 
vary, depending on the number of lobes in each rotor, the basic rotor profile and the relative 
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proportions of each rotor lobe segment. Improvements, to maximise the efficiency, 
robustness and appearance of these machines are the imperative for every manufacturer in 
order to be competitive in the market and at the same time to offer a more environmentally 
friendly product. 
Initially, the assumptions on which screw compressors were designed, were that an ideal 
gas being compressed in a leak proof working chamber by a process, which could 
reasonably be approximated in terms of pressure-volume changes by the choice of a suitable 
value of the exponent “n” in the relationship pVn = Constant.   
The advent of digital computing made it possible to model the compression process more 
accurately and, with the passage of time, ever more detailed models of the internal flow 
processes have been developed, based on the assumption of one-dimensional non-steady 
bulk fluid flow and steady one-dimensional leakage flow through the working chamber. By 
this means and the selection of suitable flow coefficients through the passages, and an 
equation of state for the working fluid, it was thus possible to develop a set of non-linear 
differential equations which describe the instantaneous rates of heat and fluid flow and 
work across the boundaries of the compressor system.  These equations can be solved 
numerically to estimate pressure-volume changes through the suction, compression and 
delivery stages and hence determine the net torque, power input and fluid flow, together 
with the isentropic and volumetric efficiencies in a compressor.  In addition, the effects of oil 
injection on performance can be assessed by assuming that any oil passes through the 
machine as a uniformly distributed spray with an assumed mean droplet diameter.   
Such models have been refined by comparing performance predictions, derived from them, 
with experimentally derived data. A typical result of such modelling is the suite of 
computer programs described by Stosic et al, 2005. Similar work was also carried out by 
many other authors such as Fleming and Tang 1998 and Sauls, 1998. Due to their speed and 
relatively accurate results, such mathematical models are often used in industry. However, 
these neglect some important flow effects that influence compressor performance, mainly in 
the suction and discharge ports.  

 
2. 3D CFD in screw compressors 

Screw compressor performance can be estimated more precisely by use of Three-
dimensional Computational Fluid Dynamics (CFD) or Computational Continuum 
Mechanics (CCM). 
Computational fluid dynamics (CFD) covers a broad area, which attracted the interest of 
many investigators at the beginning of the computer era. It is based on the numerical 
simulation of the conservation laws of mass, momentum and energy, derived for a given 
quantity of matter or control mass. Three main groups of methods have been developed 
through the years as described by Ferziger and Perić, 1995. The finite volume method is most 
commonly used in CFD. In the analysis of screw compressors, the aspect of most concern is 
in unsteady flow calculation with moving boundaries. The usual practice for the analysis of 
solid body deformation or fluid-structure interaction is by coupling Finite Volume (FV) code 
with Finite Element (FE) solvers using a specially designed interface. Most CFD and FE 
vendors use that procedure to take advantages of both FV and FE. Although well 
established, this procedure in many situations may not be entirely suitable for calculation. 
One important example of this is that of conjugate heat transfer, where heat transfer in both 

 

the solid and the fluid has to be calculated simultaneously. This is required to estimate the 
interaction of fluid flow and solid deformation in a screw machine which may be estimated 
by use of Computational Continuum Mechanics (CCM). In this case, small deformations of 
solid casing are caused by the large pressure and temperature gradients within the flow 
domains. Although these deformations are relatively small, they are of the similar order of 
magnitude as the compressor clearance, and may thus significantly change the flow within 
the machine, as described by Kovacevic et all, 2003.  
A number of commercial CFD software packages are currently available which may be able 
to cope with the complexity of flow through screw machines and may be integrated with 
CAD. However developed these codes are, there are still limitations in their use for some 
specific applications. For the analysis of screw machines, a moving, stretching and sliding 
mesh has to be produced to map the working chamber of a machine. Today’s commercial 
grid generators are still not capable of coping with these demands.  
Despite a significant number of papers published in the area of computational fluid 
dynamics, only a few deal with the application of computational fluid dynamics to screw 
compressors. All of them are recent papers which started with Stošić et al in 1996. That paper 
describes the principles of three dimensional numerical modelling applied to positive 
displacement screw machines.  However, this work was not fully successful due to the 
relatively limited grid generation method. Kovačević, Stošić and Smith published a number of 
papers between 1999 and 2001. These papers set up the scene for the commercial use of 3-D 
numerical analysis in the screw compressor world. In later years, the authors published a 
series of papers related to both, grid generation in screw compressors and 3D numerical 
performance estimation, as described by Kovacevic et al, 2003 and 2005. These include fluid 
solid interaction in screw machines, Kovacevic et al, 2004. 
The breakthrough was made when an analytical transfinite interpolation method with 
adaptive meshing was used to develop an automatic numerical mapping method for any 
arbitrary screw compressor geometry. It is explained in detail by Kovacevic, 2005. This was 
later regularly used for the analysis of processes in screw compressors by means of an 
interface program called SCORG (Screw COmpressor Rotor Geometry Grid generator).  This 
suite enables numerical mapping of both, moving and stationary parts and direct 
integration with a commercial CFD or CCM code. Although mainly used for CFD in screw 
machines, the same concept may be used for a variety of other applications. An example of 
this is the grid generation of the flow paths in a rotary heat exchanger, described by Alagic et 
all, 2005. A recent monograph on CFD in screw machines, by Kovacevic et al, 2006 gives a 
comprehensive overview of the methods and tools used.  These methods are applicable to 
all major commercial CFD software packages, capable of coping with complex flows, and 
can be integrated with variety of CAD systems, as shown by Kovacevic et al, 2007.  
A typical arrangement of a numerical mesh for CFD calculation of flow in screw compressors 
is shown in Fig. 2. The moving parts of the flow domain are mapped with a hexahedral block 
structured mesh while the remaining stationary parts are replaced by the unstructured 
polyhedral mesh produced by a commercial grid generator directly from the CAD system.  
The first experimental verification of numerical results was performed and reported by 
Kovacevic et all, 2002. This study was performed on an oil injected screw compressor with ‘N’ 
type rotors with a 5/6 lobe configuration and a 128 mm male rotor outer diameter. The 
numerical mesh contained a very moderate number of just over half of a million of cells of 
which around 200,000 were used to map the moving parts of the grid. The converged 

Developments in modelling positive displacement screw machines 91

 

proportions of each rotor lobe segment. Improvements, to maximise the efficiency, 
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the machine, as described by Kovacevic et all, 2003.  
A number of commercial CFD software packages are currently available which may be able 
to cope with the complexity of flow through screw machines and may be integrated with 
CAD. However developed these codes are, there are still limitations in their use for some 
specific applications. For the analysis of screw machines, a moving, stretching and sliding 
mesh has to be produced to map the working chamber of a machine. Today’s commercial 
grid generators are still not capable of coping with these demands.  
Despite a significant number of papers published in the area of computational fluid 
dynamics, only a few deal with the application of computational fluid dynamics to screw 
compressors. All of them are recent papers which started with Stošić et al in 1996. That paper 
describes the principles of three dimensional numerical modelling applied to positive 
displacement screw machines.  However, this work was not fully successful due to the 
relatively limited grid generation method. Kovačević, Stošić and Smith published a number of 
papers between 1999 and 2001. These papers set up the scene for the commercial use of 3-D 
numerical analysis in the screw compressor world. In later years, the authors published a 
series of papers related to both, grid generation in screw compressors and 3D numerical 
performance estimation, as described by Kovacevic et al, 2003 and 2005. These include fluid 
solid interaction in screw machines, Kovacevic et al, 2004. 
The breakthrough was made when an analytical transfinite interpolation method with 
adaptive meshing was used to develop an automatic numerical mapping method for any 
arbitrary screw compressor geometry. It is explained in detail by Kovacevic, 2005. This was 
later regularly used for the analysis of processes in screw compressors by means of an 
interface program called SCORG (Screw COmpressor Rotor Geometry Grid generator).  This 
suite enables numerical mapping of both, moving and stationary parts and direct 
integration with a commercial CFD or CCM code. Although mainly used for CFD in screw 
machines, the same concept may be used for a variety of other applications. An example of 
this is the grid generation of the flow paths in a rotary heat exchanger, described by Alagic et 
all, 2005. A recent monograph on CFD in screw machines, by Kovacevic et al, 2006 gives a 
comprehensive overview of the methods and tools used.  These methods are applicable to 
all major commercial CFD software packages, capable of coping with complex flows, and 
can be integrated with variety of CAD systems, as shown by Kovacevic et al, 2007.  
A typical arrangement of a numerical mesh for CFD calculation of flow in screw compressors 
is shown in Fig. 2. The moving parts of the flow domain are mapped with a hexahedral block 
structured mesh while the remaining stationary parts are replaced by the unstructured 
polyhedral mesh produced by a commercial grid generator directly from the CAD system.  
The first experimental verification of numerical results was performed and reported by 
Kovacevic et all, 2002. This study was performed on an oil injected screw compressor with ‘N’ 
type rotors with a 5/6 lobe configuration and a 128 mm male rotor outer diameter. The 
numerical mesh contained a very moderate number of just over half of a million of cells of 
which around 200,000 were used to map the moving parts of the grid. The converged 
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solution obtained on an office PC was achieved with 120 time steps in approximately 30 
hours of computing time. The results were compared with measurements made on  the 
identical screw air compressor.  Four piezo-resistive transducers were positioned in the 
housing to measure pressure fluctuations across the compressor. 
 

 
Fig. 2. Numerical mesh for CFD calculation of screw compressor 
 
The results obtained were compared for discharge pressures of 6, 7, 8 and 9 bar respectively. 
Good agreement was obtained both for the integral parameters and the instantaneous 
pressure values, as shown in Fig. 3. 
 

 
Fig. 3. Comparison of measured and calculated pressures 

 

The report also discussed the effects of various factors on the calculation accuracy. These 
included variations in mesh sizes, turbulence models, differencing schemes and many other 
factors. It was concluded that these changes do not affect the overall calculation results 
which were reasonably accurate and due to that it was recommended that the method can 
be applied in industry. 
However it was also shown that the use of alternative differencing schemes and turbulence 
methods significantly influence local velocity and pressure values at particular regions of 
the machine. Although these local values have a low impact on the overall performance, 
their influence on flow development had to be further investigated. Very few authors have 
analysed local effects in screw compressors. For example Vimmr, 2006, following on Kauder 
et al, 2000, analysed flow through a static mesh of the single leakage flow path at the tip of 
the male rotor to conclude that rotor relative velocity does not affect flow velocities 
significantly and that neither of the turbulence models they used significantly change the 
outcome of modelling. That was in agreement with the findings of Kovacevic et al , 2006, but 
also confirmed that the need for further validation of full 3D CFD results could not be obtained 
by simplified numerical or experimental analysis. Instead, a full understanding of the local 
velocities in the suction, compression and discharge chambers of the machine was needed to 
further validate the existing methods and to develop additional models, if needed. 
The following sections include the validation of CFD calculation by the use of Laser Doppler 
Velocimetry (LDV). Additionally, several examples of the use of CFD for the analysis of 
different types of screw machines are presented to illustrate the opportunities for the use of 
CFD both in industry and academia. 

 
2.1 LDV flow measurements in a screw compressor  
Flow in a screw compressor is complex, three-dimensional and strongly time dependent, 
similar to that in cylinder flows of gasoline and diesel engines, centrifugal pumps or in 
turbochargers. This implies that the measuring instrumentation must be robust to withstand 
the unsteady aerodynamic forces and oil drag, must have a high spatial and temporal 
resolution and, most importantly, must not disturb the flow. Point optical diagnostics, like 
Laser Doppler Velocimetry Durst, 2000, Albrecht et all, 2003, Drain, 1986, can fulfil these 
requirements, as described by Nouri et all, 2006.  
In order to measure flow velocities inside a screw compressor, a test facility was set up at 
City University, where this technique was used. Extensive measurements were taken of  
velocities in the compression domain and in the discharge chamber of the test air screw 
compressor as discussed by Guerrato et al, 2007. A transparent window, for optical access 
into the rotor chamber of the test compressor, was machined from acrylic to the exact 
internal profile of the rotor casing and was positioned on the pressure side of the 
compressor near the discharge port, as shown in Fig. 4. After machining, the internal and 
external surfaces of the window were fully polished to allow optical access. This was 
obtained to the discharge chamber through a transparent plate, 20 mm thick, installed on the 
upper part of the exhaust pipe.  The optical compressor was then installed in a standard 
laboratory air compressor test rig, modified to accommodate the transmitting and collecting 
optics and their traverses, as shown to the right of Fig. 4.  
The laser Doppler Velocimeter operated in a dual-beam near backscatter mode. It comprised 
a 700 mW argon-Ion laser, a diffraction-grating unit, to divide the light beam into two and 
provide frequency shift, and collimating and focusing lenses to form the control volume. A 
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Fibre optic cable was used to direct the laser beam from the laser to the transmitting optics, 
and a mirror was used to direct the beams from the transmitting optics into the compressor 
through one of the transparent windows. 
 

  
Fig. 4. Optical compressor (left), LDV optical set for discharge chamber (right) 
 
The collecting optics were positioned around 25 of the rotor chamber and 15 of the 
discharge chamber to the full backscatter position and comprised collimating and focusing 
lenses, a 100 m pin hole and a photomultiplier equipped with an amplifier. Although the 
crossing region of the laser beams is an ellipsoid more than 0.5 mm long, the size of the 
pinhole defines the effective length of the measuring volume so that it can be represented as 
a cylinder 100 high and 79 µm in diameter. The fringe spacing is 4.33 µm. The signal from 
the photomultiplier was processed by a TSI processor interfaced to a PC and led to angle-
averaged values of the mean and RMS velocities. In order to synchronise the velocity 
measurements with respect to the location of the rotors, a shaft encoder that provides one 
pulse per revolution and 3600 train pulses, with an angular resolution of 0.1, was used, 
fixed at the end of the driving shaft. Instantaneous velocity measurements were made over 
thousands of shaft rotations to provide a sufficient number of samples.  In the present study 
the average sample density was 1350 data per shaft degree. Since the TSI software is 
provided by 4 external channels, one of them was used to collect the pressure signal coming 
from the high data rate pressure transducer via an amplifier. 

 
2.2 Flow measurements within the compression chamber 
Two coordinate systems were defined within the rotor chamber of the compressor, as shown 
in Fig. 5 (a), (b) and (c).  Each of them was applied to one of the rotors where αp and Rp are, 
respectively, the angular and radial position of the control volume and Hp is the distance 
from the discharge port centre. Taking the appropriate coordinate system, measurements 
were obtained at Rp=48, 56, 63.2mm, αp=27º and Hp=20 mm for male rotor, and at Rp=42, 46, 
50 mm, αp=27º and Hp=20 for female rotor. 
Typical velocity values measured in the working chamber are shown in Fig. 6.  

 

 
Fig. 5. (a) Coordinate system and window for the female rotor; (b) Coordinate system and 
window for the male rotor; (c) Axial plane view 
 

 
Fig. 6. LDV measurements of the axial velocity in the working chamber (top), Schematic 
representation of zones in the compressor interlobe domain (bottom) 
 
Three zones were identified in the working chamber near the discharge port. Zone (1) 
covers most of the main trapped working domain with fairly uniform velocities. Zone (2) is 
associated with the opening of the discharge port. The velocities and turbulence in this zone 
are much higher then in Zone (1). In this zone the flow is driven by the pressure difference 
between the rotors and the discharge chamber.  This is especially visible in the case shown, 
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and a mirror was used to direct the beams from the transmitting optics into the compressor 
through one of the transparent windows. 
 

  
Fig. 4. Optical compressor (left), LDV optical set for discharge chamber (right) 
 
The collecting optics were positioned around 25 of the rotor chamber and 15 of the 
discharge chamber to the full backscatter position and comprised collimating and focusing 
lenses, a 100 m pin hole and a photomultiplier equipped with an amplifier. Although the 
crossing region of the laser beams is an ellipsoid more than 0.5 mm long, the size of the 
pinhole defines the effective length of the measuring volume so that it can be represented as 
a cylinder 100 high and 79 µm in diameter. The fringe spacing is 4.33 µm. The signal from 
the photomultiplier was processed by a TSI processor interfaced to a PC and led to angle-
averaged values of the mean and RMS velocities. In order to synchronise the velocity 
measurements with respect to the location of the rotors, a shaft encoder that provides one 
pulse per revolution and 3600 train pulses, with an angular resolution of 0.1, was used, 
fixed at the end of the driving shaft. Instantaneous velocity measurements were made over 
thousands of shaft rotations to provide a sufficient number of samples.  In the present study 
the average sample density was 1350 data per shaft degree. Since the TSI software is 
provided by 4 external channels, one of them was used to collect the pressure signal coming 
from the high data rate pressure transducer via an amplifier. 

 
2.2 Flow measurements within the compression chamber 
Two coordinate systems were defined within the rotor chamber of the compressor, as shown 
in Fig. 5 (a), (b) and (c).  Each of them was applied to one of the rotors where αp and Rp are, 
respectively, the angular and radial position of the control volume and Hp is the distance 
from the discharge port centre. Taking the appropriate coordinate system, measurements 
were obtained at Rp=48, 56, 63.2mm, αp=27º and Hp=20 mm for male rotor, and at Rp=42, 46, 
50 mm, αp=27º and Hp=20 for female rotor. 
Typical velocity values measured in the working chamber are shown in Fig. 6.  

 

 
Fig. 5. (a) Coordinate system and window for the female rotor; (b) Coordinate system and 
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since the pressure in the discharge system was maintained virtually at atmospheric 
conditions. Zone (3) is associated with the leakage flows between the rotors and the casing, 
where velocities increase to values higher then in Zone (1) but are not as chaotic as in Zone (2).   
Conclusions derived from the measurements, as explained in more detail in Gueratto et all, 2007, 
are as follows: (1) Chamber-to-chamber velocity variations were up to 10% more pronounced 
near the leading edge of the rotor. (2) The mean axial flow within the working chamber decreases 
from the trailing to the leading edge with velocity values up to 1.75 times larger than the rotor 
surface velocity near the trailing edge region (3). The effect of opening of the discharge port on 
velocities is significant near the leading edge of the rotors and causes a complex and unstable 
flow with very steep velocity gradients. The highest impact of the port opening on the flow is 
experienced near the tip of the rotor, with values decreasing towards the rotor root.  

 
2.3 Flow measurements within the discharge chamber 
Fig. 7 (a) shows a schematic arrangement of the discharge chamber divided into the 
discharge port domain and the discharge cavity.  
Fig. 7 (b) and (c) show the measurement locations for two characteristic cross sections called 
the W and V sections. The coordinate system, drawn in all of the sketches in  
Fig. 7, identifies the location of the measured control volume (CV). Measurements were 
made at Xp=5.5mm, Zp =13mm and Yp = -8 to 13mm.   
 

 
Fig. 7. Measurement points in the discharge chamber: (a) Axial section through the discharge 
(b) “W” section, (c) “V “section;   
 
Typical measured results in the discharge chamber are shown in Fig. 8. The axial mean flow 
velocities are obtained using Laser Doppler Velocimetry (LDV) at a rotational speed of 1000 
rpm and a pressure ratio of 1.0.  The most important findings are as follows. (1) Velocities 
are higher than in the compression chamber due to fluid expansion in the port between 
sections W and V. (2) The axial velocity distribution within the discharge chamber is 
strongly correlated to the rotor angular position since the rotors periodically cover and 
expose the discharge port through which, at some point, more then one working chamber is 
connected. The left diagram in Fig. 9 shows the case when only one compression chamber is 
connected to the discharge port and the flow is relatively stable. This corresponds with the 
domains to the left of the port opening line in diagrams in Fig. 8. As another chamber with 

 

high pressure flow connects to the discharge chamber, in the right diagram in Fig. 9, jet like 
flows near sides of the discharge chamber passage occur. These are rendered with high 
velocities in the domain to the right of the thick port opening line in Fig. 8. (3) The jet flows 
create velocity peaks that make the flow in that region highly turbulent.  
 

 
Fig. 8. LDV measured axial velocity component inside the discharge chamber: male rotor side 
(left), female rotor side (right) 
 

 
Fig. 9. Schematic view of the periodic exposure of working domains to the discharge port 

 
2.4 Validation of CFD results by LDV measurements 
The numerical mesh used for CFD calculation and comparison with the measured data, 
obtained with the LDV technique, is shown in Fig. 2. The flow paths around the rotating 
parts of the machine are generated using the in-house software SCORG. The pre-processing 
script generated in SCORG is used to connect these with the stationary numerical mesh of 
the compressor ports, generated directly from the CAD system, and to transfer the entire 
case to the CFD solver. Fig. 2 shows the mid sized mesh consisting of 935,000 numerical 
cells. For the purpose of obtaining a grid independent solution, three different meshes were 
generated, the smallest consisting of 600,000 numerical cells and the biggest with 2.7 million 
cells, which was the largest possible case that could be calculated by the single processor of 
the computer that was used. 
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2.5 Compression Chamber 
Due to space limitations, this chapter only compares the CFD results extracted from the 
middle size model with the LDV results. The compressor working conditions and the 
position of the CV are identical to the LDV measurements. Fig. 10 shows a comparison of 
the axial mean velocities in the compression chamber close to the discharge port. This Fig. 
shows very good agreement throughout Zone (1) and Zone (2), as defined in Fig. 6. In Zone 
(3) both the measured and calculated velocities increase but the increase in velocities 
obtained from CFD is larger as a consequence of the inability of the used k- model of 
turbulence to cope with flows near walls in rather large numerical cells. Such a 
configuration of the numerical mesh is the result of the methodology used for generating 
and moving the numerical mesh, as explained in more detail by Guerrato et all, 2007.  
 

 
Fig. 10. Comparison of the LDV and CFD axial velocities in the compression domain  

 
2.6 Discharge Port 
Fig. 11 shows a comparison of the axial velocities in the discharge port. The differences 
appear to be rather large at locations where the velocities are measured, although the trends 
and mean values are similar. It is confirmed by calculation that the highest values of the 
axial velocity are in the middle section through the discharge port, which corresponds to the 
period of time when only one working chamber is connected to the discharge chamber. On 
both the male rotor side of the discharge port, as shown in the top diagram of Fig. 11, and on 
the female rotor side of the port, shown in the bottom diagram, the velocities during that 
process decrease towards walls. However during the phase when another working chamber 
is connected to the discharge port, the velocities near the walls increase due to the jet like 
flows induced by higher pressure differences on the outside of the rotors. 

 

   
Fig. 11. Comparison of the measured and calculated axial velocities in the discharge chamber 
 
Additionally, leakage flows from the compression chamber to the discharge chamber 
immediately prior to the opening of the port are large, as shown in Fig. 12. These cause an 
increase in velocity in the central region of the discharge chamber. 
 

 
Fig. 12. Axial velocities in three characteristic cross sections in the discharge region of the 
compressor 
 
The measurements confirm that turbulence plays a significant role in the narrow passage 
which connects the compression chamber with the large discharge domain. This is most 
probably the reason why the CFD results do not replicate the measured values more exactly. 
Therefore further research in the turbulence models for internal flow in the compressor 
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ports is suggested. Favourably, the flow on both sides of that region appears not to be so 
turbulent. Due to that fact and because the internal energy in positive displacement 
machines is significantly larger than the kinetic energy, this does not greatly affect the 
overall estimation of performance. Despite this, further development and improvement of 
3D CFD codes are needed. 

 
3. Combined Chamber and 3D CFD MODELS 

A prerequisite for success in the highly competitive market of screw machines is the ability 
to design, analyse and produce machines quickly. 3D CFD claculation, although accurate, 
may take significant time to achieve a desired outcome. Compressor manufacturers are 
therefore interested in faster but still accurate calculations in order to optimise and improve 
parts of their machines.  
 

 
Fig. 13. Schematic representation of a compressor working process 
 
Such a goal can be achieved by use of combined mathematical models in calculation. The 
idea behind coupled models is that the components of the system of greater interest are 
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The inlet and outlet flows are the means by which a compressor chamber exchanges energy 
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The rotor deformations in the ordinary oil injected screw compressor are shown in Fig. 15. 
These cause an increase in the clearance gap between the rotors. However these 
deformations are of an order of magnitude smaller than the rotor clearances. In order to 
make the results visible, the deformations in Fig. 15 are enlarged 20,000 times.  
 

 
Fig. 15. Rotor deformations in the oil injected compressor 
 
In the oil free air compressor, due to the lack of cooling, the air temperature rise is much 
higher. For a  3 bar discharge pressure, the exit temperature has an average value of 180oC. 
The deformations of the rotor are presented on the left of Fig. 16. The fluid temperature in 
the immediate vicinity of the solid boundary changes rapidly, as shown in the right diagram 
of the same Fig.. However, the temperature of the rotor pair is lower, due to the continuous 
averaging oscillations of pressure and temperature in the surrounding fluid. This is shown 
in the right diagram of Fig. 16, where the temperature distribution is given in cross section 
for both the fluid flow and the rotor body. The deformation, presented in the Fig., is 
increased 5,000 times in order to make it visible. The rotor deformation has the same order 
of magnitude as the rotor clearance.  
 

 
Fig. 16. Rotor displacement vectors and temperature distribution for an oil free compressor  

 

 
Fig. 17. Deformations of a high pressure oil injected compressor rotors 
 
The high pressure oil injected application was taken as a CO2 refrigeration compressor with 
suction conditions of 30 bar and 0oC and discharge conditions of 90 bar and 40oC. In this 
case, the large pressure difference was the main cause of the rotor deflection, with the 
highest deformation in excess of 15m, as shown in Fig. 17. The deformation pattern of the 
rotors is similar to the low pressure case but with slight enlargement at discharge. 
 

  
Fig. 18. Deformations of a combined compressor-expander rotors 
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Fig. 18 shows the temperature distribution and the rotor deformations in a combined 
compressor-expander for a fuel cell application. The deformation of the rotors is 
substantially smaller than in the case of the compressor or expander alone. The nature of the 
deformations suggest that the design of the compressor-expander needs special attention, 
especially in selecting the rotors and casing materials Kovacevic et all, 2007. 

 
4.2 Use of CFD for Noise Prediction 
Identification of sources of noise in screw compressors and its attenuation becomes an 
important issue for the majority of applications. Pressure fluctuations in the discharge port 
affect not only the aero acoustics in that domain but also the mechanically generated noise 
due to rotor rattling. It is believed that adequate porting can decrease the level of noise and 
increase the performance of the machine.  
 

 
Fig. 19. Pressure oscillations in the 3d CFD model  
 
A chamber model was first used to estimate the pressure oscillations as a function of the 
shape of the port and the cross sectional area of the connecting flange. These predictions can 
estimate the main harmonics of generated noise relatively accurately. However, this model 
does not take into account the shape of the discharge chamber which may play an important 
role in generating higher harmonics. Further steps were therefore undertaken to analyse 
pressure fluctuations in the discharge port by a full 3D CFD code. The results obtained by 
this model agree well with measurements as shown by Mujic, 2009 but the model is 
inadequate for everyday industrial use.  Therefore a combined model was developed which 
combines the accuracy of a full 3D model and the speed of a chamber model.   
A comparison of the results provided by the three numerical models is shown in Fig. 20.  
 

 

  
Fig. 20. Comparison of results provided by numerical models 
 
The 3-D and coupled models offer better accuracy than the thermodynamic model, 
especially for higher harmonics of the gas pulsations. The discharge chamber geometry 
certainly does influence the gas pulsations and therefore the accuracy of the prediction is 
thereby improved in the case of the 3-D and coupled models. Additionally, since the 
thermodynamic model assumes uniform distribution of fluid properties across the control 
volume the value used for comparison of the results is that obtained at the centre of the 
discharge chamber. In the case of the 3-D model, the compared pressure values are those 
taken at the identical position of the pressure probe in the real chamber. As both the 3-D and 
the coupled models include the momentum equation, they can account for pressure wave 
propagation through the discharge chamber. The pressure wave passes the measuring place 
and influences the value of the pressure at that place. Additionally, these two models 
provide information about other flow properties, such as the velocities within the chamber, 
and can be useful in the analysis of fluid flow losses. 

 

  
Fig. 21. Accuracy and speed of numerical models 
 
The accuracy and computational time for obtaining a solution with each numerical model 
are shown in Fig. 21. The chamber model requires modest computer resources and its 
computational time is much shorter than that required for 3-D computations. The accuracy 
of the 3-D and coupled models is better than that of the simple chamber model.  The 
coupled model requires one order of magnitude less computational time than the full 3-D 
model, for negligible loss in accuracy.  
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computational time is much shorter than that required for 3-D computations. The accuracy 
of the 3-D and coupled models is better than that of the simple chamber model.  The 
coupled model requires one order of magnitude less computational time than the full 3-D 
model, for negligible loss in accuracy.  
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Fig. 18 shows the temperature distribution and the rotor deformations in a combined 
compressor-expander for a fuel cell application. The deformation of the rotors is 
substantially smaller than in the case of the compressor or expander alone. The nature of the 
deformations suggest that the design of the compressor-expander needs special attention, 
especially in selecting the rotors and casing materials Kovacevic et all, 2007. 

 
4.2 Use of CFD for Noise Prediction 
Identification of sources of noise in screw compressors and its attenuation becomes an 
important issue for the majority of applications. Pressure fluctuations in the discharge port 
affect not only the aero acoustics in that domain but also the mechanically generated noise 
due to rotor rattling. It is believed that adequate porting can decrease the level of noise and 
increase the performance of the machine.  
 

 
Fig. 19. Pressure oscillations in the 3d CFD model  
 
A chamber model was first used to estimate the pressure oscillations as a function of the 
shape of the port and the cross sectional area of the connecting flange. These predictions can 
estimate the main harmonics of generated noise relatively accurately. However, this model 
does not take into account the shape of the discharge chamber which may play an important 
role in generating higher harmonics. Further steps were therefore undertaken to analyse 
pressure fluctuations in the discharge port by a full 3D CFD code. The results obtained by 
this model agree well with measurements as shown by Mujic, 2009 but the model is 
inadequate for everyday industrial use.  Therefore a combined model was developed which 
combines the accuracy of a full 3D model and the speed of a chamber model.   
A comparison of the results provided by the three numerical models is shown in Fig. 20.  
 

 

  
Fig. 20. Comparison of results provided by numerical models 
 
The 3-D and coupled models offer better accuracy than the thermodynamic model, 
especially for higher harmonics of the gas pulsations. The discharge chamber geometry 
certainly does influence the gas pulsations and therefore the accuracy of the prediction is 
thereby improved in the case of the 3-D and coupled models. Additionally, since the 
thermodynamic model assumes uniform distribution of fluid properties across the control 
volume the value used for comparison of the results is that obtained at the centre of the 
discharge chamber. In the case of the 3-D model, the compared pressure values are those 
taken at the identical position of the pressure probe in the real chamber. As both the 3-D and 
the coupled models include the momentum equation, they can account for pressure wave 
propagation through the discharge chamber. The pressure wave passes the measuring place 
and influences the value of the pressure at that place. Additionally, these two models 
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4.3 Cavitation in gear pumps  
The assembly, the functionality and the numerical mesh of a gear pump are presented in 
Fig. 22. During operation, damage due to cavitation and erosion occurs at the rotor shafts 
and in the gaps. The work presented here is the property of CFX Berlin. Steinman, 2006 
outlined that the main challenges in this computation were the relatively complex geometry, 
the relative moving and deforming grids and transient interfaces and cavitation. 
 

 
Fig. 22. Numerical mesh of the gear pump and the occurrence of cavitation  
 
The hexahedral numerical mesh of moving parts was generated by SCORG while the 
stationary parts were meshed by ANSYS CFX and ICEM tools into a tetrahedral mesh. 
These two domains were connected through transient interfaces (GGI).  

 
4.4 CFD analysis of a multiphase screw pump 
Multiphase screw pumps are regularly used in the oil and gas industry. The CFD analysis of 
the leakage flow and pressure distribution in these pumps has been performed by the use of 
Star CCM+ software. As an example, the pressure distribution on the first layer of cells of 
multiphase pump passage flow for a 1-10 bar pressure rise is presented in Fig. 23. 
 

.  
Fig. 23. Pressure distribution on a multiphase oil/natural gas pump and the leakage flow 
through blow hole area   

 

The leakage flow through the clearances and the blow hole area is shown in the right Fig.23. 
The numerical grid is obtained by an in-house grid generator originally developed for  the 
analysis of screw compressors. The pressure distribution for alternative multirotor 
applications is shown in Fig. 24. 
 

 
Fig. 24. Pressure field in hydraulic motors with 2 female rotors (left) and three female rotors 
(right) 
 
As shown in Fig. 24, the machine with three female rotors has a pressure drop between the 
interlobes that is smaller than in the case of the pump with two female rotors. This allows 
for smaller leakage flow to be achieved in the machine with more female rotors. However, 
integration of forces over rotor surfaces gives almost exactly same load on the rotors.  

 
5. Conclusions 

Various levels of mathematical modelling are used in practice for the performance 
estimation of screw compressors. Industry mostly uses either empirically fittied or chamber 
models while researchers tend to use 3D CFD. Extensive study has been performed to 
validate the accuracy of the 3D CFD results. Laser Dopler Velocimetry (LDV) is used to 
measure the fluid mean velocity distribution and the corresponding turbulence fluctuations 
at various cross-sections in the screw compressor. A comparison of measurements and 
predictions has allowed validation and further development of the CFD package to a stage 
which will render it possible to design future screw compressors without the need for 
expensive and time-consuming experiments and ‘tuning’ of computational models. It 
appeared evident from LDV measurements that some effects of screw compressor flow are 
not always well captured by the existing turbulence models. Initial investigation of this 
problem indicated that a more suitable turbulence model, capable of analyzing flows in the 
sliding and stretching domains of a screw compressor, may need to be found or developed 
and validated. 
Integrating 3D CFD flow analysis in the suction and discharge chambers with a chamber 
model in the compression chamber offers the possibility for faster and more accurate 
analysis when optimising compressor port designs. This is particularly well suited for 
industrial optimisation. The results obtained are very encouraging but further 
improvements still may be required.  
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Four test cases were presented in this publication. They demonstrate the capabilities, 
accuracy and scope of application of the developed tool. 
Mathematical modelling is always a simulation of reality and not reality itself. This 
publication gives guidelines for the use of existing modelling principles for the performance 
prediction of screw machines and outlines possibilities for further improvements.  
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Four test cases were presented in this publication. They demonstrate the capabilities, 
accuracy and scope of application of the developed tool. 
Mathematical modelling is always a simulation of reality and not reality itself. This 
publication gives guidelines for the use of existing modelling principles for the performance 
prediction of screw machines and outlines possibilities for further improvements.  
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1. Introduction     

Gears are one of the most complicated parts of machines. Their efficiency and optimum 
design determines the success of the machine. The first level of innovation is the geometry. 
The geometry determines the possible usage area of the gearing and influences the 
manufacturability and working parameters of the gear. Consequently, improvement and 
innovation of gear geometry is always a focus of interest for gear manufacturers. For these 
reasons, many gear-oriented CAD software packages have been developed. Figure 1 gives a 
comparison of several programs depending on their suitability for dimensioning or 
development. The design tool ZPS (Miltenovic & Milcic, 1999) or KISSsoft (Kissling, 1999) is 
mainly intended for the determination of suitable sizes for a given gearing type to fulfil the 
construction requirements. The programs ZAKGEAR (Lunin, 2010), UMCORR (Stadtfeld, 
1999), KEGELRADKETTE (Landvogt et al., 1999) or Kato’s application (Kato & Kubo, 1999) 
are more suitable for the development of new characteristics of gearings or for optimisation. 
 

 
Fig. 1. Comparison of gearing design programs 
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The vertical axis measures the number of different modelled gear types. One of the 
programs having the largest freedom of embedded gearing kinematics is ZAKGEAR sw 
(Lunin, 2010). Most of the programs are intended to handle a few concrete gear types and 
the number of modelled sorts is limited. Recognition of this fact motivated the author to find 
a robust connection theory and to create a surface and kinematical relation independent 
gearing development tool.  The name of this connection theory is the “Reaching Model”. 
The original theory will be introduced with full particulars here. This theory serves as the 
basis for the developed Surface Constructor kinematical modelling and simulation tool, the 
goal of which is to provide maximum freedom in modelling contacting kinematical surfaces 
and their kinematical arrangements. The tool’s capabilities will be demonstrated through 
modelling of innovative gear constructions.  

 
2. The theory 

To give a basis for referencing in the modelling section, we need to go over the theoretical 
fundamentals of the innovative Surface Constructor kinematical surface generating and 
contact analysing software. The name of the theory introduced by the author for generation 
conjugate surface pairs is the Reaching Model. Here we give an explanation with emphasis 
on its novelty and differences from other models. The model solves the well-known task of 
gearings – the determination of the F2 conjugate surface if the generating F1 surface and the 
generating motion are given. Figure 2 shows the two surfaces with their holder frames K1 
and K2. The  curved co-ordinate system plays a major role in the Reaching Model theory. 
 

 
Fig. 2. Generating surface F2 by surface F1 
 
There are two well-known methods to solve this task: 

 the differential-geometric method developed by Gochman, and 
 the kinematical method, which applies the nv1,2 = 0 scalar product where n is the 

normal vector and v1,2 is the relative speed vector at the contacting point. This 
method has two forms: the pure geometrical and the Litvin type, which uses 
matrix-algebra (Litvin, 1994). 

 
 

 

2.1 The Reaching Model 
Before the Reaching Model the word undercut was used for various undesirable surface 
problems of mating surface pairs. The Reaching Model distinguishes local undercut 
situations from global cut. The methods mentioned above to determine the unknown 
surface are local methods, i.e., they can produce the theoretical mating points and the border 
of areas containing such points. The border points are points where local undercut occurs. 
The local undercut, which can appear in an infinitely small space and time domain, is 
practically always accompanied by global cut, when one part of the local area is destroyed 
by the other surface, e.g., the enveloped surface of the tooth of a worm-wheel is damaged by 
the tip edge of the worm. Though global cut usually follows local undercut, it can appear 
alone, as well. In our terminology the word interference may mean either local undercut or 
global cut. To determine local undercut locations infinitesimal calculation is needed. To 
determine the location of global cut usually iterative or discrete simulation methods are 
used. One method for discovering interferences is the use of normal, then inverse generating 
processes comparing the result with the original surface. Another solution (Seveleva et al., 
1989) applied two theoretically different methods – in our terminology a local and a global 
method – to generate the needed surface and if these surfaces were identical then there was 
no interference.  
The Reaching Model includes the capability to detect all types of local undercuts and the 
global cut in the same theoretical model. The main advantage of the model is its simplicity. 
In this model the generation of one of the points of the F2 surface is equal to solving a 
simple minimum value problem. The denominative reaching process will be introduced 
briefly with the help of Figure 3.  
 

 
Fig. 3. The reaching process 
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The Reaching Model applies a special non-Descartes co-ordinate system . The   co-
ordinate lines as well as the co-ordinate axis   itself coincide with the motion paths of the 
points of a surface that is in the co-ordinate system K2, meaning that   has two roles:  
1.  motion (time) parameter,   
2.  one of the three space co-ordinates of co-ordinate system . 
In the reaching process we choose a  co-ordinate line that does not intersect the T1 body. 
Stepping from one  co-ordinate line to another going in R direction, the generating  co-
ordinate line will be that which can reach F1 first. This   line is the path of motion of point 
Pk' that will be one surface point of the generated surface F2. Point Pk will be the contact 
point, see Figure 3a. Transforming the intersection of the R- co-ordinate surface to a 
Descartes co-ordinate system, it is evident that the determination of a Pk point is equal to 
solve a minimum-value problem, as shown in Figure 3b. 
The necessary condition of connection in the Reaching Model is  
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where R = R(, T, Z) is the reaching-coordinate function,   is the motion-path co-ordinate, 
T is the division co-ordinate in the  slicing co-ordinate system, Z is the identifying 
parameter of the  co-ordinate system. This necessary condition is equivalent to the nv1,2 = 0 
condition of the above-mentioned kinematical method.  
The sufficient condition of the local minimum in the  = t point that is equivalent to the 
real connection at the same location is given in the following form:  
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where w is an even number. (3)

 
This condition defines a local minimum point at  = t  which generates the Pk’= Pk’( = t ; 
R = R(t) ; T=Tk ) point of the calculated F2 surface. The local nature of this condition means 
that it can be fulfilled in an infinitesimally small time or space region, but a generating 
process with a longer  (time and space) interval may destroy the generated Pk’ point. 

 
2.2 Situations of local undercut 
The model can give all the types of local undercuts simply by discussing the minimum 
value problem in a local tangential point. To recognize different types of local undercuts we 
need the path of motion of point Pk' only. If the necessary local condition of contact becomes 
true and the path of motion intersects the solid T1 there will be local undercut.  
 
 First Situation 
As shown in the left subfigure of Figure 4, t  is a local maximum point of R = R() function. 
The path of motion of point Pk' interferes with solid T1. 

 

 
Fig. 4.  Situations of local undercut 
 
The sufficient local condition of undercut is as follows: 
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 where w is an even number. (5) 

 
 Second Situation 
The general type of local undercut is shown in the middle subfigure of Figure 4. In this 
situation an inflexion form yields undercut. The sufficient local condition of this type of 
undercut is given as: 
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where w is an odd number. (7) 

 

This situation includes a more complex form, shown in Figure 5. 
 

 
Fig. 5. The motion of point Pk' stops at point Pn for a moment 
 
The motion of the point Pk' comes to a halt for a moment (the speed of point Pk' becomes 0 
for a moment). Figure 5 demonstrates this case in three dimensions (a), after one step of 
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transformation (b) and at the end of transformation from the curved  -R coordinate surface 
to the coordinate system that has straightened  -R coordinate lines (c). This special case is 
equivalent to the inflexion situation shown in Figure 4 and it can be detected using the same 
sufficiency condition. 
 
 Third Situation 
If the R = R( ) function of the intersection of surface F1 is constant in the infinitely small 
surroundings of point Pk as represented in the right subfigure of Figure 4, the sufficient 
condition of this type of  local undercut shows the following form: 
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where w = , infinite value. (8) 

 
In this third situation the speed of the contact position on F2 becomes zero because the same 
Pk' generated point connects to F1 for a short time. This type of local undercut may be 
theoretical if the generated surface F2 is smooth in this Pk' contact point. Though this does 
not create an edge on the generated F2 surface, the momentary or prolonged lack of motion 
results in decreased pressure in the oil film and is consequently undesirable.  
Sometimes an enveloped edge is formed on the surface F2, like on the gear of a Cone-type 
classical globoid gearing. This case can be analysed in Figure 6. One of the paths of motion 
coincides with intersection of generating surface F1, as shown in Figure 6a. In this general 
case the angle  between the path of motion and coordinate direction R changes point by 
point. Figure 6b shows the same example but the generated surface F2 is fixed and the 
generating solid T1 (and its surface F1) is moving. The result is an enveloped edge on 
surface F2, and point Pk’ of F2 remains in continuous contact with surface F1 for a certain 
time. Figure 6c demonstrates the function  = ( ) in this general case. If the function  is 
not constant then an edge will appear on the generated surface F2; otherwise the surface will 
be smooth. 
 

 
Fig. 6. Enveloping an edge on generated surface F2 by the given surface F1 
 

 

2.3 The cut as a global phenomenon 
As shown in Figure 7, the path of generated point Pk' interferes with the solid T1 in the 
represented space and corresponding time interval. The Pk' point of the F2 surface generated 
by the Pk local minimum point at t value will be destroyed by a cut if the motion interval is 
not limited. 
 

 

Pk' 
 

Fig. 7. An example of global cut 

 
3. The application 
 

Though the theory works with analytical expressions and partial derivatives, a robust, 
surface-independent software for realisation of the theory was developed on a discrete 
numerical basis. This program is named Surface Constructor (SC) and will be demonstrated 
in the following sections. The developed system applies both symbolic and numerical 
representations of the objects. The symbolic algebraic computation provides the flexible 
characteristic of the tool. SC starts as an empty kinematical modelling shell and models the 
kinematical modelling process itself. The system sketched in Figure 8 has three main 
representation levels: 

 the symbolic level, which uses a symbolic algebraic representation of the objects in 
the kinematical model, 

 the numerical level, which stores the given and computed objects using numerical 
form, and 

 the visualisation level, which allows the analysis of views and motion of the 
objects. 

The selection and visualisation options are as follows: 
 F2glob: global computational method and appropriate result 
 F2lok: local computational method and appropriate result 
 F2al: computation and visualisation of the occurrences of  local undercuts 
  : computation and visualisation of moving path of selected points 
 R- : computation and visualisation of R = R( ) functions as a special feature of 

this software 
 v_a: computation and visualisation of the space of relative speed and acceleration 
 PT : computation and visualisation of axoids. 
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where w = , infinite value. (8) 

 
In this third situation the speed of the contact position on F2 becomes zero because the same 
Pk' generated point connects to F1 for a short time. This type of local undercut may be 
theoretical if the generated surface F2 is smooth in this Pk' contact point. Though this does 
not create an edge on the generated F2 surface, the momentary or prolonged lack of motion 
results in decreased pressure in the oil film and is consequently undesirable.  
Sometimes an enveloped edge is formed on the surface F2, like on the gear of a Cone-type 
classical globoid gearing. This case can be analysed in Figure 6. One of the paths of motion 
coincides with intersection of generating surface F1, as shown in Figure 6a. In this general 
case the angle  between the path of motion and coordinate direction R changes point by 
point. Figure 6b shows the same example but the generated surface F2 is fixed and the 
generating solid T1 (and its surface F1) is moving. The result is an enveloped edge on 
surface F2, and point Pk’ of F2 remains in continuous contact with surface F1 for a certain 
time. Figure 6c demonstrates the function  = ( ) in this general case. If the function  is 
not constant then an edge will appear on the generated surface F2; otherwise the surface will 
be smooth. 
 

 
Fig. 6. Enveloping an edge on generated surface F2 by the given surface F1 
 

 

2.3 The cut as a global phenomenon 
As shown in Figure 7, the path of generated point Pk' interferes with the solid T1 in the 
represented space and corresponding time interval. The Pk' point of the F2 surface generated 
by the Pk local minimum point at t value will be destroyed by a cut if the motion interval is 
not limited. 
 

 

Pk' 
 

Fig. 7. An example of global cut 

 
3. The application 
 

Though the theory works with analytical expressions and partial derivatives, a robust, 
surface-independent software for realisation of the theory was developed on a discrete 
numerical basis. This program is named Surface Constructor (SC) and will be demonstrated 
in the following sections. The developed system applies both symbolic and numerical 
representations of the objects. The symbolic algebraic computation provides the flexible 
characteristic of the tool. SC starts as an empty kinematical modelling shell and models the 
kinematical modelling process itself. The system sketched in Figure 8 has three main 
representation levels: 

 the symbolic level, which uses a symbolic algebraic representation of the objects in 
the kinematical model, 

 the numerical level, which stores the given and computed objects using numerical 
form, and 

 the visualisation level, which allows the analysis of views and motion of the 
objects. 

The selection and visualisation options are as follows: 
 F2glob: global computational method and appropriate result 
 F2lok: local computational method and appropriate result 
 F2al: computation and visualisation of the occurrences of  local undercuts 
  : computation and visualisation of moving path of selected points 
 R- : computation and visualisation of R = R( ) functions as a special feature of 

this software 
 v_a: computation and visualisation of the space of relative speed and acceleration 
 PT : computation and visualisation of axoids. 
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Fig. 8. The structure of the Surface Constructor kinematical modelling tool 
 
The application can envelope different F2i surfaces by the same generating F1 surface, 
modelling point-like connections in such a way. In the case of i = 2 the generated members 
of a gearing with a point-like connection are surfaces F21 and F22. The intermediary 
theoretical generating surface is F1. The generating kinematical relations are given by 
transformation matrices as functions of Fi1 and Fi2 motion parameters. In the software and 
in the followings Fi will replace . Similarly, the Rho, Tau and Zeta coordinates correspond 
to the R, T and Z coordinates of the described theory. Moreover SC changes each letter to 
upper case form. 
The usability of the computer program for modelling of gear members can be followed in 
the next figures. Figure 9 shows the results of modelling a ZTA-type worm gearing. The 
result of global cut produced by the top edge of the hob can be detected on the right side of 
the calculated teeth. Comparing it to the teeth of the real worm-wheel proves that the 
program simulates the real cutting conditions well. 

 
3.1 Visualization of R = R(  ) functions 
Most modern programs apply the TCA (Tooth Contact Analysis) method for optimizing 
contacting properties (Su & Qin, 2003; Litvin & Fuentes, 2004). One of the best realizations 
uses real time ease-off topography manipulation through surface or kinematical system 
parameter modification using mouse and visual feedback (Stadtfeld, 1999). But this and 
similar methods need the two mating surfaces previously computed in the case of conjugate 
contacting too.   

 

 
Fig. 9. The ZTA worm gearing with the contact line, the calculated worm wheel segment 
and the manufactured real worm wheel surface 
 
The investigation in the space of path of motion characterizes SC only. Using this new tool, 
we can optimize contacting characteristics of connection and avoid interference situations 
without the generated F2 surface. From the description given above it is evident that the 
curves of R = R( ) functions are very suitable for detecting different types of local 
undercuts and global cuts of contacting surfaces. These occurrences are very dangerous not 
only in gearing contact but in cutting gearing parts, too. The analyzing of R = R( ) 
functions offers a unique possibility, since by using this facility it is possible to avoid these 
problems. Good contact is characterized by a global minimum point, whereas problematic 
local undercut situations are featured by points having inflection with horizontal tangent, or 
local maximum. Figure 10 shows examples. 
 

 
Fig. 10. The investigation window for selecting the needed R = R(  ) function or set of 
functions using mouse 
 
Curves having a local maximum point often produce global cut that is the horizontal 
tangent of local maximum point intersects the curve in a farther point. One R = R( ) curve 
characterizes the generating process of a point of the F2 generated surface. If we would like 
to analyze all the grid-points of the generated F2 surface we have to study a set of R = 
R(,T ) surfaces. This can be carried out conveniently using the input interface shown in 
Figure 11. To provide the maximum comfort the input interface is the visualization window 
itself. 
Using the mouse, the following visualization possibilities are given: 
 A click on the M grid-point results in the visualization of an R = R( ) function which 

characterizes the generating process of the P2(T,Z) point of the F2 generated surface 
 Dragging the M point results in a continuously changing R = R( )  function curve 
 A click on the T or Z adjuster results in visualization of an R = R(,Z )  or  R = R(,T ) 

surface 
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Fig. 8. The structure of the Surface Constructor kinematical modelling tool 
 
The application can envelope different F2i surfaces by the same generating F1 surface, 
modelling point-like connections in such a way. In the case of i = 2 the generated members 
of a gearing with a point-like connection are surfaces F21 and F22. The intermediary 
theoretical generating surface is F1. The generating kinematical relations are given by 
transformation matrices as functions of Fi1 and Fi2 motion parameters. In the software and 
in the followings Fi will replace . Similarly, the Rho, Tau and Zeta coordinates correspond 
to the R, T and Z coordinates of the described theory. Moreover SC changes each letter to 
upper case form. 
The usability of the computer program for modelling of gear members can be followed in 
the next figures. Figure 9 shows the results of modelling a ZTA-type worm gearing. The 
result of global cut produced by the top edge of the hob can be detected on the right side of 
the calculated teeth. Comparing it to the teeth of the real worm-wheel proves that the 
program simulates the real cutting conditions well. 

 
3.1 Visualization of R = R(  ) functions 
Most modern programs apply the TCA (Tooth Contact Analysis) method for optimizing 
contacting properties (Su & Qin, 2003; Litvin & Fuentes, 2004). One of the best realizations 
uses real time ease-off topography manipulation through surface or kinematical system 
parameter modification using mouse and visual feedback (Stadtfeld, 1999). But this and 
similar methods need the two mating surfaces previously computed in the case of conjugate 
contacting too.   

 

 
Fig. 9. The ZTA worm gearing with the contact line, the calculated worm wheel segment 
and the manufactured real worm wheel surface 
 
The investigation in the space of path of motion characterizes SC only. Using this new tool, 
we can optimize contacting characteristics of connection and avoid interference situations 
without the generated F2 surface. From the description given above it is evident that the 
curves of R = R( ) functions are very suitable for detecting different types of local 
undercuts and global cuts of contacting surfaces. These occurrences are very dangerous not 
only in gearing contact but in cutting gearing parts, too. The analyzing of R = R( ) 
functions offers a unique possibility, since by using this facility it is possible to avoid these 
problems. Good contact is characterized by a global minimum point, whereas problematic 
local undercut situations are featured by points having inflection with horizontal tangent, or 
local maximum. Figure 10 shows examples. 
 

 
Fig. 10. The investigation window for selecting the needed R = R(  ) function or set of 
functions using mouse 
 
Curves having a local maximum point often produce global cut that is the horizontal 
tangent of local maximum point intersects the curve in a farther point. One R = R( ) curve 
characterizes the generating process of a point of the F2 generated surface. If we would like 
to analyze all the grid-points of the generated F2 surface we have to study a set of R = 
R(,T ) surfaces. This can be carried out conveniently using the input interface shown in 
Figure 11. To provide the maximum comfort the input interface is the visualization window 
itself. 
Using the mouse, the following visualization possibilities are given: 
 A click on the M grid-point results in the visualization of an R = R( ) function which 

characterizes the generating process of the P2(T,Z) point of the F2 generated surface 
 Dragging the M point results in a continuously changing R = R( )  function curve 
 A click on the T or Z adjuster results in visualization of an R = R(,Z )  or  R = R(,T ) 

surface 
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Fig. 8. The structure of the Surface Constructor kinematical modelling tool 
 
The application can envelope different F2i surfaces by the same generating F1 surface, 
modelling point-like connections in such a way. In the case of i = 2 the generated members 
of a gearing with a point-like connection are surfaces F21 and F22. The intermediary 
theoretical generating surface is F1. The generating kinematical relations are given by 
transformation matrices as functions of Fi1 and Fi2 motion parameters. In the software and 
in the followings Fi will replace . Similarly, the Rho, Tau and Zeta coordinates correspond 
to the R, T and Z coordinates of the described theory. Moreover SC changes each letter to 
upper case form. 
The usability of the computer program for modelling of gear members can be followed in 
the next figures. Figure 9 shows the results of modelling a ZTA-type worm gearing. The 
result of global cut produced by the top edge of the hob can be detected on the right side of 
the calculated teeth. Comparing it to the teeth of the real worm-wheel proves that the 
program simulates the real cutting conditions well. 

 
3.1 Visualization of R = R(  ) functions 
Most modern programs apply the TCA (Tooth Contact Analysis) method for optimizing 
contacting properties (Su & Qin, 2003; Litvin & Fuentes, 2004). One of the best realizations 
uses real time ease-off topography manipulation through surface or kinematical system 
parameter modification using mouse and visual feedback (Stadtfeld, 1999). But this and 
similar methods need the two mating surfaces previously computed in the case of conjugate 
contacting too.   

 

 
Fig. 9. The ZTA worm gearing with the contact line, the calculated worm wheel segment 
and the manufactured real worm wheel surface 
 
The investigation in the space of path of motion characterizes SC only. Using this new tool, 
we can optimize contacting characteristics of connection and avoid interference situations 
without the generated F2 surface. From the description given above it is evident that the 
curves of R = R( ) functions are very suitable for detecting different types of local 
undercuts and global cuts of contacting surfaces. These occurrences are very dangerous not 
only in gearing contact but in cutting gearing parts, too. The analyzing of R = R( ) 
functions offers a unique possibility, since by using this facility it is possible to avoid these 
problems. Good contact is characterized by a global minimum point, whereas problematic 
local undercut situations are featured by points having inflection with horizontal tangent, or 
local maximum. Figure 10 shows examples. 
 

 
Fig. 10. The investigation window for selecting the needed R = R(  ) function or set of 
functions using mouse 
 
Curves having a local maximum point often produce global cut that is the horizontal 
tangent of local maximum point intersects the curve in a farther point. One R = R( ) curve 
characterizes the generating process of a point of the F2 generated surface. If we would like 
to analyze all the grid-points of the generated F2 surface we have to study a set of R = 
R(,T ) surfaces. This can be carried out conveniently using the input interface shown in 
Figure 11. To provide the maximum comfort the input interface is the visualization window 
itself. 
Using the mouse, the following visualization possibilities are given: 
 A click on the M grid-point results in the visualization of an R = R( ) function which 

characterizes the generating process of the P2(T,Z) point of the F2 generated surface 
 Dragging the M point results in a continuously changing R = R( )  function curve 
 A click on the T or Z adjuster results in visualization of an R = R(,Z )  or  R = R(,T ) 

surface 
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Fig. 8. The structure of the Surface Constructor kinematical modelling tool 
 
The application can envelope different F2i surfaces by the same generating F1 surface, 
modelling point-like connections in such a way. In the case of i = 2 the generated members 
of a gearing with a point-like connection are surfaces F21 and F22. The intermediary 
theoretical generating surface is F1. The generating kinematical relations are given by 
transformation matrices as functions of Fi1 and Fi2 motion parameters. In the software and 
in the followings Fi will replace . Similarly, the Rho, Tau and Zeta coordinates correspond 
to the R, T and Z coordinates of the described theory. Moreover SC changes each letter to 
upper case form. 
The usability of the computer program for modelling of gear members can be followed in 
the next figures. Figure 9 shows the results of modelling a ZTA-type worm gearing. The 
result of global cut produced by the top edge of the hob can be detected on the right side of 
the calculated teeth. Comparing it to the teeth of the real worm-wheel proves that the 
program simulates the real cutting conditions well. 

 
3.1 Visualization of R = R(  ) functions 
Most modern programs apply the TCA (Tooth Contact Analysis) method for optimizing 
contacting properties (Su & Qin, 2003; Litvin & Fuentes, 2004). One of the best realizations 
uses real time ease-off topography manipulation through surface or kinematical system 
parameter modification using mouse and visual feedback (Stadtfeld, 1999). But this and 
similar methods need the two mating surfaces previously computed in the case of conjugate 
contacting too.   

 

 
Fig. 9. The ZTA worm gearing with the contact line, the calculated worm wheel segment 
and the manufactured real worm wheel surface 
 
The investigation in the space of path of motion characterizes SC only. Using this new tool, 
we can optimize contacting characteristics of connection and avoid interference situations 
without the generated F2 surface. From the description given above it is evident that the 
curves of R = R( ) functions are very suitable for detecting different types of local 
undercuts and global cuts of contacting surfaces. These occurrences are very dangerous not 
only in gearing contact but in cutting gearing parts, too. The analyzing of R = R( ) 
functions offers a unique possibility, since by using this facility it is possible to avoid these 
problems. Good contact is characterized by a global minimum point, whereas problematic 
local undercut situations are featured by points having inflection with horizontal tangent, or 
local maximum. Figure 10 shows examples. 
 

 
Fig. 10. The investigation window for selecting the needed R = R(  ) function or set of 
functions using mouse 
 
Curves having a local maximum point often produce global cut that is the horizontal 
tangent of local maximum point intersects the curve in a farther point. One R = R( ) curve 
characterizes the generating process of a point of the F2 generated surface. If we would like 
to analyze all the grid-points of the generated F2 surface we have to study a set of R = 
R(,T ) surfaces. This can be carried out conveniently using the input interface shown in 
Figure 11. To provide the maximum comfort the input interface is the visualization window 
itself. 
Using the mouse, the following visualization possibilities are given: 
 A click on the M grid-point results in the visualization of an R = R( ) function which 

characterizes the generating process of the P2(T,Z) point of the F2 generated surface 
 Dragging the M point results in a continuously changing R = R( )  function curve 
 A click on the T or Z adjuster results in visualization of an R = R(,Z )  or  R = R(,T ) 

surface 
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Fig. 11. The adjusting area for selecting the needed R = R(  ) function associated to M point  
 
 Dragging the T or Z adjuster gives a continuously changing R = R(,Z )  or R = R(,T) 

surface. The form of the surface characterizes the quality of contact between the given F1 
surface and the points of one line of the needed F2 surface. Good contact between F1 and 
F2 will occur if every R = R(,Z ) or R = R(,T ) surface has a 'valley'. The visualization of 
surfaces is possible applying a set of R = R( ) curves or drawing a rendered surface, as 
shown in Figure 12. 

 

  
Fig. 12. To the left: Good conjugate contact along the ZETA1 = constant parameter curve of 
F2.  To the right: The R = R( ) curve indicates the appearance of the undercut point on F2. 

 
3.2 Optimizing the contacting properties applying visual control of changing R= R(  ) 
curves, surfaces 
This optimizing capability characterizes only this design tool. In most cases the F1 given 
surface is changeable, or the kinematical relations have some flexibility. In these situations 
we can optimize the contacting properties by changing the value of one of the parameters of 
F1 surface or the kinematical system. If we have a powerful enough computer system this 
changing of the selected value may be carried out in a continuous manner using visual 
control of R = R( ) curves or surfaces. The result will be similar to a situation when the 
parameter change is resulted by direct manipulation of the surface using mouse dragging. 
To realize this possibility we have to apply a comfortable user interface for changing 
parameter values, for example sliders. If there is any deviant pattern on the selected R = 
R( ) curve or surface it is possible to make it disappear by manipulating the parameter by 
its slider. 

 

 
Fig. 13. Displaying space properties and curvature values in different windows 

 
3.3 Visualization of space properties 
The features of the motion can be visualised drawing the path of motion of given points, the 
speed and the acceleration vectors, the curvature values. Figure 13 demonstrates the 
possibilities. 

 
3.4 Visualization of instantaneous screw axis and axoid 
One of the unique capabilities of SC is the real-time visualization of an instantaneous screw 
axis, and the set of axes as axoid. The axoids of simple relative motions are known as 
surfaces of revolution, e.g. cylinders or cones. The goal of SC is to visualise axoids in more 
complicated motion as well. This section will describe the mathematical and geometrical 
basics of calculating an instantaneous screw axis if given the space of speed of the relative 
motion. The screw axis may be defined between two connected co-ordinate systems moving 
relative to each other. In a real situation these frames hold gears that may be considered as 
rigid solids. The space of relative speed in every moment forms a screw, the speed vectors 
are tangential to spirals, to helical curves. The main task is to determine the position of the 
axis of this screw in the space. See Figure 14 for an example. In case of continuous motion 
this process will result in a set of axes that form a line-surface, the axoid. This axoid may be 
shown relative to a selected member of the kinematical model and these surfaces have 
different shapes in general. 
 

 
Fig. 14. The speed vectors are tangential to helical curves in a general screw 
 
In the following section the calculation of the position of the momentary turning axis will be 
presented. The calculation introduced here differs from the discussion of pitch surfaces and 
velocity screws given in (Ramahi, 1998), because it uses the velocity vectors of the screw 
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shown in Figure 12. 

 

  
Fig. 12. To the left: Good conjugate contact along the ZETA1 = constant parameter curve of 
F2.  To the right: The R = R( ) curve indicates the appearance of the undercut point on F2. 

 
3.2 Optimizing the contacting properties applying visual control of changing R= R(  ) 
curves, surfaces 
This optimizing capability characterizes only this design tool. In most cases the F1 given 
surface is changeable, or the kinematical relations have some flexibility. In these situations 
we can optimize the contacting properties by changing the value of one of the parameters of 
F1 surface or the kinematical system. If we have a powerful enough computer system this 
changing of the selected value may be carried out in a continuous manner using visual 
control of R = R( ) curves or surfaces. The result will be similar to a situation when the 
parameter change is resulted by direct manipulation of the surface using mouse dragging. 
To realize this possibility we have to apply a comfortable user interface for changing 
parameter values, for example sliders. If there is any deviant pattern on the selected R = 
R( ) curve or surface it is possible to make it disappear by manipulating the parameter by 
its slider. 

 

 
Fig. 13. Displaying space properties and curvature values in different windows 

 
3.3 Visualization of space properties 
The features of the motion can be visualised drawing the path of motion of given points, the 
speed and the acceleration vectors, the curvature values. Figure 13 demonstrates the 
possibilities. 

 
3.4 Visualization of instantaneous screw axis and axoid 
One of the unique capabilities of SC is the real-time visualization of an instantaneous screw 
axis, and the set of axes as axoid. The axoids of simple relative motions are known as 
surfaces of revolution, e.g. cylinders or cones. The goal of SC is to visualise axoids in more 
complicated motion as well. This section will describe the mathematical and geometrical 
basics of calculating an instantaneous screw axis if given the space of speed of the relative 
motion. The screw axis may be defined between two connected co-ordinate systems moving 
relative to each other. In a real situation these frames hold gears that may be considered as 
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different shapes in general. 
 

 
Fig. 14. The speed vectors are tangential to helical curves in a general screw 
 
In the following section the calculation of the position of the momentary turning axis will be 
presented. The calculation introduced here differs from the discussion of pitch surfaces and 
velocity screws given in (Ramahi, 1998), because it uses the velocity vectors of the screw 



Engineering the Future120

 

 Z adjuster 

Z

M 

F2 area

T 

T adjuster 

 
Fig. 11. The adjusting area for selecting the needed R = R(  ) function associated to M point  
 
 Dragging the T or Z adjuster gives a continuously changing R = R(,Z )  or R = R(,T) 

surface. The form of the surface characterizes the quality of contact between the given F1 
surface and the points of one line of the needed F2 surface. Good contact between F1 and 
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Fig. 11. The adjusting area for selecting the needed R = R(  ) function associated to M point  
 
 Dragging the T or Z adjuster gives a continuously changing R = R(,Z )  or R = R(,T) 

surface. The form of the surface characterizes the quality of contact between the given F1 
surface and the points of one line of the needed F2 surface. Good contact between F1 and 
F2 will occur if every R = R(,Z ) or R = R(,T ) surface has a 'valley'. The visualization of 
surfaces is possible applying a set of R = R( ) curves or drawing a rendered surface, as 
shown in Figure 12. 

 

  
Fig. 12. To the left: Good conjugate contact along the ZETA1 = constant parameter curve of 
F2.  To the right: The R = R( ) curve indicates the appearance of the undercut point on F2. 
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Fig. 13. Displaying space properties and curvature values in different windows 
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directly to determine the screw axis. This method does not need angular velocity or gear 
ratio, etc. It needs only three – properly selected – velocity vectors from the space, from the 
screw.  In this calculation the K1 and K2 co-ordinate systems move relative to each other and 
suppose that K2 is fixed and K1 is moving. The first step determines the direction of the axis 
in the K2 frame while second gives one of the points of the axis.  
Determining the direction of the screw axis 
To determine the direction of the axis we have to take into consideration the fact that the 
component parallel to the axis of every speed vector is equal. Look again at the screw in 
Figure 14. From here, we select three speed vectors and translate them to the origin of the K2 
co-ordinate system as shown in Figure 15. 
 

 
Fig. 15. The three velocity vectors are selected randomly from the screw 
 
The three velocity vectors form a pyramid. The height line will give the direction of the axis 
of the screw.  In Figure 15 it is marked as the normal vector of the base triangle of the 
pyramid. Equation (9) gives the n  normal in mathematical form. 
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The normalised vector is then: 
 

 nnn /0   (10) 

 
Determining one of the points of the screw axis  
To determine one of the points of the screw axis, we need to transform the three velocity 
vectors and their start points from the K2 co-ordinate system to a K2” system. The z” axis of 
this K2” system is parallel to the n  normal vector, so the projection of the three velocity 
vectors will be tangential to concentric circles on the x”-y” co-ordinate plane. The co-
ordinate transformation is shown in Figure 16. 
The transformation matrix consists of two consecutive rotations. The first rotation matrix 
rotates by  : 
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Fig. 16. In the K2” co-ordinate system the z” co-ordinate axis is parallel to n  
 
The second rotation matrix rotates by  : 
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The resultant transformation matrix is: 
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The values for  ,  , sin , cos , sin  and cos  from Figure 16 are: 
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To transform a Pi  point given by ir  from the K2 frame to the K2”  frame, the 2,''2M  is 

needed: 
 ii rMr  2,''2

,,  (16) 
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Determining one of the points of the screw axis is equal to determining its intersection point 
in the z” = 0 co-ordinate plane. This task will be carried out in this plane, so only the x” and 
y” components of the vectors are needed. The projections of the velocity vectors on the z” = 
0 plane are tangential to concentric circles, so the perpendicular lines intersect each other at 
the desired Pt point as shown in Figure 17. 
 

 
Fig. 17. Determining the Pt intersection point as a point of the screw axis 
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The 1k  and 2k  values have to be identical. 
The co-ordinates of wanted Pt intersection point in the K2” frame are: 
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The Pt intersection point in the K2 frame may be calculated using an inverse transformation: 
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The line of the momentary axis 
Finally the axis line of the momentary velocity screw can be given in the K2 frame using the 
p parameter: 
 0nprr Pt   (23) 
 
The velocity vector of the momentary sliding:   
 
 0101,2 )( nvnv   (24) 

 
The angle speed of the momentary rotation:  
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1
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1 )()(/1 PtrPtr yyxxm   (25) 

 
The parameter of the momentary screw: 
 

 /1,2vP   (26) 

 
and the pitch: 
 PPax  2  (27) 
 
This calculation is based on the velocity space itself and fits well to its embedding software 
environment. The visualisation of the set of axes as axoid helps gearing developers to study 
the character of kinematical relations. Figure 18 shows the axoid of a bevel gearing and the 
case of a gearing having out-of-line axes. Figure 19 shows the transformation matrix and the 
axoid of a complex motion. 
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Fig. 18. Axoids of simple motions 
 

  
Fig. 19. The transformation matrix and the axoid of a complex motion 

 
4. Innovative solutions 
 

This section will present three innovations. The first one solves the problem of theoretically 
exact grinding of conical and globoid worms. This example demonstrates the calculation of 
a conjugate generated surface. The second solution applies double modification to the 
surface of a helical worm, providing smooth connection between the worm and the worm-
wheel. The third example presents the construction of a worm gearing having a point-like 
contact pattern. 

 
4.1 Theoretically exact grinding of non-helical worms 
This section introduces a special patented worm grinder machine construction and related 
technology that resolves the problem of geometrically exact grinding of conical and globoid 
worms. The new method proposed here applies a special grinding wheel having the same 
number of threads as the worm has. The novelty of this machine lies in the special grinding 
wheel that is not surface-of-revolution form, because the working surface of the wheel is 
generated as a conjugate surface pair of the worm.  
The problem of the grinding of non-helical worms, which originates from the changing 
curvature values of tooth surface and changing diameter along the axis, was discovered 
decades ago, see (Boecker & Rochel, 1964).   Globoid worms – for example Cone-types – and 
spiroid worms  are characterised by threads having different diameters. 

 

This property leads to changing curvature values along the threads of the worm, so 
application of the classical grinding wheel with surface of revolution form is impossible, 
because the wheel is not able to change its shape during grinding. However, this ability is 
required for the grinding of globoid or spiroid worms because the contact line between the 
machined worm and grinding wheel changes its shape over time. For the solution of the 
problem different methods are known. One of the suggested patented technologies applies a 
CNC grinding machine and CNC wheel dresser combination that continuously dresses the 
wheel during grinding (Dudás, 2000). It is possible to eliminate geometrical errors and to 
produce theoretically exact spiroid worms using an involute surface. This type of worms 
were developed and introduced in (Gansin, 1969; Tajnafői, 1966). There is a special 
generating method to produce globoid worms having possibility for exact grinding. In this 
case, the generating surface for globoid worm and for the gear is a surface of revolution 
(Siposs, 1992). The author of this chapter also proposed special grindable Archimedean and 
convolute spiroid worm constructions featuring a cylindrical foot surface, shown in Figure 
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New Procedure and Grinding Machine Construction 
If the surface of revolution shaped wheel cannot change its shape, then exact machining 
needs a special grinding wheel that has different profiles for every diameter of the worm.  A 
grinding wheel generated by the worm as its conjugate surface fulfils this requirement. The 
invention of the author (Dudás, 1990) includes such a wheel making the grinding of general 
spiroid or globoid worms possible in a theoretically exact manner, see Figure 21. The 
process applies the same angle speed quotient between the wheel and the worm for 
calculation of wheel surface. This angle speed quotient is generally equal to 1 and means 
opposite tangential speed directions (identical angle speed vectors). The form of the new 
type of grinding wheel may remind one of a Reishauer-type wheel or can take another form, 
like a toroid gearing-element. However, there is an important difference between the 
Reishauer-type wheel and this: the proposed wheel almost never has a helical working 
surface. The main advantage of the suggested construction and grinding process is that it 
makes theoretically exact grinding of globoid and spiroid worms possible. The disadvantage 
is the complicated manufacturing of the grinding wheel and the complex NC grinding 
machine. This type of grinding machine is advantageous for the mass production of worm 
surfaces, as opposed to continuous dressing during grinding, which is useful for the 
production of tool surfaces and smaller series of gearing elements. For a full explanation see 
(Dudas, 2007). 
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Fig. 21. The grinding machine and the grinding wheel generation by SC 

 
4.2 Modelling a double-modified worm gearing 
The next example will introduce the use of SC for investigating a new modification method 
for worm gearing with an elliptical generating curve in the axle plane of the worm.  
The modification of gearing members is usually applied to achieve smooth starting and 
finishing of connection when the teeth enter or exit from the meshing, see (Litvin et al., 2001; 
Ohsima & Yoshino, 2001; Seol, 2000). Though these transitions are smoother in the case of 
helical gearings than with the connection of spur gears, the effect of elastic deformation 
because of the load or manufacturing and assembly errors causes deviance from the 
designed exact conditions. The goal of the modification is to achieve a point-like contact 
pattern instead of the exact line form of connections having one motion parameter. A perfect 
modification method uses minimal surface modifying to preserve the quasi line connection 
pattern in the loaded state of gearing to make possible a long cuneal oil-yawn, and takes 
into account the tolerances specified for the manufacture of gearing parts and for assembly. 
The possibilities of worm gearing modifications are as follows:  

 gear tooth profile modification using a slightly different hob for toothing than the 
hob that produces the conjugate gear  

 gear tooth profile modification applying a different hob position at hobbing than 
the theoretically exact position  

 worm tooth profile modification in the root and tip regions 
 worm profile position modification resulting in a barrel-form worm instead of a 

cylindrical worm  
 worm profile position modification along the worm length using changing pitch 
 combinations of the above. 

In the next section, the effect of pitch modification along the worm length will be analysed 
through the contact pattern for an elliptical worm profile in the axle plane. Then a second 
profile modification will be added to localize the connection to the central region of the 
working area of the teeth.  Worm gearings with a circular profile in the axle plane of the 
worm have better connection properties than gearings with a linear profile, because 
contacting curves are closer to the radial direction and more perpendicular to the relative 
sliding speed direction. 

 

Applying the ellipse profile curve in the analysis of the connection characteristics gives one 
more degree of freedom and may result in better contact line shapes. The generating ellipse 
arc of the worm is determined in the K70 co-ordinate system (CS) in Figure 22. It is 
important to emphasize that the sketch of the profile and the relations of the CSs are 
intended for documentation purposes; the SC system visualises the entered relations and the 
investigation itself needs no such drawings. After opening a new project in SC, the 
generating curve can be entered symbolically, as on the right side of Figure 22. 
 

  
Fig. 22. The elliptic generating arc and entering it in SC 
 

        
Fig. 23. To the left: Cubic function of P2 parameter for the left side of the worm tooth 
To the right: The use of cubic function for worm surface generation 
 
The goal of the use of pitch modification is to allow a small gap for entering and exiting 
teeth in an unloaded condition that will decrease parallel to the increase of the load. This 
effect can be realised using an axial pitch modification along the worm length, as shown in 
Figure 23. The cubic function preserves the original conditions of the connection for the 
teeth of the worm in the middle section and results in a slightly larger gap to avoid 
interference with the entering and exiting exterior threads of the worm. In the function, P2 is 
the generating parameter of the worm surface that is applied in the quasi-helical motion, as 
shown in the right side of Figure 23. Changing the sign of the MODC constant gives the 
modification function for the right side of the tooth. The K100 CS holds the worm. 
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Fig. 24. The worm with axially modified tooth surfaces and the lighter reference helicoid 
 
The creation of the co-ordinate transformation matrices and the symbolic multiplication of 
the concatenated matrices are accomplished automatically. After the values have been 
entered the objects defined on the symbolic level can be displayed. In this case some of the 
introduced steps had to be repeated to enter the right side of the tooth and the root and tip 
surfaces because of the different axial pitch functions of the two sides. Figure 24 displays the 
worm. To make visible the very small axial modification, the non-modified helical surface is 
also drawn using a different, lighter colour. This surface stands out from the modified 
surface, showing that the modification results in larger differences at the two ends of the 
worm. 
The next step is to enter the kinematical relations between the worm and the worm-wheel, 
employing the sketch given in Figure 25. The K201 CS is fixed to the gearbox casing, while 
K230 holds the worm-wheel. The Z100 and Z230 axles are perpendicular. 
 

 
Fig. 25. Relation of the worm (K100) and worm-wheel (K230) CSs 
 
Before starting the worm-wheel generating process, the ZETA2-dependent position of the 
RHO2-TAU2 plane is needed, where RHO2 is the reaching direction while TAU2 is the 
division co-ordinate direction. The RHO-TAU CS is limited to the plane CS in SC to achieve 
higher calculation speed, and can be any special curved CS, for example a polar system, but 
now this will be a simple planar Descartes system as in Figure 26. This slicing plane is 
assigned to K260 CS and will be positioned relatively to the worm-wheel by the BETA angle 

 

constant to consider the helix angle and by the ZETA2 slicing CS identifier parameter to 
intersect the surface of the wheel (see the right side of Figure 26). For every ZETA2 position 
an intersection curve of the worm-wheel will be determined by points that arose at different 
TAU2 values and are characterised by the calculated RHO2 value, as the extremum of the 
RHO2 values in the RHO2-FI2 co-ordinate surface, as was introduced generally in Figure 3. 
 

           
Fig. 26. Determining the RHO2 reaching direction in the X260-Y260 co-ordinate plane and 
positioning the slicing plane by ZETA2 CS identifying parameter and by BETA constant 
 
The entering of these relations was accomplished similarly to the entering of the previously 
mentioned CS relations. After setting the reaching extremum to the global minimum, and 
entering the values for scalar and interval variables, the generating calculation can start. 
The resulting gear surface segment and the worm are presented in Figure 27. 
 

 
Fig. 27. The worm and the worm-wheel segment 
 
Comparing the contact patterns of the modified and the unmodified worms 
To check the effect of the pitch modification, the contact patterns of the modified and 
unmodified worms are analysed. In Figure 28 the modified version is shown on the left 
while the unmodified case is shown on the right. The worm is rolled around the fixed gear 
and the contact pattern is analysed from the inside of the gear. The wandering of the contact 
pattern on one side of the middle tooth is analysed. In case of non-modified, one-parametric 
enveloping, the points of the contact pattern are characterised by the same Fi value in the 
SC. It is possible to visualise any individual contact pattern as a set of points (Dudás,  1992). 
Visualisation in the following figures applies another method: it exploits the limited 
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entered the objects defined on the symbolic level can be displayed. In this case some of the 
introduced steps had to be repeated to enter the right side of the tooth and the root and tip 
surfaces because of the different axial pitch functions of the two sides. Figure 24 displays the 
worm. To make visible the very small axial modification, the non-modified helical surface is 
also drawn using a different, lighter colour. This surface stands out from the modified 
surface, showing that the modification results in larger differences at the two ends of the 
worm. 
The next step is to enter the kinematical relations between the worm and the worm-wheel, 
employing the sketch given in Figure 25. The K201 CS is fixed to the gearbox casing, while 
K230 holds the worm-wheel. The Z100 and Z230 axles are perpendicular. 
 

 
Fig. 25. Relation of the worm (K100) and worm-wheel (K230) CSs 
 
Before starting the worm-wheel generating process, the ZETA2-dependent position of the 
RHO2-TAU2 plane is needed, where RHO2 is the reaching direction while TAU2 is the 
division co-ordinate direction. The RHO-TAU CS is limited to the plane CS in SC to achieve 
higher calculation speed, and can be any special curved CS, for example a polar system, but 
now this will be a simple planar Descartes system as in Figure 26. This slicing plane is 
assigned to K260 CS and will be positioned relatively to the worm-wheel by the BETA angle 

 

constant to consider the helix angle and by the ZETA2 slicing CS identifier parameter to 
intersect the surface of the wheel (see the right side of Figure 26). For every ZETA2 position 
an intersection curve of the worm-wheel will be determined by points that arose at different 
TAU2 values and are characterised by the calculated RHO2 value, as the extremum of the 
RHO2 values in the RHO2-FI2 co-ordinate surface, as was introduced generally in Figure 3. 
 

           
Fig. 26. Determining the RHO2 reaching direction in the X260-Y260 co-ordinate plane and 
positioning the slicing plane by ZETA2 CS identifying parameter and by BETA constant 
 
The entering of these relations was accomplished similarly to the entering of the previously 
mentioned CS relations. After setting the reaching extremum to the global minimum, and 
entering the values for scalar and interval variables, the generating calculation can start. 
The resulting gear surface segment and the worm are presented in Figure 27. 
 

 
Fig. 27. The worm and the worm-wheel segment 
 
Comparing the contact patterns of the modified and the unmodified worms 
To check the effect of the pitch modification, the contact patterns of the modified and 
unmodified worms are analysed. In Figure 28 the modified version is shown on the left 
while the unmodified case is shown on the right. The worm is rolled around the fixed gear 
and the contact pattern is analysed from the inside of the gear. The wandering of the contact 
pattern on one side of the middle tooth is analysed. In case of non-modified, one-parametric 
enveloping, the points of the contact pattern are characterised by the same Fi value in the 
SC. It is possible to visualise any individual contact pattern as a set of points (Dudás,  1992). 
Visualisation in the following figures applies another method: it exploits the limited 
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exactness of OpenGL visualisation in case of surfaces given in points of a two-parametric 
grid. The inner points of a grid segment are not in exact spatial position, and the generation 
of the surfaces by discrete motion simulation also causes errors, so the two connecting 
surfaces interfere with each other. Because the colours are different, the small intersections 
of the surfaces form a ‘contact pattern’. This pattern is informative, but depends on the 
parameters of the grid and the simulation. Theoretically the contact pattern is a line or a 
point among two rigid solids. In practice the elasticity of the real gear material results in 
patterns with width. The applied method gives a realistic pattern, because implicitly it 
models the effect of distance between the points of the two surfaces along the theoretical 
contacting line. 
 

 
Fig. 28. Contact patterns of the modified (left side) and unmodified (right side) worms 
 
When the worm enters the mesh the pattern has a tangential form, see Phase 1 in Figure 28. 
It is important to note that there is a radial contacting line on the previous tooth for the 
unmodified worm but there is no contact in the case of the modified worm. Considering that 
under load the middle tooth is elastically deformed, the connection can also develop on the 
left tooth. Depending on the value of the load, the value of the MODC modification 
parameter can be set properly in design time. Phase 2 is very similar. Phase 3 shows the 
moment when the contacting arcs, moving in the radial direction, meet. The tangential 
shapes change to radial, improving the contacting quality greatly. In the next phases the 
connection is characterised by advantageous radial patterns. In the Phase 6, the right side 
tooth enters the mesh, and in the Phase 7 the middle tooth exits the mesh. 
 
 
 

 

Adding a second modification in radial direction 
The comparison proved that the modified worm has localised to the middle of the worm 
connection. But the figures show that the patterns remaining after localisation have bits at 
the root and tip region too, which are very sensitive to misalignment and cannot tolerate 
assembly errors. To localize the connection area in the radial direction as well, the profile 
modification shown in Figure 29 can be used. 
 

 
Fig. 29. Using a larger ellipse arc to modify the profile in radial direction of the worm 
 
This new profile applies a larger ellipse arc and uses GAMMA angle to make it possible to 
set the position of the unmodified C central point. By changing RO2 and GAMMA, the 
localisation can be fine tuned, as can be seen in Figure 30. To make the effect of this radial 
modification visible, the lighter modified surface was shifted by 0.005mm relative to the 
worm surface with pitch modification only. 
 

 
Fig. 30. Picturisation of different radial modifications on the worm: RO2-RO = 0.2 (left) and 
0.05 (right), GAMMA= 47 
 
The contact patterns of the twice modified worm gearing are shown in Figure 31. The 
patterns are localised to the centre of the contacting area of the worm-wheel and the worm. 
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Fig. 31. Contact patterns of the twice modified worm gearing 
 
The advantage of this twice-modified worm gearing is the localised contact and, as a 
consequence, smooth, noiseless working. The disadvantage is the problem of exact grinding 
that needs similar technique to that mentioned regarding conical and globoid worms. The 
problem was analysed in a detailed manner in (Dudás, 2008). Grinding with surface of 
revolution shape wheel causes 0.03-0.04mm error. Like most of the modified gearings 
(Litvin & De Donno, 1998), this worm gearing also has a very small alteration in the transfer 
ratio. 

 
4.3 Transmission error-free localised worm gear having point-like contact 
The SC gear modelling application is capable of producing gearings having point like 
contact. In Figure 8 the generated members of a gearing with a point-like connection are 
surfaces F21 and F22. The intermediary theoretical generating surface is F1. The generating 
kinematical relations are given by transformation matrices as functions of Fi1 and Fi2 
motion parameters. In the followings a theoretical helicoid with circle profile in the axle 
plane will be the intermediary generating surface. 
The generating surface has to fulfil the following requirements: 

 The contact curves appearing between F1 and F21 and between F1 and F22 must 
give an intersection point M in every moment of the working of the worm gearing 
(on different teeth, providing a larger engagement factor than 1).  

 The shape of the generating surface has to guarantee the machinability of the 
generated surfaces, the teeth of the worm and the worm-wheel. 

 

 
Fig. 32. The contact line of a ZTA-type worm gear is quasi-orthogonal to sliding speed 
 
Guaranteeing a continuous point-like connection 
The chosen F1 generating helicoid will result in a constant k1 contact curve between the F1 
and F21 worm surface. We can predict that this will have a close-to-radial shape. On the 
other hand, the k2 contact curve between the F1 and F22 worm-wheel surface will change by 
the minute. Figure 32 pictures the previous modelling of a ZTA-type worm gear connection. 
The forms of ZTA contact lines are advantageous for achieving a loadable oil film. The 
point-like connection will worsen these lines so the thickness of the oil film will not be as 
even along the “contact curve direction”. Applying a slightly larger helicoid than the 
working tooth surface of the worm of a non-modified ZTA worm gearing will result in 
similar k2 contact curves. So the chosen form of the F1 generating surface will be a helicoid 

 

 

 
Fig. 33. Determining an F1 intermediary generating helicoid as a surface swept by a circle-arc 
 
having a circle arc in the axle plane, as in Figure 33. This helicoid will have a parallel axis to 
the generated F21 worm surface, as shown in Figure 34. In addition to the DELTAY vertical 
distance that handles the difference between radiuses, a DELTAX horizontal displacement is 
introduced to make it possible to find a proper relative position for the F1 generating 
helicoid that will result in a quasi-radial k1 contact line to create a continuous intersection 
with the k2 contact curve of F1-F22 (see the right side of Figure 34). 
 

 
Fig. 34. Relative position of F1 generating helicoid and F21 generated worm surface 
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Fig. 32. The contact line of a ZTA-type worm gear is quasi-orthogonal to sliding speed 
 
Guaranteeing a continuous point-like connection 
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even along the “contact curve direction”. Applying a slightly larger helicoid than the 
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Fig. 33. Determining an F1 intermediary generating helicoid as a surface swept by a circle-arc 
 
having a circle arc in the axle plane, as in Figure 33. This helicoid will have a parallel axis to 
the generated F21 worm surface, as shown in Figure 34. In addition to the DELTAY vertical 
distance that handles the difference between radiuses, a DELTAX horizontal displacement is 
introduced to make it possible to find a proper relative position for the F1 generating 
helicoid that will result in a quasi-radial k1 contact line to create a continuous intersection 
with the k2 contact curve of F1-F22 (see the right side of Figure 34). 
 

 
Fig. 34. Relative position of F1 generating helicoid and F21 generated worm surface 
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For the practical generation in SC only a segment of the F1 intermediary surface was 
applied, and instead of rotation of the generating helicoid the translation of the helicoid 
segment along its axis was applied exploiting the property that a helicoid can be twisted in 
itself. This speeded up the trial and error method which is used to determine suitable 
DELTAX and DELTAY values to ensure continuous intersection of contact curves. The circle 
arc profile generator curve was given in the K70 frame, the F1 generating helicoid segment 
was fixed to frame K100. The generating motion of helicoid segment F1 relative to the 
rotating F21 generated worm can be analysed in Figure 35. The generated F21 worm was 
calculated in the K130 frame using the K160 frame. This frame had an angle position in K130 
determined by ZETA1 parameter (see Figure 36). The reaching direction RHO1 and division-
coordinate TAU1 was defined in this K160 frame as shown on the right side of Figure 36. 
 

 
Fig. 35. The generating motion between K100 and K130 frames 
 
Because the gearing has to work in the opposite rotational direction as well, the other side of 
the worm tooth requires the F1 surface to be rotated around Y101 axis by 180 degrees, as can 
be followed in Figure 37. 
 

        
Fig. 36. Positioning the slicing plane X160-Z160 by ZETA1 angle parameter and determining 
the RHO1 reaching direction in the X160-Z160 co-ordinate plane 

 

 
Fig. 37. The relation of the generating helicoid segments to the worm and worm gear 
 
After determining the suitable F1 surface and position settings that would guarantee the 
continuous intersection of k1 and k2 contact lines, the finishing steps were the generation of 
the missing tooth surfaces of the F21 three-start worm and the generation of the missing 
surface parts of the F22 worm-wheel segment. The algebraic sign of DELTAX was different 
for the two sides of the teeth. For the calculations the global method was selected in SC for 
both generated gearing elements.  
 

 
Fig. 38. Determining the relation of the generating helicoid segment (K100) and worm-wheel 
(K230) frames 
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The kinematical arrangements applied in the generation of the F22 worm gear surface are 
described below. The kinematical relation between the F1 generating helicoid segment and 
the generated gear tooth surface is sketched in Figure 39. F1 is fixed to the K100 frame and 
performs a linear motion determined by the Fi2 motion parameter while the calculated gear 
surface rotates around an X230 axis. Similarly to the generating process of the F21 worm 
surface, the calculation of F22 points required the determination of the ZETA2-dependant 
position of the RHO2-TAU2 plane. This relation is similar to solutions showed in Figure 26. 
Figure 39 shows the SC gearing design tool in the midst of development. The upper left 
window shows a triple start worm and the worm-wheel segment in the midst of motion 
simulation. Under it the intermediary F1 generating helicoid segment, the generated F21 
worm and the constant k1 contact line can be checked. The upper right window shows the 
F1 generating helicoids segment and the generated F22 worm-wheel segment. The 
momentary contact curve forms an arc. The lower-left display window shows the generated 
worm, the generated worm-wheel and the intermediary generating helicoid segment. The 
point-like contact of the worm and worm-wheel appears as a darker spot on the contact arc of 
the generating surface and the worm-wheel. This spot can also be seen in the fifth window. 
 

       
Fig. 39. To the left: The Surface Constructor kinematical modelling and simulation software 
visualises the gearing elements 
To the right: Analysis of contact pattern in different moments of meshing. The darker ‘patch’ 
is the location of the point-like contact 
 
The meshing analysis proved that the contact is continuous and the engagement factor 
never goes below one. This can be checked in Figure 39, to the right, in the uppermost sub-
figure, where contact patterns appear on two teeth simultaneously. The results of global cuts 
were detected and evaluated. While there is a large interference region on the tooth of the 
worm wheel, this does not affect the meshing. 
The goal of the research documented here was to prove the viability of a new type of worm 
gearing that has localised contact pattern but works with zero transmission error. 

 

5. Conclusion 

This chapter has reviewed some results achieved using the Surface Constructor gears 
connection modelling application in the area of gearings development. The importance of 
the Reaching Model theory as the foundation of the tool was discussed. Then a short 
description presented the structure of the software and some capabilities of it. The 
emphasised versatility originates from the symbolic algebraic calculation, which is one of 
the special features of the software. In the main part of the chapter, some solved tasks were 
shown. The first investigation gave a possible solution for the problem of grinding of the 
non-helical worms in a theoretically exact way. The second demonstration presented a 
double modified worm gearing having a localised bearing pattern. The last example was a 
method of producing gearings having point-like connection, which was demonstrated by 
the creation of a novel worm gearing type characterised by continuous meshing in a point, 
resulted from the use of an intermediary generating surface, thus avoiding transmission 
error. These examples prove the applicability of Surface Constructor for gear investigation 
and innovation. 
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2010). The sketch of a controllable journal bearing arrangement, which is implemented for 
the active vibration control, is shown in Fig. 1. The test rig for testing of the control system 
will be described later. 
 

 
Fig. 1. Arrangement of the controllable journal bearing 

 
3. Mathematical Model of Controlled System 
 

There are many ways how to model journal bearings, but this paper prefers an approach, 
which is based on the concept developed by (Muszynska, 1986) supported by Bently Rotor 
Dynamics Research Corporation (Bently et al., 1989). The reason for this is that this concept 
offers an effective way to understand the rotor instability problem and to model a journal 
vibration active control by manipulating the sleeve position by actuators, which are a part of 
the closed loop system composed of proximity probes and a controller. Another approach 
can be based on the lubricant flow prediction using a FE method for Reynolds equation 
solution. These more sophisticated methods do not allow analyzing behavior of the 
vibration active control to design and tune the controller.  
 
Let the rotor angular velocity is designated by   in radians per a second. It is assumed that 
the bushing is a movable part in two perpendicular directions while rotor is rotating. This 
mathematical model proposes to use complex variables to describe motion of the rotor and 
bushing in the plane, which is perpendicular to the rotor axis. The coordinate system is tied 
to stationary bearing housing with a cylindrical hole, inside of which is inserted the movable 
bearing bushing. The positions of the journal centre and bushing mean the intersection of 
both the movable component axis with the mentioned complex plane. The origin of the 
complex plane is situated in the centre of the mentioned cylindrical hole as it is shown in 
Fig. 2. The position of the journal centre in the complex plane is designated by a position 
vector r while the position of the bushing is designated by a position vector u. 
 
(0, 0)  – coordinates of the cylindrical hole center 
r = (x(t), y(t))  – coordinates of the journal (rotor) center  
u = (ux(t), uy(t))   – coordinates of the bushing center  
 

 

 
Fig. 2. Coordinate system 

 
3.1 Lumped Parameter Model of the Journal Bearing 
The internal spring, damping and tangential forces are acting on the rotor. The external 
forces refer to forces that are applied to the rotor, such as unbalance, impacts and preloads 
in the form of constant radial forces. All these external forces are considered as an input for 
the mathematical model. The fluid pressure wedge is the actual source of the fluid film 
stiffness in a journal bearing and maintains the rotor in equilibrium. As Muszynska has 
stated these bearing forces can be modeled by a spring and damper system, which is 
rotating at the angular velocity   (see figure 3), where   is a dimensionless parameter, 
which is slightly less than 0.5.  
 

 
Fig. 3. Model of oil film 
 
The parameter   is denominated by Muszynska as the fluid averaged circumferential 
velocity ratio. It is assumed that the rotating journal drags the fluid in a space between two 
cylinders into motion and acts as a pump. It is easy to understand that the fluid circular 
velocity is varying across the gap as a consequence of the fluid viscosity. The validity of 
Muszynska’s assumption can be verified experimentally. It is known that an oscillation (an 
onset of instability) of the rotor starts when the rotor rotational speed exceeds a certain 
value and stops when RPM decreases under the other one. It can be shown by experiment, 
that when the rotor system is excited by a non-synchronous perturbation force with respect 
to the rotor rotational speed, the resonance appears at the frequency, which is 
approximately equal to  . The simulation is prepared to prove the same properties of the 
mathematical model, which is based on Muszynska’s theory. 
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Fluid forces acting on the rotor in coordinates rotating at the same angular frequency as the 
spring and damper system are determined by the position of the journal centre relating to 
the bushing centre and therefore are given by the formula (Tondl, 1991) 
 
    rotrotrotrotrot DK ururF   , (1) 
 
where parameters, K  and D , are specifying proportionality of stiffness and damping to the 
relative position of the journal centre displacement vector rotrot ur   and velocity vector 

rotrot ur   , respectively.  
 
To model the rotor system, the fluid forces have to be expressed in the stationary coordinate 
system, in which the rotor centre-line displacement and velocity vectors are designated by r   
and r , respectively. Conversion the complex rotating vector rotr   to the stationary coordinate 
system can be done by multiplication this vector by  tj exp , which is the same as 
multiplying the vector in the stationary coordinates by  tj exp , see Fig. 4. 
 

 
 

Fig. 4. Transform rotating coordinate to stationary coordinate 
 
The relationship between the mentioned vectors in rotating and stationary coordinates are 
given by the formulas 
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Substitution (2) into the fluid force equation (1) results in the following formula 
 
      urururF  jDDK   (3) 
 
where the complex term rjD  has the meaning of the force acting tangentially to the 
direction of the vector r . As the rotor angular velocity increases, this force can become very 
big and can cause rotor instability . 
 
As was mentioned, the rotor is under influence of the external forces, for instance produced 
by unbalance or simply by gravity. To obtain general solution this external perturbation 
force, resulting from unbalance, is assumed to be rotating at the angular velocity  , which 
is considered to be completely independent of the rotor angular velocity  . The unbalance 
force, which is produced by unbalance mass m  located at a radius ur , acts in the radial 
direction and has a phase   at time 0t  

Stationary

Rotatingr 
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    tjmruonPerturbati exp2F  (4) 
 
The equation of motion for a rigid rotor operating in a small, localized region in the journal 
bearing, is as follows 
 
          tjmrjDKDM u exp2ururr  , (5) 

 
where M  is the total rotor mass. The trajectory of the rotor centerline is called an orbit.  

 
3.2 Equation of motion as a servomechanism  
For the stability analysis of the journal bearing it is assumed, that the bushing is not moving 
u = 0. According Muszynska the rotor/fluid wedge bearing/system can be demonstrated as 
a servomechanism working in the closed loop, which is shown in Fig. 5. The direct and 
quadrature dynamic stiffness is introduced according to the acting force direction. To obtain 
the Laplace transform of the motion equation, the imaginary variable j  is replaced by a 
complex variable s  
 
   2MsDsKsKDirect   (6) 
   DjsKQuadrature   (7) 
 
and the equation of motion (6) takes the form 
 
     sKsK DirectQuadratureonPerturbati rFr   (8) 

 
The transfer function  sKDirect1  (direct dynamic compliance) is stable. The feedback path in 
the closed-loop system acts as a positive feedback and introduces instability for the closed-
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As it is known the closed-loop dynamic system is stable according to the Nyquist stability 
criterion if, and only if, the locus  jG0  of the function in the complex plane does not 
enclose the point (-1,0) as   is varied from zero to infinity (Burns, 2001), see Fig. 6. 
Enclosing the point (-1,0) is interpreted as passing to the left of the mentioned point. The 

 jG0  locus for three different values of the rotor angular velocity   is shown in Nyquist 

Active vibration control of journal bearings with the use of piezoactuators 145

 

Fluid forces acting on the rotor in coordinates rotating at the same angular frequency as the 
spring and damper system are determined by the position of the journal centre relating to 
the bushing centre and therefore are given by the formula (Tondl, 1991) 
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where parameters, K  and D , are specifying proportionality of stiffness and damping to the 
relative position of the journal centre displacement vector rotrot ur   and velocity vector 

rotrot ur   , respectively.  
 
To model the rotor system, the fluid forces have to be expressed in the stationary coordinate 
system, in which the rotor centre-line displacement and velocity vectors are designated by r   
and r , respectively. Conversion the complex rotating vector rotr   to the stationary coordinate 
system can be done by multiplication this vector by  tj exp , which is the same as 
multiplying the vector in the stationary coordinates by  tj exp , see Fig. 4. 
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The equation of motion for a rigid rotor operating in a small, localized region in the journal 
bearing, is as follows 
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where M  is the total rotor mass. The trajectory of the rotor centerline is called an orbit.  

 
3.2 Equation of motion as a servomechanism  
For the stability analysis of the journal bearing it is assumed, that the bushing is not moving 
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a servomechanism working in the closed loop, which is shown in Fig. 5. The direct and 
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diagram in figure 5, which is plotted as an illustrating example for DK  = 100 rad/s. All the 
contour plots are of the same shape. They are differing only in a scale and correspond to the 
stable, steady-state and unstable vibration. When the steady-state vibration occurs, the 
stability margin is achieved. In this case the locus of the  jG0  function meets the point  
(-1,0), therefore 
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Fig. 5. Shaft/fluid wedge bearing/ 
system as a servomechanism 

Fig. 6. Nyquist diagram showing stable, margin 
and unstable locus 

 
An angular frequency, at which a system can oscillate without damping, is designated by 

CRIT . Substitution (10) into (9) results in two formulas for the vibration frequency 
 
 MKCRIT 2  and CRIT  (11) 

 
It can be concluded that the frequency of the rotor subharmonic oscillation is the same as the 
fluid average circumferential angular velocity. The measurement shows that the value of the 
parameter   is equal to 0.475. The stability margin corresponds to the mechanical 
resonances of the rigid rotor mass supported by the oil spring. It can be noted that the 
frequency CRIT  is not equal to the rotor critical speed as a result of the rotor bending when 
the vibration is excited by the rotor unbalance.  
 
If the system was linear then the unstable rotor vibration would spiral out to infinity when 
the rotor angular frequency crosses so-called Bently-Muszynska threshold. The Bently-
Muszinska threshold is inversely proportional to the ratio  . The anti-swirl technique is 
focused at decreasing  . 
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As can be experimentally verified, the frequency spectrum of the fluid-induced vibration 
contains the single dominating component, which would be a solution of the second order 
linear differential equation without damping. 
 
The journal lateral vibration is limited by the inner bearing surface. Stiffness and damping 
coefficients are non-linear functions of the eccentricity ratio, especially when the rotor is 
approaching the journal wall. If the magnitude of vibration is increasing, the oil-film 
stiffness and damping increase as well and the relationship (11) is maintained adapting 
stiffness to the value of 2M . A new balance forms a steady-state limit cycle of the rotor 
orbital motion. 

 
3.3 Simulink model of the rotor system  
The equation of motion (5) contains complex vectors r, r , u and u . The complex vectors r 
and r  are the output of the simulation model, while the vectors u and u  are the input of 
this model. Except of the mentioned complex vectors, some of the model parameters are 
complex quantities as well. The complex function can be replaced by the real and imaginary 
functions and solved as many similar models. In this paper, the connecting blocks by 
complex signals are preferred. The Simulink block diagram for the motion equation is 
shown in Fig. 7. The lines connecting blocks performing complex evaluation, are 
highlighted. Except of the integration function, all the blocks employed in the Simulink 
model for the motion equation can work with the complex parameters and functions. The 
complex signal at the input of the integration block is decomposed into the real and 
imaginary parts for individual integration operation and then they are combined to the 
complex signal again. 
 
The system is excited by an unbalance force rotating at the same angular velocity   
(OMEGA) as the rotor and by the non-synchronous perturbation force rotating by the 
angular velocity   (omega), amplitude of which is proportional to the square of the angular 
velocity. The parameters K and D, specifying oil film stiffness and damping respectively, are 
a function of the journal centerline position vector, namely the oil film thickness. It was 
proved, that the closer the position of the journal to the bearing wall and simultaneously the 
thinner the oil film, the greater are values of both these parameters. Some authors, such as 
(Muszynska, 2005), assume that it is possible to approximate these functions by formulas  
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where e is a journal bearing radial clearance. The dependence of the factors, which are 
multiplying the parameter K, D,   (Lambda), on the position vector relative magnitude, is 
shown in Fig. 8. The authors of this paper analyzed the other formula structure as well 
(Tůma et al., 2009).  
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contains the single dominating component, which would be a solution of the second order 
linear differential equation without damping. 
 
The journal lateral vibration is limited by the inner bearing surface. Stiffness and damping 
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As can be experimentally verified, the frequency spectrum of the fluid-induced vibration 
contains the single dominating component, which would be a solution of the second order 
linear differential equation without damping. 
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coefficients are non-linear functions of the eccentricity ratio, especially when the rotor is 
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stiffness and damping increase as well and the relationship (11) is maintained adapting 
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As can be experimentally verified, the frequency spectrum of the fluid-induced vibration 
contains the single dominating component, which would be a solution of the second order 
linear differential equation without damping. 
 
The journal lateral vibration is limited by the inner bearing surface. Stiffness and damping 
coefficients are non-linear functions of the eccentricity ratio, especially when the rotor is 
approaching the journal wall. If the magnitude of vibration is increasing, the oil-film 
stiffness and damping increase as well and the relationship (11) is maintained adapting 
stiffness to the value of 2M . A new balance forms a steady-state limit cycle of the rotor 
orbital motion. 

 
3.3 Simulink model of the rotor system  
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The system is excited by an unbalance force rotating at the same angular velocity   
(OMEGA) as the rotor and by the non-synchronous perturbation force rotating by the 
angular velocity   (omega), amplitude of which is proportional to the square of the angular 
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proved, that the closer the position of the journal to the bearing wall and simultaneously the 
thinner the oil film, the greater are values of both these parameters. Some authors, such as 
(Muszynska, 2005), assume that it is possible to approximate these functions by formulas  
 

          512
0

22
0

32
0 1,1,1 eeDDeKK rrr   (13) 

 
where e is a journal bearing radial clearance. The dependence of the factors, which are 
multiplying the parameter K, D,   (Lambda), on the position vector relative magnitude, is 
shown in Fig. 8. The authors of this paper analyzed the other formula structure as well 
(Tůma et al., 2009).  
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Fig. 8. Effect of the position vector magnitude related to the bearing clearance on the relative 
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As was stated before the numeric solution of the journal equation of motion is obtained by 
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and rotor mass, the first step is to estimate stiffness K . This task is not an easy problem due 
to the rotor static load by the gravity force and the dependence of the oil film stiffness on the 
rotor eccentricity. The second problem is estimation of damping D , which predefines the 
rotor system vibration mode at the angular frequency, which is approximately equal to the 
half of the rotor angular frequency. The way, how to analyze effect of oil stiffness on the 
rotor behavior, is to test the rotor response to the RPM run-up. The arrangement of the 
Simulink model is shown in Fig. 7. The agreement between the mentioned experiment and 
the simulation model is reached for the following values of the parameters  
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The value of the product MM*R corresponds to the ISO balancing class between G 1 and G 
2.5 at 2500 RPM. The simulation starts at the zero value of the rotor speed. The initial journal 
position is situated in the point, where the real part of the position vector is as follows 
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slightly less than half the rotor rotational frequency  . The effect of the damping parameter 
D0 for K0 = 4000 N/m on the shape of the journal centerline orbit plot during run-up is 
shown in Fig. 10. The orbit for D0 = 2000 Ns/m is the most resembling measurement results. 
It can be concluded that the behavior of the simulation model is almost the same as the true 
rotor system (Tůma et al., 2008). All the simulations are done by using Matlab-Simuling 
with the variable integration step and the ODE45 integration method setting.  
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which is described in this chapter, is focused on the kinematic non-synchronous rotor 
excitation to prove the effect of the movement of the bushing on the movement of the rotor 
shaft. Instead of the periodic force, the periodic displacement of bushing is assumed. 
Unbalance mass produces a perturbation force, which amplitude is proportional to the 
square of the angular frequency. The simulation of the kinematic perturbation will suppose 
constant amplitude of the bushing displacement. The arrangement of the Simulink model is 
shown in Fig. 11. 
 

 
Fig. 11. Arrangement of the subsystem in figure 4 for kinematic perturbation tests  
 

 
Fig. 12. Time histories of the rotor and kinematic perturbation RPM and the response of the 
supporting ring kinematic perturbation to the rotor displacement  
 
Simulation of the kinematic perturbation is divided into two stages. At first the rotor 
rotational speed reaches the steady state rotation at the 1200 RPM and then the perturbation 
displacement of the supporting ring starts to run-up from the zero frequency zero to 
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which is described in this chapter, is focused on the kinematic non-synchronous rotor 
excitation to prove the effect of the movement of the bushing on the movement of the rotor 
shaft. Instead of the periodic force, the periodic displacement of bushing is assumed. 
Unbalance mass produces a perturbation force, which amplitude is proportional to the 
square of the angular frequency. The simulation of the kinematic perturbation will suppose 
constant amplitude of the bushing displacement. The arrangement of the Simulink model is 
shown in Fig. 11. 
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which is described in this chapter, is focused on the kinematic non-synchronous rotor 
excitation to prove the effect of the movement of the bushing on the movement of the rotor 
shaft. Instead of the periodic force, the periodic displacement of bushing is assumed. 
Unbalance mass produces a perturbation force, which amplitude is proportional to the 
square of the angular frequency. The simulation of the kinematic perturbation will suppose 
constant amplitude of the bushing displacement. The arrangement of the Simulink model is 
shown in Fig. 11. 
 

 
Fig. 11. Arrangement of the subsystem in figure 4 for kinematic perturbation tests  
 

 
Fig. 12. Time histories of the rotor and kinematic perturbation RPM and the response of the 
supporting ring kinematic perturbation to the rotor displacement  
 
Simulation of the kinematic perturbation is divided into two stages. At first the rotor 
rotational speed reaches the steady state rotation at the 1200 RPM and then the perturbation 
displacement of the supporting ring starts to run-up from the zero frequency zero to 
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which is described in this chapter, is focused on the kinematic non-synchronous rotor 
excitation to prove the effect of the movement of the bushing on the movement of the rotor 
shaft. Instead of the periodic force, the periodic displacement of bushing is assumed. 
Unbalance mass produces a perturbation force, which amplitude is proportional to the 
square of the angular frequency. The simulation of the kinematic perturbation will suppose 
constant amplitude of the bushing displacement. The arrangement of the Simulink model is 
shown in Fig. 11. 
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perfect decoupling of the test shaft from driving motor, another flexible coupling was 
installed between original coupling and the shaft. The rotation uniformity is not as smooth 
as when a DC motor is used. The interference between signals causes an error below 1 μm in 
measurements. Inspection of shaft geometrical deviations as is a non-circularity showed that 
this deviation is less than 1 μm as well. Finally it was proved, that the non-homogeneity of 
the rotor material magnetic and electric conductivity properties is the main source of the 
proximity probe periodical error. The error signal is repeated synchronously with rotor 
rotation. The same material is passing-by below the tip of the second proximity probe after 
one quarter of the rotor revolution; therefore a phase shift of the period quarter may be 
discovered. The peak-to-peak value of the regular periodic error reaches 11 μm. The 
spectrum of the measurement periodic error is composed from harmonics of the rotor 
rotational frequency. Periodic error for two different shafts is shown in Fig. 15.  
 

  
Original hollow shaft (1 sensor) Rigid shaft (2 sensors) 

 

Fig. 15. Regular error of proximity probe as a function of rotation angle 
 
The dependence of the proximity probe regular error on the rotation angle can be 
approximated by a sum of trigonometric functions differing in the number of waves. The 
reduction of the proximity probe error by subtraction of the error signal requires a tacho 
pulses measurement and prediction of the rotational angle.  

 
Fig. 16. Frequency spectrum of the filtered and unfiltered output signal of the sensor based 
on electrical capacity (capaNCDT CS05) 
  
As was mentioned before, it is better to use sensors, which are based on measurements of 
electrical capacity. The output signal does not contain any low harmonic of the rotational 
frequency but some high frequency components due to demodulation of electric signals 
corrupt the measured signal. The analog RC-filter is required. The effect of the RC-filter on 
the frequency spectrum of the measured signal is shown in Fig. 16. 
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perfect decoupling of the test shaft from driving motor, another flexible coupling was 
installed between original coupling and the shaft. The rotation uniformity is not as smooth 
as when a DC motor is used. The interference between signals causes an error below 1 μm in 
measurements. Inspection of shaft geometrical deviations as is a non-circularity showed that 
this deviation is less than 1 μm as well. Finally it was proved, that the non-homogeneity of 
the rotor material magnetic and electric conductivity properties is the main source of the 
proximity probe periodical error. The error signal is repeated synchronously with rotor 
rotation. The same material is passing-by below the tip of the second proximity probe after 
one quarter of the rotor revolution; therefore a phase shift of the period quarter may be 
discovered. The peak-to-peak value of the regular periodic error reaches 11 μm. The 
spectrum of the measurement periodic error is composed from harmonics of the rotor 
rotational frequency. Periodic error for two different shafts is shown in Fig. 15.  
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Fig. 15. Regular error of proximity probe as a function of rotation angle 
 
The dependence of the proximity probe regular error on the rotation angle can be 
approximated by a sum of trigonometric functions differing in the number of waves. The 
reduction of the proximity probe error by subtraction of the error signal requires a tacho 
pulses measurement and prediction of the rotational angle.  

 
Fig. 16. Frequency spectrum of the filtered and unfiltered output signal of the sensor based 
on electrical capacity (capaNCDT CS05) 
  
As was mentioned before, it is better to use sensors, which are based on measurements of 
electrical capacity. The output signal does not contain any low harmonic of the rotational 
frequency but some high frequency components due to demodulation of electric signals 
corrupt the measured signal. The analog RC-filter is required. The effect of the RC-filter on 
the frequency spectrum of the measured signal is shown in Fig. 16. 
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perfect decoupling of the test shaft from driving motor, another flexible coupling was 
installed between original coupling and the shaft. The rotation uniformity is not as smooth 
as when a DC motor is used. The interference between signals causes an error below 1 μm in 
measurements. Inspection of shaft geometrical deviations as is a non-circularity showed that 
this deviation is less than 1 μm as well. Finally it was proved, that the non-homogeneity of 
the rotor material magnetic and electric conductivity properties is the main source of the 
proximity probe periodical error. The error signal is repeated synchronously with rotor 
rotation. The same material is passing-by below the tip of the second proximity probe after 
one quarter of the rotor revolution; therefore a phase shift of the period quarter may be 
discovered. The peak-to-peak value of the regular periodic error reaches 11 μm. The 
spectrum of the measurement periodic error is composed from harmonics of the rotor 
rotational frequency. Periodic error for two different shafts is shown in Fig. 15.  
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Fig. 15. Regular error of proximity probe as a function of rotation angle 
 
The dependence of the proximity probe regular error on the rotation angle can be 
approximated by a sum of trigonometric functions differing in the number of waves. The 
reduction of the proximity probe error by subtraction of the error signal requires a tacho 
pulses measurement and prediction of the rotational angle.  

 
Fig. 16. Frequency spectrum of the filtered and unfiltered output signal of the sensor based 
on electrical capacity (capaNCDT CS05) 
  
As was mentioned before, it is better to use sensors, which are based on measurements of 
electrical capacity. The output signal does not contain any low harmonic of the rotational 
frequency but some high frequency components due to demodulation of electric signals 
corrupt the measured signal. The analog RC-filter is required. The effect of the RC-filter on 
the frequency spectrum of the measured signal is shown in Fig. 16. 
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perfect decoupling of the test shaft from driving motor, another flexible coupling was 
installed between original coupling and the shaft. The rotation uniformity is not as smooth 
as when a DC motor is used. The interference between signals causes an error below 1 μm in 
measurements. Inspection of shaft geometrical deviations as is a non-circularity showed that 
this deviation is less than 1 μm as well. Finally it was proved, that the non-homogeneity of 
the rotor material magnetic and electric conductivity properties is the main source of the 
proximity probe periodical error. The error signal is repeated synchronously with rotor 
rotation. The same material is passing-by below the tip of the second proximity probe after 
one quarter of the rotor revolution; therefore a phase shift of the period quarter may be 
discovered. The peak-to-peak value of the regular periodic error reaches 11 μm. The 
spectrum of the measurement periodic error is composed from harmonics of the rotor 
rotational frequency. Periodic error for two different shafts is shown in Fig. 15.  
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The dependence of the proximity probe regular error on the rotation angle can be 
approximated by a sum of trigonometric functions differing in the number of waves. The 
reduction of the proximity probe error by subtraction of the error signal requires a tacho 
pulses measurement and prediction of the rotational angle.  
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on electrical capacity (capaNCDT CS05) 
  
As was mentioned before, it is better to use sensors, which are based on measurements of 
electrical capacity. The output signal does not contain any low harmonic of the rotational 
frequency but some high frequency components due to demodulation of electric signals 
corrupt the measured signal. The analog RC-filter is required. The effect of the RC-filter on 
the frequency spectrum of the measured signal is shown in Fig. 16. 
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The measurement of the shaft displacement with the use of the eddy-current sensor in the 
horizontal direction (X) is shown in Fig. 17 on the right side. The rotor increased the 
rotational speed at the rate of 7000 RPM per minute. The sampling frequency was set to 2048 
Hz. The measurement with the use of the capacitive sensor is shown in the same Fig. 17 on 
the left side. It should be mentioned that the output signal of the sensor of the capacitive 
type was filtered with the use of the Butterworth filter, order 4, cut-off frequency 200 Hz.  
 

 
Fig. 17.  Measurement of the shaft horizontal displacement using the sensor a sensor based 
on electrical capacity (capaNCDT CS05) and the sensor based on the eddy current (IN-085)  
 
The measurements of the shaft displacement during run up proceeded with extremely low 
viscous oil VG10 without preheating. It is technically impossible to increase the rotor 
rotational speed smoothly from 0 RPM. Rotor starts at the speed of 230 RPM and then 
continuously increases up to the  onset of  instability. The journal movement begins at the 
bottom of the bearing sleeve and with increasing speed it moves up in direction of rotation. 
At the level of the sleeve centre the journal starts to move towards the bearing centre. With 
infinite speed or zero load the journal centre coincidences with bearing centre, which is 
generally unstable position in circular bearing. The instability onset is at about 4 300 RPM.  
 
5.3 Mounting of Piezoactuators 
Choice of the piezoactuator type was verified by measurement of the dependence of acting 
force on the open-loop piezoactuator travel. Force of 500 N is sufficient to overcome 
flexibility of the sealing “O” rings. Flexible tip was used to attach the piezoactuator to the 
bushing rod and the frame structure for compensation of misalignment and possible 
bending load. 
 
The test stand instrumentation allows active vibration control only in the journal bearing at 
the opposite side to the driving motor. Before beginning the operational tests, the initial 
position of the piezoactuators has to be adjusted in the middle position of the operating 
travel range. This position corresponds to half the output voltage of the controller, the full 
range of which is equal to 12V. A screw at a holder is tightened in this position. The range of 
the shaft displacement for the full scale of the controller output voltage is shown in Fig. 18 
for the horizontal (Axis X) and vertical (Axis Y) directions of the shaft displacement. 

 

 
Fig. 18.  Effect of the amplifier input voltage on the shaft position change in the horizontal 
and vertical direction 

 
6. Control System 

As was mentioned earlier, the signal from the proximity probes is connected to the dSpace 
signal processor. The output of the signal processor is connected to the input of the amplifier 
that powers the piezoactuator. The electronic feedback (see Fig. 19) in the below presented 
experiments was of the proportional controller type. Although improved dynamic 
properties of the control loop require adding a derivative component, the noisy signal 
produced by the proximity probes is the reason why the derivative feedback was not used 
(Víteček, et al., 2009). Even if the sensors based on the electrical capacity principle have a 
smaller error than the eddy current sensors, the active vibration control has been tested with 
sensors based on eddy currents. 
 

 
Fig. 19. Active vibration control system 
 
The time history of the shaft rotational speed in RPM for the tests under active control (ON) 
and without active control (OFF) is shown in Fig. 20. For the oil of the VG10 type the onset 
of instability starts at 4 300 RPM. Because the piezoactuator travel range cannot cover the 
change of the shaft position from the very beginning up to the level of the bushing centre 
position, the active vibration control is switched ON when the shaft lifts up into the 
stabilized position, which corresponds approximately to 3 000 RPM. Due to the 
measurement error the controller out voltage starts to oscillate with a limited magnitude. As 
is clear from Fig. 21, if the active control is switched ON during the RPM run-up the onset of 
instability is changed to 7 300 RPM. The result of measurements at half the open-loop gain 
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The measurement of the shaft displacement with the use of the eddy-current sensor in the 
horizontal direction (X) is shown in Fig. 17 on the right side. The rotor increased the 
rotational speed at the rate of 7000 RPM per minute. The sampling frequency was set to 2048 
Hz. The measurement with the use of the capacitive sensor is shown in the same Fig. 17 on 
the left side. It should be mentioned that the output signal of the sensor of the capacitive 
type was filtered with the use of the Butterworth filter, order 4, cut-off frequency 200 Hz.  
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force on the open-loop piezoactuator travel. Force of 500 N is sufficient to overcome 
flexibility of the sealing “O” rings. Flexible tip was used to attach the piezoactuator to the 
bushing rod and the frame structure for compensation of misalignment and possible 
bending load. 
 
The test stand instrumentation allows active vibration control only in the journal bearing at 
the opposite side to the driving motor. Before beginning the operational tests, the initial 
position of the piezoactuators has to be adjusted in the middle position of the operating 
travel range. This position corresponds to half the output voltage of the controller, the full 
range of which is equal to 12V. A screw at a holder is tightened in this position. The range of 
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The measurement of the shaft displacement with the use of the eddy-current sensor in the 
horizontal direction (X) is shown in Fig. 17 on the right side. The rotor increased the 
rotational speed at the rate of 7000 RPM per minute. The sampling frequency was set to 2048 
Hz. The measurement with the use of the capacitive sensor is shown in the same Fig. 17 on 
the left side. It should be mentioned that the output signal of the sensor of the capacitive 
type was filtered with the use of the Butterworth filter, order 4, cut-off frequency 200 Hz.  
 

 
Fig. 17.  Measurement of the shaft horizontal displacement using the sensor a sensor based 
on electrical capacity (capaNCDT CS05) and the sensor based on the eddy current (IN-085)  
 
The measurements of the shaft displacement during run up proceeded with extremely low 
viscous oil VG10 without preheating. It is technically impossible to increase the rotor 
rotational speed smoothly from 0 RPM. Rotor starts at the speed of 230 RPM and then 
continuously increases up to the  onset of  instability. The journal movement begins at the 
bottom of the bearing sleeve and with increasing speed it moves up in direction of rotation. 
At the level of the sleeve centre the journal starts to move towards the bearing centre. With 
infinite speed or zero load the journal centre coincidences with bearing centre, which is 
generally unstable position in circular bearing. The instability onset is at about 4 300 RPM.  
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Choice of the piezoactuator type was verified by measurement of the dependence of acting 
force on the open-loop piezoactuator travel. Force of 500 N is sufficient to overcome 
flexibility of the sealing “O” rings. Flexible tip was used to attach the piezoactuator to the 
bushing rod and the frame structure for compensation of misalignment and possible 
bending load. 
 
The test stand instrumentation allows active vibration control only in the journal bearing at 
the opposite side to the driving motor. Before beginning the operational tests, the initial 
position of the piezoactuators has to be adjusted in the middle position of the operating 
travel range. This position corresponds to half the output voltage of the controller, the full 
range of which is equal to 12V. A screw at a holder is tightened in this position. The range of 
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for the horizontal (Axis X) and vertical (Axis Y) directions of the shaft displacement. 
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The measurement of the shaft displacement with the use of the eddy-current sensor in the 
horizontal direction (X) is shown in Fig. 17 on the right side. The rotor increased the 
rotational speed at the rate of 7000 RPM per minute. The sampling frequency was set to 2048 
Hz. The measurement with the use of the capacitive sensor is shown in the same Fig. 17 on 
the left side. It should be mentioned that the output signal of the sensor of the capacitive 
type was filtered with the use of the Butterworth filter, order 4, cut-off frequency 200 Hz.  
 

 
Fig. 17.  Measurement of the shaft horizontal displacement using the sensor a sensor based 
on electrical capacity (capaNCDT CS05) and the sensor based on the eddy current (IN-085)  
 
The measurements of the shaft displacement during run up proceeded with extremely low 
viscous oil VG10 without preheating. It is technically impossible to increase the rotor 
rotational speed smoothly from 0 RPM. Rotor starts at the speed of 230 RPM and then 
continuously increases up to the  onset of  instability. The journal movement begins at the 
bottom of the bearing sleeve and with increasing speed it moves up in direction of rotation. 
At the level of the sleeve centre the journal starts to move towards the bearing centre. With 
infinite speed or zero load the journal centre coincidences with bearing centre, which is 
generally unstable position in circular bearing. The instability onset is at about 4 300 RPM.  
 
5.3 Mounting of Piezoactuators 
Choice of the piezoactuator type was verified by measurement of the dependence of acting 
force on the open-loop piezoactuator travel. Force of 500 N is sufficient to overcome 
flexibility of the sealing “O” rings. Flexible tip was used to attach the piezoactuator to the 
bushing rod and the frame structure for compensation of misalignment and possible 
bending load. 
 
The test stand instrumentation allows active vibration control only in the journal bearing at 
the opposite side to the driving motor. Before beginning the operational tests, the initial 
position of the piezoactuators has to be adjusted in the middle position of the operating 
travel range. This position corresponds to half the output voltage of the controller, the full 
range of which is equal to 12V. A screw at a holder is tightened in this position. The range of 
the shaft displacement for the full scale of the controller output voltage is shown in Fig. 18 
for the horizontal (Axis X) and vertical (Axis Y) directions of the shaft displacement. 

 

 
Fig. 18.  Effect of the amplifier input voltage on the shaft position change in the horizontal 
and vertical direction 

 
6. Control System 

As was mentioned earlier, the signal from the proximity probes is connected to the dSpace 
signal processor. The output of the signal processor is connected to the input of the amplifier 
that powers the piezoactuator. The electronic feedback (see Fig. 19) in the below presented 
experiments was of the proportional controller type. Although improved dynamic 
properties of the control loop require adding a derivative component, the noisy signal 
produced by the proximity probes is the reason why the derivative feedback was not used 
(Víteček, et al., 2009). Even if the sensors based on the electrical capacity principle have a 
smaller error than the eddy current sensors, the active vibration control has been tested with 
sensors based on eddy currents. 
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(50%) is shown in the middle part of Fig. 21. The onset of instability occurs at about 6 200 
RPM. The active vibration control is naturally immediately switched OFF after starting the 
unstable vibration at the subharmonic frequency of the shaft rotation frequency.  
The output of the signal processor is saturated on the full voltage range from 0 to 12 V.  
 

 
Fig. 20. Time history of the rotor rotation speed when the active vibration control is ON and OFF 
 

 
Fig. 21. Time history of the rotor displacements in horizontal and vertical direction and 
control signals for piezoactuators when the active vibration control is ON and OFF 
 
As it is demonstrated in Fig. 21 the active vibration control significantly extends the range of 
operating rotational speed by about 3 000 RPM in comparison with the operating range 

 

without the active vibration control. The electronic feedback is clearly seen as a 
complementary way to the traditional journal bearing design modifications and other tools, 
which prevent instability or shift the rotor instability onset to higher rotational speed. 
 
Provided that the perturbation force is zero the Laplace transfer function relating the 
displacement of the bushing to the displacement of the shaft is given by  
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Assuming that the proportional controller set point is equal to zero and its gain equals to  

PK
 
the open-loop transfer function is as follows 

 

  
)(

)(
2 




jDKDsMs
jDKDs

KsG Po  (15) 

   2)(
)(





MjDKDj
jDKDjKjG Po  (16) 

 
For the stability margin the open-loop frequency transfer function is equal to   10 G . 
The frequency of the steady-state vibration at the stability margin is given by  . If the 
feedback gain PK  is positive then the maximal rotational speed MAX  of the rotor is greater 
than the critical rotational speed without any control (12). Increasing is given by the formula 
 
 .1 PCRITMAX K  (17) 
 
The control system does not stabilize the behavior of the journal bearing by changing the 
position of the bearing bushing, but by changing force that acts on this bushing. 
Displacement of the bushing depends on the stiffness of its connection with the bearing 
body through rubber seal rings. The range of the rotor stable speed range is limited by the 
travel range of piezoactuators and measurement errors of the proximity probes. 

 
7. Conclusion 
 

The lumped parameter model of the journal motion inside the hydrodynamic bearing is 
based on the concept developed by Muszynska. According to Muszynska approximation, 
the bearing forces can be modeled by a spring and damper system. This system is rotating at 
the angular velocity, which is a constant fraction of the rotor rotational speed. The equation 
of motion contains the complex vector and parameters. The main goal of the simulation 
study was to verify the model principle by comparing simulation results with results of 
experiments, which are described in many papers, namely the instability of motion and the 
vibration mode at the non-synchronous perturbation. The simulation of the rotor system 
using Simulink confirms the agreement between Muszynska’s model and experiments. 
Test stand for experimental investigation of possibilities to affect behavior of the rotor 
supported in sliding bearings by external excitation was designed and manufactured.  
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For the stability margin the open-loop frequency transfer function is equal to   10 G . 
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The control system does not stabilize the behavior of the journal bearing by changing the 
position of the bearing bushing, but by changing force that acts on this bushing. 
Displacement of the bushing depends on the stiffness of its connection with the bearing 
body through rubber seal rings. The range of the rotor stable speed range is limited by the 
travel range of piezoactuators and measurement errors of the proximity probes. 
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The lumped parameter model of the journal motion inside the hydrodynamic bearing is 
based on the concept developed by Muszynska. According to Muszynska approximation, 
the bearing forces can be modeled by a spring and damper system. This system is rotating at 
the angular velocity, which is a constant fraction of the rotor rotational speed. The equation 
of motion contains the complex vector and parameters. The main goal of the simulation 
study was to verify the model principle by comparing simulation results with results of 
experiments, which are described in many papers, namely the instability of motion and the 
vibration mode at the non-synchronous perturbation. The simulation of the rotor system 
using Simulink confirms the agreement between Muszynska’s model and experiments. 
Test stand for experimental investigation of possibilities to affect behavior of the rotor 
supported in sliding bearings by external excitation was designed and manufactured.  
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(50%) is shown in the middle part of Fig. 21. The onset of instability occurs at about 6 200 
RPM. The active vibration control is naturally immediately switched OFF after starting the 
unstable vibration at the subharmonic frequency of the shaft rotation frequency.  
The output of the signal processor is saturated on the full voltage range from 0 to 12 V.  
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complementary way to the traditional journal bearing design modifications and other tools, 
which prevent instability or shift the rotor instability onset to higher rotational speed. 
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The tests carried out showed some features, which had to be cleared before experiments 
with bearing bushing control could be started. Standard behavior of the rotor was achieved 
with low viscosity oil, with which the oil film had insufficient load capacity to shift journal 
centre into unstable position at the bearing centre. The proposed goal of the project was 
achieved by substantially increasing the onset of instability through controlled movement of 
only one bearing bushing. It seems, that there is a large potential for further improvements, 
which could lead to active control of behavior of high-speed rotors in real operating 
conditions.  
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1. Introduction     

In a number of applications, the problem of determining the optimum path occurs. This 
applications range from finding the fastest path in a network, to determining the safest path 
for mobile vehicle, wandering on the surface of Mars. In this context, we shall limit our 
scope to the case of finding paths in Euclidean two-dimensional space. Moreover we shall 
limit the case study to movements along a surface that can be projected onto a directed 
graph.  
To be specific, we shall look at the case of finding the optimum path for a mobile robot 
moving along a flat surface, the robot’s configurations in the configuration space being the 
graph’s nodes while the graph’s arcs represent the cost of moving from one configuration to 
another.  
Researchers have tried to come with new and better navigation technologies in the last 
years. With the development of path finding, several new classical routing algorithms have 
been introduced to generate better routing solution. For example the Dijkstra algorithm is 
the most famous one, which evaluates the moving cost from one node to any other node and 
sets the shortest moving cost as the connecting cost of two nodes (Eklund et al., 1996). 
Around the same period of time, Best-First-Search algorithm is also introduced in the 
researchers’ community.  
A little different from the Dijkstra algorithm, Best-First-Search algorithm has a different 
approach because it estimates the distance from current position to goal position, and it 
chooses the step that is closer to the goal position (LaValle, 2006). The difficulty was 
growing with the new path finding situations so the old path finding algorithm had to be 
improved to meet the new introduced requirements.  
A new path finding algorithm was introduced and it was named the A* algorithm. The A* 
algorithm tries to combine the advantages offered by Dijkstra algorithm and Best-First-
Search algorithm. 
This paper presents tests performed with various implementations of graph search 
algorithms (A*, D*, focused D*) as path planners for a mobile robot, focused on strong 
points and drawbacks of each implementation.    
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2. Graph search as path planners for mobile robots 

2.1 General graph search 
The search process in a graph can be seen as applying a set of operators to the graph’s nodes 
until the goal node is found.  Therefore, there is a general approach, applicable for any 
graph search, following the constraints: 
 

 Define the start node 
 Apply a set of operators to find out the successor nodes. The process is called node 

expanding. 
 Each node has a backpointer to its parent.  These pointers are used to represent 

paths from the start node to the goal node when the search is complete. 
 The successor nodes are checked to see if one of them is the goal node.  If the goal 

node is not found, the expanding continues until the goal is found. Then, the 
backpointers in every node is used to provide the solution. 

 
A graph search algorithm should contain the following steps: 
 

1. Place the start node in a list called OPEN. This list will contain all the graph’s 
nodes that are candidates for future explorations. 

2. Extract a node n form the OPEN list and place it in the CLOSED list. The CLOSED 
list will contain all the already explored nodes.  

3. Expand node n by generating all its successors. If node n has no successors, repeat 
step 2.  If a successor of node n is not in the CLOSED list (i.e. the node has not been 
visited yet), it will be placed at the end of the OPEN list. 

4. Check each successor for finding the goal node. If the goal node has been found, 
the search terminates and the algorithm returns a sequence of backpointers to the 
goal node.  Otherwise, go to step 2. 

 

The above mentioned algorithm does not have any mention about the order in which the 
successors of a node should be selected for further explorations.  The way node n is selected 
in step 2 determines the overall behavior of the search algorithm and resulting path to the 
goal. For example, if the nodes are selected for expanding in the order in which they are 
generated, the search is performed in a “breadth-first” fashion. On the other hand, if the 
most recent generated successor is selected for expanding, then the algorithm performs a 
“depth-first” search. None of these types of search is influenced neither by the selection 
criteria of the successors of a node nor by the position of the goal node in the searched 
graph, as they perform a blind search.  
 
2.2 Using Heuristic 
Blind search in a graph may provide solutions, but, most of the times, because the number 
of expanded cells grows as the search advances, large running times and high memory 
consumption occurs.  
This deficiency can be corrected if available information about the graph structure and the 
location of the goal node is used. This information is used to cannel the search effort in the 
direction of the goal node. Therefore, heuristic rules may be used to focus the search. 
A possible use of this information is in the form of an evaluation function. The evaluation 
function, applied to a node, represent a measure of the node capacity to generate a path to 

the goal node. The evaluation function allows nodes in the OPEN list to be sorted and 
allows the selection of the most promising node in generating a path to the goal node.  
Several aspects have to be considered in evaluating a path cost: the following techniques are 
based on minimizing a function that includes the path cost. Path cost may be evaluated by 
either using path length (measured with an appropriate metric, i.e. Euclidean metric, 
Manhattan metric etc.)  or the number of necessary steps to traverse this path. 
Considering two vectors X=(x1, x2,…, xn) and Y=(y1, y ,…, yn), the Minkowski difference or p-
norm in Rn may be defined as follows: 
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Most of the time, equation (1) is computed for p=1, p=2 or for p→∞, which yields to the 
following metrics: 
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2.3 The A* algorithm 
The A* algorithm was proposed by Nilson (Buckland, 2002), (Goldberg & Harrelson, 2005) 
and it uses a specific evaluation function that, it can be proven, minimizes the number of 
visited nodes during search. The algorithm returns the minimum cost path between the start 
node and the goal node. The evaluation function, f̂ , is defined in such a fashion so that its 

value,  f̂ n  , for any node, n, is an estimate of the minimum cost path passing through n. 
This estimate is computed as a sum between an estimate of the minimum cost path from the 
start node to node n, and the estimate of the minimum cost path from node n to goal. 
Let k(ni,nj) be the minimum cost of the path between any two arbitrary nodes, ni and nj. If the 
goal node is t then h(n) is the minimum cost of the path from the node n to the goal node: 
 

   ,h n k n t
 

(5)
 

If the start node is s, then g is the minimum cost of the path form s to n: 
 

   ,g n k s n
 

(6)
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The above mentioned algorithm does not have any mention about the order in which the 
successors of a node should be selected for further explorations.  The way node n is selected 
in step 2 determines the overall behavior of the search algorithm and resulting path to the 
goal. For example, if the nodes are selected for expanding in the order in which they are 
generated, the search is performed in a “breadth-first” fashion. On the other hand, if the 
most recent generated successor is selected for expanding, then the algorithm performs a 
“depth-first” search. None of these types of search is influenced neither by the selection 
criteria of the successors of a node nor by the position of the goal node in the searched 
graph, as they perform a blind search.  
 
2.2 Using Heuristic 
Blind search in a graph may provide solutions, but, most of the times, because the number 
of expanded cells grows as the search advances, large running times and high memory 
consumption occurs.  
This deficiency can be corrected if available information about the graph structure and the 
location of the goal node is used. This information is used to cannel the search effort in the 
direction of the goal node. Therefore, heuristic rules may be used to focus the search. 
A possible use of this information is in the form of an evaluation function. The evaluation 
function, applied to a node, represent a measure of the node capacity to generate a path to 

the goal node. The evaluation function allows nodes in the OPEN list to be sorted and 
allows the selection of the most promising node in generating a path to the goal node.  
Several aspects have to be considered in evaluating a path cost: the following techniques are 
based on minimizing a function that includes the path cost. Path cost may be evaluated by 
either using path length (measured with an appropriate metric, i.e. Euclidean metric, 
Manhattan metric etc.)  or the number of necessary steps to traverse this path. 
Considering two vectors X=(x1, x2,…, xn) and Y=(y1, y ,…, yn), the Minkowski difference or p-
norm in Rn may be defined as follows: 
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visited nodes during search. The algorithm returns the minimum cost path between the start 
node and the goal node. The evaluation function, f̂ , is defined in such a fashion so that its 
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The A* algorithm was proposed by Nilson (Buckland, 2002), (Goldberg & Harrelson, 2005) 
and it uses a specific evaluation function that, it can be proven, minimizes the number of 
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start node to node n, and the estimate of the minimum cost path from node n to goal. 
Let k(ni,nj) be the minimum cost of the path between any two arbitrary nodes, ni and nj. If the 
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At this point, the function, f, can be defined as the minimum cost path that passes through 
node n: 

     f n g n h n 
 

(7)
 

It is necessary the evaluation function, f̂ , to be an estimate of the function f, so that, let ĝ be 

an estimate of g and ĥ be an estimate of h. The evaluation function is: 
 

     ˆ ˆˆf n g n h n 
 

(8)
 

The value of  ĝ n  can be easily computed by adding the arc costs on the path from the start 
node, s, to node n.  
Finding an expression for  ĥ n  is not an easy task. Information contained in the graph must 

be used along with the proper choice of metric for measuring distances. If  ĥ n  is an 

optimistic estimate of h(n),     ĥ n h n , then A* will find the minimum cost path and the 

algorithm is called admissible.  
At this point the A* algorithm can be defined: 
 

1. Place the start node, s, in the OPEN list and compute  f̂ s ; 
2. Extract form the OPEN list the node with the minimum value of f̂  and place 

this node in the CLOSED list. Let this node be node n (ties are solved 
arbitrarily, but always favor the goal node); 

3. If n is the goal node, the algorithm ends and returns a sequence of 
backpointers to parent nodes to specify the path; otherwise go to step 4; 

4. Expand node n and compute the value of f̂  for each successor of node n that 
is not in the CLOSED list; 

5. The computed value for f̂ is associated with all the successors of node n that is 
neither in the OPEN list, nor in the CLOSED list. These successors are placed 
in turn in the OPEN list, each receiving a backpointer to the parent node, n; 

6. For each successor of node n that is in the OPEN list, the evaluation function is 
updated, as the minimum between the computed value of f̂ and the value of 

f̂ computed at the time the node was placed in the OPEN list; 
 
A search algorithm is called admissible if it always finds the minimum cost path from the 
start node to the goal node. If ĥ is an optimistic estimate of h, the A* algorithm is admissible 
(Goldberg & Harrelson, 2005): 
 
Proposition 1: 
If    ĥ n h n , there is always a node, n ,  on the minimum cost path, before the algorithm 

terminates, for which    f̂ n f s . 

Let the minimum cost path, P, be a sequence (n0, n1, …, nk), with n0 the start node and nk the 
goal node.  Let n be the first node in this sequence that is in the OPEN list. The evaluation 
function for this node is: 
 

     ˆ ˆˆf n g n h n   
 

(9)
 Since n is the first node in the sequence that is in the OPEN list, all the nodes in the 

sequence P prior to this node are in the CLOSED list, meaning that a minimum cost path 
from s to n has been found and    ĝ n g n  , therefore: 
 

     ˆ ˆf n g n h n   
 

(10)
  

Since the initial hypothesis was,    ĥ n h n , one can write: 
 

       f̂ n g n h n f n     
 

(11)
  

But the value of f for any node in the minimum cost sequence is equal to f(s), therefore: 
 

   f̂ n f s (12)
 
Proposition 2: 
If for any node, n,    ĥ n h n , and if the cost of any arc is larger than a positive value, δ, 
then A* is admissible. (Bonet & Geffner, 2004). 
Let us now consider the three possible cases when A* terminates: 

1. The algorithm can only terminate at step 3, case in which the goal node has been found. 
2. The algorithm does not terminate. Since all the arc costs are larger or equal to δ, for 

any node, n, located at a distance of M steps from the start node, s, M=f(s)/δ and: 
 

       ˆ ˆf n g n g n M f s   
 

(13)
  

Moreover, no node located at a distance larger than M steps from the start node 
will be selected for expanding since, according to Proposition 1, and on this 
minimum cost path there will always be a node, n , for which    f̂ n f s , to be 
selected at step 2 for further expanding.  
An infinite loop may result by inserting repeatedly nodes that are located at a distance 
smaller than M steps in the OPEN list. Since there are a finite number of these nodes, 
the algorithm must end, because there are a finite number of paths from s to n. 

3. The algorithm ends at the goal node, but the minimum cost path was not found. 
Assuming the algorithm ends in the goal node, t, but not on the minimum cost 
path, there will be      ˆ ˆf t g t f s  . According to Proposition 1, on the minimum 

cost path there will be a node, n , in the OPEN list, for which      ˆ ˆf n f s f t  . 
This node will be selected for expanding, and thus, the hypothesis that the 
algorithm terminates is invalid.  
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optimistic estimate of h(n),     ĥ n h n , then A* will find the minimum cost path and the 

algorithm is called admissible.  
At this point the A* algorithm can be defined: 
 

1. Place the start node, s, in the OPEN list and compute  f̂ s ; 
2. Extract form the OPEN list the node with the minimum value of f̂  and place 

this node in the CLOSED list. Let this node be node n (ties are solved 
arbitrarily, but always favor the goal node); 

3. If n is the goal node, the algorithm ends and returns a sequence of 
backpointers to parent nodes to specify the path; otherwise go to step 4; 

4. Expand node n and compute the value of f̂  for each successor of node n that 
is not in the CLOSED list; 

5. The computed value for f̂ is associated with all the successors of node n that is 
neither in the OPEN list, nor in the CLOSED list. These successors are placed 
in turn in the OPEN list, each receiving a backpointer to the parent node, n; 

6. For each successor of node n that is in the OPEN list, the evaluation function is 
updated, as the minimum between the computed value of f̂ and the value of 

f̂ computed at the time the node was placed in the OPEN list; 
 
A search algorithm is called admissible if it always finds the minimum cost path from the 
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If    ĥ n h n , there is always a node, n ,  on the minimum cost path, before the algorithm 

terminates, for which    f̂ n f s . 

Let the minimum cost path, P, be a sequence (n0, n1, …, nk), with n0 the start node and nk the 
goal node.  Let n be the first node in this sequence that is in the OPEN list. The evaluation 
function for this node is: 
 

     ˆ ˆˆf n g n h n   
 

(9)
 Since n is the first node in the sequence that is in the OPEN list, all the nodes in the 

sequence P prior to this node are in the CLOSED list, meaning that a minimum cost path 
from s to n has been found and    ĝ n g n  , therefore: 
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start node to the goal node. If ĥ is an optimistic estimate of h, the A* algorithm is admissible 
(Goldberg & Harrelson, 2005): 
 
Proposition 1: 
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The precision of the evaluation function depends on the heuristic involved. If ˆ 0h  is used 
for all the nodes, n, this means no heuristic information is used, whatsoever. Though, the 
algorithm will still find the minimum cost path, since    ĥ n h n .  

If a restriction on ĥ is used, the A* algorithm is optimal in the way that it will never expands 
more nodes than any other admissible algorithm, less informed1 than A* (Bonet & Geffner, 
2004). The restriction placed on ĥ is that the difference between the estimated cost of any 
two nodes to the goal node should be smaller or equal to the real cost of the path between 
these two nodes. For any two nodes, ni and nj, for which k(ni, nj) exists, it is necessary that: 
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(14)
 Equation (14) is called the consistency hypothesis.  

 
Proposition 3:  
In the consistency hypothesis, any node n in the CLOSED list has    ĝ n g n . 

Let us assume that before placing the node n in the CLOSED list,    ĝ n g n , therefore the 
algorithm did not find the minimum cost path , but, according to Proposition 1, there is a 
node n , on the minimum cost path, in the OPEN list, that has    ĝ n g n  . If n n , 
Proposition 3 is verified, otherwise one can write: 
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And by adding  ĥ n  in both members of the equation (16): 
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and with the consistency hypothesis, one obtains: 
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Thus resulting: 
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that contradicts the initial assumption that the algorithm has selected node n when n  
would have been available and confirms the Proposition. 
 
                                                                 
1 An algorithm X is called more informed than an algorithm Y if the heuristic used by X to compute the 
estimate of h(n) is always larger than the one used by algorithm Y 

Proposition 4: 
For any node n in the CLOSED list, if ĥ  is an optimistic2 estimate of h, then    f̂ n f s . 

If node n is the goal node, then    f̂ n f s  and the Proposition 4 is verified. If n is not the 
goal node, then right before the insertion of this node in the CLOSED list, according to 
Proposition 1, there is another node n on the minimum cost path, for which    f̂ n f s . If 
n n the Proposition is verified, otherwise if the algorithm has chosen the node n over the 
node n , this means that: 
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The next Proposition proves the optimality of A*. 
 
Proposition 5: 
If A* is more informed than any other admissible algorithm B, and if the consistency hypothesis 
is verified, then any node n that will be expanded by A* will be expanded by B also. 
Let us assume by Reductio ad Absurdum that the node n is expanded by the A* algorithm, 
but not by the B algorithm. This implies that algorithm B has been using an information that 
a path cost through n would have been larger or equal than the cost of the minimum cost 
path, that is: f(n)>f(s).  
 

    
Algorithm 1. The A* Algorithm 
 
                                                                 
2 Optimistic estimate means the cost value of h is underestimated, that is    ĥ n h n  

use an OPEN list to store all the partial expanded paths 
place the start node in OPEN list 
repeat 
 look at the first path in list 
  if reaches_goal then 
   SUCCESS 
  else 
  remove the first path in the list 
  expand the last node in the path 
  compute the cost of newly generated paths an place these paths in OPEN list 
  sort the OPEN list using estimated cost to target plus the path cost 
   if more than a path reaches a node then 
   keep only the minimum cost path to that node 
  end if 
 end if 
until goal_found or OPEN list is empty 
if goal_found then 
 return optimal path 
else 
 return FAILURE 
end if 
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If a restriction on ĥ is used, the A* algorithm is optimal in the way that it will never expands 
more nodes than any other admissible algorithm, less informed1 than A* (Bonet & Geffner, 
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use an OPEN list to store all the partial expanded paths 
place the start node in OPEN list 
repeat 
 look at the first path in list 
  if reaches_goal then 
   SUCCESS 
  else 
  remove the first path in the list 
  expand the last node in the path 
  compute the cost of newly generated paths an place these paths in OPEN list 
  sort the OPEN list using estimated cost to target plus the path cost 
   if more than a path reaches a node then 
   keep only the minimum cost path to that node 
  end if 
 end if 
until goal_found or OPEN list is empty 
if goal_found then 
 return optimal path 
else 
 return FAILURE 
end if 



Engineering the Future166

The effective minimum cost path through n is: 
 

     f n g n h n 
 

(21)
Or: 

     h n f n g n 
 

(22)
  

And in the hypothesis that f(n)>f(s):  
 

     h n f s g n 
 

(23)
 

Algorithm B could have use a lower bound on the estimate, that is      ĥ n f s g n  , while 

A* uses f(n)=g(n)+h(n). Proposition 4 states that    f̂ n f s , so that: 
 

     ˆĝ n h n f s 
 

(24)
  

Equation (24) means that the estimate used by A* satisfy the constraint: 
 

     ˆ ˆh n f s g n 
 

(25)
  

Based on Proposition 3,    ĝ n g n , therefore: 
 

     ĥ n f s g n 
 

(26)
  

Equation (26) proves that for a node n, algorithm B has used information allowing to lower 
the bound of h to a value at least equal to the one that A* is using, contradicting thus the 
initial assumption and demonstrating the proposition.  

 
2.4 The D* algorithm 
The A* algorithm can produce optimal paths from a start node to a goal node. A planner for 
a mobile robot is facing several discrepancies between the information stored in the map 
and the information from the environment, available by means of the sensors onboard the 
mobile robot.  
If a planner is based on A*, the affected nodes and corresponding arcs must be updated in 
the graph that is used for storing the map, before the search and navigation process 
continues. The approach can be rather inefficient, especially when the information in the 
map does not reflect the reality or in the case when states change during the mobile robot 
navigation or when dealing with incomplete information. Such an approach is based on the 
following scenario: every time a discrepancy between the data in the map and the data 
provided by the sensors onboard the mobile robot is found, the planner updates the map 
followed by a new planning process. The inefficiency of the approach is visible especially in 
the case when the robot is close to the goal state or when large portions of the map have to 
be recomputed. 

Stentz (Stentz, 1995) has proposed a different approach: D* algorithm. D* starts from the 
fundamental ideas of A* and it can be used to find an optimal path in a graph. Graph nodes 
represent possible robot locations in the configuration space (states) while the arcs represent 
the cost of moving from one state to another. Considering a start node and a goal node in the 
graph, let the robot current state be denoted by r. Every node, y, in the graph has a 
backpointer to its parent node, x, denoted by b(x)=y. Just like in the case of A* algorithm, 
when the search process is completed, the path is returned using sequences of backpointers 
from goal to start. The cost of moving the robot form one node, x, to another node, y, is c(x,y), 
a positive number.  
The D* algorithm uses an OPEN list to propagate arc cost changes and to store sub-optimal 
paths in the graph. Each node has also attached a tag: t(x)=NEW if the node has never been 
in the OPEN list before, t(x)=CLOSED if the node was removed from the OPEN list and 
t(x)=OPEN if the node is currently in the OPEN list. 
For each visited node x, the algorithm maintains an estimate of the sum of the arc costs from 
x to goal given by the path cost function h(x). Given the proper conditions, this estimate is 
equivalent to the minimal cost from node x to goal node.  
For each node x on the OPEN list (i.e., t(x)=OPEN), the key function, k(x), is defined to be 
equal to the minimum of h(x) before modification and all values assumed by h(x) since node 
x was placed on the OPEN list. The key function classifies a node x on the list into one of 
two types: a RAISE node if k(x)<h(x), and a LOWER node if k(x)=h(x). The algorithm uses 
RAISE nodes in the OPEN list to propagate information about path cost increases and 
LOWER nodes in the OPEN list to propagate information about path cost reductions. Just 
like in the case of A* algorithm, the propagation takes place through the repeated removal 
of nodes from the list. Each time a node is removed from the OPEN list, it is expanded to pass 
cost changes to its neighbors. These neighbors are in turn placed on the OPEN list to 
continue the process. 
Nodes in the OPEN list are sorted by the key function. An important threshold in the 
functioning of the algorithm is the kmin parameter. It is defined as: 
 

    min| , minx t x OPEN k k x  
 

(27)
  

Paths with cost less or equal with kmin are optimal, paths with costs greater that kmin, may not 
be optimal. The parameter kold is the value of kmin before the last node was extracted from the 
OPEN list.  
 
A sequence of nodes, {x1, x2,…,xn }, is called monotone if and only if: 
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The aim is to construct, for each node, a sequence of optimal paths to goal. The algorithm 
consists of two functions (Stentz, 1995): Modify-Cost and Process-State. The Modify-Cost 
function has the role of changing the arc costs as the robot sensorial system discovers new 
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     ˆĝ n h n f s 
 

(24)
  

Equation (24) means that the estimate used by A* satisfy the constraint: 
 

     ˆ ˆh n f s g n 
 

(25)
  

Based on Proposition 3,    ĝ n g n , therefore: 
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x was placed on the OPEN list. The key function classifies a node x on the list into one of 
two types: a RAISE node if k(x)<h(x), and a LOWER node if k(x)=h(x). The algorithm uses 
RAISE nodes in the OPEN list to propagate information about path cost increases and 
LOWER nodes in the OPEN list to propagate information about path cost reductions. Just 
like in the case of A* algorithm, the propagation takes place through the repeated removal 
of nodes from the list. Each time a node is removed from the OPEN list, it is expanded to pass 
cost changes to its neighbors. These neighbors are in turn placed on the OPEN list to 
continue the process. 
Nodes in the OPEN list are sorted by the key function. An important threshold in the 
functioning of the algorithm is the kmin parameter. It is defined as: 
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The effective minimum cost path through n is: 
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For each visited node x, the algorithm maintains an estimate of the sum of the arc costs from 
x to goal given by the path cost function h(x). Given the proper conditions, this estimate is 
equivalent to the minimal cost from node x to goal node.  
For each node x on the OPEN list (i.e., t(x)=OPEN), the key function, k(x), is defined to be 
equal to the minimum of h(x) before modification and all values assumed by h(x) since node 
x was placed on the OPEN list. The key function classifies a node x on the list into one of 
two types: a RAISE node if k(x)<h(x), and a LOWER node if k(x)=h(x). The algorithm uses 
RAISE nodes in the OPEN list to propagate information about path cost increases and 
LOWER nodes in the OPEN list to propagate information about path cost reductions. Just 
like in the case of A* algorithm, the propagation takes place through the repeated removal 
of nodes from the list. Each time a node is removed from the OPEN list, it is expanded to pass 
cost changes to its neighbors. These neighbors are in turn placed on the OPEN list to 
continue the process. 
Nodes in the OPEN list are sorted by the key function. An important threshold in the 
functioning of the algorithm is the kmin parameter. It is defined as: 
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information during the environment exploration and places the affected nodes in the OPEN 
list. Function Process-State computes optimal paths to the goal.  
Initially, all the nodes receive the tag, t(x)=NEW, the goal node is placed in the OPEN list 
and h(goal)=0. Then, the function Process-State is repeatedly called until either the robot 
configuration, x, is removed from the OPEN list (t(x)=CLOSED) or the function returns -1 
representing no valid path can be found.  
The robot starts following the sequence of backpointers to goal until either reaches the goal 
configuration or its sensors discover a discrepancy between the information in the map (arc 
cost changes in the graph do not match sensor measurements) and the environment. In this 
last case, the function Modify-Cost is automatically called to correct the arc costs and place 
the affected nodes in the OPEN list.  
Let node y be the robot configuration at the time when a discrepancy was found in arc costs 
to the neighboring nodes. Through repeated calls of the function Process-State, until 
k_min≥h(y), these cost changes are propagated from the goal node to the node y. At this 
moment, a new sequence of backpointers from the goal to node  is created and the robot 
resumes its traverse.  

 
2.5 Focusing the D* algorithm 
The drawback of the D* algorithm is in the way it propagates cost changes. These changes 
are propagated to the affected states regardless of their importance to the robot navigation. 
The aim is to focus the search and the propagation of cost changes to those states that are 
likely to generate optimal paths to the goal. Similar to the case of A* algorithm, D* can also 
use a heuristic function for decreasing the number of expanded nodes and search focus. 
Let g(x,r) be the estimated path cost from robot position, r, to the node x. This function will 
be the focusing heuristic. Furthermore, a new function, f, the estimated robot path cost is defined 
as follows: 

     , ,f x r h x g x r 
 

(29)
 

All the LOWER nodes in the OPEN list will be sorted using function f() as a sort key.  
Function f() is the estimated path cost from node r to node goal, passing through node x. 
Function f() will provide the optimum cost path from r to goal, passing through x, if g() is 
satisfying the monotonic restriction, due to the fact that h(x) is optimal when a LOWER node 
is extracted from the OPEN list. 
For RAISE nodes, the previous value of function h() defines a lower bound on the h() value 
of all the LOWER nodes that can be discovered. Thus, if the same focusing heuristic is used, 
the previous value of f() for the RAISE nodes defines a lower bound for the value of f() for all 
the LOWER nodes that can be discovered. Thus, if the value of f() for the LOWER nodes in 
the OPEN list is larger than the previous value of f() for the RAISE nodes, it is useful to 
expand the RAISE nodes in order to discover more advantageous LOWER nodes.  
Using this work hypothesis, the RAISE nodes in the OPEN list should be sorted using the 
value of the function f(x,r) as a sort key, and to avoid infinite loops in the backpointers, ties 
in this key are to be sorted using the value of k().  
The process terminates when the lowest value of f() function for all the nodes in the OPEN 
list is grater or equal to the path cost, since further expanding will not be able to produce a 
LOWER node with a sufficiently small value of the cost function and located close enough 

to the current node to influence the search.  This termination is more drastic and abrupt than 
in the previous case (D* without the focusing heuristic).  
The major problem in using a focusing heuristic is that once an optimal path to the goal has 
been found, the robot starts following backpointers to the goal state and moves to another 
node. If the robot sensorial system discovers a discrepancy between the map and the structure 
of the environment, the search should be focused on the new robot location. But, the problem 
is that the nodes in the OPEN list are sorted based on the value of the path cost computed for 
the old robot position (before the affected nodes are discovered and placed in the OPEN list) 
and thus the nodes in the OPEN list have incorrect values for the functions f() and g().  
One possible solution is to calculate these functions each time the robot moves or a node is 
inserted in the OPEN list. Empirical results (Berg, 2006), (Hansen & Zhou, 2007) have shown 
that this is a major slow-down in the algorithm and the speed-up gained through focusing 
search is outrun by the slow-down introduced by the recalculation of f() and g(). 
It may be considered an advantage that usually the robot moves only a few nodes before a 
re-planning operation is necessary. Thus, the values of f() and g() functions are only slightly 
deviated. Assuming that a node x is placed in the OPEN list at the time the robot is in the 
configuration indicated by the node r0 and the value of f() is f(x,r0). If the robot moves to 
another node, r1, f(x,r1) may be computed and the position of node x in the OPEN list may be 
adjusted. On the other hand, to avoid the computational cost, one may compute a lower 
bound on the value of f(x,r1): 
 

     1 0 1 0, , ,Lf x r f x r g r r   
 

(30)
 

Function fL represents a lower bound on f(x,r1), since it asumes that the mobile robot has 
moved in the direction of the node x, thus the cost of g(r1,r0) is subtracted.  The parameter ε 
is a positive constant. The node x is repositioned in the OPEN list function of its fL(x,r1) 
value, which is a lower bound on  f(x,r1), thus the node x will be selected for expansion prior 
to other nodes in the list. Once the node is expanded, its real f(x,r1) is computed and thus the 
node will be repositioned in the OPEN list function of the value in f(x,r1 ). 
At a first glance this approach may seem inefficient, because implies resorting nodes in the 
OPEN list based on the fL() value, then a partial adjustment and a resorting based on the real 
f() value. But since the value g(r0,r1)+ε is subtracted from all the nodes in the OPEN list, the 
list is maintained in proper order and a re-sorting is not required.  Moreover, this step may 
be completely avoided if g(r0,r1)+ε is added to the f() value of all the nodes to be inserted in 
the OPEN list, rather than subtracting the same value form the nodes already in the list.  
States are sorted on the OPEN list by a biased f() value, given by fB(x,ri), where x is the node 
in the OPEN list and ri is the robot’s state at the time x was inserted or adjusted on the 
OPEN list (Stentz, 1996). Let {r0, r1,…,rn} be the sequence of nodes occupied by the robot 
when the nodes were inserted in the OPEN list. The value of fB() is given by: 
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where f() is the estimated robot path cost given by: 
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information during the environment exploration and places the affected nodes in the OPEN 
list. Function Process-State computes optimal paths to the goal.  
Initially, all the nodes receive the tag, t(x)=NEW, the goal node is placed in the OPEN list 
and h(goal)=0. Then, the function Process-State is repeatedly called until either the robot 
configuration, x, is removed from the OPEN list (t(x)=CLOSED) or the function returns -1 
representing no valid path can be found.  
The robot starts following the sequence of backpointers to goal until either reaches the goal 
configuration or its sensors discover a discrepancy between the information in the map (arc 
cost changes in the graph do not match sensor measurements) and the environment. In this 
last case, the function Modify-Cost is automatically called to correct the arc costs and place 
the affected nodes in the OPEN list.  
Let node y be the robot configuration at the time when a discrepancy was found in arc costs 
to the neighboring nodes. Through repeated calls of the function Process-State, until 
k_min≥h(y), these cost changes are propagated from the goal node to the node y. At this 
moment, a new sequence of backpointers from the goal to node  is created and the robot 
resumes its traverse.  

 
2.5 Focusing the D* algorithm 
The drawback of the D* algorithm is in the way it propagates cost changes. These changes 
are propagated to the affected states regardless of their importance to the robot navigation. 
The aim is to focus the search and the propagation of cost changes to those states that are 
likely to generate optimal paths to the goal. Similar to the case of A* algorithm, D* can also 
use a heuristic function for decreasing the number of expanded nodes and search focus. 
Let g(x,r) be the estimated path cost from robot position, r, to the node x. This function will 
be the focusing heuristic. Furthermore, a new function, f, the estimated robot path cost is defined 
as follows: 
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(29)
 

All the LOWER nodes in the OPEN list will be sorted using function f() as a sort key.  
Function f() is the estimated path cost from node r to node goal, passing through node x. 
Function f() will provide the optimum cost path from r to goal, passing through x, if g() is 
satisfying the monotonic restriction, due to the fact that h(x) is optimal when a LOWER node 
is extracted from the OPEN list. 
For RAISE nodes, the previous value of function h() defines a lower bound on the h() value 
of all the LOWER nodes that can be discovered. Thus, if the same focusing heuristic is used, 
the previous value of f() for the RAISE nodes defines a lower bound for the value of f() for all 
the LOWER nodes that can be discovered. Thus, if the value of f() for the LOWER nodes in 
the OPEN list is larger than the previous value of f() for the RAISE nodes, it is useful to 
expand the RAISE nodes in order to discover more advantageous LOWER nodes.  
Using this work hypothesis, the RAISE nodes in the OPEN list should be sorted using the 
value of the function f(x,r) as a sort key, and to avoid infinite loops in the backpointers, ties 
in this key are to be sorted using the value of k().  
The process terminates when the lowest value of f() function for all the nodes in the OPEN 
list is grater or equal to the path cost, since further expanding will not be able to produce a 
LOWER node with a sufficiently small value of the cost function and located close enough 

to the current node to influence the search.  This termination is more drastic and abrupt than 
in the previous case (D* without the focusing heuristic).  
The major problem in using a focusing heuristic is that once an optimal path to the goal has 
been found, the robot starts following backpointers to the goal state and moves to another 
node. If the robot sensorial system discovers a discrepancy between the map and the structure 
of the environment, the search should be focused on the new robot location. But, the problem 
is that the nodes in the OPEN list are sorted based on the value of the path cost computed for 
the old robot position (before the affected nodes are discovered and placed in the OPEN list) 
and thus the nodes in the OPEN list have incorrect values for the functions f() and g().  
One possible solution is to calculate these functions each time the robot moves or a node is 
inserted in the OPEN list. Empirical results (Berg, 2006), (Hansen & Zhou, 2007) have shown 
that this is a major slow-down in the algorithm and the speed-up gained through focusing 
search is outrun by the slow-down introduced by the recalculation of f() and g(). 
It may be considered an advantage that usually the robot moves only a few nodes before a 
re-planning operation is necessary. Thus, the values of f() and g() functions are only slightly 
deviated. Assuming that a node x is placed in the OPEN list at the time the robot is in the 
configuration indicated by the node r0 and the value of f() is f(x,r0). If the robot moves to 
another node, r1, f(x,r1) may be computed and the position of node x in the OPEN list may be 
adjusted. On the other hand, to avoid the computational cost, one may compute a lower 
bound on the value of f(x,r1): 
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Function fL represents a lower bound on f(x,r1), since it asumes that the mobile robot has 
moved in the direction of the node x, thus the cost of g(r1,r0) is subtracted.  The parameter ε 
is a positive constant. The node x is repositioned in the OPEN list function of its fL(x,r1) 
value, which is a lower bound on  f(x,r1), thus the node x will be selected for expansion prior 
to other nodes in the list. Once the node is expanded, its real f(x,r1) is computed and thus the 
node will be repositioned in the OPEN list function of the value in f(x,r1 ). 
At a first glance this approach may seem inefficient, because implies resorting nodes in the 
OPEN list based on the fL() value, then a partial adjustment and a resorting based on the real 
f() value. But since the value g(r0,r1)+ε is subtracted from all the nodes in the OPEN list, the 
list is maintained in proper order and a re-sorting is not required.  Moreover, this step may 
be completely avoided if g(r0,r1)+ε is added to the f() value of all the nodes to be inserted in 
the OPEN list, rather than subtracting the same value form the nodes already in the list.  
States are sorted on the OPEN list by a biased f() value, given by fB(x,ri), where x is the node 
in the OPEN list and ri is the robot’s state at the time x was inserted or adjusted on the 
OPEN list (Stentz, 1996). Let {r0, r1,…,rn} be the sequence of nodes occupied by the robot 
when the nodes were inserted in the OPEN list. The value of fB() is given by: 
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information during the environment exploration and places the affected nodes in the OPEN 
list. Function Process-State computes optimal paths to the goal.  
Initially, all the nodes receive the tag, t(x)=NEW, the goal node is placed in the OPEN list 
and h(goal)=0. Then, the function Process-State is repeatedly called until either the robot 
configuration, x, is removed from the OPEN list (t(x)=CLOSED) or the function returns -1 
representing no valid path can be found.  
The robot starts following the sequence of backpointers to goal until either reaches the goal 
configuration or its sensors discover a discrepancy between the information in the map (arc 
cost changes in the graph do not match sensor measurements) and the environment. In this 
last case, the function Modify-Cost is automatically called to correct the arc costs and place 
the affected nodes in the OPEN list.  
Let node y be the robot configuration at the time when a discrepancy was found in arc costs 
to the neighboring nodes. Through repeated calls of the function Process-State, until 
k_min≥h(y), these cost changes are propagated from the goal node to the node y. At this 
moment, a new sequence of backpointers from the goal to node  is created and the robot 
resumes its traverse.  

 
2.5 Focusing the D* algorithm 
The drawback of the D* algorithm is in the way it propagates cost changes. These changes 
are propagated to the affected states regardless of their importance to the robot navigation. 
The aim is to focus the search and the propagation of cost changes to those states that are 
likely to generate optimal paths to the goal. Similar to the case of A* algorithm, D* can also 
use a heuristic function for decreasing the number of expanded nodes and search focus. 
Let g(x,r) be the estimated path cost from robot position, r, to the node x. This function will 
be the focusing heuristic. Furthermore, a new function, f, the estimated robot path cost is defined 
as follows: 
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All the LOWER nodes in the OPEN list will be sorted using function f() as a sort key.  
Function f() is the estimated path cost from node r to node goal, passing through node x. 
Function f() will provide the optimum cost path from r to goal, passing through x, if g() is 
satisfying the monotonic restriction, due to the fact that h(x) is optimal when a LOWER node 
is extracted from the OPEN list. 
For RAISE nodes, the previous value of function h() defines a lower bound on the h() value 
of all the LOWER nodes that can be discovered. Thus, if the same focusing heuristic is used, 
the previous value of f() for the RAISE nodes defines a lower bound for the value of f() for all 
the LOWER nodes that can be discovered. Thus, if the value of f() for the LOWER nodes in 
the OPEN list is larger than the previous value of f() for the RAISE nodes, it is useful to 
expand the RAISE nodes in order to discover more advantageous LOWER nodes.  
Using this work hypothesis, the RAISE nodes in the OPEN list should be sorted using the 
value of the function f(x,r) as a sort key, and to avoid infinite loops in the backpointers, ties 
in this key are to be sorted using the value of k().  
The process terminates when the lowest value of f() function for all the nodes in the OPEN 
list is grater or equal to the path cost, since further expanding will not be able to produce a 
LOWER node with a sufficiently small value of the cost function and located close enough 

to the current node to influence the search.  This termination is more drastic and abrupt than 
in the previous case (D* without the focusing heuristic).  
The major problem in using a focusing heuristic is that once an optimal path to the goal has 
been found, the robot starts following backpointers to the goal state and moves to another 
node. If the robot sensorial system discovers a discrepancy between the map and the structure 
of the environment, the search should be focused on the new robot location. But, the problem 
is that the nodes in the OPEN list are sorted based on the value of the path cost computed for 
the old robot position (before the affected nodes are discovered and placed in the OPEN list) 
and thus the nodes in the OPEN list have incorrect values for the functions f() and g().  
One possible solution is to calculate these functions each time the robot moves or a node is 
inserted in the OPEN list. Empirical results (Berg, 2006), (Hansen & Zhou, 2007) have shown 
that this is a major slow-down in the algorithm and the speed-up gained through focusing 
search is outrun by the slow-down introduced by the recalculation of f() and g(). 
It may be considered an advantage that usually the robot moves only a few nodes before a 
re-planning operation is necessary. Thus, the values of f() and g() functions are only slightly 
deviated. Assuming that a node x is placed in the OPEN list at the time the robot is in the 
configuration indicated by the node r0 and the value of f() is f(x,r0). If the robot moves to 
another node, r1, f(x,r1) may be computed and the position of node x in the OPEN list may be 
adjusted. On the other hand, to avoid the computational cost, one may compute a lower 
bound on the value of f(x,r1): 
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Function fL represents a lower bound on f(x,r1), since it asumes that the mobile robot has 
moved in the direction of the node x, thus the cost of g(r1,r0) is subtracted.  The parameter ε 
is a positive constant. The node x is repositioned in the OPEN list function of its fL(x,r1) 
value, which is a lower bound on  f(x,r1), thus the node x will be selected for expansion prior 
to other nodes in the list. Once the node is expanded, its real f(x,r1) is computed and thus the 
node will be repositioned in the OPEN list function of the value in f(x,r1 ). 
At a first glance this approach may seem inefficient, because implies resorting nodes in the 
OPEN list based on the fL() value, then a partial adjustment and a resorting based on the real 
f() value. But since the value g(r0,r1)+ε is subtracted from all the nodes in the OPEN list, the 
list is maintained in proper order and a re-sorting is not required.  Moreover, this step may 
be completely avoided if g(r0,r1)+ε is added to the f() value of all the nodes to be inserted in 
the OPEN list, rather than subtracting the same value form the nodes already in the list.  
States are sorted on the OPEN list by a biased f() value, given by fB(x,ri), where x is the node 
in the OPEN list and ri is the robot’s state at the time x was inserted or adjusted on the 
OPEN list (Stentz, 1996). Let {r0, r1,…,rn} be the sequence of nodes occupied by the robot 
when the nodes were inserted in the OPEN list. The value of fB() is given by: 
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information during the environment exploration and places the affected nodes in the OPEN 
list. Function Process-State computes optimal paths to the goal.  
Initially, all the nodes receive the tag, t(x)=NEW, the goal node is placed in the OPEN list 
and h(goal)=0. Then, the function Process-State is repeatedly called until either the robot 
configuration, x, is removed from the OPEN list (t(x)=CLOSED) or the function returns -1 
representing no valid path can be found.  
The robot starts following the sequence of backpointers to goal until either reaches the goal 
configuration or its sensors discover a discrepancy between the information in the map (arc 
cost changes in the graph do not match sensor measurements) and the environment. In this 
last case, the function Modify-Cost is automatically called to correct the arc costs and place 
the affected nodes in the OPEN list.  
Let node y be the robot configuration at the time when a discrepancy was found in arc costs 
to the neighboring nodes. Through repeated calls of the function Process-State, until 
k_min≥h(y), these cost changes are propagated from the goal node to the node y. At this 
moment, a new sequence of backpointers from the goal to node  is created and the robot 
resumes its traverse.  

 
2.5 Focusing the D* algorithm 
The drawback of the D* algorithm is in the way it propagates cost changes. These changes 
are propagated to the affected states regardless of their importance to the robot navigation. 
The aim is to focus the search and the propagation of cost changes to those states that are 
likely to generate optimal paths to the goal. Similar to the case of A* algorithm, D* can also 
use a heuristic function for decreasing the number of expanded nodes and search focus. 
Let g(x,r) be the estimated path cost from robot position, r, to the node x. This function will 
be the focusing heuristic. Furthermore, a new function, f, the estimated robot path cost is defined 
as follows: 
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All the LOWER nodes in the OPEN list will be sorted using function f() as a sort key.  
Function f() is the estimated path cost from node r to node goal, passing through node x. 
Function f() will provide the optimum cost path from r to goal, passing through x, if g() is 
satisfying the monotonic restriction, due to the fact that h(x) is optimal when a LOWER node 
is extracted from the OPEN list. 
For RAISE nodes, the previous value of function h() defines a lower bound on the h() value 
of all the LOWER nodes that can be discovered. Thus, if the same focusing heuristic is used, 
the previous value of f() for the RAISE nodes defines a lower bound for the value of f() for all 
the LOWER nodes that can be discovered. Thus, if the value of f() for the LOWER nodes in 
the OPEN list is larger than the previous value of f() for the RAISE nodes, it is useful to 
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Function fL represents a lower bound on f(x,r1), since it asumes that the mobile robot has 
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where f() is the estimated robot path cost given by: 
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and d() is the accrued bias function given by: 
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The function g(x,y) is the focusing heuristic, representing the estimated path cost from a 
node y to a node x. The nodes in the OPEN list are sorted by increasing fB() value, with ties 
in fB() ordered by increasing f(), and ties in f() ordered by increasing k(). Ties in k() are 
ordered arbitrarily. Thus, a vector of values fB, f, k  is stored with each node in the list.  
Whenever a node is removed from the OPEN list, its f() value is examined to see if it was 
computed using the most recent focal point. If not, its f() and fB() values are recalculated 
using the new focal point and accrued bias, respectively, and the node is placed back on the 
list. Processing the fB() values in ascending order ensures that the first encountered f() value 
using the current focal point is the minimum such value, denoted by fmin and let kval be its 
corresponding k() value. These parameters comprise an important threshold for D*. By 
processing properly-focused f() values in ascending order, the algorithm ensures that for all 
nodes, x, if f(x)<fmin  or (f(x)=fmin and h(x)=kval), then h(x) is optimal.  

 
3. Experimental results 

Several experiments were made, in both simulation and real life, using the Pioneer2 mobile 
robot, to determine the advantages and disadvantages of using A* and D*. 
 

                                 
Fig. 1. The structure of the environment used for simulation 
 
Fig. 1 presents a simulated environment having the configuration space similar to the 
obstacles distribution in the Robotic Research Lab at Technical University of Cluj-Napoca. 
Each cell in Fig. 1 represents a square area of 15 cm2. The initial robot configuration is in the 
lower left corner (green square) while the goal configuration is in the upper right corner (red 
square).  

 
Fig. 2. Path returned by A* algorithm 
 
Fig. 2 presents the path generated by the A* algorithm on the environment presented in Fig. 1. 
Distances between nodes were measured using the Manhattan metric (see also equation (2)) so 
that any neighboring node on a N, S, E or W direction is at a distance of 1 from the current node, 
while nodes on NW, NE, SW and SE direction are at a distance of 2 from the current node. 
 

 
Fig. 3. Path generated by D* algorithm without focusing heuristic 
 
Fig. 3 presents the path generated by the D* algorithm without the focusing heuristic, for the 
same environment configuration as in Fig. 1. Expanded nodes are presented in both Fig. 2 
and Fig. 3; nodes depicted with a green rectangle are the nodes in the OPEN list (on the 
frontier of the area representing the set of expanded nodes) while the nodes on the optimal 
path are presented in dark blue. Fig. 4 presents the path generated by the D* algorithm with 
the focusing heuristic, for the same environment configuration as in Fig. 1. 
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Fig. 4. Path generated by focused D* algorithm 
 
By analyzing Fig. 2 to Fig. 4, several questions have to be answered: first, why the resulting 
path in the three cases is not identical and second, what are the benefits of using D* like 
algorithms, since, at a first glance, the A* seems to provide best results. 
 The fact that both A* and focused D* are using a focusing heuristic, while D* is not using it 
must be kept in mind when analyzing the path length in the three situations (Fig. 2 to Fig. 4). 
Moreover, the distances are determined using the Manhattan metric, thus the results may 
appear different due to aliasing. The path cost (the sum of all arcs) is minimum in the three 
cases.  In addition, focused D* uses three keys to sort the nodes in the OPEN list, ties 
resulted by using the first sort criterion (value of ��) are solved by using the value of � while 
ties in this case are solved using the third sort key, that is the value of �.  
 

 
Fig. 5. Comparison between paths length computed with the Manhattan metric (blue, red 
and yellow) and Euclidian Metric (green) 
 
The differences in Fig. 2, Fig. 3 to Fig. 4 can be explained using Fig. 5. The figure presents a 
comparison between a path produced by the Euclidian metric (in green) and three paths 
produced by the Manhattan metric (in blue, red and yellow).  The paths produced by the 
Manhattan metric have all the same length, which is 12 units, while the path in green has a 
length of � � √2 � ���� units, and is the unique shortest path between the two points in 
lower left corner and upper right corner respectively. The same green path has a length of 12 
units if this path length is computed using the Manhattan metric.  

 
 
The second problem is that both A* and focused D* algorithms expand the same number of 
nodes (Fig. 2 and Fig. 4), while D* expands a larger number of nodes. We will analyze the 
situation when the information in the map is incomplete or the structure of the environment 
changes. Assume the robot is equipped with sensors capable of detecting the environment 
on a radius of 10 nodes around the mobile robot. The robot is supposed to traverse a 
corridor that has a door at the end. The robot has no information about the door presence.  
Fig. 6. Presents an example of A* path planning: subfigure a) presents the environment as it 
is known by the planner, while subfigure b) presents the real structure of the environment. 
Subfigure c) presents the initial path plan (through the closed door) while subfigure d) 
present the re-planned path, after the robot discovers the closed door. 
 

 
 
 
 
 
 
 

a)                                                                                  b) 

c)                                                                                  d) 
Fig. 7. Example of D* path planning 

 
a)     b) 

 
c)     d) 

Fig. 6. Example of A* path planning. 
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Fig. 7.  Shows an example of D* path planning: subfigure a) presents the environment as it is 
known by the planner, while subfigure b) presents the real structure of the environment. 
Subfigure c) presents the initial path plan (through the closed door) while subfigure d) 
present the re-planned path, after the robot discovers the closed door; nodes in red represent 
RAISE nodes, while nodes in yellow are LOWER nodes. 
Experiments presented in Fig. 6 and in Fig. 7 shows the different way algorithm A* and 
focused D* operate when facing the same problem. Both algorithms plan an initial path 
through the closed door (subfigure c) in both Fig. 6. and Fig. 7. ) because, based on the initial 
information, this is an unobstructed path. Then the robot starts following backpointers to 
the goal configuration until the closed door enters the range of the mobile robot sensorial 
system. At this moment the planner based on A* updates the map and starts a new planning 
process having the start node the robot current position, while the goal node remains 
unchanged. On the other hand, the D* algorithm tries to repair the map (the affected portion 
of the map containing the initial path through the closed door). The number of expanded 
cells is smaller than in the case of A* because the algorithm uses portions of the map that has 
the nodes unaffected by the cost changes. 

 
3.1 Online tests 
Fig. 8 presents a navigation of the Pioneer 2 mobile robot in a real-life environment, having 
the same characteristics as the environment used for simulations.  
Even if the information stored in map is completely accurate (the algorithm is completely 
informed), cost changes in arcs are due to a series of external factors such as: localization 
errors, error in specifying the initial robot position, errors in the data provided by the 
sensorial system of the robot and last but not least, error of the robot’s odometric system.  
Localization errors come in two types: systematic errors and non-systematic errors. The first 
type is represented by the error in position estimation, which, without a proper correction 
mechanism tend to grow in size due to their additive character and due to the integrating 
behavior of the localization system.  
The second type of errors is non-systematic and is due to imperfect contact between mobile 
robot’s wheels and the floor and due to slippage. The magnitude of these errors can be 
lowered if the mobile robot is forced to use a relative low velocity. Furthermore, there is an 
increase in the magnitude of these errors in case of varying roughness of the floor surface, 
irregular levels etc. 
 

 
Fig. 8. Intermediate steps in navigation of Pioneer 2 mobile robot with Focused D* 
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3.2 Comparative tests 
Several tests have been performed in order to determine the average running time between 
Fast A* implementation, D* without focusing heuristic and focused D*. The tests were 
performed off-line on random generated maze-like maps, having adjustable dimensions of 

 cells,  cells and  cells. Table 1 presents the run-time 
results (in seconds). 
The Open List in A* and D* is implemented as a balanced binary tree sorted on 
corresponding key values, with tie-breaking mechanism. This tie-breaking mechanism 
results in the goal state being found on average earlier in the last f() value pass.  
In addition to the standard Open/Closed Lists, marker arrays are used for answering (in 
constant time) whether a node is in the Open or Closed List. We use a “lazy-clearing” 
scheme to avoid having to clear the marker arrays at the beginning of each search. Each path 
finding search is assigned a unique (increasing) id that is then used to label array entries 
relevant for the current search. The above optimizations provide an order of magnitude 
performance improvement over a standard “textbook” A* implementation. 
 

Dimension Fast A* D* Focused D* 

Planning 104 cells 5.7 s 8.0 s 6.2 s 

Re-planning 104 cells 3.0 s 2.1 s 1.3 s 

Planning 106 cells 37.3 s 55.8 s 50.7 s 

Re-planning 106 cells 28.2 s 10.1 s 7.6 s 

Planning 108 cells 136.4 s 335.0 s 298.7 s 

Re-planning 108 cells 126.8 s 87.4 s 54.3 s 

Table 1. Comparison between running time of the A*, D* and focused D* in planning and re-
planning paths. 

 
4. Conclusions 

Although the A* and D* are algorithms specific to artificial intelligence, they can find 
applicability in any application requiring graph search, including mobile robotics. This is 
due to the fact that both A* and D* are generic algorithms, applicable to any optimum path 
problems.  
The A* algorithm is capable of producing optimum paths (lowest cost path) as long as the 
structure of the environment is completely known (arc costs do not change during robot 
traverse). In the case where discrepancies exist between the map and the structure of the 
environment, the efficiency of A* is limited, due to the necessary re-planning operation. 
These operations are time consuming since the algorithm is not capable of using information 
retrieved between searches or the costs of partially expanded nodes, thus any re-planning 
operation means another planning from with zero information from the previous search.   
These deficiencies are eliminated by D*. As opposed to A*, D* can cope with arc cost 
changing during robot traverse. This because the algorithm is capable of using the partially 

expanded nodes and subsequent path costs leading to smaller wait time between re-
planning operations.  
The approach is more efficient if the arc cost changes are detected in the close vicinity of the 
current node (like in the case of a mobile robot equipped with on-board sensorial system). 
On the other hand, the efficiency of D* in terms of expanded cells during the first stages of 
the planning process resembles the efficiency of a brute-force planner.  
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1. Introduction 

Cutting process plays an important role in manufacturing of a large range of products for all 
types of production (shop, batch and mass production). Hence the constant need of 
improvement and optimization of process and parameters exists. It can be expressed by two 
postulates: increasing of efficiency and quality. At present the significant improvement of 
both factors seems to be impossible without understanding of dynamical basics of cutting 
process. Thus research and development into realistic mathematical models of cutting 
process, becomes even more important than previously. 
Models become a useful instrument for technologist just after adapting of worked out 
mathematical equations for adequate technological problems. This stage is usually quite 
difficult and very important because it determines usefulness of model.  
In the chapter dynamical model of cutting process for turning was described. The model 
denotes two-degree-of freedom tool deflection caused by dynamical cutting force. It 
considers the main dissipative factors: regenerative effect and process dumping caused by 
dynamical limit federate. As the result of analysis, the main ranges of potential application 
were proposed 

 
2. Methodology of cutting process modelling 

In cognitive process of complex problem the acceptance of physical model representing the 
present level of knowledge is very important. The excessive complication of model slightly 
enlarges labour input and hardware requirements to obtain expected results, thus makes its 
effective utilization impossible. Hence the compromise between informativness and 
complication of the model become essential. Mathematical model understood as 
mathematical description of physical dependences of observed phenomenon is created in 
the next step. This description can be provided by algebraic equations, ordinary or partial 
differential equations, differential and integral equations or retarded differential equations. 
The later are most important for cutting process modelling for which the influence of history 
of the process on present system state should be considered. 
One can affirm that dynamical processes occurring in model do not reflect the real 
phenomenon, but rather describe the current level of knowledge. Differences between real 
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process and physical model can be called disturbances. Disturbances are understood as 
known or unknown influence of not large changes of system parameters on the process 
course. This influence is usually excepted. 
The next stage of dynamical modelling is analysis of motion equations of studying system. 
The method of analysis depends on the type of model equations. For linear differential 
equations the analytic solutions are searched. But for even simple nonlinear systems there 
are no accurate solutions, or determining of these solutions is very inconvenient [Hale 1977] 
In these cases the approximate analytic methods on basis of elementary functions can be 
applied. It permits the initial orientation due to qualitative and sometimes also quantitative 
aspect of system dynamics. But mostly the numerical methods definitely predominate for 
nonlinear systems analysis.  
In the last stage of modelling, the parameters for which required dynamical features can be 
obtained are selected. It is called synthesis and optimization. 
Apart from the mentioned above theoretical analysis, the experimental research should be 
provided. It enables identification of physical model parameters and verification of 
mathematical model and obtained results. Often the experimental research is provided 
parallel to the theoretical ones.  
The pattern of dynamical process analysis is presented on fig. 1. 
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There are several varieties of models, used depending on the kind of analysed problem. It 
distinguishes two main classes of physical models: 
- structural models, in which the organization is similar to the structure of the analysed 

system and the pertinence between elements of the model and object appears, 
- functional models, which similarity to the object consists in compatibility of the model and 

object output signals. In case of mechanical systems there are continuous and discrete 
models. First of them are systems where parameters are distributed in continuous way 
and they are described by partial differential equations, integral equations or differential 
and integral equations. Discrete systems one describes by ordinary differential equations 
and usually they are easier to analyse than continuous ones, thus continuous systems are 
often approximated by discrete systems. Moreover the linear and nonlinear models are 
differentiated. 

 
3. Nonlinearities of cutting process 

The main reasons of chatter stabilization are two basic nonlinearities of cutting process 
[Jemielniak & Widota 1988]: 
- brakes in cutting process caused by departure of the cutting edge from workpiece, 
- increase of cutting force in range of kinetic clearance angle close to zero [Jabłoński 1997]. 
Departure of the cutting edge from workpiece enabling disappearance of cutting force, can 
be taken into consideration by defining relation xT=x(t-) (fig. 2). This value one can describe 
on the basis of edge trace generated in previous passes (revolutions) on workpiece surface:  
 

      ...32,2,min 00   txatxatxxT  
 
where: a0 – nominal thickness of cut. 
 

 
Fig. 2. Traces reflected on a machined surface in following passes (revolutions) [Jemielniak 
& Widota 1988]. 
 
During first revolution existing of xT  parameter in not justified thus it takes value of zero. 
Cutting generates vibrations of the tool. These vibrations cause changes of the kinetic 
clearance angle (fig. 3). While decreasing of , cutting force increases and cutting process is 
strongly dumped. 
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Fig. 3. Dependence of kinetic clearance angle on parameters of movement (vibrations) 
during cutting [Weck & Altintas 2004]. 
 
One of the most important reasons of self-excited vibrations is regenerative effect [Gasiński 
& Jabłoński 1994]. It enables taking into consideration the state of process in the present and 
previous moment (while turning – revolution), thus considering the history of process. This 
fact makes the model much more realistic and unfortunately also very complicated.  
For the sake of various values of cutting forces, the cutting process is never free from 
vibrations. Even when the changes of a force are very small they cause waviness of the 
workpiece surface, as a result of the limited machine tool stiffness. The entrance of a cutting 
edge into a waved layer (in turning after one revolution of a workpiece) causes dynamical 
influence on the machine tool. The dynamical changes of the cutting force among other 
things depend on the modulation of the area of cutting and so, on the active length of the 
cutting edge and the modulation of the cutting depth [Dmochowski 1981]. The depth of cut 
value is strongly affected by a phase shift between the previously made waviness and the 
current dislocation in the cutting point (fig. 4). On the other hand, amplitude depends on 
dumping in the process –  machine tool system. 
 

 
 

Fig. 4. Section of the cut – regenerative effect [Dmochowski 1981] 
 
 

4. Known models of cutting process for turning 

First nonlinear mathematical one-degree-of-freedom model was published by Arnold in 
1946 [Arnold]. Proposed equation had the form: 
 
          KtxFtxxxBAtxM      
 
where: 
 

KFBAM ,,,,   - constants, 
 x  - closer indefinite function, representing dependence of system dumping 

 on tool movement x(t) . 
 
In 1988 Grabec proposed two-degree-of-freedom model, for which the chaotic behaviour 
was observed [Grabec 1988] (fig. 5).  
 

 
Fig. 5. Diagram of the system for chaotic behaviour model proposed by Grabec [Grabec 1988]. 
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432100 ,,,, CCCChv  - constants, 
   - step function 
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The chaotic behaviour of system was obtained thanks to some assumptions. 
 
The relatively simple one-degree-of-freedom model was proposed in 1989 by Hamdan and 
Bayoumi [Hamdan & Bayoumi 1989]. It enables to take into consideration friction effects on 
flank face and rake face depending on cutting speed: 
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where: 

ee kkCCm ,,,,  - constants, 

v0  - nominal cutting speed. 

 
In 1991 Lin and Weng presented two-degree-of-freedom model [Lin & Weng 1991]: 
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      yFdtxltylty  212    
 
where components of cutting force take form of cubic polynomials of variables x(t), x(t-), 
y(t), y(t-). Additionally the model enables potential possibility of departure of the cutting 
edge from workpiece. 
 
Even more complicated model were proposed in 1992 by Berger, Rokini and Minis [Berger 
et al. 1992]. In this case the state equations take form: 
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where constants ak (for k=1, 2, 3, ..., 12) depend on concrete cutting conditions and  is time 
of one workpiece revolution. 
 
In 1997 in Moon and Johnson in their book presented the model of regenerative effect [Moon 
& Johnson 1997].  
 

 
Fig. 6. Diagram of cutting system for simplified one-degree-of-freedom regenerative effect 
[Moon & Johnson 1997]. 
 
For the coordinate system accepted as on fig. 6 the dynamics of the cutter one can described 
by equation: 

           tytyfFtyktyctym t  
where: 
m, c, k – mass, dumping and stiffness of tool-workpiece system 
Ft – thrust component of cutting force 
f – nominal feed 
 – duration of one workpiece revolution (time lag) 
 
Normalizing by following substitutions:  
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Even for assumed the linear dependence of thrust component Ft on thickness of the cut, 
relation x(t) - x(t - ) must be respected. After expansion of Ft function in Taylor series and 
taking into consideration only its linear factor, equation … takes form: 
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where constants ak (for k=1, 2, 3, ..., 12) depend on concrete cutting conditions and  is time 
of one workpiece revolution. 
 
In 1997 in Moon and Johnson in their book presented the model of regenerative effect [Moon 
& Johnson 1997].  
 

 
Fig. 6. Diagram of cutting system for simplified one-degree-of-freedom regenerative effect 
[Moon & Johnson 1997]. 
 
For the coordinate system accepted as on fig. 6 the dynamics of the cutter one can described 
by equation: 
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Ft – thrust component of cutting force 
f – nominal feed 
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Even for assumed the linear dependence of thrust component Ft on thickness of the cut, 
relation x(t) - x(t - ) must be respected. After expansion of Ft function in Taylor series and 
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The chaotic behaviour of system was obtained thanks to some assumptions. 
 
The relatively simple one-degree-of-freedom model was proposed in 1989 by Hamdan and 
Bayoumi [Hamdan & Bayoumi 1989]. It enables to take into consideration friction effects on 
flank face and rake face depending on cutting speed: 
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Where: 
b – width of cut, and  

   2 , , ,
2

t
s

F tk c k f
m bkm

 


    

 
It is experimentally affirmed that value of Ft component is approximately proportional to 
the width of cut, thus value ks(f) one can assume as regardless of b.   
The model was built on a basis of quasi-static measurements of Ft force. The results of 
stability analysis of cutting process are presented on fig. 7. Similar model was proposed by 
Stépán [Stépán 1989]. He also presented the method of mathematical analysis of this 
problem. 
 

 
Fig. 7. Graph of stability for a model of regenerative effect. On the vertical axis the factor 
proportional to section of a cut was marked [Moon & Johnson 1997]. 

 
Conclusions for cutting process modelling 

All described above model represent different approach to the problem of cutting process 
analysis and modelling. They are taking into consideration different phenomena recognised 
as important. Also the number degrees-of-freedom is different. Most models are based on 
similar assumptions: 
- tool is treated as beam vibrating under outside excitement of cutting force components, 
- workpiece material is undeformable and homogeneous, 
- machine tool is treated as infinitely stiff system except for vibrating elements (mostly tool), 
- regenerative effect is the most important dissipative factor. 

Analysing of above assumptions, utility for describing a process and expenditures in 
hardware and time sense, it can express some postulates for new created model: 
1) number degrees-of-freedom should be at least two in order to secure the most 

accurate describing of process, 
2) one should take into consideration the basic dissipative factors, especially 

regenerative effect and increase of cutting force in range of kinetic clearance angle 
close to zero, 

3) model should be constructed in modular way to enable of its easy extension as 
development of knowledge level, 

4) all parameters and variables should be normalised to nondimensional form, 
5) one should apply group parameters representing connection between simple 

parameters, because obtained in this way outcomes concern not only process 
running in concrete conditions but also all set of conditions described by the same 
group parameters. 

 
Last year many models of cutting process were worked out, but most of them are made for 
milling, drilling or grinding process [Chang & Lu 2006, Göloğlu & Arslan 2009, Öktem 2009, 
Prakasvudhisarn 2009, Routara 2009, Suresh & Venkateswara 2005]. The analysis of turning 
process is close to the state from the turn of a century. But turning is still one of the most 
important cutting methods and constant research in this area is justifiable. 

 
5. Nonlinear dynamical model proposed by author 

In papers [Gasiński & Jabłoński 1994, Jabłoński 1997, Jabłoński 2004] the mathematical 
model of cutting process was proposed. It applies to turning with assumption of one- and 
two-degrees-of-freedom. Model was worked out on basis of models presented above and 
enables taking into consideration most of the described phenomena except for friction, 
which is treated as an integral part of the process and not analysed separately.  
One of the most important advantages of this model is its modular structure, allowing 
consideration of  the new factors making model more and more realistic.  
Current form of model permits three-degrees-of-freedom process description. This way we 
have got very effective tool for numerical cutting process analysis and simulation.  
The main assumption of the model: 
 the model concerns turning as a one of the most important cutting methods, 
 the only cutter movement is taken into consideration  - the other elements of 

cutting system are treated as infinitely stiff and in the workpiece material as 
homogeneous, 

 the cutter is a beam vibrating under influence of cutting force, 
 the main dissipative factors are considered, thus the history of the process 

(regenerative effect) as well, 
 standardization of model variables and parameters permit nondimensional 

description – the solutions concern many situations described by the same 
parameters. 

The starting point of mathematical model was the experimental equation of cutting force (1) 
and differential equation of vibrating beam movement. 
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where: 
C – cutting process dependent constant, ap – depth of cut, f – feed, up, ug – empirical 
exponents, 
 

 
Fig. 8. The tool system while turning [Gasiński & Jabłoński 1994] 
 
Figure 8 presents the physical model of cutter-workpiece system. In the considered example 
feed and depth of cut are variables, thus a the cutting force equation takes form: 
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The movement equations one can write as: 
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where: 
x – feed direction, y – thrust direction, ftl – process-dependent dumping function of model. 
 
After transforming and normalization to non-dimensional form the model state equations are: 

 
where the non-dimensional parameters denote: 
x1, y1  - normalized tool deflection respectively in feed and thrust direction,  x1 = x/fo , 
fo  - feed rate,  - limit feed rate, 
x - factor representing the tool flexibility in X axis direction, 
T – nondimensional duration of one workpiece revolution (nondimensional time lag),            
T =t1*x , t1 [s], x = 2 fx  [1/s], 
 - ratio of natural circular frequency of the tool vibration to X and Y axis,   = x /y , 
 - shape factor of the cutting chip cross - section,   = fo /d , 
d - depth of cut,  - approach angle, 
 - ratio of tool flexibility to X and Y axis (flexibility factor),   = x /y , 
C1, C2  - constants depending on assumed dynamic dumping characteristic; v, w - system 
dependent constants. 

 
6. Applications of model  

6.1. Surface roughness evaluation 
Development of the methods and algorithms to calculate the workpiece surface roughness 
after cutting is one of the main cutting process study directions. It combines the modelling 
and prediction issues [Feng & Wang 2002]. Most of the models denote the milling 
operations. Turning process analysis is mostly based on modern quasi-mathematical 
methods such as neural networks [Karayel 2009]. In fact there are a small number of typical 
mathematical models of turning process.   
Important advantages of proposed model are the time and dynamical characteristics of 
process, obtained by model simulation. They can be used for modelling of stereometrical 
condition of turned surface for  theoretical, homogeneous material .  
The approximate outline of roughness one can permit on basis of discreet (every revolution 
registered) characteristics of time tool deflection in thrust direction. This direction has the 
biggest influence on surface roughness parameters. The other directions of tool movements 
result not directly on machined surface form. The main direction tool vibrations have 
influence chiefly on actual value of cutting speed and the wave generated by the tool in feed 
direction is removed in next revolution. Thus their impact is negligible. 
Registering the actual tool location in thrust direction every revolution one gets an 
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T – nondimensional duration of one workpiece revolution (nondimensional time lag),            
T =t1*x , t1 [s], x = 2 fx  [1/s], 
 - ratio of natural circular frequency of the tool vibration to X and Y axis,   = x /y , 
 - shape factor of the cutting chip cross - section,   = fo /d , 
d - depth of cut,  - approach angle, 
 - ratio of tool flexibility to X and Y axis (flexibility factor),   = x /y , 
C1, C2  - constants depending on assumed dynamic dumping characteristic; v, w - system 
dependent constants. 

 
6. Applications of model  

6.1. Surface roughness evaluation 
Development of the methods and algorithms to calculate the workpiece surface roughness 
after cutting is one of the main cutting process study directions. It combines the modelling 
and prediction issues [Feng & Wang 2002]. Most of the models denote the milling 
operations. Turning process analysis is mostly based on modern quasi-mathematical 
methods such as neural networks [Karayel 2009]. In fact there are a small number of typical 
mathematical models of turning process.   
Important advantages of proposed model are the time and dynamical characteristics of 
process, obtained by model simulation. They can be used for modelling of stereometrical 
condition of turned surface for  theoretical, homogeneous material .  
The approximate outline of roughness one can permit on basis of discreet (every revolution 
registered) characteristics of time tool deflection in thrust direction. This direction has the 
biggest influence on surface roughness parameters. The other directions of tool movements 
result not directly on machined surface form. The main direction tool vibrations have 
influence chiefly on actual value of cutting speed and the wave generated by the tool in feed 
direction is removed in next revolution. Thus their impact is negligible. 
Registering the actual tool location in thrust direction every revolution one gets an 
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information about the position of characteristic points of modelled surface. Joining the points 
by straight line segments one get the first approximation of roughness outline {fig. 9.). 
From the formal point of view the actual location of cutter is superposition of tool deflection in 
all three directions. The vibrations in main direction displace the characteristic points around 
circumference of the workpiece. It is necessary to register the continuous series to determine 
the end of each revolution. Then the actual tool deflection in feed direction should be 
considered. It causes the movement of the characteristic points along considered roughness 
outline. Modified in this way set of points insignificantly differs from the previous outline, 
obtained for the thrust direction only. Influence of vertical tool deflection is negligible. Some of 
outcomes were presented in papers [Jabłoński 1997, Jabłoński 2004].  
 
   
 
 
   
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9. Theoretical outline of roughness as a result of approximation of points calculated 
from the stroboscope characteristics: y(t) – tool deflection in thrust direction, tool deflection 
in previous revolution of workpiece, p(t) – tool movement during one revolution (real value 
of actual feedrate). 
 
Figure 10 contains the measured Ra and Rq values of turned samples roughness. In figs 
11a,b,c the results of modelled roughness was presented. They were obtained on 
assumption presented on fig. 9, where roughness is treated only as effect of discrete 
positions of cutter. Roughness values and ratio of Rq/Ra are on similar level. Considering the 
geometrical tool factors (shape of cutting edge, tool entering angle and corner radius) one 
can reach more realistic results.  
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Fig. 10. Measured roughness of turned samples (steel S275, d=30mm, n=560rpm, ap=3.1mm, 
f=0.31mm/rev, tool for roughing NNZa (S20)). 
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Fig. 11a.  Simulated roughness – nondimensional time lag T=500 ( =5, K=0.02, =0.05, =4, 
=0.1, x =0.2). 
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Fig. 11a.  Simulated roughness – nondimensional time lag T=500 ( =5, K=0.02, =0.05, =4, 
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Fig. 11a.  Simulated roughness – nondimensional time lag T=500 ( =5, K=0.02, =0.05, =4, 
=0.1, x =0.2). 
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Simulated roughness (time lag T=650)
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Fig. 11b.  Simulated roughness – nondimensional time lag T=650 ( =5, K=0.02, =0.05, =4, 
=0.1, x =0.2). 
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Fig. 11c.  Simulated roughness – nondimensional time lag T=800 ( =5, K=0.02, =0.05, =4, 
=0.1, x =0.2). 

 
6.2. Application of model for predictive control systems 
One of the most important research directions is prediction of the cutting process state. 
There are many papers considering analysis and prediction of milling process [Kim et al. 
2000, Li et al. 2004, Li et al. 2008, Liu et al. 2005, Sadeghi et al. 2003, Yun & Cho 2000]. 
Turning process is analysed rarely even though most of cutting operations are turning [Li  
2001, Lian et al. 2005].  

 
 

Fig. 12. Diagram of predictive Smith system [VanDoren 1996]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 13. Diagram of proposed predictive system based on the cutting process model  
 
One of the possible model applications is integrating with predictive control systems. The 
principle of such system, based on example of Smith circuit was presented (fig. 12).  
The system allows eliminating the influence of delay resulting from measurements performed 
out of the process space. Such situation takes place, e.g. during visual roughness 
measurement. The picture registered by camera isn't analysed in cutting zone but away from 
machine tool. It It causes increasing reaction time while applying traditional control system. 
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The Smith circuit based control system can improve the measurement correctness. 
The proposed model used for control tasks allows executing adaptive and predictive 
functions at the same time. To achieve this goal  it is necessary to modify the Smith circuit 
by giving the actual  parameters of the process (fig. 13). The similar approach is proposed by 
Ergon [Ergon 2001]. The additional feedback applying enables quick and effective reaction 
for undesirable changes during cutting. Then the developed optimal control depends not 
only on model simulations but also on actual process status. 

 
6.3. Rapid prototyping of controllers 
The model is made in MATLAB environment. Due to Real Time Workshop of MATLAB 
package one can apply the model to rapid prototyping of industrial controllers. This 
application is inspired by some papers [Karunakaran & Springi 2004, Takosoglu et al. 2009] 
considering especially MATLAB/ SIMULINK package [Bucher & Balemi 2006].   
Rapid prototyping is design method, relying on optimization of controller structure just 
before starting of production or making the physical prototype. The verification of assumed 
solutions goes on by using the virtual, numerical prototype cooperating with process model. 
The cooperation with a real object is the next step (fig. 14). It requires preparing a real time 
simulation code, mostly in the C language. The essence of rapid prototyping is possibility of 
quick, automatic processing of model to a virtual prototype (code), which can be tested. It 
enables detect faults in an early stage of design and preparing the next, improved model of 
controller. The physical prototype is made only when its virtual equivalent reaches the 
assumed requirements.  
 

 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
Fig. 14. Application of model for rapid prototyping of controllers 

 

6.4. Integration with CAD/CAM packages 
Particularly interesting solution can be application of model in CAD/CAM software (fig. 
15). There are many CAD/CAM systems integrated with additional expert or similar 
modules presented last years in papers [Cemal et al.2005, Chérif et al. 2004, Lin & Kuo 2008, 
Thomas & Fischer 1996, Yue 2003] but there is no systems using module of dynamical model 
of cutting process. 
Such a module permits evaluation of established cutting parameters and tool geometry from 
the point of view of cutting process accuracy, efficiency and stability. In the simpliest 
example the expected amplitude of tool vibration can be predicted, but it is easy to propose 
additional functions, describing roughness parameters. Working up the criteria and optimal 
algorithms can enable the automatic selection of cutting parameters and tools for required 
by constructor quality of machined surface. Putting proposed solutions into effect can cause 
improving of CAD/CAM packages functionality. Thanks to this the considerable shortening 
of technological process optimization time became possible, what causes significant 
decreasing of the costs connected with product manufacturing. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
Fig. 15. Application of model as an additional module of CAD/CAM package 

 
7. Conclusions 

The proposed model permits to conduct the multi-aspect research in the field of cutting 
process analysis. It can be also applied for predictive and optimisation tasks, what 
significantly increases the range of potential applications. Among the others, it enables the 
analysis of influence on cutting process of such factors, as: cutting parameters, structural 
and technological features of cutter or cutting system stiffness. Gaining of exact and 
exhaustive information considering simulated process (tool deflection, cutting force, section 
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Such a module permits evaluation of established cutting parameters and tool geometry from 
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additional functions, describing roughness parameters. Working up the criteria and optimal 
algorithms can enable the automatic selection of cutting parameters and tools for required 
by constructor quality of machined surface. Putting proposed solutions into effect can cause 
improving of CAD/CAM packages functionality. Thanks to this the considerable shortening 
of technological process optimization time became possible, what causes significant 
decreasing of the costs connected with product manufacturing. 
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of the cut etc.) also becomes possible. On basis of simulations, many typical, dynamical 
characteristics can be obtained (time series of selected process factors, phase characteristics, 
FFT, reconstruction of attractor etc). Due to modular structure of mathematical model the 
possibility of easy development by considering new factors is also possible.     
The quoted features show the possibility of model applying for a large area of issues, such as: 
 evaluation of chosen cutting parameters correctness, 
 modelling of cutting outline or surface, prediction of roughness, 
 dynamical stability process research, particularly in context of modern methods of            

mathematical analysis, 
 rapid prototyping of controllers, 
 predictive control systems, 
 assistance of technological process design, using extended CAD/CAM packages, etc. 
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1. Introduction 

In order to reach high quality of the metal forming process and full functionality of the 
product, the properties of the material which the future product will be made of, have to be 
determined as precisely as possible. One of very important properties of material is impact 
toughness, which is defined as the ability of a material to resist fracture under the effect of 
shock loading. It is defined by the energy required to break a piece of metal of standard 
shape and with a cross-sectional area of 1 cm2 (Lange, 2001). A test called the Charpy test is 
used for evaluation of impact toughness (CVN) of a variety of mass produced materials and 
is of great value for the selection of materials and for quality control (Tanguy et. al., 2005). 
To get precise data and to reduce the cost of the experiment, several modeling methods 
predicting the values of the dependent output variables (i.e. system behavior) have been 
used so far (Mondal & Maiti, 2002, Mohanty et. al., 2003, Özel & Karpat, 2005). Traditional 
methods often employed to solve complex real problems tend to inhibit elaborate 
explorations of the search space. They can be expensive and often results in sub-optimal 
solutions. In most traditional modeling methods, such as multiple regression analysis, a 
prediction model is determined in advance. Merely a set of coefficients has to be found by 
the deterministic procedure. Because of the pre-specified shape and size of the model, the 
latter is often not capable of capturing the complex relation among influencing parameters 
and the model would not be precise enough for industrial applicability.  
 
Evolutionary computation (EC) is generating considerable interest for solving real 
engineering problems. They are proving robust in delivering global optimal solutions and 
helping to resolve limitations encountered in traditional methods. EC harnesses the power 
of natural selection to turn computers into optimization tools. It is very applicable to 
different problems in manufacturing industry (Brezocnik et. al., 2005, Dimitriu et. al., 2009, 
Odugava et. al., 2005, Pierreval et. al., 2003, Sette et. al., 2001). One of the core methods of 
evolutionary computing is genetic programming (GP) method, which use the genetic 
algorithm paradigm to derive computer expressions to solve a given problem. The aim is 
often to build models capable of predicting output values from input values. It is very 
important that the influence of the independent input variables on the dependent output 
variables and, consequently, on the product quality can be examined in the early stage of 
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process planning. Genetic programming method is most often used for complex system 
modeling (Chang et. al., 2005, Fakhrazd et. al. 2009). But with proper selection of several 
genetic parameters, genetic programming can also be effectively used for modeling of 
relatively simple system, such as system described in our paper, since it has a great 
advantage of being more accurate than conventional methods (e.g. regression analysis).  
 
In addition, when the complexity of the environment is increasing (e.g., more system 
parameters, more experiments), the adaptation of genetic programming run on such new 
environment is relative easily. In genetic programming, prevention against quick fall in local 
optimum (i.e. genetic model, which does not provide a suitable system solution) can be 
assured by different measures: 
 

-  With sufficient number of input variables (i.e. terminal genes T), influencing the 
output variable of the genetic programming process. 
- With proper selection of function genes F for adequate description of the relation 
between system variables. 
- With adequate mutation probability (assures new genetic material in the 
population). 
 

In the chapter, an approach completely different from the conventional methods for 
determination of accurate models for the change of material properties, is presented. This 
approach is genetic programming method which is one of evolutionary computation 
methods and is based on imitation of natural evolution of living organisms. Genetic 
programming is a domain-independent method that genetically breeds a population of 
computer programs to solve a problem. Specifically, genetic programming iteratively 
transforms a population of computer programs into a new generation of programs by 
applying analogs of naturally occurring genetic operations.  
 
The main characteristic of genetic programming is its non-deterministic way of computing. 
No assumptions about the form and size of expressions were made in advance, but they 
were left to the self organization and intelligence of evolutionary process. Genetic 
programming method can automatically create, in a single run, a general (parameterized) 
solution to a problem in the form of a graphical structure whose nodes or edges represent 
components and where the parameter values of the components are specified by 
mathematical expressions containing free variables. That is, genetic programming can 
automatically create a general solution to a problem in the form of a parameterized 
topology.  
 
In this chapter an example of genetic programming modeling of impact toughness of 
formed material is described. First, copper alloy rods were cold drawn under different 
conditions and then impact toughness of cold drawn specimens was determined by Charpy 
tests. The values of independent variables (effective strain, coefficient of friction) influence 
the value of the dependent variable, impact toughness. On the basis of training data, 
different prediction models for impact toughness were developed by genetic programming. 
The study showed that a genetic programming approach is suitable for system modeling.  

 

During our research, several different models for impact toughness satisfying the criterion 
of the success were discovered. The obtained models differ in size, shape, complexity and 
precision of the solution. Only the best models, gained by genetic programming are 
presented in the paper. Accuracy of the best models was proved with the testing data set. 
The comparison between deviation of genetic model results and regression model results 
concerning the experimental results is presented in the chapter. Because the proposed 
genetic programming method is general, it can be successfully used for modeling of 
different   materials properties and phenomena where experimental data on the process are 
available.  
 
The book chapter is organized as follows. A description of genetic programming method is 
given in Section 2. A description of experimental work and experimental results is given in 
Section 3. Section 4 shows the fitness measure, genetic operations and values of genetic 
parameters used for genetic programming method. Results, discussion and comparison 
between the best genetically developed model results, regression model results and 
experimental results are given in Section 5. Finally, some concluding remarks are given in 
Section 6. 

 
2. Methods used   

One of the central challenges of computer science is to get a computer to do what needs to 
be done, without telling it how to do it. Genetic programming addresses this challenge by 
providing a method for automatically creating a working computer program from a high-
level problem statement of the problem. Genetic programming achieves this goal of 
automatic programming by genetically breeding a population of computer programs using 
the principles of Darwinian natural selection and biologically inspired operations (Koza et. 
al., 1999). The operations include reproduction, crossover (sexual recombination), mutation, 
and architecture-altering operations patterned after gene duplication and gene deletion in 
nature.  
Genetic programming starts from a high-level statement of the requirements of a problem 
and attempts to produce a computer program that solves the problem. The human user 
communicates the high-level statement of the problem to the genetic programming system 
by performing certain well-defined preparatory steps (Koza et. al., 2003). The five major 
preparatory steps for the basic version of genetic programming require the specification of: 
 

1. the set of terminals (e.g., the independent variables of the problem, zero-
argument functions, and random constants) for each branch of the to-be-
evolved program, 

2. the set of primitive functions for each branch of the to-be-evolved 
program,  

3. the fitness measure (for explicitly or implicitly measuring the fitness of 
individuals in the population), 

4. certain parameters for controlling the run, and 
5. the termination criterion and method for designating the result of the 

run. 
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probabilities of performing the genetic operations, the maximum size for programs, and 
other details of the run.  
Termination: 
The fifth preparatory step consists of specifying the termination criterion and the method of 
designating the result of the run. The termination criterion may include a maximum number 
of generations to be run as well as a problem - specific success predicate (Koza, 1992). In 
practice, one may manually monitor and manually terminate the run when the values of 
fitness for numerous successive best-of-generation individuals appear to have reached a 
plateau. The single best-so-far individual is then harvested and designated as the result of 
the run. After the human user has performed the preparatory steps for a problem, the run of 
genetic programming can be launched. Once the run is launched, a series of well-defined, 
problem-independent executional steps (that is, the flowchart of genetic programming) is 
executed. 
Genetic programming starts with an initial population of computer programs composed of 
functions and terminals appropriate to the problem. The individual programs in the initial 
population are typically generated by recursively generating a rooted point-labeled 
program tree composed of random choices of the primitive functions and terminals 
(provided by the human user as part of the first and second preparatory steps of a run of 
genetic programming). The initial individuals are usually generated subject to a pre-
established maximum size (specified by the user as a minor parameter as part of the fourth 
preparatory step). In general, the programs in the population are of different size (number 
of functions and terminals) and of different shape.  
Each individual program in the population is executed. Then, each individual program in 
the population is either measured or compared in terms of how well it performs the task at 
hand (using the fitness measure provided in the third preparatory step). For many 
problems, this measurement yields a single explicit numerical value, called fitness. The 
fitness of a program may be measured in many different ways, including, for example, in 
terms of the amount of error between its output and the desired output, the amount of time 
required to bring a system to a desired target state, etc.. The execution of the program 
sometimes returns one or more explicit values. Alternatively, the execution of a program 
may consist only of side effects on the state of a world (e.g., a robot’s actions).  
The creation of the initial random population is, in effect, a blind random search of the 
search space of the problem. It provides a baseline for judging future search efforts. 
Typically, the individual programs in generation 0 all have exceedingly poor fitness. 
Nonetheless, some individuals in the population are usually more fit than others. The 
differences in fitness are then exploited by genetic programming. Genetic programming 
applies Darwinian selection and the genetic operations to create a new population of 
offspring programs from the current population.  
The genetic operations include crossover, mutation, reproduction, and the architecture-
altering operations. These genetic operations are applied to individual(s) that are 
probabilistically selected from the population based on fitness. In this probabilistic selection 
process, better individuals are favored over inferior individuals. However, the best 
individual in the population is not necessarily selected and the worst individual in the 
population is not necessarily passed over (Koza et. al., 1999). 
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probabilities of performing the genetic operations, the maximum size for programs, and 
other details of the run.  
Termination: 
The fifth preparatory step consists of specifying the termination criterion and the method of 
designating the result of the run. The termination criterion may include a maximum number 
of generations to be run as well as a problem - specific success predicate (Koza, 1992). In 
practice, one may manually monitor and manually terminate the run when the values of 
fitness for numerous successive best-of-generation individuals appear to have reached a 
plateau. The single best-so-far individual is then harvested and designated as the result of 
the run. After the human user has performed the preparatory steps for a problem, the run of 
genetic programming can be launched. Once the run is launched, a series of well-defined, 
problem-independent executional steps (that is, the flowchart of genetic programming) is 
executed. 
Genetic programming starts with an initial population of computer programs composed of 
functions and terminals appropriate to the problem. The individual programs in the initial 
population are typically generated by recursively generating a rooted point-labeled 
program tree composed of random choices of the primitive functions and terminals 
(provided by the human user as part of the first and second preparatory steps of a run of 
genetic programming). The initial individuals are usually generated subject to a pre-
established maximum size (specified by the user as a minor parameter as part of the fourth 
preparatory step). In general, the programs in the population are of different size (number 
of functions and terminals) and of different shape.  
Each individual program in the population is executed. Then, each individual program in 
the population is either measured or compared in terms of how well it performs the task at 
hand (using the fitness measure provided in the third preparatory step). For many 
problems, this measurement yields a single explicit numerical value, called fitness. The 
fitness of a program may be measured in many different ways, including, for example, in 
terms of the amount of error between its output and the desired output, the amount of time 
required to bring a system to a desired target state, etc.. The execution of the program 
sometimes returns one or more explicit values. Alternatively, the execution of a program 
may consist only of side effects on the state of a world (e.g., a robot’s actions).  
The creation of the initial random population is, in effect, a blind random search of the 
search space of the problem. It provides a baseline for judging future search efforts. 
Typically, the individual programs in generation 0 all have exceedingly poor fitness. 
Nonetheless, some individuals in the population are usually more fit than others. The 
differences in fitness are then exploited by genetic programming. Genetic programming 
applies Darwinian selection and the genetic operations to create a new population of 
offspring programs from the current population.  
The genetic operations include crossover, mutation, reproduction, and the architecture-
altering operations. These genetic operations are applied to individual(s) that are 
probabilistically selected from the population based on fitness. In this probabilistic selection 
process, better individuals are favored over inferior individuals. However, the best 
individual in the population is not necessarily selected and the worst individual in the 
population is not necessarily passed over (Koza et. al., 1999). 
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probabilities of performing the genetic operations, the maximum size for programs, and 
other details of the run.  
Termination: 
The fifth preparatory step consists of specifying the termination criterion and the method of 
designating the result of the run. The termination criterion may include a maximum number 
of generations to be run as well as a problem - specific success predicate (Koza, 1992). In 
practice, one may manually monitor and manually terminate the run when the values of 
fitness for numerous successive best-of-generation individuals appear to have reached a 
plateau. The single best-so-far individual is then harvested and designated as the result of 
the run. After the human user has performed the preparatory steps for a problem, the run of 
genetic programming can be launched. Once the run is launched, a series of well-defined, 
problem-independent executional steps (that is, the flowchart of genetic programming) is 
executed. 
Genetic programming starts with an initial population of computer programs composed of 
functions and terminals appropriate to the problem. The individual programs in the initial 
population are typically generated by recursively generating a rooted point-labeled 
program tree composed of random choices of the primitive functions and terminals 
(provided by the human user as part of the first and second preparatory steps of a run of 
genetic programming). The initial individuals are usually generated subject to a pre-
established maximum size (specified by the user as a minor parameter as part of the fourth 
preparatory step). In general, the programs in the population are of different size (number 
of functions and terminals) and of different shape.  
Each individual program in the population is executed. Then, each individual program in 
the population is either measured or compared in terms of how well it performs the task at 
hand (using the fitness measure provided in the third preparatory step). For many 
problems, this measurement yields a single explicit numerical value, called fitness. The 
fitness of a program may be measured in many different ways, including, for example, in 
terms of the amount of error between its output and the desired output, the amount of time 
required to bring a system to a desired target state, etc.. The execution of the program 
sometimes returns one or more explicit values. Alternatively, the execution of a program 
may consist only of side effects on the state of a world (e.g., a robot’s actions).  
The creation of the initial random population is, in effect, a blind random search of the 
search space of the problem. It provides a baseline for judging future search efforts. 
Typically, the individual programs in generation 0 all have exceedingly poor fitness. 
Nonetheless, some individuals in the population are usually more fit than others. The 
differences in fitness are then exploited by genetic programming. Genetic programming 
applies Darwinian selection and the genetic operations to create a new population of 
offspring programs from the current population.  
The genetic operations include crossover, mutation, reproduction, and the architecture-
altering operations. These genetic operations are applied to individual(s) that are 
probabilistically selected from the population based on fitness. In this probabilistic selection 
process, better individuals are favored over inferior individuals. However, the best 
individual in the population is not necessarily selected and the worst individual in the 
population is not necessarily passed over (Koza et. al., 1999). 
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probabilities of performing the genetic operations, the maximum size for programs, and 
other details of the run.  
Termination: 
The fifth preparatory step consists of specifying the termination criterion and the method of 
designating the result of the run. The termination criterion may include a maximum number 
of generations to be run as well as a problem - specific success predicate (Koza, 1992). In 
practice, one may manually monitor and manually terminate the run when the values of 
fitness for numerous successive best-of-generation individuals appear to have reached a 
plateau. The single best-so-far individual is then harvested and designated as the result of 
the run. After the human user has performed the preparatory steps for a problem, the run of 
genetic programming can be launched. Once the run is launched, a series of well-defined, 
problem-independent executional steps (that is, the flowchart of genetic programming) is 
executed. 
Genetic programming starts with an initial population of computer programs composed of 
functions and terminals appropriate to the problem. The individual programs in the initial 
population are typically generated by recursively generating a rooted point-labeled 
program tree composed of random choices of the primitive functions and terminals 
(provided by the human user as part of the first and second preparatory steps of a run of 
genetic programming). The initial individuals are usually generated subject to a pre-
established maximum size (specified by the user as a minor parameter as part of the fourth 
preparatory step). In general, the programs in the population are of different size (number 
of functions and terminals) and of different shape.  
Each individual program in the population is executed. Then, each individual program in 
the population is either measured or compared in terms of how well it performs the task at 
hand (using the fitness measure provided in the third preparatory step). For many 
problems, this measurement yields a single explicit numerical value, called fitness. The 
fitness of a program may be measured in many different ways, including, for example, in 
terms of the amount of error between its output and the desired output, the amount of time 
required to bring a system to a desired target state, etc.. The execution of the program 
sometimes returns one or more explicit values. Alternatively, the execution of a program 
may consist only of side effects on the state of a world (e.g., a robot’s actions).  
The creation of the initial random population is, in effect, a blind random search of the 
search space of the problem. It provides a baseline for judging future search efforts. 
Typically, the individual programs in generation 0 all have exceedingly poor fitness. 
Nonetheless, some individuals in the population are usually more fit than others. The 
differences in fitness are then exploited by genetic programming. Genetic programming 
applies Darwinian selection and the genetic operations to create a new population of 
offspring programs from the current population.  
The genetic operations include crossover, mutation, reproduction, and the architecture-
altering operations. These genetic operations are applied to individual(s) that are 
probabilistically selected from the population based on fitness. In this probabilistic selection 
process, better individuals are favored over inferior individuals. However, the best 
individual in the population is not necessarily selected and the worst individual in the 
population is not necessarily passed over (Koza et. al., 1999). 
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In the crossover operation (Fig. 3), two parental programs are probabilistically selected from 
the population based on fitness. The two parents participating in crossover are usually of 
different sizes and shapes. A crossover point is randomly chosen in the first parent and a 
crossover point is randomly chosen in the second parent. Then the subtree rooted at the 
crossover point of the first, or receiving, parent is deleted and replaced by the subtree from 
the second, or contributing, parent. Crossover is the predominant operation in genetic 
programming (and genetic algorithm) work and is performed with a high probability.  

 
                                       a (cb+7)                                           ab/c 

    parent 1       offspring 1 
  

crossover 
      
                 

b/c – 4a                                        (cb+7) – 4a 
 parent 2                           offspring 2 

 
Fig. 3. Crossover operation  in genetic programming. 
 
In the mutation operation, a single parental program is probabilistically selected from the 
population based on fitness. A mutation point is randomly chosen, the subtree rooted at that 
point is deleted, and a new subtree is grown there using the same random growth process 
that was used to generate the initial population. Mutation operation is typically performed 
sparingly with a low probability during each generation of the run. 
The reproduction operation copies a single individual, probabilistically selected based on 
fitness, into the next generation of the population.  
After the genetic operations are performed on the current population, the population of 
offspring (i.e., the new generation) replaces the current population. This iterative process of 
measuring fitness and performing the genetic operations is repeated over many generations. 
The main generational loop of a run of genetic programming consists of the fitness 
evaluation, Darwinian selection, and the genetic operations. Each individual program in the 
population is evaluated to determine how fit it is at solving the problem at hand. Programs 
are then probabilistically selected from the population based on their fitness to participate in 
the various genetic operations, with reselection allowed. While a more fit program has a 
better chance of being selected, even individuals known to be unfit are allocated some trials 
in a mathematically principled way (Koza et. al., 2003). That is, genetic programming is not 
a purely greedy hill-climbing algorithm.  
After a certain number of generations the computer programs are usually much better 
adapted to the environment. The meaning of the environment depends on the problem dealt 
with. The evolution is terminated when a termination criterion is fulfilled. This can be a 
prescribed number of generations or sufficient quality of the solution. Since evolution is a 
non-deterministic process, it does not end with a successful solution in each run (i.e., 
civilization). In order to obtain a successful solution, the problem must be processed in 
several independent runs. The number of runs required for the satisfactory solution 
depends on the difficulty of the problem.  
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In the crossover operation (Fig. 3), two parental programs are probabilistically selected from 
the population based on fitness. The two parents participating in crossover are usually of 
different sizes and shapes. A crossover point is randomly chosen in the first parent and a 
crossover point is randomly chosen in the second parent. Then the subtree rooted at the 
crossover point of the first, or receiving, parent is deleted and replaced by the subtree from 
the second, or contributing, parent. Crossover is the predominant operation in genetic 
programming (and genetic algorithm) work and is performed with a high probability.  
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crossover 
      
                 

b/c – 4a                                        (cb+7) – 4a 
 parent 2                           offspring 2 
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In the mutation operation, a single parental program is probabilistically selected from the 
population based on fitness. A mutation point is randomly chosen, the subtree rooted at that 
point is deleted, and a new subtree is grown there using the same random growth process 
that was used to generate the initial population. Mutation operation is typically performed 
sparingly with a low probability during each generation of the run. 
The reproduction operation copies a single individual, probabilistically selected based on 
fitness, into the next generation of the population.  
After the genetic operations are performed on the current population, the population of 
offspring (i.e., the new generation) replaces the current population. This iterative process of 
measuring fitness and performing the genetic operations is repeated over many generations. 
The main generational loop of a run of genetic programming consists of the fitness 
evaluation, Darwinian selection, and the genetic operations. Each individual program in the 
population is evaluated to determine how fit it is at solving the problem at hand. Programs 
are then probabilistically selected from the population based on their fitness to participate in 
the various genetic operations, with reselection allowed. While a more fit program has a 
better chance of being selected, even individuals known to be unfit are allocated some trials 
in a mathematically principled way (Koza et. al., 2003). That is, genetic programming is not 
a purely greedy hill-climbing algorithm.  
After a certain number of generations the computer programs are usually much better 
adapted to the environment. The meaning of the environment depends on the problem dealt 
with. The evolution is terminated when a termination criterion is fulfilled. This can be a 
prescribed number of generations or sufficient quality of the solution. Since evolution is a 
non-deterministic process, it does not end with a successful solution in each run (i.e., 
civilization). In order to obtain a successful solution, the problem must be processed in 
several independent runs. The number of runs required for the satisfactory solution 
depends on the difficulty of the problem.  
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LISP language is especially well suited for GP because there is no syntactic distinction 
between programs and data (Mitchell, 1997). However, any other programming language 
that can manipulate computer programs as data and that can then compile, link and execute 
the new programs can be successfully used for GP method. 
Regression analysis is deterministic method of modeling, which allows with small number of 
experimental points the greatest information about influence to mathematical model of the 
process (Barnes, 1994). First, it is necessary to determine one dependent variable and one or 
more independent variables. The independent variables {x1, x2, x3, ...} are under our control 
in the sense that we can set the values of x1, x2, x3,…to whatever we wish (within the 
physical limitations imposed by the process under study). The dependent variable, Y, is a 
variable that attains its realization, y, in response to the selected setting of {x1, x2, x3, .. }. For 
this reason, Y is also called the response variable (Montgomery et. al., 2001). 

 
3. Experimental work 

The aim of the experimental work was to determine the influence of the effective strain e 
and coefficient of friction  in cold drawing to the change of impact toughness (CVN) of 
cold drawn copper alloy CuCrZr. This is a copper–chrome–zirconium alloy with 0.71% Cr, 
0.05% Zr and Cu as a base. It has high electrical and thermal conductivity and excellent 
mechanical and physical properties also at elevated temperatures.  
Copper alloy rods were deformed by cold drawing under different conditions. The drawing 
speed was 20 m/min and the angle of drawing die was  = 28. Copper alloy rods were 
drawn from initial diameter D= 20 mm to six different diameters (i.e. six different effective 
strains). Three different lubricants with different coefficients of friction (=0.07, =0.11 and 
=0.16) were used for the drawing process. The coefficients of friction were determined by 
ring tests (Lange, 2001). In order to evaluate the impact toughness, standard Charpy V-notch 
specimens (with a central 45° V-notch of 2mm depth and a 0.25 mm notch root radius)   were 
prepared from the location in the middle of drawn rods. In this way we got 18 different 
experimental specimens.  
Then, the impact toughness (CVN) of all specimens was determined by the standard Charpy 
test (SIST EN 10 045-1, V- notch) at the 20°C temperature. Three Charpy tests for each 
specimen were carried out to provide reliable results. The results (average values) for 
impact toughness are presented in Table 1. Experimental data serve as an environment 
which, during simulated evolution, the models for the impact toughness have to be adapted 
to.  
The number of experimental data is sufficient for our problem, because the relation between 
two independent variables and impact toughness is relatively simple and the difference 
between the highest (165 J) and the lowest (143.3 J) value of impact toughness (output 
variable) is very small. Such problems can be solved also with smaller genetic environment. 
 
 
 
 
 
 

 

 
Nr. 

Effective strain 
e 

Coef. of friction 
 

Impact toughness 
CVN [ J ] 

initial spec.  / / 169.3 
1 0.10 0.07 165 
2 0.21 0.07 161 
3 0.32 0.07 159 
4 0.44 0.07 155 
5 0.57 0.07 151 
6 0.71 0.07 148.3 
7 0.10 0.11 163 
8 0.32 0.11 155.3 
9 0.71 0.11 145 
10 0.10 0.16 160 
11 0.44 0.16 152 
12 0.71 0.16 143.3 
13 0.21 0.11 159 
14 0.44 0.11 153.3 
15 0.57 0.11 149.3 
16 0.21 0.16 158.3 
17 0.32 0.16 154 
18 0.57 0.16 147 

 

Table 1. Experimental results 

 
4. Modeling of impact toughness by genetic programming  

In the GP method the initial random population P(t) consists of randomly generated 
organisms which are in fact mathematical models. The variable t represents the generation 
time. Each organism in the initial population consists of the available function genes F and 
terminal genes T. Terminal genes are in fact independent variables: strain and coefficient of 
friction. The random floating-point numbers from the range [-10, 10] are added to the set of 
terminals to increase genetic diversity of the organisms. Function genes F are basic 
arithmetical functions, exponential function and cosine function. 

 
4.1 Fitness measure, genetic operations and evolutionary parameters 
The absolute deviation R (i, t) of individual model i (organism) in generation time t for the 
GP approach, was introduced as the standard raw fitness measure (Koza, 1992): 
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Where E(j) is the experimental value for measurement j, P(i, j) is the predicted value 
returned by the individual model i for measurement j, and n is the maximum number of 
measurements. The aim of the optimisation task is to find such models that equation (1) 
would give as low absolute deviation as possible.  
However, because it is not necessary that the smallest values of the above equation also 
means the smallest percentage deviation of this model, the average absolute percentage 
deviation of all measurements for individual model i was defined as (Koza, 1992): 
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Equation (2) was not used as the fitness measure for evaluation of population, but only to 
find the best organism in population after completing the run. 
In the GP method, reproduction, crossover, and mutation operations were used for altering 
the population P(t). Evaluation and altering of the population P(t) were repeated until 
termination condition has been fulfilled. In this paper, the termination condition was the 
prescribed maximum number of generation to be run. 
The evolutionary processes were controlled by following evolutionary parameters: 
population size 1000, maximum number of generations to be run 30 (50), probability of 
reproduction 0.1, probability of crossover 0.7, probability of mutation 0.2, maximum depth 
for initial random organisms 6, maximum depth of mutation fragment 6, and maximum 
permissible depth of organisms after crossover 14. Higher mutation probability as usual was 
used for increasing the population variety, because mutation operation generates entire new 
sub-trees, which cause a larger population variety. Large population variety is one of the 
most important conditions for efficient GP modeling. The generative method for the initial 
random population was ramped half-and-half (Koza et. al., 1999). The method of selection 
for reproduction, crossover and mutation was tournament selection with a group size of 6. 

 
4.2 Execution of the evolutionary process 
Modeling of the impact toughness was carried out by the special GP system (computer 
program), which comprises 49 program units (modules), and was programmed in our 
laboratory. Four personal computers were used for processing. The GP system ensures 
repeated development of the individual civilization (if necessary). This is very useful when 
it is necessary to repeat evolution of the civilization with a greater number of generations or 
when evolution is interrupted for any reason.  
Each individual GP run started with the training phase by the training data set shown in 
Table 1 (Nr.1 to Nr.12). The testing data set (Table 1: Nr.13 to Nr. 18) was not included within 
the training range. Each run lasted up to the generation 30 when it was temporarily 
interrupted. If the average percentage deviation Δ(i) of at least one prediction model 
(organism) in the population was smaller than 5%, the evolution of the population 
continued up to generation 50, otherwise it was terminated. After each training phase, the 

 

accuracy of the prediction of the best models was tested with the testing data set. For 
modeling of impact toughness by GP method 400 independent runs were executed. The GP 
models in our research were originally developed as prefix LISP expression. In LISP the 
program code as well as the data structure are in the form of symbolic expressions (s-
expressions), which are constructed in prefix notation. A special program interface then 
converted them into an infix notation.  

 
5. Results and discussion 

5.1 GP models 
All successful GP solutions in our research, which have fulfilled the fitness criterion, can be 
classified into two characteristic groups: 
      (1) Solutions in which the evolutionary process gradually eliminates the independent 
variable  out of the developing models. The final solution does not contain the variable . 
Such models are in the rule very simple but not as precise as more complex models which 
contain variable . The best GP model, which does not contains the variable , was 
generated with the set of function genes F = {+, -, *, /} and is presented as: 
 
      162.139 – 19.05e      (3) 
 
It has the average percentage deviation of the training data  (i) = 1.73%,  and that of the 
testing data  (i) = 1.10 %. Percentage deviation is in fact the percentage error between a 
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The model (4) was generated with the set of function genes F = {+, -, *, /} and has the 
average percentage deviation of the training data  (i) = 0.22%, and that of the testing data  
(i) = 0.20%.  
Figure 4 shows the percentage deviation curve  between the best model of individual generation 
and experimental results when the set of function genes F = {+, -, *, /} was used. It is obviously 
that in early generations the best models are not as precise as the models generated in late 
generations. The relatively slow improvement of the best models in late generations is due to 
unification trends of the population leading to shortage of new genetic ideas. 
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Fig. 5.  Curve of all genes of the best GP model in each generation (F=+, -,*, /). 
 
Figure  5 shows the complexity curve of the best models (generated with function genes F = 
{+, -, *, /}) in each generation. In generation 0 created randomly, the best models consists of 
129 genes (i.e. complexity is 129). Then, at generations 2 and 3 complexity decreases and 
reaches the value of only 8. In the next generations complexity increases significantly and 
the best model (4), obtained in generation 49 contains 167 genes. Higher number of genes 
means higher complexity of the genetic model. 
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Where y is dependent variable, xi, xij are independent variables, while b0, bi, bij are 
coefficients to be determined by using regression analysis. In our case dependent variable 
was impact toughness (CVN), while effective strain e and coefficient of friction  were 
independent variables. Coefficients b0, bi and bij were determined by using regression 
analysis program SPSS. By inserting the computed values of coefficients into the equation 
(5), the regression model for impact toughness can be presented as: 
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Equation (6) represents a mathematical model of the influence of effective strain and 
coefficient of friction on impact toughness for chosen material in experimental area. It has 
the average percentage deviation of the training data set ∆(i) = 0.44 % and that of the testing 
data set ∆(i) = 0.38 %.  

 
5.3. Comparison between GP and regression models 
The main characteristics of the best GP and regression models are collected in Table 2. For 
both the training and testing data sets the descriptions of columns are as follows: the first 
column indicates the average percentage deviation of all sample data Δ(i), the second 
column indicates the greatest deviation of single sample data Δ(i,j)max. The valuation of the 
model complexity, based on the number of numerical constants and variables of the 
individual model, is indicated in the last column.  
 
The GP model (4) has a very complex form and also the smallest average percentage 
deviation of all sample data and the smallest maximum deviation Δ(i,j)max of single sample 
data. For the training data set the prediction precision of the model GP (4) is 1.0 times 
greater and for the testing data set 1.9 times greater then the prediction precision of 
regression model. On the other hand, the structure form of regression model (6) and 
especially that of the GP model (3) is very simple. These models are very adequate for 
practical use in the case that there are no extremely high demands about accuracy.  
 

 Training data set Testing data set 

Model Δ(i) [%] Δ(i,j)max [%] Δ(i) [%] Δ(i,j)max [%] Complexity 

GP model (4) 0.22 0.38 0.20 0.33 complex 

GP model (3) 1.73 2.80 1.10 0.33 very simple 

REG model (6) 0.44 1.12 0.38 0.71 simple 
 

Table 2. Comparison between best GP and regression models: Δ(i) - the average percentage 
deviation of all sample data, Δ(i,j)max - the greatest deviation of single sample data. 
 
Figure 6 represents the percentage error between a single experimental value and the value 
predicted by the two GP models and regression model for the training and testing data set. 
The x-axis represents numbers of measurements (see Table 1) and the y-axis the relevant 
percentage deviations of single sample data ∆ (i) produced by each model. The GP model (4) 
has very small deviation amplitude. All deviations of predicted impact toughness are 
smaller than 0.5%. The greatest deviation value is 0.38% in measurement point 2. There are 
also no significant differences in deviation amplitude between training and testing data sets. 
Obtained GP model is suitable for accurate prediction of the impact toughness of copper 
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complexity but the accuracy of prediction that is of vital importance. However, the best 
model developed by GP gives a more accurate prediction than the pre-specified model 
optimised by regression method, due to the fact that in GP a much wider solution space can 
be analysed since the structure of the models is not prescribed in advance but is left to the 
evolutionary process.  
 
Accuracy of solutions obtained by GP depends on applied evolutionary parameters and also 
on the number of measurements and the accuracy of measuring. In general, more 
measurements supply more information to the evolution which improves the structure of 
models. At the same time, the greater number of measurements causes the time-consuming 
computer processing and the execution of experiments is very expensive and requires much 
time. Because of the high precision of the models developed by the GP approach, an 
excessive number of experiments and computations can be avoided, which leads to 
reduction of the costs of product development. Because the proposed GP method is general, 
it can be successfully used for modeling of different   materials properties and phenomena 
where experimental data on the process are available.  
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computer processing and the execution of experiments is very expensive and requires much 
time. Because of the high precision of the models developed by the GP approach, an 
excessive number of experiments and computations can be avoided, which leads to 
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it can be successfully used for modeling of different   materials properties and phenomena 
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1. Introduction 

Statistical process control (SPC) is an approach to process control that has been widely used 
in any industrial or non-industrial fields.  
SPC is based on so called Shewhart´s conception of the process variability. This conception 
distinguishes variability caused by obviously effected common causes (process is 
considered to be statistically stable) from variability caused by abnormal assignable causes 
(process is considered not to be statistically stable).  
The main goals of SPC is an identification of abnormal variability caused by assignable 
causes with the aim to 

1. make the process stable,  
2. minimize the process variability, 
3. improve the process performance (see Fig. 1.). 

 

 
Fig. 1. Principle of SPC 
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The main function is to ‘’reduce variation in an output characteristic by signalizing the 
change of an undefined process input” (Dasgupta, 2003). Effective application of SPC is such 
complex application which leads to the reduction of the process variation, i.e. to the process 
improvement. Meeting this goal is affecting by many technical, statistical, methodical, social 
and economical factors. The rate of reaching this goal is proportional to the level of allowing 
for all groups of these factors during the SPC implementation and application and to the 
rate of integrating SPC into the overall business system of an organization.  
But in practice there are many of the factors mentioned above that are not considered when 
implementing and applying SPC. It often led to ineffective and failure applications, de-
motivation of users and consequently de-evolution of SPC (Kelly & Drury, 2002). This 
situation is strongly correlated to misunderstanding of the main goal of SPC.  
The daily SPC utilization often predominantly consists of “merely plotting points in the 
control chart without any action whatsoever and at the end of the day filling it as an 
evidence of compliance to standardized procedures” (Dasgupta, 2003, p. 328).  
The failure of SPC application may be often related to a wrong methodology. “In many 
cases people blindly believe that SPC is about plotting of control charts and sticking them on 
the walls for satisfying customers” (Antony & Taner, 2003, p. 473). Kelly & Drury (2002) 
state that “a long conflict between reaction to out-of control signals and ability to meet 
production schedules result in de-evolution of SPC in companies.’’ They show that many 
people ‘’find stopping the process because for identification and removing of assignable 
cause disturbing particularly in the situation when the quality characteristic lies in the 
specification.”  
Only process monitoring is not enough for meeting the main goal of SPC and SPC must be 
implemented in such a way to be able to offer correct and as quick as possible identification 
of assignable causes and realization of adequate corrective or improvement actions. SPC 
must be built as the problem-solving process. By the SPC design the general structure of the 
problem-solving process must be respected and the sequence of the subprocesses “Out-of 
control signal revelation – Root cause identification – Corrective or improvement action 
acceptance - verification of action” must be the axis of every SPC application. Other factors 
such as training, responsibility delegation etc. must support these activities.  
In spite of the huge of literature on SPC regarding predominantly statistical factors 
(selection of control chart, construction of control chart, design of new types of control chart) 
there is little publications that offer practitioners complex methodology for implementing 
SPC as a problem –solving process. In general the SPC implementation issues are solved in 
several papers. Gordon et al. (1994) offer statistically supported analysis of factors 
associated with the successful implementation of SPC. They analyse factors such as top 
management commitment, training, responsibility for worker training, and involvement of 
workers. In connection with the last mentioned factor authors generally state that “quality 
issues are addressed best when personnel are fully engaged in the problem-solving process” 
(Gordon et al., 1994). But unfortunately they don´t analyse SPC as the problem-solving 
process in deep and they permit about the defined SPC criterion´s relationship to other 
factors there were not investigated in their study including the aptness of production 
decisions based on the SPC techniques and customer satisfaction. Some publications put the 
stress on the selected factors of the implementation of SPC – methodical aspects (Berger & 
Hart, 1986) and organizational aspects (Gaafar & Keats, 1992). The both types of factors 
more comprehensively are considered in the design of the framework for implementation of 

SPC in the next publication (Does et al., 1997). But issues such as interpretation of control 
chart, identification of assignable causes and selection of corrective or improvement actions 
are described only generally). 
Other framework for the SPC implementation (Antony & Taner, 2003) is the most complex 
of all. This conceptual framework covers steps such as construction of control charts and 
interpretation of control charts but this suggestion suffers from the same problems as the 
previous one – it offers only general well-known information about construction and 
interpretation of control charts recommendation to prepare and apply OCAP including. The 
only one proposal of the comprehensive framework for the SPC application with the special 
emphasis on the identification of assignable causes could be found in the paper of Dasgupta 
(Dasgupta, 2003). Author differs the activities linked to the identification of assignable cause 
according to the stages of the control charting defined in (Palm, 2000). In deep he discusses 
the problems and gives solutions for complex processes. A special attention he puts on the 
retrospective process analysis from the point of view of the identification of the assignable 
causes. But this proposal of the framework for the application of SPC suffers from several 
shortcomings. The applied three stage methodology is not complex – it doesn´t cover 
capability analysis. It is not incorporated into the whole system of the factors influencing the 
effective SPC application. It doesn´t respect all phases of the general problem-solving 
process. Very important phase of the selection of suitable solution (selection of the suitable 
corrective or improvement action) has been in this paper defined but has not been solved 
and the phase of the evaluation of the effectiveness of accepted corrective or improvement 
action has not been considered at all.  
The goal of this paper is to  
- define complex and effective application of SPC, 
- systematically determine a comprehensive system of statistical, methodological, social 

and economical factors affecting the efficiency of the SPC application in relation to the 
steps of so called SPC cycle,  

- define SPC as a total problem-solving process, 
- define and describe four variants of practically applicable methodology of the SPC 

realization as a problem-solving process depending on the number of factors affecting 
the process variability and the degree of the process dynamics, 

- show the practical example of the application of one of variants of the suggested 
methodology. 

 
2. Complex and effective application of SPC 

Complex application of SPC is such application that is realized in the frame of the following 
four phases: 

I. Preparatory phase; 
II. Phase of verification and ensuring the process statistical stability; 

III. Phase of verification and ensuring the process capability; 
IV. Phase of ongoing statistical process control. 

In Table 1. there is a broad list of possible factors mentioned above that are identified in the 
frame of particular steps of the SPC cycle (see Fig. 2). 
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Fig. 2. SPC cycle 
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Table 1. Factors of the effective SPC implementation – continuation 
 
But in practice there are many of the factors mentioned above that are not considered when 
implementing SPC. It results from misunderstanding of the main goal of SPC.  
Only process monitoring is no match for meeting this goal and SPC must be implemented in 
such a way to be able to offer correct and as quick as possible identification of assignable 
causes and realization of adequate actions for improvement.  
 

Step Factor 
Computation 
and record of 
statistics into 
control chart 

 Way of computation and statistics recording 
 Complexity of statistics computation and recording  
 Keeping the procedure for computations and recording 
 Mistake proofing 

Control chart 
interpretation 
 

 Rules existence 
 Clear determination of competencies and responsibilities  
 Ability to „read“ in control chart 
 Skills of responsible workers 

Assignable 
causes 
identification 

 Clear determination of competencies and responsibilities  
 Existence of the system of recording and processing historical data 

concerned in the process variability causes 
 Deep knowledge of the process variability and its causes 
 Identification speed 
 Existence of the system for decision making and problem solving 

support 
 Motivation for making identification  
 Costs of identification 
 Ability to assign cause to signal of nonstability in control chart 
 Leadership encouragement 
 Time sources 
 Communication abilities 
 Experience 

Selection of 
action for 
improvement 
 

 Clear determination of competencies and responsibilities  
 Knowledge in the process 
 Database of causes and possible or accepted actions  
 Costs of realization of particular actions 
 Existence of information about efficiency of accepted actions 
 Managerial encouragement  
 Speed of realization of selected actions 
 Realization of balancing costs and benefits of possible actions 
 Experience 

Realization 
of action for  
improvement 

 Clear determination of competencies and responsibilities  
 System for evaluation of the accepted action impact and for the 

results recording 
 Resources for realization 
 Experiences 

3. SPC and problem-solving 

SPC must be built as a problem solving instrument. In the phase of the SPC design the 
general structure of the problem solving process must be respected and the sequence of the 
subprocesses “Out-of control signal revelation – Root cause identification – Corrective action 
acceptance – Verification of corrective action” must be the axis of the SPC application. This 
axis must be assured with many other actions to really operate.  

 
3.1 General structure of the problem solving process 
In this chapter basic subprocesses of properly operating problem solving process are 
defined. The structure of this process can be seen on the Fig. 3.   
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Decision-making is a part of wider problem-solving process and it covers activities such as 
identification, defining and diagnosis of problem, identification of the problem causes, 
solving alternatives generation, then evaluation and choice of alternative which best meets 
preset criteria. The decision-making subprocess is followed with the implementation of the 
choice alternative. The monitoring and evaluation of the choice alternative effectiveness 
altogether with relevant revision are activities forming the last subprocess.  
The whole process is cyclic, the last step goes back to the first one.  
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3.2 SPC as a problem-solving process 
Respective problem-solving process in the frame of SPC follows the preparation of the SPC 
implementation and data collection and processing (see the relaxed SPC cycle on Fig. 4.). In 
the next paragraphs there is defined the content of separate subprocesses of decision-
making process as a part of SPC (numbering of subprocesses is the same as it was used in 
the previous charter).  

 
1. Problem finding subprocess 
In the frame of SPC this subprocess covers activities connected with the control chart 
analysis on the basis of diagnostic rules defined during the preparatory phase (points out of 
control limits, nonrandom patterns). One or more points out of control limits or presence of 
some nonrandom pattern inside limits makes self problem. 

 
2. Subprocess of the problem cause identification 
The next subprocess of the problem-solving process in the frame of SPC there is an 
identification of the root problem cause which have lead to the signal of the process 
nonstability in the control chart. This subprocess has a fundamental influence on the 
effectiveness of SPC and practical experience shows that its undervaluation can result in 
failing of the whole SPC implementation. Without effective realization of this subprocess the 
main goal of SPC (reduction of variability and improvement of the process) cannot be met. It 
needs many supportive activities and creation of quality information system using both 
simple methods and instruments (Ishikawa diagram, Pareto diagram, check lists, data 
stratification in control charts) and more complex methods in a case of a complex process 
(regression analysis, DOE, discriminant analysis, fuzzy logic (Hou & Tong, 2008), expert 
systems.  

 
3. Subprocess of the solution alternatives generation 
In the frame of this subprocess there is needed to define all possible activities that can result 
in the elimination of the identified assignable cause or at least to its restriction. This step also 
needs quality database containing list of all possible assignable causes with assigned 
possible corrective actions. In literature can be found recommendation to create so called 
OCAP, or properly structured expert system. 

 
4. Subprocess of the solution choice 
In SPC it covers activities such as choice and design of the corrective action or action for 
improvement. Realization of this subprocess can also be more effective via creating and 
using suitable database. The base of it could be formed by the list of already accepted 
corrective or improvement actions with relevant identification information. This 
information can be treated using Pareto analysis for particular assignable cause. A staff 
member responsible for choice of suitable corrective or improvement action could read from 
this analysis that actions were accepted most frequently. This information could speed up 
his decision. The speed of this process is another basic  criterion that  determines the 
effectiveness of the SPC implementation. In more complex cases this data base could be  a 
part of the mentioned expert system. 
 

 
Fig. 4. Relaxed SPC cycle 
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information can be treated using Pareto analysis for particular assignable cause. A staff 
member responsible for choice of suitable corrective or improvement action could read from 
this analysis that actions were accepted most frequently. This information could speed up 
his decision. The speed of this process is another basic  criterion that  determines the 
effectiveness of the SPC implementation. In more complex cases this data base could be  a 
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Fig. 4. Relaxed SPC cycle 
 
 

Control chart 
construction 

Data finding 

Computation and record 
of statistics into control 

chart 

Control chart 
interpretation 

Assignable cause 
identification 

Selection of action for 
improvement 

Realization and verification of 
action for improvement 

Data collection 
and processing 

Decision 
making 

Is there signal of 
assignable cause? 

Problem solving 

Preparation 

No 

Yes 

Preparation of SPC 
implementation 



Engineering the Future226

5. Implementation of the choice solution 
This subsystem represents true intervention into the process that could result in the real 
reduction of the process variability and its improvement. It can represent organizational, 
technological, technical and other solutions. 

 
6. Evaluation of corrective or improvement action and eventual revision 
Monitoring and evaluation of the effectiveness of accepted corrective or improvement 
actions must be integral part of the problem-solving process. Obtained information can help 
to speed up the future decision-making in the frame of the 4th subprocess. The effectiveness 
can be evaluated using the indicator of the corrective or improvement action effectiveness 
which expresses how many % of such realized actions resulted in the process variability 
reduction. When E(RA)ij is the ith kind of action accepted for the solving of the jth cause then 
its efficiency can be determined using the next formula: 
 

  E(RA)ij =��������������� . 100 (1) 
where 
RA����)…is the whole number of the ith kind of corrective action realized to solve jth cause, 
RA�����…is a number of realized actions of ith kind resulting in the process variability 

reduction, � � 1, 2, … ,�, 
m……… is a number of various kinds of actions accepted for the solution of jth cause, 

    j = 1, 2, … , n, 
n……….is a number of various kinds of causes so far identified in connection with specific 

symptom of nonstability. 
This information is also important from the point of view of selection of the correct action 
because so far most often realized action need not to be the most effective one. For this 
reason when applying Pareto diagram for the analysis of the most often realized actions it 
should contain also indicator of efficiency of every kind of so far realized actions.  
 
3.3 Specificity of the problem-solving process in the frame of SPC 
The problem-solving process in the frame of SPC is characterized by some specificity that 
requires also specific access to its realization. 

- Corrective or improvement actions must be realized as soon as possible after signal 
of working of assignable cause, given by the control chart. 

- Many actions realize operators with limited time.  
- The people influence cannot be excepted in full. 

These specificity must be considered during the implementation of SPC.  
 
4. Methodology of realization of the problem-solving process in SPC 

Designed methodology is structured according to the number of factors (inputs) that have 
influence on the analyzed quality parameter of the product (output) and according to the 
rate of the process dynamics. Based on the combination of these two criteria there have been 
defined 4 variants of the methodology (see Table 2.). 
Because of the necessity to react to the signal of working of assignable cause, given by the 
control chart as soon as possible a lot of information for decision-making must be taken 
already in the preparatory phase. The designed methodology contains only activities needed 
for the realization of the problem-solving process.  
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4.1 Variant I 
Realization of the variant I is schematically visualized by the Fig. 5. During the preparatory 
activities it is necessary to create the check sheet for recording the values of the analysed 
quality characteristic and the document called Accompanying process sheet. It obviously 
consists of a part with the specifications of the process and product, specification of control 
chart (type of control chart, sample size, control interval) and a part for records of values of 
a quality characteristic including specification of time of data collection and a sign of person 
responsible for data recording. In a case of hand-made control charts this check sheet is 
represented by so called Control card even containing a part with control charts. 
The Accompanying process sheet is a document where it is necessary to record every 
intervention into the process (maintenance activities, machine setting), its changes (change 
of operator, material batch change) or identified assignable causes including datum and sign 
of a responsible employee. This document could be carried out as a separate one but it could 
be a part of the control chart mentioned above.  
During preparation of the implementation of SPC it is necessary to decide about rules for 
assessment of nonstabilities of the process. It is essential to clearly declare and document 
that is considered to be a signal of the process nonstability (if only points out of control 
limits or some nonrandom patterns, too. In the second case it is necessary to define that 
nonrandom patterns will be applied).  
Another task which must be realized before implementation of SPC and which is tightly 
connected with SPC as a problem-solving instrument, is an assignment of potential 
nonstability causes that have an influence on the variability of the analyzed quality 
characteristic of product. Very simple method could be applied to such task – Ishikawa 
diagram. 
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for the realization of the problem-solving process.  

 
 

Process dynamics 
Low High 

 
 

N
um

be
r 

of
 fa

ct
or

s 

 

Sm
al

l  

 
   
    Variant I 
 

 
       
      Variant IV 

 

La
rg

e  
 
    Variant II 

 
 
     Variant III 

Table 2. Basic variants of the methodology  

 
4.1 Variant I 
Realization of the variant I is schematically visualized by the Fig. 5. During the preparatory 
activities it is necessary to create the check sheet for recording the values of the analysed 
quality characteristic and the document called Accompanying process sheet. It obviously 
consists of a part with the specifications of the process and product, specification of control 
chart (type of control chart, sample size, control interval) and a part for records of values of 
a quality characteristic including specification of time of data collection and a sign of person 
responsible for data recording. In a case of hand-made control charts this check sheet is 
represented by so called Control card even containing a part with control charts. 
The Accompanying process sheet is a document where it is necessary to record every 
intervention into the process (maintenance activities, machine setting), its changes (change 
of operator, material batch change) or identified assignable causes including datum and sign 
of a responsible employee. This document could be carried out as a separate one but it could 
be a part of the control chart mentioned above.  
During preparation of the implementation of SPC it is necessary to decide about rules for 
assessment of nonstabilities of the process. It is essential to clearly declare and document 
that is considered to be a signal of the process nonstability (if only points out of control 
limits or some nonrandom patterns, too. In the second case it is necessary to define that 
nonrandom patterns will be applied).  
Another task which must be realized before implementation of SPC and which is tightly 
connected with SPC as a problem-solving instrument, is an assignment of potential 
nonstability causes that have an influence on the variability of the analyzed quality 
characteristic of product. Very simple method could be applied to such task – Ishikawa 
diagram. 
  

Effective implementation of SPC 227

5. Implementation of the choice solution 
This subsystem represents true intervention into the process that could result in the real 
reduction of the process variability and its improvement. It can represent organizational, 
technological, technical and other solutions. 

 
6. Evaluation of corrective or improvement action and eventual revision 
Monitoring and evaluation of the effectiveness of accepted corrective or improvement 
actions must be integral part of the problem-solving process. Obtained information can help 
to speed up the future decision-making in the frame of the 4th subprocess. The effectiveness 
can be evaluated using the indicator of the corrective or improvement action effectiveness 
which expresses how many % of such realized actions resulted in the process variability 
reduction. When E(RA)ij is the ith kind of action accepted for the solving of the jth cause then 
its efficiency can be determined using the next formula: 
 

  E(RA)ij =��������������� . 100 (1) 
where 
RA����)…is the whole number of the ith kind of corrective action realized to solve jth cause, 
RA�����…is a number of realized actions of ith kind resulting in the process variability 

reduction, � � 1, 2, … ,�, 
m……… is a number of various kinds of actions accepted for the solution of jth cause, 

    j = 1, 2, … , n, 
n……….is a number of various kinds of causes so far identified in connection with specific 

symptom of nonstability. 
This information is also important from the point of view of selection of the correct action 
because so far most often realized action need not to be the most effective one. For this 
reason when applying Pareto diagram for the analysis of the most often realized actions it 
should contain also indicator of efficiency of every kind of so far realized actions.  
 
3.3 Specificity of the problem-solving process in the frame of SPC 
The problem-solving process in the frame of SPC is characterized by some specificity that 
requires also specific access to its realization. 

- Corrective or improvement actions must be realized as soon as possible after signal 
of working of assignable cause, given by the control chart. 

- Many actions realize operators with limited time.  
- The people influence cannot be excepted in full. 

These specificity must be considered during the implementation of SPC.  
 
4. Methodology of realization of the problem-solving process in SPC 

Designed methodology is structured according to the number of factors (inputs) that have 
influence on the analyzed quality parameter of the product (output) and according to the 
rate of the process dynamics. Based on the combination of these two criteria there have been 
defined 4 variants of the methodology (see Table 2.). 
Because of the necessity to react to the signal of working of assignable cause, given by the 
control chart as soon as possible a lot of information for decision-making must be taken 
already in the preparatory phase. The designed methodology contains only activities needed 
for the realization of the problem-solving process.  

 
 

Process dynamics 
Low High 

 
 

N
um

be
r 

of
 fa

ct
or

s 

 

Sm
al

l  

 
   
    Variant I 
 

 
       
      Variant IV 

 

La
rg

e  
 
    Variant II 

 
 
     Variant III 

Table 2. Basic variants of the methodology  

 
4.1 Variant I 
Realization of the variant I is schematically visualized by the Fig. 5. During the preparatory 
activities it is necessary to create the check sheet for recording the values of the analysed 
quality characteristic and the document called Accompanying process sheet. It obviously 
consists of a part with the specifications of the process and product, specification of control 
chart (type of control chart, sample size, control interval) and a part for records of values of 
a quality characteristic including specification of time of data collection and a sign of person 
responsible for data recording. In a case of hand-made control charts this check sheet is 
represented by so called Control card even containing a part with control charts. 
The Accompanying process sheet is a document where it is necessary to record every 
intervention into the process (maintenance activities, machine setting), its changes (change 
of operator, material batch change) or identified assignable causes including datum and sign 
of a responsible employee. This document could be carried out as a separate one but it could 
be a part of the control chart mentioned above.  
During preparation of the implementation of SPC it is necessary to decide about rules for 
assessment of nonstabilities of the process. It is essential to clearly declare and document 
that is considered to be a signal of the process nonstability (if only points out of control 
limits or some nonrandom patterns, too. In the second case it is necessary to define that 
nonrandom patterns will be applied).  
Another task which must be realized before implementation of SPC and which is tightly 
connected with SPC as a problem-solving instrument, is an assignment of potential 
nonstability causes that have an influence on the variability of the analyzed quality 
characteristic of product. Very simple method could be applied to such task – Ishikawa 
diagram. 
  



Engineering the Future228

Preparation 
D

ata collection 
and recording 

C
ontrol chart 
analysis 

A
ssignable cause 
identification 

C
hoice of 

corrective or 
im

provem
ent 

action 

R
ealization of 

corrective or 
im

provem
ent 

action 

Efficiency 
evaluation 

                        

     

              

  
 

 

Fig. 5. Schem
e of variant I 

M
aking 

Ishikaw
a 

diagram
 

M
aking O

C
A

P 

D
efining rules 

for  
identification 
of the process 
nonstability 

C
reating the 

A
ccom

panying 
process sheet 

C
reating the  

control card 
R

ecording 
statistics 

R
ecording the 

interventions 
and process 

changes 
Identification 

of out- of lim
its 

points and 
nonrandom

 
patterns 

D
eterm

ining 
the factual 
assignable 

cause 
Form

ulation  
of proper 

corrective or 
im

provem
ent 

action  

Im
plem

entation 
of corrective or 
im

provem
ent 

action 
Findings about 

m
eeting the 

variability 
reduction 

R
ecording  

findings 
 

As in variant I small number of factors influencing watched quality characteristic is 
considered all these defined cause of variability are considered during the next analysis. 
These causes are assigned to defined signals of nonstability and to the particular causes are 
assigned corrective or improvement actions. This list is called OCAP (Out-of control action 
plan). From the point of view of the main goal of SPC it represents one of the most 
important information sources. 
After recording values to control chart and records to Accompanying process sheet 
(eventually after translating data into SW) it is necessary to make an interpretation of 
control charts. That means to find signals of nonstability using predefined rules. When 
signal has been identified it is necessary to determine the factual assignable cause using 
information from Ishikawa diagram or OCAP.  
Through the information in OCAP and eventually through records of the efficiency of 
accepted corrective or improvement actions there is then selected the most suitable 
corrective or improvement action which must be realized as soon as possible. 
On the base of the subsequent data collection and evaluation of the process stability using 
control chart it is necessary to judge the stabilization of the process and the reduction of the 
process variability. Results must be recorded. When it has not resulted in the positive results 
it is necessary to repeat the cause analysis and assignment of the corrective action or to 
make the new Ishikawa diagram and update OCAP.  

 
4.2 Variant II 
The second variant of the methodology for the realization of the problem-solving process in 
the frame of SPC (Fig. 6.) has been designed for the processes with low dynamics but with 
larger number factors influencing the analyzed quality characteristics. It evokes additional 
activities within the preparatory phase. From all factors (causes) defined in Ishikawa 
diagram the most probable causes must be selected by score and then the most important 
causes must be chosen using for instance Pareto analysis. Some quantitative indicator then 
should be assign to every important cause. The check sheet for recording values of these 
indicators should be then designed to be possible to explicitly assign these values to rational 
subgroups of the analyzed quality characteristic values. In OCAP corrective or 
improvement actions will be bound to these indicators. It means that both values of 
controlled quality characteristic and values of indicators mentioned above must be collected 
and recorded. When control chart signalizes non-stability the analysis of these indicators 
must be realized in order to be able to identify particular cause of non-stability.  
The next steps of the problem-solving process are the same as in variant I except the 
situation when the SPC has not resulted in the variability reduction. Then the selection and 
the analysis of the indicators could be repeated. 

 
4.3 Variant III 
The third variant of the methodology (Fig. 7.) represents expansion of the second one to the 
processes with both larger number of factors influencing controlled quality characteristic 
and large process dynamics. The preparatory steps must be added with the analysis of time 
leg in assignable causes treatment. 
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As in variant I small number of factors influencing watched quality characteristic is 
considered all these defined cause of variability are considered during the next analysis. 
These causes are assigned to defined signals of nonstability and to the particular causes are 
assigned corrective or improvement actions. This list is called OCAP (Out-of control action 
plan). From the point of view of the main goal of SPC it represents one of the most 
important information sources. 
After recording values to control chart and records to Accompanying process sheet 
(eventually after translating data into SW) it is necessary to make an interpretation of 
control charts. That means to find signals of nonstability using predefined rules. When 
signal has been identified it is necessary to determine the factual assignable cause using 
information from Ishikawa diagram or OCAP.  
Through the information in OCAP and eventually through records of the efficiency of 
accepted corrective or improvement actions there is then selected the most suitable 
corrective or improvement action which must be realized as soon as possible. 
On the base of the subsequent data collection and evaluation of the process stability using 
control chart it is necessary to judge the stabilization of the process and the reduction of the 
process variability. Results must be recorded. When it has not resulted in the positive results 
it is necessary to repeat the cause analysis and assignment of the corrective action or to 
make the new Ishikawa diagram and update OCAP.  

 
4.2 Variant II 
The second variant of the methodology for the realization of the problem-solving process in 
the frame of SPC (Fig. 6.) has been designed for the processes with low dynamics but with 
larger number factors influencing the analyzed quality characteristics. It evokes additional 
activities within the preparatory phase. From all factors (causes) defined in Ishikawa 
diagram the most probable causes must be selected by score and then the most important 
causes must be chosen using for instance Pareto analysis. Some quantitative indicator then 
should be assign to every important cause. The check sheet for recording values of these 
indicators should be then designed to be possible to explicitly assign these values to rational 
subgroups of the analyzed quality characteristic values. In OCAP corrective or 
improvement actions will be bound to these indicators. It means that both values of 
controlled quality characteristic and values of indicators mentioned above must be collected 
and recorded. When control chart signalizes non-stability the analysis of these indicators 
must be realized in order to be able to identify particular cause of non-stability.  
The next steps of the problem-solving process are the same as in variant I except the 
situation when the SPC has not resulted in the variability reduction. Then the selection and 
the analysis of the indicators could be repeated. 
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As in variant I small number of factors influencing watched quality characteristic is 
considered all these defined cause of variability are considered during the next analysis. 
These causes are assigned to defined signals of nonstability and to the particular causes are 
assigned corrective or improvement actions. This list is called OCAP (Out-of control action 
plan). From the point of view of the main goal of SPC it represents one of the most 
important information sources. 
After recording values to control chart and records to Accompanying process sheet 
(eventually after translating data into SW) it is necessary to make an interpretation of 
control charts. That means to find signals of nonstability using predefined rules. When 
signal has been identified it is necessary to determine the factual assignable cause using 
information from Ishikawa diagram or OCAP.  
Through the information in OCAP and eventually through records of the efficiency of 
accepted corrective or improvement actions there is then selected the most suitable 
corrective or improvement action which must be realized as soon as possible. 
On the base of the subsequent data collection and evaluation of the process stability using 
control chart it is necessary to judge the stabilization of the process and the reduction of the 
process variability. Results must be recorded. When it has not resulted in the positive results 
it is necessary to repeat the cause analysis and assignment of the corrective action or to 
make the new Ishikawa diagram and update OCAP.  
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the frame of SPC (Fig. 6.) has been designed for the processes with low dynamics but with 
larger number factors influencing the analyzed quality characteristics. It evokes additional 
activities within the preparatory phase. From all factors (causes) defined in Ishikawa 
diagram the most probable causes must be selected by score and then the most important 
causes must be chosen using for instance Pareto analysis. Some quantitative indicator then 
should be assign to every important cause. The check sheet for recording values of these 
indicators should be then designed to be possible to explicitly assign these values to rational 
subgroups of the analyzed quality characteristic values. In OCAP corrective or 
improvement actions will be bound to these indicators. It means that both values of 
controlled quality characteristic and values of indicators mentioned above must be collected 
and recorded. When control chart signalizes non-stability the analysis of these indicators 
must be realized in order to be able to identify particular cause of non-stability.  
The next steps of the problem-solving process are the same as in variant I except the 
situation when the SPC has not resulted in the variability reduction. Then the selection and 
the analysis of the indicators could be repeated. 

 
4.3 Variant III 
The third variant of the methodology (Fig. 7.) represents expansion of the second one to the 
processes with both larger number of factors influencing controlled quality characteristic 
and large process dynamics. The preparatory steps must be added with the analysis of time 
leg in assignable causes treatment. 
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As in variant I small number of factors influencing watched quality characteristic is 
considered all these defined cause of variability are considered during the next analysis. 
These causes are assigned to defined signals of nonstability and to the particular causes are 
assigned corrective or improvement actions. This list is called OCAP (Out-of control action 
plan). From the point of view of the main goal of SPC it represents one of the most 
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After recording values to control chart and records to Accompanying process sheet 
(eventually after translating data into SW) it is necessary to make an interpretation of 
control charts. That means to find signals of nonstability using predefined rules. When 
signal has been identified it is necessary to determine the factual assignable cause using 
information from Ishikawa diagram or OCAP.  
Through the information in OCAP and eventually through records of the efficiency of 
accepted corrective or improvement actions there is then selected the most suitable 
corrective or improvement action which must be realized as soon as possible. 
On the base of the subsequent data collection and evaluation of the process stability using 
control chart it is necessary to judge the stabilization of the process and the reduction of the 
process variability. Results must be recorded. When it has not resulted in the positive results 
it is necessary to repeat the cause analysis and assignment of the corrective action or to 
make the new Ishikawa diagram and update OCAP.  

 
4.2 Variant II 
The second variant of the methodology for the realization of the problem-solving process in 
the frame of SPC (Fig. 6.) has been designed for the processes with low dynamics but with 
larger number factors influencing the analyzed quality characteristics. It evokes additional 
activities within the preparatory phase. From all factors (causes) defined in Ishikawa 
diagram the most probable causes must be selected by score and then the most important 
causes must be chosen using for instance Pareto analysis. Some quantitative indicator then 
should be assign to every important cause. The check sheet for recording values of these 
indicators should be then designed to be possible to explicitly assign these values to rational 
subgroups of the analyzed quality characteristic values. In OCAP corrective or 
improvement actions will be bound to these indicators. It means that both values of 
controlled quality characteristic and values of indicators mentioned above must be collected 
and recorded. When control chart signalizes non-stability the analysis of these indicators 
must be realized in order to be able to identify particular cause of non-stability.  
The next steps of the problem-solving process are the same as in variant I except the 
situation when the SPC has not resulted in the variability reduction. Then the selection and 
the analysis of the indicators could be repeated. 

 
4.3 Variant III 
The third variant of the methodology (Fig. 7.) represents expansion of the second one to the 
processes with both larger number of factors influencing controlled quality characteristic 
and large process dynamics. The preparatory steps must be added with the analysis of time 
leg in assignable causes treatment. 
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Some of the causes can namely affect the controlled quality characteristic with time leg and 
it can evocate problems with assigning the indicator values to the values of sample statistics 
computed from the output quality characteristic values.  
The analysis of the particular indicators in the frame of the assignable cause identification 
must be spread to (using regression and correlation analysis, DOE) in the situation when 
there exists important correlation between indicators and their joint could have an 
significant influence on the quality characteristics values.  
The forth variant represents the combination of variants I and III. 

 
5. Proposal of expert system for problem-solving process in SPC 

As mentioned in chapter 3.2 good expert system can support problem-solving process in the 
frame of SPC and lead to effective and quick realization of its subprocesses. The proposal of 
expert system for SPC which is described in this chapter has two main parts: the block for 
the selection of the control chart and so called identification block. 

 
5.1 Block for selection of the control chart 
This block is the universal part of the expert system. The steps that must be realised to 
obtain the recommendation of the suitable control chart are described by the flow chart on 
the Fig. 8.  
The expert system must contain tools for verification of all statistical pre-conditions about 
data. They are summarised in Table 3. 

 
Verified pre-condition Tool for verification 

Verification of correlation of more 
characteristics 

- Test of significance of the correlation  
coefficient 

- Correlation plot (scatter plot) 
- Test of significance of the Spearman 

coefficient 
Verification of data autocorrelation - Non-parametric tests for randomness 

- Test of significance of autocorrelation 
coefficient 

- Autocorrelation plot 
Verification of data normality - Shapiro-Wilk test (for small data sets) 

- 2 test (for large data sets) 
- Skewness test (large data sets) 
- Kurtosis test (large data sets) 
- Combined skewness and kurtosis test 
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Some of the causes can namely affect the controlled quality characteristic with time leg and 
it can evocate problems with assigning the indicator values to the values of sample statistics 
computed from the output quality characteristic values.  
The analysis of the particular indicators in the frame of the assignable cause identification 
must be spread to (using regression and correlation analysis, DOE) in the situation when 
there exists important correlation between indicators and their joint could have an 
significant influence on the quality characteristics values.  
The forth variant represents the combination of variants I and III. 
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frame of SPC and lead to effective and quick realization of its subprocesses. The proposal of 
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5.1 Block for selection of the control chart 
This block is the universal part of the expert system. The steps that must be realised to 
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Verified pre-condition Tool for verification 

Verification of correlation of more 
characteristics 

- Test of significance of the correlation  
coefficient 

- Correlation plot (scatter plot) 
- Test of significance of the Spearman 

coefficient 
Verification of data autocorrelation - Non-parametric tests for randomness 

- Test of significance of autocorrelation 
coefficient 

- Autocorrelation plot 
Verification of data normality - Shapiro-Wilk test (for small data sets) 

- 2 test (for large data sets) 
- Skewness test (large data sets) 
- Kurtosis test (large data sets) 
- Combined skewness and kurtosis test 
- Normal probability plot 
- Box-Whisker plot 

Verification of constant variance - F-test 
Verification of the drift - Test of significance of the gradient of line 

Table 3. Tools for verification of preconditions about data

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8. Steps of block 1 of the proposed expert system for SPC 

+ 

End 

Attribute
? 

_ 

 User task 

 Expert 
system task 

_ 

+ 
Specification of 
data type (non-

conform units or 
non-conformities) 

_ 

+ 

Verification of 
the characteristics 

correlation 

Does 
correlation 

exist? 

+ 

More than 
1? 

Specification of variable type 
(measurable or attributes ) 

Specification  of the data  set 

Specification of the control 
chart sensitivity 

Specification of subgroup 

Verification of data 
autocorrelation 

Verification of precondition 
about number of subgroups 

Verification of data normality 

Start 

Specification of a number of 
simultaneously measured 

characteristics 

Verification of constant mean 

Verification of constant 
variance 

Selection of the suitable 
control chart 

Recommendation to user on 
the most suitable control chart 

  2 

  2 

  2 



Engineering the Future232

Some of the causes can namely affect the controlled quality characteristic with time leg and 
it can evocate problems with assigning the indicator values to the values of sample statistics 
computed from the output quality characteristic values.  
The analysis of the particular indicators in the frame of the assignable cause identification 
must be spread to (using regression and correlation analysis, DOE) in the situation when 
there exists important correlation between indicators and their joint could have an 
significant influence on the quality characteristics values.  
The forth variant represents the combination of variants I and III. 

 
5. Proposal of expert system for problem-solving process in SPC 

As mentioned in chapter 3.2 good expert system can support problem-solving process in the 
frame of SPC and lead to effective and quick realization of its subprocesses. The proposal of 
expert system for SPC which is described in this chapter has two main parts: the block for 
the selection of the control chart and so called identification block. 

 
5.1 Block for selection of the control chart 
This block is the universal part of the expert system. The steps that must be realised to 
obtain the recommendation of the suitable control chart are described by the flow chart on 
the Fig. 8.  
The expert system must contain tools for verification of all statistical pre-conditions about 
data. They are summarised in Table 3. 

 
Verified pre-condition Tool for verification 

Verification of correlation of more 
characteristics 

- Test of significance of the correlation  
coefficient 

- Correlation plot (scatter plot) 
- Test of significance of the Spearman 

coefficient 
Verification of data autocorrelation - Non-parametric tests for randomness 

- Test of significance of autocorrelation 
coefficient 

- Autocorrelation plot 
Verification of data normality - Shapiro-Wilk test (for small data sets) 

- 2 test (for large data sets) 
- Skewness test (large data sets) 
- Kurtosis test (large data sets) 
- Combined skewness and kurtosis test 
- Normal probability plot 
- Box-Whisker plot 

Verification of constant variance - F-test 
Verification of the drift - Test of significance of the gradient of line 

Table 3. Tools for verification of preconditions about data

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8. Steps of block 1 of the proposed expert system for SPC 

+ 

End 

Attribute
? 

_ 

 User task 

 Expert 
system task 

_ 

+ 
Specification of 
data type (non-

conform units or 
non-conformities) 

_ 

+ 

Verification of 
the characteristics 

correlation 

Does 
correlation 

exist? 

+ 

More than 
1? 

Specification of variable type 
(measurable or attributes ) 

Specification  of the data  set 

Specification of the control 
chart sensitivity 

Specification of subgroup 

Verification of data 
autocorrelation 

Verification of precondition 
about number of subgroups 

Verification of data normality 

Start 

Specification of a number of 
simultaneously measured 

characteristics 

Verification of constant mean 

Verification of constant 
variance 

Selection of the suitable 
control chart 

Recommendation to user on 
the most suitable control chart 

  2 

  2 

  2 

Effective implementation of SPC 233

Some of the causes can namely affect the controlled quality characteristic with time leg and 
it can evocate problems with assigning the indicator values to the values of sample statistics 
computed from the output quality characteristic values.  
The analysis of the particular indicators in the frame of the assignable cause identification 
must be spread to (using regression and correlation analysis, DOE) in the situation when 
there exists important correlation between indicators and their joint could have an 
significant influence on the quality characteristics values.  
The forth variant represents the combination of variants I and III. 

 
5. Proposal of expert system for problem-solving process in SPC 

As mentioned in chapter 3.2 good expert system can support problem-solving process in the 
frame of SPC and lead to effective and quick realization of its subprocesses. The proposal of 
expert system for SPC which is described in this chapter has two main parts: the block for 
the selection of the control chart and so called identification block. 

 
5.1 Block for selection of the control chart 
This block is the universal part of the expert system. The steps that must be realised to 
obtain the recommendation of the suitable control chart are described by the flow chart on 
the Fig. 8.  
The expert system must contain tools for verification of all statistical pre-conditions about 
data. They are summarised in Table 3. 

 
Verified pre-condition Tool for verification 

Verification of correlation of more 
characteristics 

- Test of significance of the correlation  
coefficient 

- Correlation plot (scatter plot) 
- Test of significance of the Spearman 

coefficient 
Verification of data autocorrelation - Non-parametric tests for randomness 

- Test of significance of autocorrelation 
coefficient 

- Autocorrelation plot 
Verification of data normality - Shapiro-Wilk test (for small data sets) 

- 2 test (for large data sets) 
- Skewness test (large data sets) 
- Kurtosis test (large data sets) 
- Combined skewness and kurtosis test 
- Normal probability plot 
- Box-Whisker plot 

Verification of constant variance - F-test 
Verification of the drift - Test of significance of the gradient of line 

Table 3. Tools for verification of preconditions about data

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8. Steps of block 1 of the proposed expert system for SPC 

+ 

End 

Attribute
? 

_ 

 User task 

 Expert 
system task 

_ 

+ 
Specification of 
data type (non-

conform units or 
non-conformities) 

_ 

+ 

Verification of 
the characteristics 

correlation 

Does 
correlation 

exist? 

+ 

More than 
1? 

Specification of variable type 
(measurable or attributes ) 

Specification  of the data  set 

Specification of the control 
chart sensitivity 

Specification of subgroup 

Verification of data 
autocorrelation 

Verification of precondition 
about number of subgroups 

Verification of data normality 

Start 

Specification of a number of 
simultaneously measured 

characteristics 

Verification of constant mean 

Verification of constant 
variance 

Selection of the suitable 
control chart 

Recommendation to user on 
the most suitable control chart 

  2 

  2 

  2 



Engineering the Future234

Rules for the selection of suitable control chart that must be a part of the knowledge base are 
summarised in Table 4. 
 

Preconditions Suitable control chart 
Normally distributed data 
One characteristic 
Constant mean and variance 
Non-correlated data  
Suitable number of subgroups (20-25) 
Low sensitivity of chart 

 Classical Shewhart control charts for 
variables 

Type of characteristic – attribute 
-   low sensitivity  
-   high sensitivity 

 
 Classical Shewhart control charts for 

attributes 
 CUSUM charts for attributes 

More than one characteristic 
simultaneously measured on one unit 
-  correlated data 
-  non-correlated data 
 

 
 

 Hotelling chart 
 Classical Shewhart control charts for 

variables 
Autocorrelated data 
-  positive autocorrelation 
-  all situations 

 
 Dynamic EWMA chart 
 Shewhart control chart for individuals, 

classical EWMA or CUSUM charts – 
all applied to residuals from ARMA or 
ARIMA models  

Low number of subgroups 
- consistent variance 
- non-consistent variance 

 
 Goal charts 
 Standardised charts 

Non-normally distributed data  
(for subgroup size less then 5) 

 Control chart with re-transformed 
limits 

High sensitivity of chart 
  

 CUSUM chart 
 Classical EWMA chart 

Non constant mean (drift) 
 

 Regression chart 
 Chart for residuals from regression 

function 
Table 4. Rules for selection of suitable control chart 
 
5.2 The identification block 
As compared to the block described above the second block of the proposed expert system– 
the identification block is the part of the expert system that contains knowledge and 
experience of experts with the special process. This part is not universal but it will be differ 
from one process to other process. The goal of this block is to offer to user support for a 
quick identification of assignable cause of process variation and quick realisation of effective 
action. Steps that must be realised in the frame of this block are described using the flow 
chart in Fig. 9. We suppose that the initial information (specification of data set, subgroup 
size etc.) is shared with the first block for the selection of control chart.  

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 9. Steps of block 2 of the proposed expert system for SPC 
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The second block must contain algorithms for the construction and analysis of all control 
charts that are incorporated into the first block of the expert system. Some of them (classical 
Shewhart control charts, classical EWMA charts, CUSUM charts, Hotelling chart) are 
contained in many statistical software packages – some such statistical program could be a 
part of the operational system of the proposed expert system. But the algorithms for the 
construction and analysis of other control charts mentioned in Table 4. must be created and 
incorporated into the expert system. 
Another part of the knowledge base for the second block of the proposed expert system are 
the tests of the process stability. It is suitable to divide this testing into two parts: 
1. Testing in classical Shewhart control charts for sample mean and range 

- for testing stability using these control charts the expert system should contain all 
developed tests of non-random patterns .  

2. Testing of all other control charts incorporated into the expert system 
- for all other charts we recommend to use only basic test (identification of the point 

behind the control limits) because of the lack of sufficient theoretical background. 
Very important part of the knowledge base that the identification block needs for its 
operating is the part which contains special knowledge and expert experience with the 
controlled process:  
a) Results of the team analysis of the process variation (using for instance Ishikawa chart, 

Pareto analysis) that give an initial summary of possible general and root assignable 
causes of the process variation and possible probabilities of their occurring. 

b) Results of the history of the process – identified non-random patterns in the old control 
charts, records about all changes of the process, records of all really identified assignable 
causes, records of all realised actions. 

 
6. Practical application of the proposed methodology 

In this charter there are described selected steps of the preparatory phase of the application 
of statistical process control to the stamping of metal stampings for the automotive industry 
(Novosadová, 2010 ).  

 
6.1 Selection of the process, product and quality characteristic for SPC 
The company has decided to apply statistical process control to the stamping process which 
is the main production operation in the frame of the manufacturing of the product called 
spoiler holder (see Fig. 10.). This selection has been based on the customer request, 
production volume of the mentioned product which is the largest of all products produced 
in the company. The stamping process is realized on the transfer press Beutler 125 t.  
The left and right front spoiler holder (Fig. 11. (a)) is the output of this process. It makes for 
mounting the front spoiler to the front fender on the left and on the right side. The basic 
requirements on the product characteristics are specified in drawing documentation. 
Specified dimensions and tolerances must be met, product mustn´t have scratches, burrs 
and undesirable deformations. As a quality characteristic which values are used for 
statistical process control the shape deviation of the spoiler holder bill with tolerance ± 0,5 
mm was chosen (Fig. 11. (b)). This quality characteristic is measured using a digital drift 
meter.  

 
 
 

                              
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 10. Location of the stamping process  
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The second block must contain algorithms for the construction and analysis of all control 
charts that are incorporated into the first block of the expert system. Some of them (classical 
Shewhart control charts, classical EWMA charts, CUSUM charts, Hotelling chart) are 
contained in many statistical software packages – some such statistical program could be a 
part of the operational system of the proposed expert system. But the algorithms for the 
construction and analysis of other control charts mentioned in Table 4. must be created and 
incorporated into the expert system. 
Another part of the knowledge base for the second block of the proposed expert system are 
the tests of the process stability. It is suitable to divide this testing into two parts: 
1. Testing in classical Shewhart control charts for sample mean and range 

- for testing stability using these control charts the expert system should contain all 
developed tests of non-random patterns .  

2. Testing of all other control charts incorporated into the expert system 
- for all other charts we recommend to use only basic test (identification of the point 

behind the control limits) because of the lack of sufficient theoretical background. 
Very important part of the knowledge base that the identification block needs for its 
operating is the part which contains special knowledge and expert experience with the 
controlled process:  
a) Results of the team analysis of the process variation (using for instance Ishikawa chart, 

Pareto analysis) that give an initial summary of possible general and root assignable 
causes of the process variation and possible probabilities of their occurring. 

b) Results of the history of the process – identified non-random patterns in the old control 
charts, records about all changes of the process, records of all really identified assignable 
causes, records of all realised actions. 
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of statistical process control to the stamping of metal stampings for the automotive industry 
(Novosadová, 2010 ).  
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The company has decided to apply statistical process control to the stamping process which 
is the main production operation in the frame of the manufacturing of the product called 
spoiler holder (see Fig. 10.). This selection has been based on the customer request, 
production volume of the mentioned product which is the largest of all products produced 
in the company. The stamping process is realized on the transfer press Beutler 125 t.  
The left and right front spoiler holder (Fig. 11. (a)) is the output of this process. It makes for 
mounting the front spoiler to the front fender on the left and on the right side. The basic 
requirements on the product characteristics are specified in drawing documentation. 
Specified dimensions and tolerances must be met, product mustn´t have scratches, burrs 
and undesirable deformations. As a quality characteristic which values are used for 
statistical process control the shape deviation of the spoiler holder bill with tolerance ± 0,5 
mm was chosen (Fig. 11. (b)). This quality characteristic is measured using a digital drift 
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The second block must contain algorithms for the construction and analysis of all control 
charts that are incorporated into the first block of the expert system. Some of them (classical 
Shewhart control charts, classical EWMA charts, CUSUM charts, Hotelling chart) are 
contained in many statistical software packages – some such statistical program could be a 
part of the operational system of the proposed expert system. But the algorithms for the 
construction and analysis of other control charts mentioned in Table 4. must be created and 
incorporated into the expert system. 
Another part of the knowledge base for the second block of the proposed expert system are 
the tests of the process stability. It is suitable to divide this testing into two parts: 
1. Testing in classical Shewhart control charts for sample mean and range 

- for testing stability using these control charts the expert system should contain all 
developed tests of non-random patterns .  

2. Testing of all other control charts incorporated into the expert system 
- for all other charts we recommend to use only basic test (identification of the point 

behind the control limits) because of the lack of sufficient theoretical background. 
Very important part of the knowledge base that the identification block needs for its 
operating is the part which contains special knowledge and expert experience with the 
controlled process:  
a) Results of the team analysis of the process variation (using for instance Ishikawa chart, 

Pareto analysis) that give an initial summary of possible general and root assignable 
causes of the process variation and possible probabilities of their occurring. 

b) Results of the history of the process – identified non-random patterns in the old control 
charts, records about all changes of the process, records of all really identified assignable 
causes, records of all realised actions. 

 
6. Practical application of the proposed methodology 

In this charter there are described selected steps of the preparatory phase of the application 
of statistical process control to the stamping of metal stampings for the automotive industry 
(Novosadová, 2010 ).  

 
6.1 Selection of the process, product and quality characteristic for SPC 
The company has decided to apply statistical process control to the stamping process which 
is the main production operation in the frame of the manufacturing of the product called 
spoiler holder (see Fig. 10.). This selection has been based on the customer request, 
production volume of the mentioned product which is the largest of all products produced 
in the company. The stamping process is realized on the transfer press Beutler 125 t.  
The left and right front spoiler holder (Fig. 11. (a)) is the output of this process. It makes for 
mounting the front spoiler to the front fender on the left and on the right side. The basic 
requirements on the product characteristics are specified in drawing documentation. 
Specified dimensions and tolerances must be met, product mustn´t have scratches, burrs 
and undesirable deformations. As a quality characteristic which values are used for 
statistical process control the shape deviation of the spoiler holder bill with tolerance ± 0,5 
mm was chosen (Fig. 11. (b)). This quality characteristic is measured using a digital drift 
meter.  
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(a) Left and right front spoiler holder (b)  Spoiler holder bill 

Fig. 11. Selected product (Novosadová, 2010) 

 
6.2 Measurement system analysis 
Complex measurement system analysis of the measurement of the shape deviation of the 
spoiler bill using a digital drift meter was realized by 3 operators 3 times on 10 randomly 
selected stampings. It resulted in GRR% < 10%. It confirmed the measurement system 
acceptability and credibility of the measured values.  

 
6.3 Analysis of possible causes of the spoiler bill shape deviation variability  
With the aim to set the most important potential causes of undesirable variability of the 
stamping process Ishikawa diagram was constructed as a result of the brainstorming. The 
team composed of the press operator, inspector, tool setter, toolmaker, quality manager and 
technical director defined as many as possible causes and then they scored in 5 rounds the 
most probable causes using 1-5 marks. Using Pareto analysis the most important causes 
were set and corrective or preventive actions were assigned (see Table 5.). 

 

Table 5. OCAP 
 
 

Cause Action 
Unsuitable position of force. Inspection of pinning of forces at every 

preventive inspection. 
Wrong start-up of the presser. Regular inspection and record of the 

press parameters in the same interval as 
the values for the control chart, analysis 
of these values along with analysis of the 
control chart. 

Imprecise setting of the press high. Regular inspection and record of the 
press parameters in the same interval as 
the values for the control chart, analysis 
of these values along with analysis of the 
control chart. 

Quality 
characteristic 

6.4 Design of the system for data collection and record  
Five values of the selected quality characteristic (the shape deviation of the left and right 
spoiler bill) were proposed to be collected every 1 hour and recorded to the proposed 
control record. So called “Accompanying process sheet” for the record of every process 
change and interventions has been designed as a part of the record mentioned above (table 
6.). It means that operator will sample 5 consecutive pieces of stampings of the right and left 
spoiler every hour. Immediately he will made an inspection of the spoiler bill using digital 
drift meter and measured values he will record into the suggested record sample time 
including. After every shift the operator will give the record to the quality operator who put 
the data in PC. In conjunction with the values mentioned above values of indexes that 
express cause start up of the press and setting of the press high will be measured and 
recorded into the suggested control record (see Table 7.) also every hour to be able to 
analyse these indexes altogether with control charts. The record will be linked to the control 
record of the quality characteristics used for statistical process control. The suggested way of 
the collection and data processing corresponds to the first variant of the designed 
methodology of the realization of statistical process control as a problem-solving process as 
the stamping is in principle not too dynamic process with the low number of factors 
influencing its variability.  
Next verification of the data preconditions (normality, homogeneity, independence) was 
realized to be able to select the right control chart. After it the matrix of responsibility for all 
the actions that must be realized in the frame of statistical process control was put together. 
 

Table 6. Accompanying process sheet 
 

 Start up of the press Equipment:  
Beutler 125t 

 Part name: Spoiler 
Part number:  
Instrument number:  

 
Op.: Stamping 

Subgroup 

        Target 
        value 

Lifting 
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Operational 
instrument 
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Loader 
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Feed 
length 

Stamping 
force  
left 

Stamping 
force 
right 
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3       
       
...       

Table 7. Control record 
 

Accompanying process sheet 
Date/Hour Operator Sign Assignable cause/Process 

change/Interventions 
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7. Conclusion 

This paper shows the need to realize a problem-solving process as an axis of vital complex 
and effective SPC system. After defining the complex and effective SPC implementation and 
factors of its efficiency four variants of the methodology for realization of the problem-
solving process in the frame of SPC were described. As a part of the proposal of the 
methodology mentioned above the design of the expert system for SPC was described. 
Variant II of the methodology was then shown on the practical example in condition of the 
stamping process.  
In future research more detailed scenarios of the effective and complex SPC implementation 
for different productive and non-productive branches in the frame of the designed 
methodology will be developed using the results of the research of barriers and stimulators 
of the SPC implementation in companies in Czech Republic and verified in practice. 

 
The work was realized within the solution of the Czech national research project CEZ 
MSM 6198910019 Reduction of CO2 Production - DECOx  Processes. 
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1. Introduction 
 

Plant identification is very important in control design. The relay method belongs among 
special kinds of experimental frequency response identification. It was originally used for 
plant identification by Rotach (Rotač, 1964) and lately also for controller autotuning, see 
reference (Åstrőm & Wittenmark, 1989; Åstrőm, 1993; Åstrőm & Hägglund, 1995; Bi et al., 
1997; Hang et al., 1993; Lu et al., 1998; Shen et al., 1999; Tan et al., 1996; Wang et al., 1999). 
Autotuning of controllers for MIMO plants is described in references (Halevi et al., 1997; 
Loh & Vasnani, 1994; Semino & Scali, 1998). At present more publications exist which are 
devoted to identification or controller autotuning on the basis of the relay experiment, e.g. 
(Besançon-Voda & Roux-Buisson, 1997; Hang et al., 2002; Huang et al. 2005; Johnson & 
Moradi, 2005; Kaya & Atherton, 2001; Lee et al., 1995; Leva & Donida, 2009; Leva & Maggio, 
2009; Liu & Gao, 2009; Majhi, 2005; Majhi, 2007; Panda & Yu, 2003; Panda & Yu, 2005; 
Prokop et al., 2010; Sung et al., 2009; Tan et al., 2001; Tan et al., 2002; Vítečková & Víteček, 
2005; Vivek & Chidambaram, 2005). 
The aim of this paper is to summarily describe and show the basic modifications of the relay 
methods from the viewpoint of experimental plant identification and to bring out the 
computational formulas for simple plants. Two-position symmetric relays without and with 
hysteresis and with the integrator in front of the relay and behind of the relay are considered. 
 
2. Relay Method without Integrator 
 

In experimental plant identification using the relay method without the integrator it is 
assumed that the relay is plugged into the closed-loop system in lieu of a controller in 
accordance with Fig. 1, where: e, w, u and y are the control error, desired, manipulated and 
controlled variables, GP(s) – the plant transfer function, N(a) – the describing function of the 
relay (Fig. 2), s – the complex variable in L-transform, a – the harmonic oscillation amplitude. 
 

 
Fig. 1. Closed-loop system with two-position relay 
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7. Conclusion 
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methodology mentioned above the design of the expert system for SPC was described. 
Variant II of the methodology was then shown on the practical example in condition of the 
stamping process.  
In future research more detailed scenarios of the effective and complex SPC implementation 
for different productive and non-productive branches in the frame of the designed 
methodology will be developed using the results of the research of barriers and stimulators 
of the SPC implementation in companies in Czech Republic and verified in practice. 
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Plant identification is very important in control design. The relay method belongs among 
special kinds of experimental frequency response identification. It was originally used for 
plant identification by Rotach (Rotač, 1964) and lately also for controller autotuning, see 
reference (Åstrőm & Wittenmark, 1989; Åstrőm, 1993; Åstrőm & Hägglund, 1995; Bi et al., 
1997; Hang et al., 1993; Lu et al., 1998; Shen et al., 1999; Tan et al., 1996; Wang et al., 1999). 
Autotuning of controllers for MIMO plants is described in references (Halevi et al., 1997; 
Loh & Vasnani, 1994; Semino & Scali, 1998). At present more publications exist which are 
devoted to identification or controller autotuning on the basis of the relay experiment, e.g. 
(Besançon-Voda & Roux-Buisson, 1997; Hang et al., 2002; Huang et al. 2005; Johnson & 
Moradi, 2005; Kaya & Atherton, 2001; Lee et al., 1995; Leva & Donida, 2009; Leva & Maggio, 
2009; Liu & Gao, 2009; Majhi, 2005; Majhi, 2007; Panda & Yu, 2003; Panda & Yu, 2005; 
Prokop et al., 2010; Sung et al., 2009; Tan et al., 2001; Tan et al., 2002; Vítečková & Víteček, 
2005; Vivek & Chidambaram, 2005). 
The aim of this paper is to summarily describe and show the basic modifications of the relay 
methods from the viewpoint of experimental plant identification and to bring out the 
computational formulas for simple plants. Two-position symmetric relays without and with 
hysteresis and with the integrator in front of the relay and behind of the relay are considered. 
 
2. Relay Method without Integrator 
 

In experimental plant identification using the relay method without the integrator it is 
assumed that the relay is plugged into the closed-loop system in lieu of a controller in 
accordance with Fig. 1, where: e, w, u and y are the control error, desired, manipulated and 
controlled variables, GP(s) – the plant transfer function, N(a) – the describing function of the 
relay (Fig. 2), s – the complex variable in L-transform, a – the harmonic oscillation amplitude. 
 

 
Fig. 1. Closed-loop system with two-position relay 
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The relay role is to effect stable oscillations of the closed-loop system in Fig. 1, i.e. to cause 
rise of the stable limit cycle. The describing function method is suitable to verify the limit 
cycle rise (Vukić et al., 2003). The describing function of the relay N(a) can be considered as 
the complex gain which depends on the harmonic oscillation amplitude a with the angular 
frequency ω 
 
 tate sin)(   (1) 
 
in the relay input and therefore it is possible to work with it like a common transfer 
function. 
The condition of the limit cycle rise of the non-linear closed-loop system in Fig. 1 has the 
simple form 
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where GP(jω) is the plant transfer function in the frequency domain, )(PA  – the plant 
transfer function magnitude, )(P  – the plant transfer function phase. 
The relation (2) is in analogy with the stability boundary for the linear control system 
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where Go(jω) is the open-loop control system transfer function in the frequency domain. 
 

 
Fig. 2. Two-position symmetric relay: a) with hysteresis, b) without hysteresis 
 
From comparison of the relations (2) and (4) it is obvious that the term –1/N(a) has the same 
role as the critical point –1 for the linear control systems and therefore it is called a critical 
characteristic.  
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For the two-position symmetric relay with hysteresis ( 0 , Fig. 2a) or without hysteresis 
( 0 , Fig. 2b) the describing function and the corresponding critical characteristic have the 
forms (Vukić et al., 2003) 
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where 2  is the hysteresis width, u0 – the relay amplitude (maximum value of the 
manipulated variable u), AN(a) – the critical characteristic magnitude, )(aN  – the critical 
characteristic phase. 
Because the describing function (5) uses only the fundamental harmonic component of the 
oscillation at the relay input, therefore the describing function method is the approximate 
method, which gives more accurate results if the behaviour of the plant with the transfer 
function GP(s) is close to behaviour of a low-pass filter (Vukić et al., 2003). 
The condition represents the complex equation (2) can be substituted by two generally 
nonlinear equations 
 

 
)()(
)()(

a
aAA

NP

NP







 (7) 

 
By solving of (7) the amplitude aM and the angular frequency M  can be obtained. If the 
obtained values aM and M  are positive and real, then in the closed-loop system in Fig. 1, 
the stable limit cycle rises with the oscillation amplitude aM at the relay input and with the 
angular frequency M (Vukić et al., 2003). 
The geometric interpretation of the solution of the complex equation (2) or the two real 
equations (7) is given in Fig. 3. The arrows of the curve )j( PG  and the critical characteristic 
(6) show the directions of the growth of the angular frequency   and the harmonic 
oscillation amplitude a at the relay input (1). 
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manipulated variable u), AN(a) – the critical characteristic magnitude, )(aN  – the critical 
characteristic phase. 
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oscillation at the relay input, therefore the describing function method is the approximate 
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By solving of (7) the amplitude aM and the angular frequency M  can be obtained. If the 
obtained values aM and M  are positive and real, then in the closed-loop system in Fig. 1, 
the stable limit cycle rises with the oscillation amplitude aM at the relay input and with the 
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The geometric interpretation of the solution of the complex equation (2) or the two real 
equations (7) is given in Fig. 3. The arrows of the curve )j( PG  and the critical characteristic 
(6) show the directions of the growth of the angular frequency   and the harmonic 
oscillation amplitude a at the relay input (1). 



Engineering the Future242

 

The relay role is to effect stable oscillations of the closed-loop system in Fig. 1, i.e. to cause 
rise of the stable limit cycle. The describing function method is suitable to verify the limit 
cycle rise (Vukić et al., 2003). The describing function of the relay N(a) can be considered as 
the complex gain which depends on the harmonic oscillation amplitude a with the angular 
frequency ω 
 
 tate sin)(   (1) 
 
in the relay input and therefore it is possible to work with it like a common transfer 
function. 
The condition of the limit cycle rise of the non-linear closed-loop system in Fig. 1 has the 
simple form 
 

 
)(

1)(j
aN

GP   (2) 

 )(je)()(j  P
PP AG   (3) 

 
where GP(jω) is the plant transfer function in the frequency domain, )(PA  – the plant 
transfer function magnitude, )(P  – the plant transfer function phase. 
The relation (2) is in analogy with the stability boundary for the linear control system 
 

 1)(j oG  (4) 
 
where Go(jω) is the open-loop control system transfer function in the frequency domain. 
 

 
Fig. 2. Two-position symmetric relay: a) with hysteresis, b) without hysteresis 
 
From comparison of the relations (2) and (4) it is obvious that the term –1/N(a) has the same 
role as the critical point –1 for the linear control systems and therefore it is called a critical 
characteristic.  

u u 

   

0u

0 u

0 e

0 
a)

0u

0u

0 e 

0 
b)

 

For the two-position symmetric relay with hysteresis ( 0 , Fig. 2a) or without hysteresis 
( 0 , Fig. 2b) the describing function and the corresponding critical characteristic have the 
forms (Vukić et al., 2003) 
 

 










































a

a
aaa

u
aN

0for0

0forj14
)(

2
0

 (5) 

 














a
aaA

aN

a
N

N

0for
0fore)(

)(
1 )(j

 (6a) 

 
04

)(
u
aaAN


  (6b) 

 
22

arctg)(






a

aN  (6c) 

 
where 2  is the hysteresis width, u0 – the relay amplitude (maximum value of the 
manipulated variable u), AN(a) – the critical characteristic magnitude, )(aN  – the critical 
characteristic phase. 
Because the describing function (5) uses only the fundamental harmonic component of the 
oscillation at the relay input, therefore the describing function method is the approximate 
method, which gives more accurate results if the behaviour of the plant with the transfer 
function GP(s) is close to behaviour of a low-pass filter (Vukić et al., 2003). 
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where 2  is the hysteresis width, u0 – the relay amplitude (maximum value of the 
manipulated variable u), AN(a) – the critical characteristic magnitude, )(aN  – the critical 
characteristic phase. 
Because the describing function (5) uses only the fundamental harmonic component of the 
oscillation at the relay input, therefore the describing function method is the approximate 
method, which gives more accurate results if the behaviour of the plant with the transfer 
function GP(s) is close to behaviour of a low-pass filter (Vukić et al., 2003). 
The condition represents the complex equation (2) can be substituted by two generally 
nonlinear equations 
 

 
)()(
)()(

a
aAA

NP

NP







 (7) 

 
By solving of (7) the amplitude aM and the angular frequency M  can be obtained. If the 
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Fig. 3. Geometric interpretation of relay method without integrator 
 
If in the closed-loop system in Fig. 1 the stable limit cycle rises, then from the measured 
values aM and M  on the basis of the equations (7) is possible to obtain two unknown plant 
parameters, see Fig. 4. 
For w(t) = 0 the plant output variable y(t) (except for sign) is the relay input variable e(t), the 
equality 
 yM aa   (8) 
 

holds and the angular frequency M  is the same for all closed-loop system variables and it 
can be determined from the formula 
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Fig. 4. Courses of relay output variable u(t) and plant output variable y(t) in the case of 
stable limit cycle rise 
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An application of the relay with hysteresis is useful in the case of existence of noise. In this 
case it is recommended so as to hysteresis width 2  was greater then double noise 
amplitude and the relay amplitude u0 should be such so as to output plant variable 
amplitude ay was at least triple noise amplitude (Hang et al., 1993). Between the output 
oscillation amplitude ay and the relay amplitude u0 a direct proportion holds. 
For the relay with hysteresis the angular frequency (9) is lower then for the relay without 
hysteresis. 
From Fig. 3 it is obvious that the relay method without the integrator is suitable for 
proportional and integral plants with time delay. The plant gain can be determined from the 
steady state or by the other corresponding way. For the relay without hysteresis the equality 

 M  holds. 

 
Example 2.1 
For the proportional plant with transfer function 
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it is necessary to determine the plant time constant Ti and plant time delay Tdi on condition 
that the plant gain k1 and plant order i are known, using the relay method without 
integrator. 

 
Solution: 
For plant (10) the relations  
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hold. 
From experimentally obtained periodic course of the output variable y(t) the oscillation 
amplitude ay and period Ty can be measured (see Fig. 4), and than on the basis of the 
relations (6b), (6c), (7), (8), (9), (11b) and (11c) for a = aM = ay and M   the formulas 
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hold. 
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can be obtained. 
E.g. for a proportional (first order plus time delay) plant with the transfer function  
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from formulas (12) for i = 1 can be obtained 
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Likewise for a proportional (second order plus time delay) plant with the transfer function 
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from formulas (12) for i = 2 can be obtained 
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Notice: 
The plant (10) parameters Ti and Tdi for known k1 and i can also be determined from the 
ultimate (critical) gain of a proportional controller kpc and the ultimate (critical) period Tc, it 
holds 
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The ultimate controller gain kpc and the corresponding ultimate period Tc, must be 
determined iteratively. In this case formulas (15) are exact and therefore the accuracy of the 
determined parameters Ti and Tdi is considerably higher. 

 
Example 2.2 
Likewise in the example 2.1 on the basis of the relay method (without the integrator) for the 
integral plant with the transfer function 
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it is necessary to determine the plant time constant Ti and plant time delay Tdi on condition 
that the plant gain k1 and order i are known. 

 
Solution: 
For the plant (16) on the basis of the relations (11) it can be written directly 
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For experimentally obtained plant oscillation amplitude ay and period Ty (see Fig. 4), and 
than on the basis of the relations (6b), (6c), (7), (8), (9), (17a) and (17b) for a = aM = ay and 

M   the formulas  
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can be obtained. 
E.g. for the integral (integral plus first order plus time delay) plant with the transfer function  
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from the formulas (18) for i = 1 can be obtained 
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can be obtained. 
E.g. for a proportional (first order plus time delay) plant with the transfer function  
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Likewise for a proportional (second order plus time delay) plant with the transfer function 
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Notice: 
The plant (10) parameters Ti and Tdi for known k1 and i can also be determined from the 
ultimate (critical) gain of a proportional controller kpc and the ultimate (critical) period Tc, it 
holds 
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The ultimate controller gain kpc and the corresponding ultimate period Tc, must be 
determined iteratively. In this case formulas (15) are exact and therefore the accuracy of the 
determined parameters Ti and Tdi is considerably higher. 

 
Example 2.2 
Likewise in the example 2.1 on the basis of the relay method (without the integrator) for the 
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it is necessary to determine the plant time constant Ti and plant time delay Tdi on condition 
that the plant gain k1 and order i are known. 

 
Solution: 
For the plant (16) on the basis of the relations (11) it can be written directly 
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For experimentally obtained plant oscillation amplitude ay and period Ty (see Fig. 4), and 
than on the basis of the relations (6b), (6c), (7), (8), (9), (17a) and (17b) for a = aM = ay and 
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can be obtained. 
E.g. for the integral (integral plus first order plus time delay) plant with the transfer function  
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can be obtained. 
E.g. for a proportional (first order plus time delay) plant with the transfer function  
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Likewise for a proportional (second order plus time delay) plant with the transfer function 
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Notice: 
The plant (10) parameters Ti and Tdi for known k1 and i can also be determined from the 
ultimate (critical) gain of a proportional controller kpc and the ultimate (critical) period Tc, it 
holds 
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The ultimate controller gain kpc and the corresponding ultimate period Tc, must be 
determined iteratively. In this case formulas (15) are exact and therefore the accuracy of the 
determined parameters Ti and Tdi is considerably higher. 

 
Example 2.2 
Likewise in the example 2.1 on the basis of the relay method (without the integrator) for the 
integral plant with the transfer function 
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it is necessary to determine the plant time constant Ti and plant time delay Tdi on condition 
that the plant gain k1 and order i are known. 

 
Solution: 
For the plant (16) on the basis of the relations (11) it can be written directly 
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For experimentally obtained plant oscillation amplitude ay and period Ty (see Fig. 4), and 
than on the basis of the relations (6b), (6c), (7), (8), (9), (17a) and (17b) for a = aM = ay and 
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E.g. for the integral (integral plus first order plus time delay) plant with the transfer function  
 

 sT
P

d

sTs
ksG 1e

)1(
)(

1

1 


  (19a) 

 

from the formulas (18) for i = 1 can be obtained 
 

 1
4

2 24

2
0

22
1

1 
y

yy

a
uTkT

T


 (19b) 

Plant identification by relay method 247

 

 



















22
arctg2arctg

2 




yy

iy
di

aT
Ti

T
T  (12b) 

 
can be obtained. 
E.g. for a proportional (first order plus time delay) plant with the transfer function  
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Likewise for a proportional (second order plus time delay) plant with the transfer function 
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from formulas (12) for i = 2 can be obtained 
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Notice: 
The plant (10) parameters Ti and Tdi for known k1 and i can also be determined from the 
ultimate (critical) gain of a proportional controller kpc and the ultimate (critical) period Tc, it 
holds 
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The ultimate controller gain kpc and the corresponding ultimate period Tc, must be 
determined iteratively. In this case formulas (15) are exact and therefore the accuracy of the 
determined parameters Ti and Tdi is considerably higher. 

 
Example 2.2 
Likewise in the example 2.1 on the basis of the relay method (without the integrator) for the 
integral plant with the transfer function 
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it is necessary to determine the plant time constant Ti and plant time delay Tdi on condition 
that the plant gain k1 and order i are known. 

 
Solution: 
For the plant (16) on the basis of the relations (11) it can be written directly 
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For experimentally obtained plant oscillation amplitude ay and period Ty (see Fig. 4), and 
than on the basis of the relations (6b), (6c), (7), (8), (9), (17a) and (17b) for a = aM = ay and 
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can be obtained. 
E.g. for the integral (integral plus first order plus time delay) plant with the transfer function  
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Likewise for the integral (integral plus second order plus time delay) plant with the transfer 
function 
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from the formula (18) for i = 2 can be obtained 
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Notice: 
As well in this case the plant (16) parameters Ti and Tdi for known k1 and i can be 
determined from the ultimate controller gain kpc and the ultimate period Tc, it holds that 
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The formulas (21) are exact, but the ultimate controller gain kpc and the corresponding 
ultimate period Tc must be determined iteratively. 

 
3. Relay Method with Integrator 

The relay method with integrator is extending the previous approach (Åstrőm & Hãgglund 
1995). It can be used in two alternatives: with the integrator behind of the relay (Fig. 5a) and with 
the integrator in front of the relay (Fig. 5b). Both these alternatives must be strictly differentiated. 
For both alternatives in Fig. 5 the condition of the stable limit rise has a form [compare with (2)] 
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a) 

 
b) 

 
Fig. 5. Closed-loop system with relay with integrator: a) behind of relay, b) in front of relay 
 

 
Fig. 6. Geometric interpretation of relay method with integrator 
 
If the solution, i.e. the values a = aM and M  , are positive and real (Fig. 6), then in the 
closed-loop systems in Fig. 5 the stable limit cycle rises with the oscillation amplitude aM 
and the angular frequency M  at the relay input. 
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Likewise for the integral (integral plus second order plus time delay) plant with the transfer 
function 
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from the formula (18) for i = 2 can be obtained 
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Notice: 
As well in this case the plant (16) parameters Ti and Tdi for known k1 and i can be 
determined from the ultimate controller gain kpc and the ultimate period Tc, it holds that 
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Fig. 5. Closed-loop system with relay with integrator: a) behind of relay, b) in front of relay 
 

 
Fig. 6. Geometric interpretation of relay method with integrator 
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Likewise for the integral (integral plus second order plus time delay) plant with the transfer 
function 
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Notice: 
As well in this case the plant (16) parameters Ti and Tdi for known k1 and i can be 
determined from the ultimate controller gain kpc and the ultimate period Tc, it holds that 
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The formulas (21) are exact, but the ultimate controller gain kpc and the corresponding 
ultimate period Tc must be determined iteratively. 
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Fig. 5. Closed-loop system with relay with integrator: a) behind of relay, b) in front of relay 
 

 
Fig. 6. Geometric interpretation of relay method with integrator 
 
If the solution, i.e. the values a = aM and M  , are positive and real (Fig. 6), then in the 
closed-loop systems in Fig. 5 the stable limit cycle rises with the oscillation amplitude aM 
and the angular frequency M  at the relay input. 

)(
2
π )( M N M P a   

)()(1
M N M P 

M 
aAA  

 

Re 

Im

)(
1

aN 

)(j
j
1  
 P G

),( M M a  

w  
e 

y 

)(aN

)(sGP
s 
1

w e y 

)( a N 

) ( s G P 
s 
1 

Plant identification by relay method 249

 

 



















22
1

1 arctg2arctg
22 




yy

y
d

aT
TT

T  (19c) 

 
Likewise for the integral (integral plus second order plus time delay) plant with the transfer 
function 
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Notice: 
As well in this case the plant (16) parameters Ti and Tdi for known k1 and i can be 
determined from the ultimate controller gain kpc and the ultimate period Tc, it holds that 
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The formulas (21) are exact, but the ultimate controller gain kpc and the corresponding 
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Fig. 5. Closed-loop system with relay with integrator: a) behind of relay, b) in front of relay 
 

 
Fig. 6. Geometric interpretation of relay method with integrator 
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and the angular frequency M  at the relay input. 
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From Fig. 6 it is obvious that the relay method with the integrator is applicable only for 
proportional plants. For the relay without hysteresis with the integrator the relation 

2/ M  holds. 

 
a) Integrator is behind the relay 
In this case for w(t) = 0 the output plant variable y(t) (except for sign) is the input relay 
variable e(t), and therefore (8) holds, i.e. aM = ay. 
 
Example 3.1 
For the plant (10) from the example 2.1 it is necessary when using the relay method with the 
integrator behind the relay, to determine the plant time constant Ti and plant time delay Tdi 
on condition that the plant gain k1 and its order i are known. 
 
Solution: 
From the experimental obtained periodic course of the output variable y(t) the amplitude ay 
and period Ty were obtained (Fig. 4). On the basis of the relations (6b), (6c), (8), (9), (11b), 
(11c) and (23) for a = aM = ay and M   can be obtained the relations (18), which are the 
same like in the example 2.2. 
 
Example 3.2 
On the basis of the relay method without hysteresis and with the integrator behind the relay 
for the second order oscillatory plant 
 

 
12

)(
00

22
0

1




sTsT
ksGP 

 (24) 

 
it is necessary to determine the plant time constant T0 and plant damping coefficient 0  on 
condition that the plant gain k1 is known. 
 
Solution: 
For the plant (24) holds 
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For the relay without hysteresis with the integrator the relation 
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holds. 
On the basis of the relations (6b), (25b), (26a) and the first equation in (23) can be obtained 
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From the experimental obtained values ay and Ty (see Fig. 4) by means of (26) the unknown 
parameters T0 and 0  can be determined. 

 
b) Integrator is in front of relay 
In this case for w(t) = 0 the input relay variable is given 
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and therefore the relation 
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holds. 
With respect to high frequency damping by the integrator, an accuracy of the relay method 
with the integrator in front of the relay is less then the accuracy of the relay method with the 
integrator behind the relay. 

 
Example 3.3 
For proportional plant (10) from example 2.1 it is necessary by the relay method with the 
integrator in front of the relay to determine plant time constant Ti and plant time delay Tdi 
on condition that the plant gain k1 and plant order i are known. 

 
Solution: 
On the basis of the relations (6b), (6c), (9), (11b), (11c), (23) and (28) for a = aM and M   
can be obtained 
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From Fig. 6 it is obvious that the relay method with the integrator is applicable only for 
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a) Integrator is behind the relay 
In this case for w(t) = 0 the output plant variable y(t) (except for sign) is the input relay 
variable e(t), and therefore (8) holds, i.e. aM = ay. 
 
Example 3.1 
For the plant (10) from the example 2.1 it is necessary when using the relay method with the 
integrator behind the relay, to determine the plant time constant Ti and plant time delay Tdi 
on condition that the plant gain k1 and its order i are known. 
 
Solution: 
From the experimental obtained periodic course of the output variable y(t) the amplitude ay 
and period Ty were obtained (Fig. 4). On the basis of the relations (6b), (6c), (8), (9), (11b), 
(11c) and (23) for a = aM = ay and M   can be obtained the relations (18), which are the 
same like in the example 2.2. 
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it is necessary to determine the plant time constant T0 and plant damping coefficient 0  on 
condition that the plant gain k1 is known. 
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For the relay without hysteresis with the integrator the relation 
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holds. 
On the basis of the relations (6b), (25b), (26a) and the first equation in (23) can be obtained 
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From the experimental obtained values ay and Ty (see Fig. 4) by means of (26) the unknown 
parameters T0 and 0  can be determined. 

 
b) Integrator is in front of relay 
In this case for w(t) = 0 the input relay variable is given 
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holds. 
With respect to high frequency damping by the integrator, an accuracy of the relay method 
with the integrator in front of the relay is less then the accuracy of the relay method with the 
integrator behind the relay. 

 
Example 3.3 
For proportional plant (10) from example 2.1 it is necessary by the relay method with the 
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From Fig. 6 it is obvious that the relay method with the integrator is applicable only for 
proportional plants. For the relay without hysteresis with the integrator the relation 

2/ M  holds. 

 
a) Integrator is behind the relay 
In this case for w(t) = 0 the output plant variable y(t) (except for sign) is the input relay 
variable e(t), and therefore (8) holds, i.e. aM = ay. 
 
Example 3.1 
For the plant (10) from the example 2.1 it is necessary when using the relay method with the 
integrator behind the relay, to determine the plant time constant Ti and plant time delay Tdi 
on condition that the plant gain k1 and its order i are known. 
 
Solution: 
From the experimental obtained periodic course of the output variable y(t) the amplitude ay 
and period Ty were obtained (Fig. 4). On the basis of the relations (6b), (6c), (8), (9), (11b), 
(11c) and (23) for a = aM = ay and M   can be obtained the relations (18), which are the 
same like in the example 2.2. 
 
Example 3.2 
On the basis of the relay method without hysteresis and with the integrator behind the relay 
for the second order oscillatory plant 
 

 
12

)(
00

22
0

1




sTsT
ksGP 

 (24) 

 
it is necessary to determine the plant time constant T0 and plant damping coefficient 0  on 
condition that the plant gain k1 is known. 
 
Solution: 
For the plant (24) holds 
 

 )(je)()(j  P
PP AG   (25a) 

 
  2

0
22

0
22

0
2

1

41
)(

TT

kAP





  (25b) 

 

 






























0
2

0
2

00

0

0
2

0
2

00

1for
1

2arctg

1for
2

10for
1
2arctg

)(

TT
T

T

TT
T

P












  (25c) 

 

For the relay without hysteresis with the integrator the relation 
 

  
0

2
1
TM /             

20
yTT   (26a) 

 
holds. 
On the basis of the relations (6b), (25b), (26a) and the first equation in (23) can be obtained 
 

 
y

y

a
uTk

2
01

0 
  . (26b) 

 
From the experimental obtained values ay and Ty (see Fig. 4) by means of (26) the unknown 
parameters T0 and 0  can be determined. 

 
b) Integrator is in front of relay 
In this case for w(t) = 0 the input relay variable is given 
 

 )cos(d)sin(d)( 


   t
a

ttatte M
M

y
My  (27) 

 
and therefore the relation 
 

 
 2
yy

M

y
M

Taa
a   (28) 

 
holds. 
With respect to high frequency damping by the integrator, an accuracy of the relay method 
with the integrator in front of the relay is less then the accuracy of the relay method with the 
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From Fig. 6 it is obvious that the relay method with the integrator is applicable only for 
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with the integrator in front of the relay is less then the accuracy of the relay method with the 
integrator behind the relay. 
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integrator in front of the relay to determine plant time constant Ti and plant time delay Tdi 
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The formula (29a) is the same as the formula (12a). 
E.g. for proportional plant (13a) on the basis of the formulas (29) for i = 1 can be obtained 
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The formula for T1 is the same as the formula (13b). 
Likewise for proportional plant with the transfer function (14a) on the basis of the formulas 
(29) for i = 2 can be obtained 
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The formula for T2 is the same as the formula (14b). 

 
Example 3.4 
On the basis of the relay method without hysteresis and with the integrator in front of the 
relay for the second order oscillatory plant (24) from the example 3.2 it is necessary to 
determine the plant time constant T0 and plant damping coefficient 0  on condition that the 
plant gain k1 is known. 

 
Solution: 
Likewise in the example 3.2 for the relay without hysteresis with the integrator (in front of 
or behind the relay) (26a) holds. Further on the basis of the relations (6b), (25b), (26a), (28) 
and the first equation in (23) can be obtained 
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From the periodic course of the output variable y(t) the amplitude ay and period Ty of the 
oscillation and on the basis of the formulas (26a) and (32) parameters T0 and 0  can be 
determined. 

 

Notice: 
The plant transfer function (24) can be expressed in terms of the damping coefficient value 

0  in forms 
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where T1 > T2 are the different plant time constants, which can be determined on the basis of 
the formulas 
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The plant parameters T0 and 0  can be also determined by means of the integral controller 
with the transfer function 1/TIs, which is plugged into the closed-loop system in Fig. 1 in 
lieu of the relay or the proportional controller with the transfer function kp, which is plugged 
into the closed-loop systems in Fig. 5 in lieu of the relay and causing the stable oscillation. 
Then from the measured ultimate period Tc any closed-loop system variable and from the 
ultimate controller gain kpc or the ultimate integral time TIc = 1/kpc the above mentioned 
parameters can be determined on the basis of the formulas  
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Likewise in the cases of the plants (10) and (16) the values of the ultimate parameters Tc, kpc 
or TIc must be determined iteratively but on the other side the formulas (35) are exact.  

 
4. Conclusions 

The book chapter describes the use of the relay method with and without hysteresis and 
further more with and without integrator, which is plugged in behind or in front of the relay 
for experimental identification of the simple plants. The relay method without the integrator 
is suitable for proportional and integral plants and the relay method with the integrator is 
suitable only for proportional plants. For proportional and integral plants with multiple 
time constants with time delay and for second order oscillatory proportional plant the 
general formulas for computation of their two parameters are derived. Experimentally it is 
possible to obtain one point of the plant frequency response, i.e. two values of the plant 
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The formula for T1 is the same as the formula (13b). 
Likewise for proportional plant with the transfer function (14a) on the basis of the formulas 
(29) for i = 2 can be obtained 
 

 
























2

2

22
2

2

4

arctg2arctg2
22







yyy

y
d

TaT
TT

T  (31) 

 
The formula for T2 is the same as the formula (14b). 

 
Example 3.4 
On the basis of the relay method without hysteresis and with the integrator in front of the 
relay for the second order oscillatory plant (24) from the example 3.2 it is necessary to 
determine the plant time constant T0 and plant damping coefficient 0  on condition that the 
plant gain k1 is known. 
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Likewise in the example 3.2 for the relay without hysteresis with the integrator (in front of 
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From the periodic course of the output variable y(t) the amplitude ay and period Ty of the 
oscillation and on the basis of the formulas (26a) and (32) parameters T0 and 0  can be 
determined. 

 

Notice: 
The plant transfer function (24) can be expressed in terms of the damping coefficient value 
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where T1 > T2 are the different plant time constants, which can be determined on the basis of 
the formulas 
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The plant parameters T0 and 0  can be also determined by means of the integral controller 
with the transfer function 1/TIs, which is plugged into the closed-loop system in Fig. 1 in 
lieu of the relay or the proportional controller with the transfer function kp, which is plugged 
into the closed-loop systems in Fig. 5 in lieu of the relay and causing the stable oscillation. 
Then from the measured ultimate period Tc any closed-loop system variable and from the 
ultimate controller gain kpc or the ultimate integral time TIc = 1/kpc the above mentioned 
parameters can be determined on the basis of the formulas  
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Likewise in the cases of the plants (10) and (16) the values of the ultimate parameters Tc, kpc 
or TIc must be determined iteratively but on the other side the formulas (35) are exact.  

 
4. Conclusions 

The book chapter describes the use of the relay method with and without hysteresis and 
further more with and without integrator, which is plugged in behind or in front of the relay 
for experimental identification of the simple plants. The relay method without the integrator 
is suitable for proportional and integral plants and the relay method with the integrator is 
suitable only for proportional plants. For proportional and integral plants with multiple 
time constants with time delay and for second order oscillatory proportional plant the 
general formulas for computation of their two parameters are derived. Experimentally it is 
possible to obtain one point of the plant frequency response, i.e. two values of the plant 
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The formula (29a) is the same as the formula (12a). 
E.g. for proportional plant (13a) on the basis of the formulas (29) for i = 1 can be obtained 
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The formula for T1 is the same as the formula (13b). 
Likewise for proportional plant with the transfer function (14a) on the basis of the formulas 
(29) for i = 2 can be obtained 
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The formula for T2 is the same as the formula (14b). 

 
Example 3.4 
On the basis of the relay method without hysteresis and with the integrator in front of the 
relay for the second order oscillatory plant (24) from the example 3.2 it is necessary to 
determine the plant time constant T0 and plant damping coefficient 0  on condition that the 
plant gain k1 is known. 

 
Solution: 
Likewise in the example 3.2 for the relay without hysteresis with the integrator (in front of 
or behind the relay) (26a) holds. Further on the basis of the relations (6b), (25b), (26a), (28) 
and the first equation in (23) can be obtained 
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From the periodic course of the output variable y(t) the amplitude ay and period Ty of the 
oscillation and on the basis of the formulas (26a) and (32) parameters T0 and 0  can be 
determined. 

 

Notice: 
The plant transfer function (24) can be expressed in terms of the damping coefficient value 
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where T1 > T2 are the different plant time constants, which can be determined on the basis of 
the formulas 
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The plant parameters T0 and 0  can be also determined by means of the integral controller 
with the transfer function 1/TIs, which is plugged into the closed-loop system in Fig. 1 in 
lieu of the relay or the proportional controller with the transfer function kp, which is plugged 
into the closed-loop systems in Fig. 5 in lieu of the relay and causing the stable oscillation. 
Then from the measured ultimate period Tc any closed-loop system variable and from the 
ultimate controller gain kpc or the ultimate integral time TIc = 1/kpc the above mentioned 
parameters can be determined on the basis of the formulas  
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Likewise in the cases of the plants (10) and (16) the values of the ultimate parameters Tc, kpc 
or TIc must be determined iteratively but on the other side the formulas (35) are exact.  

 
4. Conclusions 

The book chapter describes the use of the relay method with and without hysteresis and 
further more with and without integrator, which is plugged in behind or in front of the relay 
for experimental identification of the simple plants. The relay method without the integrator 
is suitable for proportional and integral plants and the relay method with the integrator is 
suitable only for proportional plants. For proportional and integral plants with multiple 
time constants with time delay and for second order oscillatory proportional plant the 
general formulas for computation of their two parameters are derived. Experimentally it is 
possible to obtain one point of the plant frequency response, i.e. two values of the plant 
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The formula (29a) is the same as the formula (12a). 
E.g. for proportional plant (13a) on the basis of the formulas (29) for i = 1 can be obtained 
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The formula for T1 is the same as the formula (13b). 
Likewise for proportional plant with the transfer function (14a) on the basis of the formulas 
(29) for i = 2 can be obtained 
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The formula for T2 is the same as the formula (14b). 

 
Example 3.4 
On the basis of the relay method without hysteresis and with the integrator in front of the 
relay for the second order oscillatory plant (24) from the example 3.2 it is necessary to 
determine the plant time constant T0 and plant damping coefficient 0  on condition that the 
plant gain k1 is known. 

 
Solution: 
Likewise in the example 3.2 for the relay without hysteresis with the integrator (in front of 
or behind the relay) (26a) holds. Further on the basis of the relations (6b), (25b), (26a), (28) 
and the first equation in (23) can be obtained 
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From the periodic course of the output variable y(t) the amplitude ay and period Ty of the 
oscillation and on the basis of the formulas (26a) and (32) parameters T0 and 0  can be 
determined. 

 

Notice: 
The plant transfer function (24) can be expressed in terms of the damping coefficient value 

0  in forms 
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where T1 > T2 are the different plant time constants, which can be determined on the basis of 
the formulas 
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The plant parameters T0 and 0  can be also determined by means of the integral controller 
with the transfer function 1/TIs, which is plugged into the closed-loop system in Fig. 1 in 
lieu of the relay or the proportional controller with the transfer function kp, which is plugged 
into the closed-loop systems in Fig. 5 in lieu of the relay and causing the stable oscillation. 
Then from the measured ultimate period Tc any closed-loop system variable and from the 
ultimate controller gain kpc or the ultimate integral time TIc = 1/kpc the above mentioned 
parameters can be determined on the basis of the formulas  
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Likewise in the cases of the plants (10) and (16) the values of the ultimate parameters Tc, kpc 
or TIc must be determined iteratively but on the other side the formulas (35) are exact.  

 
4. Conclusions 

The book chapter describes the use of the relay method with and without hysteresis and 
further more with and without integrator, which is plugged in behind or in front of the relay 
for experimental identification of the simple plants. The relay method without the integrator 
is suitable for proportional and integral plants and the relay method with the integrator is 
suitable only for proportional plants. For proportional and integral plants with multiple 
time constants with time delay and for second order oscillatory proportional plant the 
general formulas for computation of their two parameters are derived. Experimentally it is 
possible to obtain one point of the plant frequency response, i.e. two values of the plant 
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parameters, it is possible by means of several experiments (with or without hysteresis, 
without or with the integrator, with the integrator in front of or behind the relay) to obtain 
more values of the plant parameters or take out the average of these values etc. It is obvious 
that the relay methods can be used only for the plants, which can oscillate or which cannot 
be destroyed by oscillation. 
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1. Introduction     
 

Present development in the all fields of people activities is connected with increased 
requirements for product quality. Totally essential influence on products quality belongs to 
quality planning. According to terminological standard of ISO 9000´s standards family quality 
planning is defined as “part of quality management focused on setting quality objectives and 
specifying necessary operational processes and related resources to fulfil the quality 
objectives”. Quality planning represents many of activities, which decide about resulting 
quality. For example these partial activities are included in quality planning (Plura, 2001): 

 Quality objectives identification and their development in organization 
 Product quality characteristics planning (the development of products, which 

meet customer (and other stakeholders) requirements  
 Quality plan processing 
 Planning of methods, which will be used for achievement of required product 

quality  
 Processes quality planning (the development of processes, which will be able to 

assure required product quality and their capability verification) 
 Preventive actions planning for possible problems risk minimization  
 Planning of ways of product and process quality measurement and monitoring 
 Measurement systems planning and their suitability verification 
 Planning of data collection and needed quality records, etc. 

 
Quality planning is realized especially in pre-production phases. Activities in these phases 
decide about customer satisfaction, product competitiveness and organization profit. While 
in the past production phase was regarded as key phase for product quality, at present it is 
generally recognized, that pre-production phases contribute to final product quality 
approximately by eighty percent. This state is considerably influenced by the increasing 
complexity of present products and used technologies, competitive market conditions and 
enhanced customer requirements.  
The importance of quality planning is also connected with fact, that in pre-production 
phases much more non-conformities arise than in production and other phases. In addition, 
the removal of non-conformities during pre-production phases is much cheaper, that their 
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requirements for product quality. Totally essential influence on products quality belongs to 
quality planning. According to terminological standard of ISO 9000´s standards family quality 
planning is defined as “part of quality management focused on setting quality objectives and 
specifying necessary operational processes and related resources to fulfil the quality 
objectives”. Quality planning represents many of activities, which decide about resulting 
quality. For example these partial activities are included in quality planning (Plura, 2001): 

 Quality objectives identification and their development in organization 
 Product quality characteristics planning (the development of products, which 

meet customer (and other stakeholders) requirements  
 Quality plan processing 
 Planning of methods, which will be used for achievement of required product 

quality  
 Processes quality planning (the development of processes, which will be able to 

assure required product quality and their capability verification) 
 Preventive actions planning for possible problems risk minimization  
 Planning of ways of product and process quality measurement and monitoring 
 Measurement systems planning and their suitability verification 
 Planning of data collection and needed quality records, etc. 

 
Quality planning is realized especially in pre-production phases. Activities in these phases 
decide about customer satisfaction, product competitiveness and organization profit. While 
in the past production phase was regarded as key phase for product quality, at present it is 
generally recognized, that pre-production phases contribute to final product quality 
approximately by eighty percent. This state is considerably influenced by the increasing 
complexity of present products and used technologies, competitive market conditions and 
enhanced customer requirements.  
The importance of quality planning is also connected with fact, that in pre-production 
phases much more non-conformities arise than in production and other phases. In addition, 
the removal of non-conformities during pre-production phases is much cheaper, that their 
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removal after production launching. However, up to now many organizations pay 
insufficient attention to these phases. Often it is lack of time and money for sufficient design 
processing and quality planning, but later must be much more time and money for removal 
of problems occurring in realization phase. 
Arguments for focusing on quality planning can be summarized to these points (Plura, 2003): 

 Quality planning on principle influences customer satisfaction  
 The way of product quality planning is important attribute of organization 

competitiveness 
 Product quality planning is the way to prevention of non-conformities during 

product realization and use 
 The most of non-conformities arise in pre-production phases, where quality 

planning activities are especially realized 
 The removal of non-conformities in pre-production phases requires the lowest 

costs and the shortest time 
 By using of procedures and methods of quality planning organization proves, 

that it utilized all means for customer satisfaction achievement and for non-
conformities prevention 

 Product quality planning results increase customer reliance on products of 
organization. 

 
2. Product Quality Planning Methodology and Methods 
 

Process of product quality planning cannot be a set of chaotic activities. Using of suitable 
quality planning methodology and suitable methods are very important for effective 
product quality planning.  
 
2.1 Approaches to Product Quality Planning Methodology  
Classical approach to product quality planning was processed by J. M. Juran (Juran, 1988). 
He characterized process of product quality planning as quality planning road map, which 
includes following activities: 

1. Identify customers 
2. Discover customers needs  
3. Translate customers needs to our language 
4. Establish units of measure 
5. Establish measurement 
6. Develop product 
7. Optimize product design 
8. Develop process  
9. Optimize process and prove process capability 
10. Transfer to operations 

In the past the individual activities of this road map were realized in sequence. In the traditional 
organization structure various departments according to this sequence became responsible for 
individual activities. Marketing department identified customer needs and obtained results 
presented to design and development department, design and development department deals 
with product development and results presented to engineering department etc.  

However this sequential (phase) approach has many weaknesses, main cause of them is 
insufficient communication between the departments (at presenting results only). At present 
conditions, which are characterized by the increasing complexity of products and used 
technologies, enhanced customer requirements and competitive market conditions this 
approach becomes unsatisfactory. 
During 1980´s simultaneous engineering started to develop. Within framework of this approach 
product design, process design and development of all other elements of product success are 
understood from the initiation as integrated set of objectives and activities. All activities are 
realized simultaneously by the product development team. Very important benefits of this 
approach is better meeting of customer needs, shortening time of product design and 
development, saving costs, better manufacturability of designed product etc. (Clausing, 1994).  
Simultaneous engineering was developed to the Integrated Product and Process 
Development (IPPD). This approach is defined as management process that integrates all 
activities from product concept through production/field support, using a multifunctional 
team, to simultaneously optimize the product and its manufacturing and sustainment 
processes to meet cost and performance objectives. 
The fundamental elements of simultaneous engineering and integrated product and process 
development are included in methodologies of product quality planning, which are used 
within the framework of automotive industry quality management system standards. The 
most famous example is methodology APQP (Advanced Product Quality Planning and 
Control Plan), which was developed by American car producers Chrysler, Ford and General 
Motors as part of QS-9000 standard (APQP, 2008). Product quality planning is divided to the 
five overlapping processes in this methodology (see Fig. 1). Before APQP methodology 
application product quality planning team is organized and involved people are trained. 
Individual processes are managed with help of determined outputs, which fulfilment is 
required for progress to the next process.  
 
2.2 Suitable Methods for Product Quality Planning 
The effectiveness of quality planning can be considerably increased by using of suitable quality 
planning methods. Quality planning methods include for example QFD (Quality Function 
Deployment), Design and Process FMEA (Failure Mode and Effect Analysis), FTA (Fault Tree 
Analysis), Design of Experiments, Machine and Process Capability Analyses, Measurement 
System Analysis, group of Seven New Quality Management Tools and other methods and tools. 
In the field of automotive industry and its suppliers some of these methods must be used. 
Various methods are useful in various partial processes of product quality planning. The 
analysis of suitability of the use of various methods (including seven basic management 
tools) in selected main processes of product quality planning was performed with using of 
matrix diagram (Plura, 2003). Results of this analysis are given in Fig. 2. It can be seen, that 
all given processes can be supported by using of suitable methods. 
It is not necessary to use all given methods and tools for effective product quality planning. 
However, sometimes it is useful to utilize various methods, because they can provide wider 
spectrum of information needed for quality planning. Methods and tools should not be used 
separately, they should be interconnected. Several works using suitable combination of methods 
for effective quality planning were published (Kwai-Sang Chin et al., 2003; Almannai et al., 2008). 
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Fig. 1. Product quality planning timing chart according to APQP methodology 
 
2.3 Improved Product Quality Planning Methodology  
On the basis of suitable methods analysis and author practical experience the improved 
product quality planning methodology, which optimizes the use of suitable methods, was 
processed (Plura, 2004). Product quality planning is divided to the nine partial processes: 
 
1) Customer Requirements Identification 
Discovery of customer needs is the main task of customer requirements identification. There 
is suitable to use wide spectrum of information sources as direct interview with customers, 
questionnaires, information of traders, information from services etc. Method of quality 
function development, where team of company employee analyzes expected customer 
needs, is suitable way for it too. 
Obtained information about customer needs must be completed by other product 
requirements, which are given e.g. by legitimate rules and by producer experience with 
similar products. Affinity diagram, which facilitates creation of fundamental structure of 
requirements, and systematic diagram, which makes possible logical decomposition of 
requirements are suitable methods for customer requirements processing.  
 
2) Design of Product Quality Characteristics  
Customer requirements are often given in customer language. The producer must translate 
these requirements to the concrete measurable product quality characteristics. Quality 
Function Deployment (QFD), especially so called “House of Quality” application is suitable 
tool for this translation. Design of product quality characteristics target values takes into 
consideration e.g. the importance of individual requirements, the evaluated importance of 
individual quality characteristics and benchmarking results. 
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Affinity Diagram ++ + ++ + ++ + 
Interrelationship Diagram + + + + + + 
Systematic Diagram ++ ++ +  +  
Matrix Diagram + ++ + + + + 
Matrix Data Analysis + + + ++ + ++ 
PDPC Diagram   + ++ + ++ 
Arrow Diagram   +  +  
QFD + ++ ++ + ++ + 
Design FMEA    ++ ++ +  
Process FMEA      ++ ++ 
Fault Tree Analysis   + ++ + ++ 
Design of Experiments   ++ ++ ++ ++ 
Process Capability Analysis   + + ++ ++ 
Machine Capability Analysis   + + ++ ++ 
Measurement System Analysis   + + ++ + ++ 
Flow Chart     ++ ++ 
Cause-Effect Diagram   ++ ++ ++ ++ 
Data Form ++ + + + + + 
Pareto Diagram  ++ + + + + + 
Histogram   + + + ++ 
Scatter Diagram  + ++ ++ ++ ++ 
Control Chart     ++ ++ 

 

Fig. 2. Matrix diagram of selected suitable methods for use in the main processes of product 
quality planning 
     ++ method is especially suitable for use in given process 
     +  method is suitable for use in given process  
 
3) Product Quality Characteristics Optimization  
Design of product quality target values should be analysed with aim to achieve optimal 
solution. Many of suitable methods can be used for this optimization.  
Complex analysis of designed product from many points of view can be realized with using 
design review - systematic team assessment of design, which is done with aim to assess 
design capability to meet quality requirements, to identify any faults and to propose the 
way of their solution.  
Product failure mode and effect analysis (Design FMEA) is very important part of design 
review. It is team analysis of possible occurrence of failures in designed product connected 
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3) Product Quality Characteristics Optimization  
Design of product quality target values should be analysed with aim to achieve optimal 
solution. Many of suitable methods can be used for this optimization.  
Complex analysis of designed product from many points of view can be realized with using 
design review - systematic team assessment of design, which is done with aim to assess 
design capability to meet quality requirements, to identify any faults and to propose the 
way of their solution.  
Product failure mode and effect analysis (Design FMEA) is very important part of design 
review. It is team analysis of possible occurrence of failures in designed product connected 
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Fig. 1. Product quality planning timing chart according to APQP methodology 
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3) Product Quality Characteristics Optimization  
Design of product quality target values should be analysed with aim to achieve optimal 
solution. Many of suitable methods can be used for this optimization.  
Complex analysis of designed product from many points of view can be realized with using 
design review - systematic team assessment of design, which is done with aim to assess 
design capability to meet quality requirements, to identify any faults and to propose the 
way of their solution.  
Product failure mode and effect analysis (Design FMEA) is very important part of design 
review. It is team analysis of possible occurrence of failures in designed product connected 
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with their risks assessment, which is the base for proposal and realization of actions, which 
minimize these risks and optimize product. The use of this method represents system 
approach to failures prevention and makes possible to reveal 70 to 90 % of failures, which 
could occur during product use.  
For detailed identification of causes of possible product failures Fault Tree Analysis (FTA) 
can be performed. 
As suitable tool for quality characteristics optimization design of experiments (DOE) can be 
used. Appropriate experiments are usually realized on product prototype and the aim of 
them is to find optimal combination of quality characteristics values, which assure the best 
product utility value. 
In many cases variant solutions are processed during product design and development. 
Objective ways for the best variant selection should be used in these cases. Usually it is 
multidimensional task for searching the best variant from many parameters point of view. 
In this case it is possible to use some numeric or graphical methods of matrix data analysis 
as principal component analysis, determination of distance between multidimensional 
variables with using suitable metric, maps or glyphs (Plura, 2001). 
 
4) Design of Parts Quality Characteristics 
In the cases when designed product consists of parts it is necessary to deduce from product 
quality characteristics needed parts quality characteristics. Also identification of the most 
important (critical) parts, which have the most considerable influence on final product 
quality is very useful. The both tasks can be effectively realized with using QFD 
modifications.  
It is suitable to start with critical parts identification. The matrix diagram, which analyzes 
mutual interrelationships between product quality characteristics and individual parts is the 
base of appropriate QFD modification.  
QFD modification for design of parts target quality characteristics uses as base the matrix 
diagram, which analyzes interrelationships between product quality characteristics and 
individual parts quality characteristics. This application makes possible to optimize parts 
quality characteristics, to identify the most important characteristics and to obtain other 
valuable information.  
 
5) Design of Product Realization Process 
Suitable quality planning methods should be used during process design too. For example, 
needed partial processes can be identified with using affinity diagram, optimal sequence of 
these processes can be analyzed with using interrelationship diagram and process design 
can be processed with using flow chart.  
Key processes with regard to their influence on product quality can be identified with using 
QFD modification based on the matrix diagram, which analyzes interrelationships between 
product or parts quality characteristics and individual processes. Other QFD modification is 
based on matrix diagram, which analyzes interrelationships between product or parts 
quality characteristics and individual process parameters. It facilitates design of process 
parameters target values and gives information about process parameters importance from 
product quality point of view.  
 
 

6) Process Design Optimization  
Process optimization can be performed with using Process FMEA, which is based on the 
analysis of possible process failures, their possible effects and causes and risks assessment. 
In cases when appropriate risk priority numbers (RPN) are higher then critical value 
suitable actions for risks decreasing are proposed and realized.  
More detailed identification of causes of possible failures can be performed with using fault 
tree analysis method (FTA).  
Design for experiments is also very useful method for process parameters optimization. 
 
7) Design of Process Control System  
Process control system must be developed simultaneously with process design. This system 
should assure that designed process will achieve planned parameters. Needed methods of 
control and inspection of process and product parameters are determined in control plan.  
The results of process design and its optimization with using QFD, FMEA and FTA are 
useful inputs for control plans processing. Design of control plan can be facilitated with 
using QFD modification based on matrix diagram, which analyzes interrelationships 
between individual process parameters and the ways of process control and inspection. 
 
8) Measurement Systems Suitability Verification  
The use of various measurement systems is planned in the control plan. Quality of 
measured data can considerably influence correctness of decision-making in the relation to 
product conformity and course of realized processes. Therefore it is very important to 
analyze these measurement systems and to verify their suitability for use in given 
production or tolerance range. Measurement system quality is assessed with using many 
statistical properties as stability, precision, bias, repeatability, reproducibility, linearity etc.  
 
9) Process Capability Verification 
Before full production launching process capability must be verified. Process capability 
characterizes process ability to produce products meeting required quality criteria. As 
measure of process capability various process capability indices as Cp, Cpk, Cpm and Cpmk are 
used. It is necessary to paid sufficient attention to the fact that various process capability 
indices provide various information. In the case of their correct use and interpretation they 
makes possible to estimate probability of non-conforming products occurrence and to 
propose suitable actions for process improvement. 

 
3. Selected Quality Planning Methods and Experience with their Use  
 

3.1 QFD (Quality Function Deployment)  
QFD is the method of quality planning and quality improvement, which represents 
structured approach to defining customer needs and their translation to the quality planning 
activities during product and process design and development. It makes possible to analyze 
mutual relations between „What must be done“ and „How it should be done”. It uses the 
matrix diagram principle and its successful application is based on the teamwork of people 
representing various functional departments, which are involved in product design and 
development (Re Velle, 2000). 
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QFD is most frequently used for the transformation of customer requirements to the product 
quality characteristics. Combined matrix diagram often called as House of Quality is its 
graphical result. House of Quality processing produces valuable database of information, 
which makes possible to propose and optimise target values of product quality 
characteristics and to evaluate the importance of them.  
House of Quality is processed by the team of people from marketing and design and 
development departments especially. People from marketing give information about 
product requirements and people from design and development department give the list of 
product quality characteristics. Product requirements are recorded to the rows of matrix 
diagram and quality characteristic to the columns of diagram (see Fig.3). 
The importance of individual product requirements from customer point of view is assessed 
at first. Rate of importance (A) is usually evaluated using scale of 1 to 5 with 5 being most 
important and 1 being of relatively low importance.  
After it the ability of organization and its competitors to fulfil individual requirements from 
the customer point of view is evaluated. Also the scale of 1 to 5 is used. This evaluation 
makes possible to analyse strengths and weaknesses of organization and its competitiveness 
in the market. It gives very important information for planning of improvement activities 
focused to the achievement of better evaluation of the fulfilment of selected product 
requirements. The measure of the planned improvement is expressed using „improvement 
ratio“ (B), which is calculated by dividing of planned evaluation by present evaluation of 
ability to fulfil given requirement according to the relation: 
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where: 
Ni – present evaluation of ability to fulfil given requirement 
Pi – evaluation, which organization wants to achieve (plan) 

 
Next evaluation of individual product requirements is focused to the influence of their 
fulfilment on the product saleability. Recommended values of „sales points“ (C) are: 1.5 for 
strong influence, 1.2 for higher influence and 1 for standard influence on the product 
saleability (King, 1989). 
On the basis of the rate of importance, improvement ratio and sales point the absolute 
weights of individual customer requirements are calculated according to the relation: 
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where: 
Ai - rate of importance of given requirement 
Bi - improvement ratio of given requirement fulfilment 
Ci - sales point of given requirement 
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Fig. 3. House of Quality structure 
 
Determined requirement absolute weights are recalculated to the requirement relative 
weights expressed in percentage according to the relation: 
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where: 
n – number of requirements 
 
The values of relative weights of customer requirements characterize what attention 
organization must pay to the fulfilment of individual requirements. 
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Determined requirement absolute weights are recalculated to the requirement relative 
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The values of relative weights of customer requirements characterize what attention 
organization must pay to the fulfilment of individual requirements. 
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QFD is most frequently used for the transformation of customer requirements to the product 
quality characteristics. Combined matrix diagram often called as House of Quality is its 
graphical result. House of Quality processing produces valuable database of information, 
which makes possible to propose and optimise target values of product quality 
characteristics and to evaluate the importance of them.  
House of Quality is processed by the team of people from marketing and design and 
development departments especially. People from marketing give information about 
product requirements and people from design and development department give the list of 
product quality characteristics. Product requirements are recorded to the rows of matrix 
diagram and quality characteristic to the columns of diagram (see Fig.3). 
The importance of individual product requirements from customer point of view is assessed 
at first. Rate of importance (A) is usually evaluated using scale of 1 to 5 with 5 being most 
important and 1 being of relatively low importance.  
After it the ability of organization and its competitors to fulfil individual requirements from 
the customer point of view is evaluated. Also the scale of 1 to 5 is used. This evaluation 
makes possible to analyse strengths and weaknesses of organization and its competitiveness 
in the market. It gives very important information for planning of improvement activities 
focused to the achievement of better evaluation of the fulfilment of selected product 
requirements. The measure of the planned improvement is expressed using „improvement 
ratio“ (B), which is calculated by dividing of planned evaluation by present evaluation of 
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The values of relative weights of customer requirements characterize what attention 
organization must pay to the fulfilment of individual requirements. 
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Determined requirement absolute weights are recalculated to the requirement relative 
weights expressed in percentage according to the relation: 
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where: 
n – number of requirements 
 
The values of relative weights of customer requirements characterize what attention 
organization must pay to the fulfilment of individual requirements. 
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In the next phase of House of Quality processing the correlations between individual 
product requirements and individual product quality characteristics are analysed. They are 
used four levels of the strength of correlation: strong correlation (kij = 9), average correlation 
(kij = 3), weak correlation (kij = 1) and no correlation (kij = 0). Suitable graphical symbols, 
which are used for appropriate levels, are recorded to proper cells (for no correlation no 
graphical symbol is used).  
Very useful information can be obtained on the basis of the graphical symbols location 
analysis. For example, if any row remains empty, it means that it is no quality characteristic, 
which correlates with given product requirement and it is necessary to add suitable one. If 
any column is empty, it means that given quality characteristic is not interest from given 
customer requirements point of view (if it isn´t customer expectation, which wasn´t 
declared). Analysis makes possible also to estimate important quality characteristics (these, 
which have the most relations to product requirements). 
In the individual cells where any correlation was identified the relative weight of customer 
requirement is multiplied by factor kij according to relation: 
 

iijij EkS 
 

(4) 

where: 
kij – coefficient expressing the strength of correlation 
 
Calculated values of Sij characterize the importance of individual quality characteristics in 
relation to individual product requirements.  
For individual quality characteristics the sums of these Sij values is calculated according to 
the relation: 
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The appropriate value of the sum (Zj) characterizes the importance of given quality characteristic 
from the point of view of the all product requirements fulfilment. It is usually recalculated to the 
percentage expression of relative weight of characteristic according to the relation: 
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where: 
Vj – relative weight of given quality characteristic in percentage 
m - number of quality characteristics  
  
The relative weight of quality characteristic quantifies the importance of individual quality 
characteristic towards given set of product requirements. Their values take into 
consideration the importance of individual product requirements, organization objectives 
oriented to the improvement of some requirements fulfilment and the influence of 
individual product requirements fulfilment on product saleability. This evaluation makes 
possible to determine priorities of product quality planning.  

On the basis of information about technical parameters of similar competitor´s products 
team evaluates ability of organization and its competitors to achieve needed values of 
individual quality characteristics. It is used also the scale of 1 to 5.  
In the next phase QFD team analyses mutual correlations between individual quality 
characteristics. The rates of correlation are recorded to the House of Quality roof.  
In the processed House of Quality team has now enough information for designing of 
product quality characteristic target values. In this designing also other aspects should be 
taken into consideration; difficulty of individual quality characteristic achievement, 
adequacy of quality characteristic in relation to product costs, product manufacturability etc. 
Designed target values of quality characteristic are recorded to the base of the House of 
Quality. Besides target values acceptable tolerance limits should be determined. 
House of Quality is most frequently used QFD application. However possibilities of QFD are 
much wider. In the so called Four Matrices Approach the House of Quality is followed by next 
applications which make possible to plan parts quality characteristics, process parameters and 
ways of process control (Re Velle, 2000). Comprehensive set of another applications within the 
framework of QFD is offering by so called Matrix of Matrices, which includes thirty of various 
matrix diagram applications useful for quality planning (King, 1989).  
 
Practical Experience with QFD Applications 
QFD is very useful tool for quality planning or quality improvement, but its potential is not 
sufficiently utilized in practice. Lack of information and incorrect application can be the main 
causes of it. On the basis of author experience with House of Quality practical applications it is 
possible to point out especially these deficiencies of House of Quality processing: 
 

 Team members have insufficient knowledge in conditions of using product by 
customer  

 It is confusion of product requirements and quality characteristics 
 Team members have lack of information about competitive products 
 Comparison with competitors does not respect customer opinion 
 Some of product requirements are included more times (by various formulations). 

 

Very positive finding of QFD practical applications was fact that team members understood 
that QFD can considerably enhance customer satisfaction and product competitiveness and 
that QFD application does not mean time loss, on the contrary, it can considerably shorten 
time needed for new product launching on the market. 

 
3.2 FMEA (Failure Mode and Effect Analysis)  
Failure Mode and Effect Analysis represents team analysis of possible failures or non-
conformities in designed product or process. This analysis is associated with risk 
assessment, which is the base for proposal and realization of preventive actions, leading to 
these risks minimization and product or process optimization (Stamatis,1995). The use of 
FMEA represents system approach to non-conformities prevention and to design 
optimization and creates valuable database of information, which is usable for similar 
products and processes. Effective use of this database in other FMEA applications is subject 
of some research works (Teoh, P.C. & Case Keith, 2004). 
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FMEA application leads to decreasing of the loss associated with low product or process 
quality, to product or process development time shortening and to customer satisfaction 
increasing. The costs needed for its processing are negligible in comparison with possible 
costs in case of real failures occurrence.  
FMEA is used for two basic applications especially; as Design FMEA and Process FMEA. 
Design FMEA makes possible to minimize risks of possible failures, which can originate 
during designed product use, Process FMEA makes possible to minimize risks of possible 
failures, which can originate during designed process realization. Both applications are 
required by quality management systems standards for automotive industry.  
FMEA is the method, which should be applied by the cross-functional team, because 
knowledge and experience of many of specialists are utilized. People from R&D 
department, quality department, testing laboratories, services, designers, technologists etc. 
are suitable team members. Methodical leadership by experienced facilitator is very 
important for effective teamwork.  
Procedure of FMEA application includes analysis of potential failure modes, identification of 
their possible effects and causes and analysis of used preventive actions and actions for 
failures detection. The risk of possible failures is assessed with using of risk priority number 
(RPN), which is calculated on the basis of assessment of failure severity, probability of 
occurrence and probability of detection. In the cases, when risk priority number is higher than 
critical value, design changes assuring sufficient risk reduction are proposed and realized. 
 
Practical Experience with FMEA Applications 
FMEA is very effective tool of design optimization from the risk of potential failures point of 
view. However author experience indicates, that practical applications of FMEA have many 
deficiencies. Frequent deficiencies of FMEA practical applications are: 
 

 FMEA is not processed by the team 
 Team have insufficient time for FMEA processing 
 Potential failure modes are incorrectly identified (replacement with failure 

effects or causes) 
 Possible failure causes are incorrectly identified (mixing of Design FMEA and 

Process FMEA) 
 Possible failure causes are insufficiently concrete (problems during preventive 

actions proposal) 
 Preventive actions and actions for possible failures detection are confused 
 Actions for possible failures detection are incorrectly identified (difference 

between DFMEA and PFMEA) 
 Assessment of individual criteria is too optimistic  
 Assessment after preventive actions realization doesn´t respect type of action  
 The influence of realized preventive actions on the other potential failures risks 

assessment is not analysed 
 Updating of analysis results in cases of new facts finding is not performed. 

It is necessary to avoid given deficiencies, because incorrect FMEA application gives not 
only incorrect results but also loss of confidence in this method. 

 

3.3 Process Capability Analysis  
Product quality is considerably influenced by process quality. Process quality is evaluated 
by means of process capability analysis. Process capability can be defined as process ability 
to produce permanently products meeting required quality criteria. As measure of process 
capability various process capability indices are used.  
Knowledge of process capability is very useful for both customer and producer. For 
customer it gives important information whether conditions of production assure regular 
keeping of product specification limits. Producer can evaluate on the basis of this 
knowledge the suitability of given process for product realization, risk of nonconforming 
products occurrence, efficiency of process improvement actions, etc. Process capability 
analyses are required by quality management system standards for automotive industry.  
For correct process capability assessment it is necessary to keep correct procedure. In the 
case of measurable quality characteristic it should include these steps: 
 

1. choice of quality characteristic 
2. measurement system analysis  
3. data collection from running process 
4. exploratory data analysis 
5. process statistical stability verification 
6. data normality verification 
7. process capability indices calculation and its comparison to required values. 
Very important are especially the way of data collection (collected data must characterise all 
usual causes influencing process) and the fulfilment of limiting conditions (process must be 
in statistical control and data, in case of using common formulas, must correspond to 
normal distribution). 
 
Process Capability Indices 
Process capability is evaluated by various process capability indices (Kotz & Lovelace, 1998; 
Bothe, 1997). In practice, Cp and Cpk indices, which evaluate potential and real ability of 
process to produce products meeting tolerance, are most frequently used. In lower extent 
Cpm index, which especially evaluate process ability to achieve target value of quality 
characteristic, and Cpmk index, which evaluates both aspects, are used.  
 
Cp index 
Cp index is the ratio of maximum allowable range of given quality characteristic to the range 
over which the process is actually varying. It characterizes potential process capability only, 
because takes into account only characteristic variability and not characteristic position with 
regard to tolerance limits:  
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Design FMEA makes possible to minimize risks of possible failures, which can originate 
during designed product use, Process FMEA makes possible to minimize risks of possible 
failures, which can originate during designed process realization. Both applications are 
required by quality management systems standards for automotive industry.  
FMEA is the method, which should be applied by the cross-functional team, because 
knowledge and experience of many of specialists are utilized. People from R&D 
department, quality department, testing laboratories, services, designers, technologists etc. 
are suitable team members. Methodical leadership by experienced facilitator is very 
important for effective teamwork.  
Procedure of FMEA application includes analysis of potential failure modes, identification of 
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failures detection. The risk of possible failures is assessed with using of risk priority number 
(RPN), which is calculated on the basis of assessment of failure severity, probability of 
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FMEA application leads to decreasing of the loss associated with low product or process 
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Design FMEA makes possible to minimize risks of possible failures, which can originate 
during designed product use, Process FMEA makes possible to minimize risks of possible 
failures, which can originate during designed process realization. Both applications are 
required by quality management systems standards for automotive industry.  
FMEA is the method, which should be applied by the cross-functional team, because 
knowledge and experience of many of specialists are utilized. People from R&D 
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are suitable team members. Methodical leadership by experienced facilitator is very 
important for effective teamwork.  
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assessment is not analysed 
 Updating of analysis results in cases of new facts finding is not performed. 

It is necessary to avoid given deficiencies, because incorrect FMEA application gives not 
only incorrect results but also loss of confidence in this method. 
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by means of process capability analysis. Process capability can be defined as process ability 
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Knowledge of process capability is very useful for both customer and producer. For 
customer it gives important information whether conditions of production assure regular 
keeping of product specification limits. Producer can evaluate on the basis of this 
knowledge the suitability of given process for product realization, risk of nonconforming 
products occurrence, efficiency of process improvement actions, etc. Process capability 
analyses are required by quality management system standards for automotive industry.  
For correct process capability assessment it is necessary to keep correct procedure. In the 
case of measurable quality characteristic it should include these steps: 
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2. measurement system analysis  
3. data collection from running process 
4. exploratory data analysis 
5. process statistical stability verification 
6. data normality verification 
7. process capability indices calculation and its comparison to required values. 
Very important are especially the way of data collection (collected data must characterise all 
usual causes influencing process) and the fulfilment of limiting conditions (process must be 
in statistical control and data, in case of using common formulas, must correspond to 
normal distribution). 
 
Process Capability Indices 
Process capability is evaluated by various process capability indices (Kotz & Lovelace, 1998; 
Bothe, 1997). In practice, Cp and Cpk indices, which evaluate potential and real ability of 
process to produce products meeting tolerance, are most frequently used. In lower extent 
Cpm index, which especially evaluate process ability to achieve target value of quality 
characteristic, and Cpmk index, which evaluates both aspects, are used.  
 
Cp index 
Cp index is the ratio of maximum allowable range of given quality characteristic to the range 
over which the process is actually varying. It characterizes potential process capability only, 
because takes into account only characteristic variability and not characteristic position with 
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Design FMEA makes possible to minimize risks of possible failures, which can originate 
during designed product use, Process FMEA makes possible to minimize risks of possible 
failures, which can originate during designed process realization. Both applications are 
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assessment is not analysed 
 Updating of analysis results in cases of new facts finding is not performed. 

It is necessary to avoid given deficiencies, because incorrect FMEA application gives not 
only incorrect results but also loss of confidence in this method. 
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Product quality is considerably influenced by process quality. Process quality is evaluated 
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knowledge the suitability of given process for product realization, risk of nonconforming 
products occurrence, efficiency of process improvement actions, etc. Process capability 
analyses are required by quality management system standards for automotive industry.  
For correct process capability assessment it is necessary to keep correct procedure. In the 
case of measurable quality characteristic it should include these steps: 
 

1. choice of quality characteristic 
2. measurement system analysis  
3. data collection from running process 
4. exploratory data analysis 
5. process statistical stability verification 
6. data normality verification 
7. process capability indices calculation and its comparison to required values. 
Very important are especially the way of data collection (collected data must characterise all 
usual causes influencing process) and the fulfilment of limiting conditions (process must be 
in statistical control and data, in case of using common formulas, must correspond to 
normal distribution). 
 
Process Capability Indices 
Process capability is evaluated by various process capability indices (Kotz & Lovelace, 1998; 
Bothe, 1997). In practice, Cp and Cpk indices, which evaluate potential and real ability of 
process to produce products meeting tolerance, are most frequently used. In lower extent 
Cpm index, which especially evaluate process ability to achieve target value of quality 
characteristic, and Cpmk index, which evaluates both aspects, are used.  
 
Cp index 
Cp index is the ratio of maximum allowable range of given quality characteristic to the range 
over which the process is actually varying. It characterizes potential process capability only, 
because takes into account only characteristic variability and not characteristic position with 
regard to tolerance limits:  

6
LSLUSL

pC


  (7) 

 

where: LSL - lower specification limit 
             USL - upper specification limit 
                - standard deviation 
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This minimum value can be achieved only in case, when characteristic mean will lie in the 
centre of tolerance limits. 
 

Cpk index  
Cpk index takes into account not only characteristic variability, but also its position with 
regard to tolerance limits. It characterizes actual process capability to meet tolerance limits 
and due to this it is the most frequently used process capability index in practice. As only 
one from discussed capability indices the Cpk index is directly related to the expected 
occurrence of non-conforming products. Cpk index is expressed as ratio of the distance from 
characteristic mean to near tolerance limit to the half of actual characteristic variability (3): 
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where: 
μ  - characteristic mean  
Cpk index is crucial criterion of process capability assessment. Processes are usually classified as 
capable in cases, when Cpk value is 1,33 at minimum. Within the framework of Production Part 
Approval Process (PPAP) used in automotive industry (PPAP, 2006), where process preliminary 
capability is assessed during pilot production the required value of Cpk is 1,67 at minimum. 
The relation between Cpk and Cp indices can be expressed by this equation: 
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Both indices have same value only in case, when characteristic mean lies in the centre of 
tolerance limits. (The potential capability is fully utilised in this case.) The higher is the 
distance from quality characteristic mean to the centre of tolerance limits, the higher is 
difference between Cpk and Cp indices. For example, when characteristic mean lies one 
sigma from the centre of tolerance, the difference between Cpk and Cp is 0,33.  
 

Cpm index  
Cpm index compares maximum allowable quality characteristic range with the actual 
characteristic variability around the target value: 
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where: 
T – target value 
 

This index takes into account both given quality characteristic variability and the rate of 
target value achievement. Its use is recommended only for cases, when target value lies in 
the centre of tolerance limits.  
 
Cpmk index  
Cpmk index compares the distance from characteristic mean to the near tolerance limit with 
the half of actual variability of characteristic around the target value: 
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Cpmk index utilises good property of Cpk, especially its ability to recognise whether values of 
given characteristic actually lie inside tolerance limits, which combines with the rate of 
target value achievement. It is possible to derive this relation between Cpmk and Cpk indices: 
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The ratio within brackets under square root represents distance from characteristic mean to 
the target value expressed by the number of standard deviations. For example in case of 
quality characteristic mean shifting by one standard deviation from the target value Cpmk 
index will be 1,41 times lower than index Cpk. Both indices has same value in case, when 
characteristic mean is equal to the target value. 
For the cases when both tolerance limits and target value of given characteristic are specified 
this procedure of capability indices practical use can be recommended:  
 

1) Firstly Cpk index should be determined for the evaluation of real process capability 
to meet tolerance limits 

2) Cp index should be determined because its comparison to Cpk index makes possible 
to evaluate how potential process capability is utilised and to find suitable way for 
process improvement 

3) Cpmk indices should be determined for obtaining information about rate of target 
value achievement. It makes sense especially in cases, when process is capable to 
meet required tolerance limits. 

At process capability evaluation one must keep in mind that various capability indices give 
various information about process capability. Integrated information can be obtained using 
suitable combination of capability indices. For objective process capability assessment it is 
necessary also to visualise distribution of quality characteristic (e.g. by using histogram) with 
regard to tolerance and to assess all factors, which influence quality of capability indices values. 
 
Practical Experience with Process Capability Analysis Applications 
On the basis of author experience many of deficiencies occur in process capability analysis 
in practice, e.g.: 

 Measurement system analysis is not performed (process variability can be 
distorted by the measurement system variability) 

 Data from process are collected only during short time (data does not include all 
sources of process variability) 

 Small number of data is processed (insufficient confidence of calculated 
capability indices) 

 Graphical tools of exploratory data analysis are not used (histogram, box plot etc.) 
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This minimum value can be achieved only in case, when characteristic mean will lie in the 
centre of tolerance limits. 
 

Cpk index  
Cpk index takes into account not only characteristic variability, but also its position with 
regard to tolerance limits. It characterizes actual process capability to meet tolerance limits 
and due to this it is the most frequently used process capability index in practice. As only 
one from discussed capability indices the Cpk index is directly related to the expected 
occurrence of non-conforming products. Cpk index is expressed as ratio of the distance from 
characteristic mean to near tolerance limit to the half of actual characteristic variability (3): 
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regard to tolerance and to assess all factors, which influence quality of capability indices values. 
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On the basis of author experience many of deficiencies occur in process capability analysis 
in practice, e.g.: 

 Measurement system analysis is not performed (process variability can be 
distorted by the measurement system variability) 

 Data from process are collected only during short time (data does not include all 
sources of process variability) 

 Small number of data is processed (insufficient confidence of calculated 
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This minimum value can be achieved only in case, when characteristic mean will lie in the 
centre of tolerance limits. 
 

Cpk index  
Cpk index takes into account not only characteristic variability, but also its position with 
regard to tolerance limits. It characterizes actual process capability to meet tolerance limits 
and due to this it is the most frequently used process capability index in practice. As only 
one from discussed capability indices the Cpk index is directly related to the expected 
occurrence of non-conforming products. Cpk index is expressed as ratio of the distance from 
characteristic mean to near tolerance limit to the half of actual characteristic variability (3): 
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capable in cases, when Cpk value is 1,33 at minimum. Within the framework of Production Part 
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This minimum value can be achieved only in case, when characteristic mean will lie in the 
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where: 
μ  - characteristic mean  
Cpk index is crucial criterion of process capability assessment. Processes are usually classified as 
capable in cases, when Cpk value is 1,33 at minimum. Within the framework of Production Part 
Approval Process (PPAP) used in automotive industry (PPAP, 2006), where process preliminary 
capability is assessed during pilot production the required value of Cpk is 1,67 at minimum. 
The relation between Cpk and Cp indices can be expressed by this equation: 
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Both indices have same value only in case, when characteristic mean lies in the centre of 
tolerance limits. (The potential capability is fully utilised in this case.) The higher is the 
distance from quality characteristic mean to the centre of tolerance limits, the higher is 
difference between Cpk and Cp indices. For example, when characteristic mean lies one 
sigma from the centre of tolerance, the difference between Cpk and Cp is 0,33.  
 

Cpm index  
Cpm index compares maximum allowable quality characteristic range with the actual 
characteristic variability around the target value: 
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where: 
T – target value 
 

This index takes into account both given quality characteristic variability and the rate of 
target value achievement. Its use is recommended only for cases, when target value lies in 
the centre of tolerance limits.  
 
Cpmk index  
Cpmk index compares the distance from characteristic mean to the near tolerance limit with 
the half of actual variability of characteristic around the target value: 
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Cpmk index utilises good property of Cpk, especially its ability to recognise whether values of 
given characteristic actually lie inside tolerance limits, which combines with the rate of 
target value achievement. It is possible to derive this relation between Cpmk and Cpk indices: 
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The ratio within brackets under square root represents distance from characteristic mean to 
the target value expressed by the number of standard deviations. For example in case of 
quality characteristic mean shifting by one standard deviation from the target value Cpmk 
index will be 1,41 times lower than index Cpk. Both indices has same value in case, when 
characteristic mean is equal to the target value. 
For the cases when both tolerance limits and target value of given characteristic are specified 
this procedure of capability indices practical use can be recommended:  
 

1) Firstly Cpk index should be determined for the evaluation of real process capability 
to meet tolerance limits 

2) Cp index should be determined because its comparison to Cpk index makes possible 
to evaluate how potential process capability is utilised and to find suitable way for 
process improvement 

3) Cpmk indices should be determined for obtaining information about rate of target 
value achievement. It makes sense especially in cases, when process is capable to 
meet required tolerance limits. 

At process capability evaluation one must keep in mind that various capability indices give 
various information about process capability. Integrated information can be obtained using 
suitable combination of capability indices. For objective process capability assessment it is 
necessary also to visualise distribution of quality characteristic (e.g. by using histogram) with 
regard to tolerance and to assess all factors, which influence quality of capability indices values. 
 
Practical Experience with Process Capability Analysis Applications 
On the basis of author experience many of deficiencies occur in process capability analysis 
in practice, e.g.: 

 Measurement system analysis is not performed (process variability can be 
distorted by the measurement system variability) 

 Data from process are collected only during short time (data does not include all 
sources of process variability) 

 Small number of data is processed (insufficient confidence of calculated 
capability indices) 

 Graphical tools of exploratory data analysis are not used (histogram, box plot etc.) 
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 Process statistical stability is not verified 
 Various ways are used for estimation of standard deviation  
 Unity of used tolerance limits with customer requirements is not verified 
 Calculated capability indices are not correctly interpreted. 

It is very important to avoid these deficiencies. In the contrary case the results of process 
capability analysis can be valueless. 

 
4. Use of Selected Quality Planning Methods for Forming Process Optimization 

Discussed quality planning methods (QFD, FMEA, Process Capability Analysis) can be used in 
various situations. Results of their using for forming process optimization are given thereinafter. 
 
4.1 Use of QFD for Process Optimization  
QFD applications were focused to process quality planning for production of forgings for 
automotive industry. The design and development of this product was realized by customer. 
Supplier should develop process, which is capable to assure required product quality. 
Relevant information for process quality planning is knowledge about partial production 
processes importance with regard to forgings quality. The first QFD application was 
processed with aim to assess this importance and to identify key processes.  
Identification of required quality characteristics was the first step of solution. Information 
was obtained from drawing documentation, supplemental specifications and supplier 
experience with customer requirements for similar forgings. Resulting set of required 
forging quality characteristics is given in Table 1. 
Important forging dimensions, required hardness and surface quality were the main required 
quality characteristics. As to surface quality it was necessary to assure forgings surface without 
scales, without corrosion and without any surface defects, especially cracks.  
 

 Quality characteristic  Quality characteristic 
1 Dimension 25,9 mm  10 Dimension 59,75 mm  
2 Dimension 52,8 mm 11 Dimension 46,3 mm  
3 Dimension 194,4 mm  12 Hole diameter 20 mm 
4 Dimension 130,9 mm  13 Hardness 238-280 HBW 
5 Shift max 0,8 mm 14 No scales  
6 Burr max 1 mm 15 No surface defects 
7 Deflection max 0,9 mm 16 Roughness max 6,3 μm 
8 Diameter 70,8 mm  17 Without corrosion 
9 Diameter 50,7 mm    

 

Table 1. Required forging quality characteristics 
 
On the basis of forging quality characteristics required partial production processes were 
identified. After it the proposal of technological process was worked up with using flow chart.  
QFD application processing was started by the assessment of individual forging quality 
characteristics importance with using scale from 1 to 5. Results of this assessment can be 
seen in Fig. 4. In the next step the relations between individual processes and individual 
quality characteristics were analyzed. At the same time the strength of relations was 

assessed. In accordance to QFD methodology strong influence of given process on given 
characteristic was expressed by coefficient 9, middle influence by coefficient 3 and weak 
influence by coefficient 1 (see Fig. 4). Values of these coefficients were multiplied by 
assessment of quality characteristic importance and appropriate results were summarized 
for individual columns. Obtained sums express the importance of given process with regard 
to all required forging quality characteristic. For better interpretation they were recalculated 
to percentage expressions, which characterize relative importance of individual processes. 
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Dimension 25,9 mm  3 1 3  3 3  1      

Dimension 52,8 mm 3 1 3  3 1  1      

Dimension 194,4 mm  3  1  9 1 3 1      

Dimension 130,9 mm  3  1  9 1 3 1      

Shift max 0,8 mm 3    1 1 1       

Burr max 1 mm 2      3       

Deflection max 0,9 mm 3      1 9      

Diameter 70,8 mm  4  3  9 1  1      

Diameter 50,7 mm  4  3  9 1  1      

Dimension 59,75 mm  5            3 

Dimension 46,3 mm  5            3 

Hole diameter 20 mm 5            3 

Hardness 238-280 HBW 5         9    

No scales  3 1 9 3       9   

No surface defects 3 1   3    9     

Roughness max 6,3 μm 3            9 

Without corrosion 3           9  

  Total  12 75 9 156 29 30 47 27 45 27 27 72 

 Relative importance, %  2,16 13,49 1,62 28,06 5,22 5,40 8,45 4,86 8,09 4,86 4,86 12,95 

Fig. 4. QFD application for assessment of partial processes importance with regard to 
forging quality 
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 Process statistical stability is not verified 
 Various ways are used for estimation of standard deviation  
 Unity of used tolerance limits with customer requirements is not verified 
 Calculated capability indices are not correctly interpreted. 

It is very important to avoid these deficiencies. In the contrary case the results of process 
capability analysis can be valueless. 

 
4. Use of Selected Quality Planning Methods for Forming Process Optimization 

Discussed quality planning methods (QFD, FMEA, Process Capability Analysis) can be used in 
various situations. Results of their using for forming process optimization are given thereinafter. 
 
4.1 Use of QFD for Process Optimization  
QFD applications were focused to process quality planning for production of forgings for 
automotive industry. The design and development of this product was realized by customer. 
Supplier should develop process, which is capable to assure required product quality. 
Relevant information for process quality planning is knowledge about partial production 
processes importance with regard to forgings quality. The first QFD application was 
processed with aim to assess this importance and to identify key processes.  
Identification of required quality characteristics was the first step of solution. Information 
was obtained from drawing documentation, supplemental specifications and supplier 
experience with customer requirements for similar forgings. Resulting set of required 
forging quality characteristics is given in Table 1. 
Important forging dimensions, required hardness and surface quality were the main required 
quality characteristics. As to surface quality it was necessary to assure forgings surface without 
scales, without corrosion and without any surface defects, especially cracks.  
 

 Quality characteristic  Quality characteristic 
1 Dimension 25,9 mm  10 Dimension 59,75 mm  
2 Dimension 52,8 mm 11 Dimension 46,3 mm  
3 Dimension 194,4 mm  12 Hole diameter 20 mm 
4 Dimension 130,9 mm  13 Hardness 238-280 HBW 
5 Shift max 0,8 mm 14 No scales  
6 Burr max 1 mm 15 No surface defects 
7 Deflection max 0,9 mm 16 Roughness max 6,3 μm 
8 Diameter 70,8 mm  17 Without corrosion 
9 Diameter 50,7 mm    

 

Table 1. Required forging quality characteristics 
 
On the basis of forging quality characteristics required partial production processes were 
identified. After it the proposal of technological process was worked up with using flow chart.  
QFD application processing was started by the assessment of individual forging quality 
characteristics importance with using scale from 1 to 5. Results of this assessment can be 
seen in Fig. 4. In the next step the relations between individual processes and individual 
quality characteristics were analyzed. At the same time the strength of relations was 

assessed. In accordance to QFD methodology strong influence of given process on given 
characteristic was expressed by coefficient 9, middle influence by coefficient 3 and weak 
influence by coefficient 1 (see Fig. 4). Values of these coefficients were multiplied by 
assessment of quality characteristic importance and appropriate results were summarized 
for individual columns. Obtained sums express the importance of given process with regard 
to all required forging quality characteristic. For better interpretation they were recalculated 
to percentage expressions, which characterize relative importance of individual processes. 
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Dimension 46,3 mm  5            3 

Hole diameter 20 mm 5            3 

Hardness 238-280 HBW 5         9    

No scales  3 1 9 3       9   

No surface defects 3 1   3    9     

Roughness max 6,3 μm 3            9 

Without corrosion 3           9  

  Total  12 75 9 156 29 30 47 27 45 27 27 72 

 Relative importance, %  2,16 13,49 1,62 28,06 5,22 5,40 8,45 4,86 8,09 4,86 4,86 12,95 

Fig. 4. QFD application for assessment of partial processes importance with regard to 
forging quality 
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 Process statistical stability is not verified 
 Various ways are used for estimation of standard deviation  
 Unity of used tolerance limits with customer requirements is not verified 
 Calculated capability indices are not correctly interpreted. 

It is very important to avoid these deficiencies. In the contrary case the results of process 
capability analysis can be valueless. 

 
4. Use of Selected Quality Planning Methods for Forming Process Optimization 

Discussed quality planning methods (QFD, FMEA, Process Capability Analysis) can be used in 
various situations. Results of their using for forming process optimization are given thereinafter. 
 
4.1 Use of QFD for Process Optimization  
QFD applications were focused to process quality planning for production of forgings for 
automotive industry. The design and development of this product was realized by customer. 
Supplier should develop process, which is capable to assure required product quality. 
Relevant information for process quality planning is knowledge about partial production 
processes importance with regard to forgings quality. The first QFD application was 
processed with aim to assess this importance and to identify key processes.  
Identification of required quality characteristics was the first step of solution. Information 
was obtained from drawing documentation, supplemental specifications and supplier 
experience with customer requirements for similar forgings. Resulting set of required 
forging quality characteristics is given in Table 1. 
Important forging dimensions, required hardness and surface quality were the main required 
quality characteristics. As to surface quality it was necessary to assure forgings surface without 
scales, without corrosion and without any surface defects, especially cracks.  
 

 Quality characteristic  Quality characteristic 
1 Dimension 25,9 mm  10 Dimension 59,75 mm  
2 Dimension 52,8 mm 11 Dimension 46,3 mm  
3 Dimension 194,4 mm  12 Hole diameter 20 mm 
4 Dimension 130,9 mm  13 Hardness 238-280 HBW 
5 Shift max 0,8 mm 14 No scales  
6 Burr max 1 mm 15 No surface defects 
7 Deflection max 0,9 mm 16 Roughness max 6,3 μm 
8 Diameter 70,8 mm  17 Without corrosion 
9 Diameter 50,7 mm    

 

Table 1. Required forging quality characteristics 
 
On the basis of forging quality characteristics required partial production processes were 
identified. After it the proposal of technological process was worked up with using flow chart.  
QFD application processing was started by the assessment of individual forging quality 
characteristics importance with using scale from 1 to 5. Results of this assessment can be 
seen in Fig. 4. In the next step the relations between individual processes and individual 
quality characteristics were analyzed. At the same time the strength of relations was 

assessed. In accordance to QFD methodology strong influence of given process on given 
characteristic was expressed by coefficient 9, middle influence by coefficient 3 and weak 
influence by coefficient 1 (see Fig. 4). Values of these coefficients were multiplied by 
assessment of quality characteristic importance and appropriate results were summarized 
for individual columns. Obtained sums express the importance of given process with regard 
to all required forging quality characteristic. For better interpretation they were recalculated 
to percentage expressions, which characterize relative importance of individual processes. 
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Fig. 4. QFD application for assessment of partial processes importance with regard to 
forging quality 
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 Process statistical stability is not verified 
 Various ways are used for estimation of standard deviation  
 Unity of used tolerance limits with customer requirements is not verified 
 Calculated capability indices are not correctly interpreted. 

It is very important to avoid these deficiencies. In the contrary case the results of process 
capability analysis can be valueless. 

 
4. Use of Selected Quality Planning Methods for Forming Process Optimization 

Discussed quality planning methods (QFD, FMEA, Process Capability Analysis) can be used in 
various situations. Results of their using for forming process optimization are given thereinafter. 
 
4.1 Use of QFD for Process Optimization  
QFD applications were focused to process quality planning for production of forgings for 
automotive industry. The design and development of this product was realized by customer. 
Supplier should develop process, which is capable to assure required product quality. 
Relevant information for process quality planning is knowledge about partial production 
processes importance with regard to forgings quality. The first QFD application was 
processed with aim to assess this importance and to identify key processes.  
Identification of required quality characteristics was the first step of solution. Information 
was obtained from drawing documentation, supplemental specifications and supplier 
experience with customer requirements for similar forgings. Resulting set of required 
forging quality characteristics is given in Table 1. 
Important forging dimensions, required hardness and surface quality were the main required 
quality characteristics. As to surface quality it was necessary to assure forgings surface without 
scales, without corrosion and without any surface defects, especially cracks.  
 

 Quality characteristic  Quality characteristic 
1 Dimension 25,9 mm  10 Dimension 59,75 mm  
2 Dimension 52,8 mm 11 Dimension 46,3 mm  
3 Dimension 194,4 mm  12 Hole diameter 20 mm 
4 Dimension 130,9 mm  13 Hardness 238-280 HBW 
5 Shift max 0,8 mm 14 No scales  
6 Burr max 1 mm 15 No surface defects 
7 Deflection max 0,9 mm 16 Roughness max 6,3 μm 
8 Diameter 70,8 mm  17 Without corrosion 
9 Diameter 50,7 mm    

 

Table 1. Required forging quality characteristics 
 
On the basis of forging quality characteristics required partial production processes were 
identified. After it the proposal of technological process was worked up with using flow chart.  
QFD application processing was started by the assessment of individual forging quality 
characteristics importance with using scale from 1 to 5. Results of this assessment can be 
seen in Fig. 4. In the next step the relations between individual processes and individual 
quality characteristics were analyzed. At the same time the strength of relations was 

assessed. In accordance to QFD methodology strong influence of given process on given 
characteristic was expressed by coefficient 9, middle influence by coefficient 3 and weak 
influence by coefficient 1 (see Fig. 4). Values of these coefficients were multiplied by 
assessment of quality characteristic importance and appropriate results were summarized 
for individual columns. Obtained sums express the importance of given process with regard 
to all required forging quality characteristic. For better interpretation they were recalculated 
to percentage expressions, which characterize relative importance of individual processes. 
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Fig. 4. QFD application for assessment of partial processes importance with regard to 
forging quality 
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Final matrix diagram with obtained results is given in Fig. 4. It can be seen higher 
occurrence of strong relations to forging quality characteristic especially for preliminary 
forging process. This fact is confirmed by the highest value of this process relative 
importance (28,1 %). Next processes with highest relative importance were heating of input 
material (relative importance 13,5 %) and holes machining (relative importance 12,95 %). All 
results were illustrated with using Pareto diagram (see Fig. 5).  
On the basis of Pareto analysis with using criterion 50 % of cumulative percentage these 
partial processes can be considered as “vital few” of partial processes with regard to final 
forging quality. These findings were utilized during designing of production process. There 
were proposed suitable control systems for these processes including suitable means of 
automation which assure minimizing of human factor influence. 
Next part of solution was focused to the design of target values of processes parameters 
needed for the achievement of required forging quality characteristics. With using 
teamwork main parameters of partial processes were firstly identified. In total 36 
controllable process parameters were found. After it the QFD application based on matrix 
diagram analyzing the influence of individual process parameters on forging quality 
characteristics was processed. Used processing procedure was similar to procedure 
described above. Because of large extent this matrix diagram is not presented. 
Material locating in die before preliminary forging was evaluated as the most important 
process parameter with regard to forging quality characteristics. Summary of eight the most 
important process parameters is given in Table 2. On the basis of Pareto analysis with using 
criterion 50 % of cumulative percentage these process parameters can be considered as “vital 
few” of parameters with regard to final forging quality. On the basis of given results it was 
proposed to pay special attention to these process parameters. It was recommended to include 
these parameters to the set of special characteristics, which need special control regime. 
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Fig. 5. Pareto diagram of the partial processes importance with regard to required forging quality 

Processing of this QFD application was used for the optimization of target values of 
individual process parameters. Some of parameters was later little changed on the basis of 
process FMEA and process capability analysis, which was applied for proposed process 
optimization. 
Benefits of given applications were not only in achieved results, they considerably 
contributed to better understanding of relations between individual forging quality 
characteristics and individual processes and their parameters. 
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1 Preliminary forging - material locating in die 14,60 14,60 
2 Holes machining - tool sharpness 6,87 21,47 
3 Holes machining - speed 5,15 26,62 
4  Material heating - temperature homogeneity 4,87 31,49 
5 Material heating - material temperature 4,87 36,36 
6 Holes machining - rate of feed  4,58 40,94 
7 Holes machining - clamping method 4,58 45,52 
8 Sizing - machine capability 4,48 50,00 

Table 2. The most important processes parameters with regard to forging quality characteristics. 

 
4.2 Use of FMEA for Process Optimization  
Proposed forging production process was in the next phase analyzed with using Process 
FMEA. For individual partial production processes potential failure modes, potential failure 
effects, potential failure causes, preventive actions and actions for failures detection were 
identified. Special attention was paid to the processes, which was during QFD application 
assessed as very important. 
FMEA results were written to the FMEA form. Together with knowledge of process 
conditions they were the base for assessment of severity of individual possible failures, their 
occurrence during proposed process and probability of their detection by the means of used 
inspection procedures. The scale from 1 to 10, according to assessment tables for automotive 
industry, was used for these criteria assessment. On the basis of individual criteria values 
Risk Priority Number (RPN) was determined according to the relation: 
 

RPN=Severity x Occurrence x Detection (13) 
 
In the cases of all possible failures, where Risk Priority Number was greater than critical 
value 100 or where possible failure could mean any dangerous effect, suitable preventive 
actions for risk minimization were proposed. The example of FMEA part is given in Fig. 6 . 
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Final matrix diagram with obtained results is given in Fig. 4. It can be seen higher 
occurrence of strong relations to forging quality characteristic especially for preliminary 
forging process. This fact is confirmed by the highest value of this process relative 
importance (28,1 %). Next processes with highest relative importance were heating of input 
material (relative importance 13,5 %) and holes machining (relative importance 12,95 %). All 
results were illustrated with using Pareto diagram (see Fig. 5).  
On the basis of Pareto analysis with using criterion 50 % of cumulative percentage these 
partial processes can be considered as “vital few” of partial processes with regard to final 
forging quality. These findings were utilized during designing of production process. There 
were proposed suitable control systems for these processes including suitable means of 
automation which assure minimizing of human factor influence. 
Next part of solution was focused to the design of target values of processes parameters 
needed for the achievement of required forging quality characteristics. With using 
teamwork main parameters of partial processes were firstly identified. In total 36 
controllable process parameters were found. After it the QFD application based on matrix 
diagram analyzing the influence of individual process parameters on forging quality 
characteristics was processed. Used processing procedure was similar to procedure 
described above. Because of large extent this matrix diagram is not presented. 
Material locating in die before preliminary forging was evaluated as the most important 
process parameter with regard to forging quality characteristics. Summary of eight the most 
important process parameters is given in Table 2. On the basis of Pareto analysis with using 
criterion 50 % of cumulative percentage these process parameters can be considered as “vital 
few” of parameters with regard to final forging quality. On the basis of given results it was 
proposed to pay special attention to these process parameters. It was recommended to include 
these parameters to the set of special characteristics, which need special control regime. 
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Processing of this QFD application was used for the optimization of target values of 
individual process parameters. Some of parameters was later little changed on the basis of 
process FMEA and process capability analysis, which was applied for proposed process 
optimization. 
Benefits of given applications were not only in achieved results, they considerably 
contributed to better understanding of relations between individual forging quality 
characteristics and individual processes and their parameters. 
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Final matrix diagram with obtained results is given in Fig. 4. It can be seen higher 
occurrence of strong relations to forging quality characteristic especially for preliminary 
forging process. This fact is confirmed by the highest value of this process relative 
importance (28,1 %). Next processes with highest relative importance were heating of input 
material (relative importance 13,5 %) and holes machining (relative importance 12,95 %). All 
results were illustrated with using Pareto diagram (see Fig. 5).  
On the basis of Pareto analysis with using criterion 50 % of cumulative percentage these 
partial processes can be considered as “vital few” of partial processes with regard to final 
forging quality. These findings were utilized during designing of production process. There 
were proposed suitable control systems for these processes including suitable means of 
automation which assure minimizing of human factor influence. 
Next part of solution was focused to the design of target values of processes parameters 
needed for the achievement of required forging quality characteristics. With using 
teamwork main parameters of partial processes were firstly identified. In total 36 
controllable process parameters were found. After it the QFD application based on matrix 
diagram analyzing the influence of individual process parameters on forging quality 
characteristics was processed. Used processing procedure was similar to procedure 
described above. Because of large extent this matrix diagram is not presented. 
Material locating in die before preliminary forging was evaluated as the most important 
process parameter with regard to forging quality characteristics. Summary of eight the most 
important process parameters is given in Table 2. On the basis of Pareto analysis with using 
criterion 50 % of cumulative percentage these process parameters can be considered as “vital 
few” of parameters with regard to final forging quality. On the basis of given results it was 
proposed to pay special attention to these process parameters. It was recommended to include 
these parameters to the set of special characteristics, which need special control regime. 
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Processing of this QFD application was used for the optimization of target values of 
individual process parameters. Some of parameters was later little changed on the basis of 
process FMEA and process capability analysis, which was applied for proposed process 
optimization. 
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contributed to better understanding of relations between individual forging quality 
characteristics and individual processes and their parameters. 
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Final matrix diagram with obtained results is given in Fig. 4. It can be seen higher 
occurrence of strong relations to forging quality characteristic especially for preliminary 
forging process. This fact is confirmed by the highest value of this process relative 
importance (28,1 %). Next processes with highest relative importance were heating of input 
material (relative importance 13,5 %) and holes machining (relative importance 12,95 %). All 
results were illustrated with using Pareto diagram (see Fig. 5).  
On the basis of Pareto analysis with using criterion 50 % of cumulative percentage these 
partial processes can be considered as “vital few” of partial processes with regard to final 
forging quality. These findings were utilized during designing of production process. There 
were proposed suitable control systems for these processes including suitable means of 
automation which assure minimizing of human factor influence. 
Next part of solution was focused to the design of target values of processes parameters 
needed for the achievement of required forging quality characteristics. With using 
teamwork main parameters of partial processes were firstly identified. In total 36 
controllable process parameters were found. After it the QFD application based on matrix 
diagram analyzing the influence of individual process parameters on forging quality 
characteristics was processed. Used processing procedure was similar to procedure 
described above. Because of large extent this matrix diagram is not presented. 
Material locating in die before preliminary forging was evaluated as the most important 
process parameter with regard to forging quality characteristics. Summary of eight the most 
important process parameters is given in Table 2. On the basis of Pareto analysis with using 
criterion 50 % of cumulative percentage these process parameters can be considered as “vital 
few” of parameters with regard to final forging quality. On the basis of given results it was 
proposed to pay special attention to these process parameters. It was recommended to include 
these parameters to the set of special characteristics, which need special control regime. 
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Processing of this QFD application was used for the optimization of target values of 
individual process parameters. Some of parameters was later little changed on the basis of 
process FMEA and process capability analysis, which was applied for proposed process 
optimization. 
Benefits of given applications were not only in achieved results, they considerably 
contributed to better understanding of relations between individual forging quality 
characteristics and individual processes and their parameters. 
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Fig. 6. Part of Process FMEA results record  
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4.3 Use of Process Capability Analysis for Process Optimization  
Process preliminary capability analysis was the next step of die forging process 
optimization. After implementation of preventive actions for possible failures risks 
minimization based on FMEA results the pilot production was realized (520 of forgings 
were produced as a whole). During production every time four forgings after production of 
twenty forgings were measured. They were measured the most important quality 
characteristics according to QFD and FMEA results. Attention is paid only to the one of key 
characteristic - dimension 46,3 mm in the next text. 
Basic exploratory data analysis with using box plot and histogram was performed firstly. It 
was found that measured data does not include any outliers and data distribution is 
approximately symmetric and similar to the normal distribution. Process statistical stability 
was assessed with using control charts for subgroup averages and standard deviations. It 
was found that no average or standard deviation lie outside control limits and no non-
random patterns occur (see Fig. 7). It means, that achieved dimension 46,3 variability is 
influenced by random causes only and forging process is (in light of this quality 
characteristic) in control.  
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Fig. 7. Die forging process statistical stability analysis with using control charts ,x s  
 
In the next step of data processing the data normality was verified with using Shapiro-Wilk 
test. Since data normality was confirmed, it was possible to calculate preliminary capability 
indices. Graphical assessment of process preliminary capability analysis including 
appropriate capability indices values is given in Fig. 8. 
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Fig. 6. Part of Process FMEA results record  
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4.3 Use of Process Capability Analysis for Process Optimization  
Process preliminary capability analysis was the next step of die forging process 
optimization. After implementation of preventive actions for possible failures risks 
minimization based on FMEA results the pilot production was realized (520 of forgings 
were produced as a whole). During production every time four forgings after production of 
twenty forgings were measured. They were measured the most important quality 
characteristics according to QFD and FMEA results. Attention is paid only to the one of key 
characteristic - dimension 46,3 mm in the next text. 
Basic exploratory data analysis with using box plot and histogram was performed firstly. It 
was found that measured data does not include any outliers and data distribution is 
approximately symmetric and similar to the normal distribution. Process statistical stability 
was assessed with using control charts for subgroup averages and standard deviations. It 
was found that no average or standard deviation lie outside control limits and no non-
random patterns occur (see Fig. 7). It means, that achieved dimension 46,3 variability is 
influenced by random causes only and forging process is (in light of this quality 
characteristic) in control.  
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Fig. 7. Die forging process statistical stability analysis with using control charts ,x s  
 
In the next step of data processing the data normality was verified with using Shapiro-Wilk 
test. Since data normality was confirmed, it was possible to calculate preliminary capability 
indices. Graphical assessment of process preliminary capability analysis including 
appropriate capability indices values is given in Fig. 8. 
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Fig. 6. Part of Process FMEA results record  
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4.3 Use of Process Capability Analysis for Process Optimization  
Process preliminary capability analysis was the next step of die forging process 
optimization. After implementation of preventive actions for possible failures risks 
minimization based on FMEA results the pilot production was realized (520 of forgings 
were produced as a whole). During production every time four forgings after production of 
twenty forgings were measured. They were measured the most important quality 
characteristics according to QFD and FMEA results. Attention is paid only to the one of key 
characteristic - dimension 46,3 mm in the next text. 
Basic exploratory data analysis with using box plot and histogram was performed firstly. It 
was found that measured data does not include any outliers and data distribution is 
approximately symmetric and similar to the normal distribution. Process statistical stability 
was assessed with using control charts for subgroup averages and standard deviations. It 
was found that no average or standard deviation lie outside control limits and no non-
random patterns occur (see Fig. 7). It means, that achieved dimension 46,3 variability is 
influenced by random causes only and forging process is (in light of this quality 
characteristic) in control.  
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Fig. 7. Die forging process statistical stability analysis with using control charts ,x s  
 
In the next step of data processing the data normality was verified with using Shapiro-Wilk 
test. Since data normality was confirmed, it was possible to calculate preliminary capability 
indices. Graphical assessment of process preliminary capability analysis including 
appropriate capability indices values is given in Fig. 8. 
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Fig. 6. Part of Process FMEA results record  
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4.3 Use of Process Capability Analysis for Process Optimization  
Process preliminary capability analysis was the next step of die forging process 
optimization. After implementation of preventive actions for possible failures risks 
minimization based on FMEA results the pilot production was realized (520 of forgings 
were produced as a whole). During production every time four forgings after production of 
twenty forgings were measured. They were measured the most important quality 
characteristics according to QFD and FMEA results. Attention is paid only to the one of key 
characteristic - dimension 46,3 mm in the next text. 
Basic exploratory data analysis with using box plot and histogram was performed firstly. It 
was found that measured data does not include any outliers and data distribution is 
approximately symmetric and similar to the normal distribution. Process statistical stability 
was assessed with using control charts for subgroup averages and standard deviations. It 
was found that no average or standard deviation lie outside control limits and no non-
random patterns occur (see Fig. 7). It means, that achieved dimension 46,3 variability is 
influenced by random causes only and forging process is (in light of this quality 
characteristic) in control.  
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Fig. 7. Die forging process statistical stability analysis with using control charts ,x s  
 
In the next step of data processing the data normality was verified with using Shapiro-Wilk 
test. Since data normality was confirmed, it was possible to calculate preliminary capability 
indices. Graphical assessment of process preliminary capability analysis including 
appropriate capability indices values is given in Fig. 8. 
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Fig. 8. Die forging process preliminary capability analysis 
 
It can be seen that values of dimension 46,3 are shifted to the lower tolerance limit and Cpk 
index value is 1,08. Since this value is much lower than required minimum value for process 
preliminary capability 1,67, it was necessary to consider process as incapable to keep 
required tolerance limits. However, positive finding is fact that Cp index value is 1,87. It 
means that forging process has no problem with variability of given quality characteristic, 
because it is sufficiently small compared with given tolerance width. It means that 
unsuitable process setting is the cause of process incapability. 
On the basis of these process preliminary capability analysis results it was proposed to set-
up the process so that mean value of dimension 46,3 will correspond to the centre of 
tolerance limits. This setting-up assures (in the conditions of same process variability) Cpk 
value corresponding to Cp value (i.e. 1,87) and considerably decreases probability of non-
conforming products occurrence. 
 
5. Conclusion 

Emphasization of quality planning importance and presentation of possibilities of using 
quality planning methodology and methods for processes optimization was the main 
objective of this chapter. Quality planning is in principle optimization problem, in which 
optimality criteria are especially rate of product requirements fulfilment, organization 
competitiveness and realization process capability.  
Effectiveness of both quality planning and optimization can be considerably enhanced by using 
of suitable quality planning methods. In this chapter attention is paid to the Quality Function 
Deployment (QFD), Failure Mode and Effect Analysis (FMEA) and Process Capability Analysis. 
Given methods were successfully used for die forging process optimization. QFD 
applications were applied for key processes and key process parameters identification and 
for the proposal of processes parameters target values. FMEA was focused to proposed 
process optimization aimed at risks of potential failure modes minimization. Process 
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It can be seen that values of dimension 46,3 are shifted to the lower tolerance limit and Cpk 
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1. Introduction     

Most of the manufacturers have to comply with market changes and continuous shortening 
of the product life cycle. Changes on the factory floor are happening on a daily basis. In 
order to procure these changes production structures have to be more manageable by means 
of lowering degree of complexity and enabling production structures to adapt flexibility 
(Maksimovic et al., 2010). Also, there is a need for finding a good solution to the problem of 
production of certain types of products and their disposal into the waste dumps, in order to 
reduce and control the quantity of such waste, because the waste is being made in ever-
increasing quantities (Ostojic et al., 2008).  
 
In order to make product management more efficient during the whole life cycle (not only in 
production and assembly/disassembly phase), data collection about all kinds of flows of 
products, materials, parts/subassemblies and dangerous elements/materials is of crucial 
importance. Product monitoring during the whole life cycle provides:  

 natural resource exploit optimization and their deplete reduction, 
 product life cycle optimization (in the stage of early product life cycle phases - 

production, sales, services), 
 reduction of environmental pollution with the products that have come to an end of 

their life and work cycle (Stankovski et al., 2009a). 
 
Improvement of production systems, especially assembly/disassembly subsystems (for 
refining the outdated product), and the management of all the above flows can be achieved 
by implementing RFID (Radio Frequency Identification) technologies. RFID technology is 
technology that can be implemented in industry (Vukelic et al., 2010) and non-industry 
conditions like education (Stankovski et al. 2009b, Ostojic et al., 2010). Information gathered 
in this way is reliable, precise and dynamic. RFID technology allows provisions for optimal 
management of products that have come to the end of their work lifetime (Stankovski et al., 
2006).  
 
In this chapter a strategies and strategy selection for products at the end of the life cycle are 
defined. Also, a model of RFID technology application in assembly/disassembly systems 
and other phases during the whole product life cycle is presented as well as the results of its 
implementation in a system for monitoring the status of an In-mould Labeling (IML) robot.  
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2. RFID Technology 

RFID is a system for automated data acquisition which allows collection and wireless (radio 
wave) transfer of production- and business-related data. RFID technology is suitable for 
usage on plastic product/parts (Inkenzeller, 2003.). Since the moment, a product is 
manufactured, to the beginning of its exploitation or disassembly, RFID technology allows 
real-time identification, during delivery, storage, or any other process taking place within an 
enterprise. By means of radio waves, the data are acquisitioned and transferred in wireless 
mode between production and business processes in real time. This unique way of 
identification is adjusted in such a way that it allows the information on product to 
correspond to the information on the side of the company or the host system. Using RFID 
technology, it is possible to track products and equipment, with minimum human 
intervention. This can potentially cut back operating costs and increase real-time visibility 
during complete product life cycle. 
 
RFID system consists of: a computer (or Programmable Logic Controller (PLC)), RFID 
reader, antenna (which can be integrated in a RFID reader) and transponder - tag (Fig. 1). 
The antenna is used to amplify the signal, which is emitted by the reader to the tag, as well 
as the signal, which is returned to the reader by the tag, which increases the tag-reading 
range. RFID reader can be a stationary or a portable device, which can activate and pick up 
the signals emitted by the tags. It consists of the power unit, antenna and a printed circuit 
board, and its primary role is to receive and send RF (Radio Frequency) signals to the tags 
by means of antenna. From a computer or a PLC, the reader receives instructions generated 
by the dedicated software. The control unit inside the reader executes the received 
instructions (Inkenzeller, 2003; Glover & Bhatt, 2006). 
 
The readers differ by the range and operating frequency. Similar to the tags, the readers can 
have small range (up to several centimeters), medium range (up to 1 meter), and long range 
(tens of meters, with an additional antenna). Besides, there are readers equipped with 
potentiometer for range regulation (Glover & Bhatt, 2006). 
  

 
Fig. 1. Basic components of RFID system 
 
The tags consist of a microchip (which stores alpha-numerical code for product labeling), an 
antenna (copper wire - coil) and an optional power source (e.g. battery). They exist in a 
variety of forms: various pendants, circular or square plates, magnetic cards, or some other 
form, depending on the area of application (Fig. 2). Smart labels are a special type of tags 
which can be placed on, or built into a palette or any sort of product. 
  

 

 
Fig. 2. Various forms of RFID tags  
 
The components of RFID systems are selected depending on the area of application. Of 
primary consequence is the operating frequency of the components (Fig. 3). In most of the 
countries, the operating frequencies for RFID systems are strictly defined. 
  

 
Fig. 3. Illustration showing the broad range of frequencies within the electromagnetic 
spectrum that RFID system can utilize 
 
Once RFID tag enters reader's operating range, the reader detects its activation signal. The 
reader then decodes the data coded in tag's integrated circuit and the data is transferred to 
the computer for processing. Until now, for automated detection of products mostly bar 
code technology has been used, which had numerous deficiencies: 

 Bar code reading requires an operator to manipulate product in order to be detected 
by the reader, or to manipulate the reader itself. This requires a number of workers; 

 Bar code must not have any impurities, or otherwise the reading is erroneous. This is 
prohibitive in industrial environment where there are oil stains and other impurities; 

 Bar code labels are often hard to place on palettes or products; 
 Finally, the greatest deficiency of bar code is that, in case identification needs to be 

changed on a palette or product, new label must be used, which increases material 
consumption and requires additional time to finish the operation. 
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changed on a palette or product, new label must be used, which increases material 
consumption and requires additional time to finish the operation. 
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2. RFID Technology 

RFID is a system for automated data acquisition which allows collection and wireless (radio 
wave) transfer of production- and business-related data. RFID technology is suitable for 
usage on plastic product/parts (Inkenzeller, 2003.). Since the moment, a product is 
manufactured, to the beginning of its exploitation or disassembly, RFID technology allows 
real-time identification, during delivery, storage, or any other process taking place within an 
enterprise. By means of radio waves, the data are acquisitioned and transferred in wireless 
mode between production and business processes in real time. This unique way of 
identification is adjusted in such a way that it allows the information on product to 
correspond to the information on the side of the company or the host system. Using RFID 
technology, it is possible to track products and equipment, with minimum human 
intervention. This can potentially cut back operating costs and increase real-time visibility 
during complete product life cycle. 
 
RFID system consists of: a computer (or Programmable Logic Controller (PLC)), RFID 
reader, antenna (which can be integrated in a RFID reader) and transponder - tag (Fig. 1). 
The antenna is used to amplify the signal, which is emitted by the reader to the tag, as well 
as the signal, which is returned to the reader by the tag, which increases the tag-reading 
range. RFID reader can be a stationary or a portable device, which can activate and pick up 
the signals emitted by the tags. It consists of the power unit, antenna and a printed circuit 
board, and its primary role is to receive and send RF (Radio Frequency) signals to the tags 
by means of antenna. From a computer or a PLC, the reader receives instructions generated 
by the dedicated software. The control unit inside the reader executes the received 
instructions (Inkenzeller, 2003; Glover & Bhatt, 2006). 
 
The readers differ by the range and operating frequency. Similar to the tags, the readers can 
have small range (up to several centimeters), medium range (up to 1 meter), and long range 
(tens of meters, with an additional antenna). Besides, there are readers equipped with 
potentiometer for range regulation (Glover & Bhatt, 2006). 
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The tags consist of a microchip (which stores alpha-numerical code for product labeling), an 
antenna (copper wire - coil) and an optional power source (e.g. battery). They exist in a 
variety of forms: various pendants, circular or square plates, magnetic cards, or some other 
form, depending on the area of application (Fig. 2). Smart labels are a special type of tags 
which can be placed on, or built into a palette or any sort of product. 
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The components of RFID systems are selected depending on the area of application. Of 
primary consequence is the operating frequency of the components (Fig. 3). In most of the 
countries, the operating frequencies for RFID systems are strictly defined. 
  

 
Fig. 3. Illustration showing the broad range of frequencies within the electromagnetic 
spectrum that RFID system can utilize 
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reader then decodes the data coded in tag's integrated circuit and the data is transferred to 
the computer for processing. Until now, for automated detection of products mostly bar 
code technology has been used, which had numerous deficiencies: 

 Bar code reading requires an operator to manipulate product in order to be detected 
by the reader, or to manipulate the reader itself. This requires a number of workers; 

 Bar code must not have any impurities, or otherwise the reading is erroneous. This is 
prohibitive in industrial environment where there are oil stains and other impurities; 

 Bar code labels are often hard to place on palettes or products; 
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Significant advantage of RFID systems is that they do not require contact for proper 
functioning. Tags can be read in any industrial environment, which can involve snow, fog, 
ice, color stains, dirt and similar. RFID tags also read fast - in most cases the response is 
faster than 100 milliseconds. New generation of readers have ability to simultaneously read 
several tags. Thus whole storage area can be read at once instead of scanning each article 
individually (Shepard, 2005). 
 
3. The System for Monitoring Products During Their Life Cycle 
 

All phases of the product life cycle, starting from the first phase – production, following 
with distribution, sales, usage, service and maintenance to the phases coming at the end of 
the life cycle (disassembly, recycling, reassembly, incineration, waste disposal) is presented 
in Fig 4. It is important to emphasize that not every, but most of the products pass through 
the mentioned phases during their life cycle.  
 

 
Fig. 4. Phases of product life (Stankovski et al., 2009a) 
 
Disassembly is just one of the processes in the life cycle of a product and lately it has 
attracted a lot of attention, considering its key role in reassembling and recycling of 
products. This is due to ecological and economical reasons. The ecological side of the 
problem is seen in ending numerous products at waste dumps and in depletion of non-
renewable natural riches. The economical side of the problem of disassembly is seen in the 
need for a design of the disassembly system in a way that the value of the disassembly 
process result is grater then the resources invested for its proper functioning (Lazarevic, 
2009). When designing disassembly system the designer has to consider end of life strategies 
and strategies selection for product. 

 

3.1 Strategies for Products at the End of the Life Cycle 
Users of products have two crucial difficult decisions to make: one is decision when to 
replace a product after its use and the other is what to do with the products when they 
decide to replace it. It is not unusual for some users to decide to sell the product and replace 
it while it is still in good condition. Therefore, the price of that kind of product is higher and 
the budget for buying a new, technologically advanced product is also higher. There are also 
some users which utilize their products until they became technologically outdated. After 
that, they leave them to the company responsible for end of life product processing. For 
many different reasons products arrive to the end of life product storage. Some of them may 
be discarded, but their vital elements can be in good condition, so they can be reused as 
spare parts in the maintenance process. All this leads to a conclusion that there is a need to 
determine strategies for the product at the end of life cycle. 
 
Studies related with the strategies of the products end of a life cycle are numerous 
(Lazarevic, 2009; Mehl et al., 1994). The most accepted, and in its character, the most 
comprehensive classification of the products end of a life cycle is (Rose et al., 1999): 

1. re-use of used products, 
2. reconstruction of used products, 
3. usage of already used products for spare parts, 
4. recycling with disassembly, 
5. recycling without disassembly, 
6. dumping of the used products. 

 
Re-use of already used products is a strategy that organizes the return of discarded products 
which are still in function. If such an interest exists, already used products are sold in the 
market.  
 
Reconstruction of used products is applied due to modernize or to upgrade their 
performances. The purpose of this strategy is to attain a product, which is in quality less or 
very similar to the quality of the new products. The quality of the reconstructed products 
depends on the determined depth of disassembly. If a product is disassembled to the level 
of parts and a control and a replacement of all parts is conducted, the used products are 
brought to a high level of quality, required for the new products. 
 
Also, it is possible to conduct the modernization of products, by replacing certain modules 
with contemporary ones, after applying the disassembly. 
 
Appliance of already exploited products for spare parts is being frequently used. In certain 
companies, out of date products are being collected in an organized manner. The purpose of 
this strategy is to take a relatively small part of sub modules from a used product and use 
them for the above mentioned strategy, or for another purpose, and the rest will be used for 
material recycling. 
Recycling with disassembly is a strategy used for separating parts made of different 
material, before its conversion in the process of disassembly. The purpose of this strategy is 
to use the materials from the used products and parts, by separating them in the procedure 
of disassembly into the element parts and with appropriate selection, depending on the 
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determined type of material. These materials can then be used in the production of original 
or some other products. 
 
Recycling without disassembly is a procedure, which is used to compact and compress the 
product and then crush it and sort it by type of material.  
 
Disposal is, from the ecological point of view, the most inconvenient strategy for disposing 
products on the waste dumps. Having the above mentioned strategies in mind, it is 
necessary to design an appropriate production system.  

 
3.2 Strategy Selection for Product at the End of the Life Cycle 
The system for product processing at the end of life cycle has a quite complex structure, 
since there is a need for more then one technologically different subsystem like (Lazarevic, 
2009): 
1. disassembly, 
2. reassembly, 
3. recycling, 
4. waste incineration, 
5. hazardous waste storage, 
6. waste storage.  
The choice of strategies for reconstruction of used products (2), usage of already used 
products for spare parts (3) and recycling with disassembly (4) are made according with the 
both momentary product condition and suggestions taken from the database for particular 
product. A system for product processing, according with chosen strategies for product 
management at the end of the life cycle, is shown in the next figure (Lazarevic, 2009). 
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Fig. 5. System for processing the products at the end of the life cycle (Ostojic et al., 2008) 
 
In the most general case, if for the given product (pi), all three potential strategies are chosen 
as possible, which comprise the need for disassembly (strategies 2, 3 and 4), then the 
production system for processing of such products contains in itself all the elements as in 

 

the previous figure. In case when only the strategy number 4 is chosen, then a subsystem for 
repair does not exist. 
 
When choosing strategies 3 and 4, a subsystem for repair possibly exists. Depending on the 
type of product and the type of repair, the repair subsystem does not have to be specially 
separated. It is important to notice that in the procedure of the product disassembly, during 
the parts selection, a flow of materials must be planed for the parts that are headed for 
reassembly. In other words, it is often very possible to conduct, in a same place, within one 
subsystem where the disassembly is conducted, a second assembly of the product. 

 
3.3 Model of RFID technology application in assembly/disassembly systems and 
other phases during the whole product life cycle 
In order to ensure the adequate supervision and control in all the phases of the product life 
cycle (depending on the type of product and level of supervision and control), an 
appropriate automated system is designed. Hardware system elements depend of the 
function to be executed in specific phases of the product life cycle, but the basic component 
is only a PC with Intranet/Internet connection and any kind of Internet browser. This kind 
of system enables only supervision in some of the phases where this supervision function 
should be available. This basic system can be expanded by adding a RFID reader and its 
connection to PC (RS 232, USB, or TCP/IP), but only in some of the phases of the product 
life cycle, where the control function is needed. The software system components include 
web-based application software, and the software application depends directly on selected 
products end-of-life strategy defined in the product design phase. 
 
As presented in Fig. 4. and 5., the automated system for product monitoring enables 
interactive communication between the database, user and product in every phase of the 
product life cycle. The system designed in this way enables authorized users (Fig. 6.) to get 
an insight into the momentary status of a particular product, since the status of the product 
is changing from phase to phase during the life cycle.  
 

 
Fig. 6. Authorized users of web-based application software  
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In the most general case, if for the given product (pi), all three potential strategies are chosen 
as possible, which comprise the need for disassembly (strategies 2, 3 and 4), then the 
production system for processing of such products contains in itself all the elements as in 

 

the previous figure. In case when only the strategy number 4 is chosen, then a subsystem for 
repair does not exist. 
 
When choosing strategies 3 and 4, a subsystem for repair possibly exists. Depending on the 
type of product and the type of repair, the repair subsystem does not have to be specially 
separated. It is important to notice that in the procedure of the product disassembly, during 
the parts selection, a flow of materials must be planed for the parts that are headed for 
reassembly. In other words, it is often very possible to conduct, in a same place, within one 
subsystem where the disassembly is conducted, a second assembly of the product. 
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cycle (depending on the type of product and level of supervision and control), an 
appropriate automated system is designed. Hardware system elements depend of the 
function to be executed in specific phases of the product life cycle, but the basic component 
is only a PC with Intranet/Internet connection and any kind of Internet browser. This kind 
of system enables only supervision in some of the phases where this supervision function 
should be available. This basic system can be expanded by adding a RFID reader and its 
connection to PC (RS 232, USB, or TCP/IP), but only in some of the phases of the product 
life cycle, where the control function is needed. The software system components include 
web-based application software, and the software application depends directly on selected 
products end-of-life strategy defined in the product design phase. 
 
As presented in Fig. 4. and 5., the automated system for product monitoring enables 
interactive communication between the database, user and product in every phase of the 
product life cycle. The system designed in this way enables authorized users (Fig. 6.) to get 
an insight into the momentary status of a particular product, since the status of the product 
is changing from phase to phase during the life cycle.  
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determined type of material. These materials can then be used in the production of original 
or some other products. 
 
Recycling without disassembly is a procedure, which is used to compact and compress the 
product and then crush it and sort it by type of material.  
 
Disposal is, from the ecological point of view, the most inconvenient strategy for disposing 
products on the waste dumps. Having the above mentioned strategies in mind, it is 
necessary to design an appropriate production system.  

 
3.2 Strategy Selection for Product at the End of the Life Cycle 
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since there is a need for more then one technologically different subsystem like (Lazarevic, 
2009): 
1. disassembly, 
2. reassembly, 
3. recycling, 
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The choice of strategies for reconstruction of used products (2), usage of already used 
products for spare parts (3) and recycling with disassembly (4) are made according with the 
both momentary product condition and suggestions taken from the database for particular 
product. A system for product processing, according with chosen strategies for product 
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In some phases, during the product life cycle, it is necessary to change information about the 
product. This activity is done by authorized users responsible for writing this information, 
whether only to the database or both to the database and RFID tag placed on the product, 
thus enabling updating information about the current status of the product. Information 
placed in the database about a product includes: 

 Product ID (UID read from the RFID tag assigned to a particular product).  
 Product type. 
 Date of issue. 
 Date of first start. 
 Recommended strategy for product. 
 Recommended level of disassembly depending on the chosen strategy for the 

product. 
 What elements can be used for spare parts? 
 Services (dates and descriptions). 
 Number of working cycles. 
 Does it contain hazardous parts and materials? 
 Does it contain already used parts or recycled materials? If so, which parts are those 

and what is the number of the remaining working cycles? 
 Which part is the base part for assembly? etc. 

 
Since assembly and disassembly phases of product life cycle are one of the most important 
special attention has been given to the structure of these systems. An example of RFID 
technology application is shown in Fig. 7 and Fig. 8. The proposed concept can be used for 
assembly and disassembly of product in order to increase flexibility and efficiency rate of 
the system in hand. Products can be assembled and disassembled on the same technological 
system according to the process plan and the product currently available at a particular 
working place. 
 
 An example of assembly is given in Fig. 7 and it follows the next routine: conveyer belt 
brings in the parts tagged with RFID. Upon arrival of the part at the first working place, the 
reader reads the RFID tag. The read out UID is compared to the UID from the data base, 
after which the data base issues a number of instructions for assembly presented graphically 
on-screen to the operator. The instructions are presented in a sequential manner, and are 
executed by taking the appropriate tool. Upon return of the tool to its previous position, 
next assembly instruction is initiated. 
 
 If a sequence requires no tool, then the next instruction must be initiated manually. Upon 
completion of the operation (all sequence of operation), the sequence of instruction for that 
particular working place is finished. The product is placed on the conveyor belt, travels 
along and, gets identified by RFID once again on another working place. If the product is to 
be machined at that particular working place, the signal light flashes and the operator takes 
the product off the conveyor belt. The process continues like in previous operation with a 
number of instructions coded for that working place and that product. In case all working 
places are currently busy, the product circles on the conveyor belt until a vacancy appears. 
The RFID tag is always placed on the base part.  
 

 

 
Fig. 7. Application of RFID in product assembly (Vukelic et al., 2010) 
 
 An example of disassembly is shown in Fig. 8 and it runs as follows: To the working place 
are coming products whose RFID tags are read out and one of the tag-stored strategies is 
adopted. The adopted strategy is written to the RFID tag and then the product is placed 
back onto the conveyor belt and forwarded to disassembly area. Beside the usage strategies, 
the RFID tag reader also reads the UID and adopts the appropriate sequence of disassembly 
operations, presenting them on-screen to the operator. The instructions are presented in a 
sequential manner, and executed by taking the appropriate tool. Upon return of the tool to 
its previous position, next disassembly instruction is initiated. 
 

 
Fig. 8. Application of RFID in product disassembly (Vukelic et al., 2010) 
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If a sequence requires no tool, then the next instruction must be initiated manually. Upon 
completion of the operation, the sequence of instruction for that particular working place is 
finished. The product is placed on the conveyor belt, travels along and, gets identified by 
RFID once again on another working place. If the product is to be machined at that 
particular working place, the signal light flashes and the operator takes the product off the 
conveyor belt. The process continues like in previous operation with a number of 
instructions coded for that working place and that product. In case all working places are 
currently busy, the product circles on the conveyor belt until a vacancy appears. 
 
 If at some working place a product is disassembled which, according to selection strategies, 
can be re-used, then at that particular working place the element is labeled with a RFID tag, 
and the data on the element's previous usage are written in. Upon this, the element is 
transported to the place where (after the RFID tag data are read out) it is directed towards 
element warehouse for re-use, using the same conveyor belt for finished products, just as the 
assembly process, the only difference being that, instead of being directed to a machining 
process, the elements are directed appropriate containers. 
 
 The elements, for which a reconstruction strategy has been chosen, are transported on a palette to 
an appropriate container, which is then transported to the warehouse for product reconstruction. 
 
 Materials, which are to be recycled (secondary materials), are directed into containers for the 
secondary materials. 
 
The system designed in this way can provide authorized users: data consistency, product 
condition overview, prediction of product status, real-time access to product information 
from every point of life cycle, product monitoring during the whole life cycle, etc. 

 
4. Case study: Implementation of RFID technology for IML robot monitoring 

In-mould Labeling (IML) is a technology where the molded plastic items are being labeled 
before they are formed (Bloss 2008; Hyland 2001). Using different kinds of robots or 
manipulators, labels are fetched into the mould of plastic injection molding machines 
(IMM). Any manufacturer that uses IMM requires machines capable of achieving shorter 
mold cycle time, meaning that the time requires shorter post-molding processes. The key 
point is to position labels into the mould quickly and accurately between each mould cycle 
and removal of parts, after the injection process has been finished. This applies to both the 
IML technology and post-molding processes. One of the recent trends in the IML technology 
is to use the same robot to insert the labels and to extract the finished parts, which involves 
elimination of subsequent processing steps a shortening the post-molding cycle time. In this 
way, subsequent processing steps are eliminated and the post-molding cycle time is 
shortened (Stankovski et al., 2010). 
 
Following this approach, one of machines producer, Center for Automation and 
Mechatoronics (CAM), has developed IML robots (www.cam.rs), series RT-XX, which are 
fully pneumatic, and designed, for access to the molding area from above of IMM machines, 
as shown in Fig. 9.  

 

 
Fig. 9. CAM IML robot series RT-10 
 
The basic idea in the case of CAM IML robots is to have the possibility to track down how 
many mould cycles are done and save the data on the RFID tag (see Fig. 11.). These data will 
be used in a proper way in the product life cycle, as explained above and shown in Fig. 4., to 
organize the processes of assembly and disassembly. If we look at Fig. 10., it can be seen that 
there are three axes that the manufacturer wants to monitor during the exploitation time. In 
one molding cycle, the axes have different amount of cylinder cycles. Also, the axes have 
different amount of cylinder cycles for the working period (min. 5.000 km) as shown in Table 1. 
 

Ax
e 

Working 
stroke 

Amount of the cylinder 
cycle in one moulding cycle 

Amount of cylinder cycles 
in the working period 

A 1000 mm 1 > 5.000.000 
B 400 mm 1 > 12.500.000 
C 250 mm 2 > 20.000.000 

Table 1. Data for three axes for one molding cycle and the working period 
 

 
Fig. 10. Three axes that have been monitored on IML robot 
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particular working place, the signal light flashes and the operator takes the product off the 
conveyor belt. The process continues like in previous operation with a number of 
instructions coded for that working place and that product. In case all working places are 
currently busy, the product circles on the conveyor belt until a vacancy appears. 
 
 If at some working place a product is disassembled which, according to selection strategies, 
can be re-used, then at that particular working place the element is labeled with a RFID tag, 
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transported to the place where (after the RFID tag data are read out) it is directed towards 
element warehouse for re-use, using the same conveyor belt for finished products, just as the 
assembly process, the only difference being that, instead of being directed to a machining 
process, the elements are directed appropriate containers. 
 
 The elements, for which a reconstruction strategy has been chosen, are transported on a palette to 
an appropriate container, which is then transported to the warehouse for product reconstruction. 
 
 Materials, which are to be recycled (secondary materials), are directed into containers for the 
secondary materials. 
 
The system designed in this way can provide authorized users: data consistency, product 
condition overview, prediction of product status, real-time access to product information 
from every point of life cycle, product monitoring during the whole life cycle, etc. 
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Fig. 11. The RFID tag for the IML robot 
 
It is important to emphasize that almost all elements from the CAM IML robot can be reused 
after the disassembly process. Main elements and their characteristic, as well as 
recommended strategy at the end of their life cycle in the regular use are given in Table 2. 
 

Element of IML robot Working period Strategy selection 
Cylinder > 5000 km 1, 2, 3, 4 
Valve > 2 500 000 cycles 1, 5 
Sensor (without mechanical contact)  > 4 000 000 cycles 1, 5 
Tubing (Practically) Unlimited  1, 3, 5 
Programmable logical controller (PLC) (Practically) Unlimited 1, 3, 5 
Aluminium profile (Practically) Unlimited 1, 3, 5 

Table 2. Main elements of the IML robot with their characteristics and possible strategies 
 
As already said, all main elements used in the CAM IML robot are standard, and can be 
reused in any kind of process or implemented in a different product that requires these 
elements. Having this in mind, the data written on the RFID tag are as follows: 

 Robot type (RT-XX) 
 Date of issue 
 Date of first start 
 Recommended strategy for product (2, 3, 4) 
 Date of services 
 Amount of molding cycles 
 Amount of cylinder x (A, B, C) cycles, etc. 

 
All data on the RFID tag are encrypted. First four data are written only once. After 
completing the recording of these data, their memory is blocked, in order to stop any later 
change. Date of services is related to every date when the service on the robot is done, and 
this is also a memory-blocked data. Last four data have to be written after every finished 
working cycle. In order to accomplish these requests, the PLC has to be connected to an HF 
RFID reader. Operating frequency of the RFID reader is 13.5 MHz. The RFID reader is 
located in a plastic control box, fixed to robot’s back side. On the opposite side of the control 
box is the RFID tag (see Fig. 11.). The PLC and RFID reader are connected using RS232 ports. 

 

A communication protocol is defined by a manufacturer of the RFID reader. The 
communication protocol consists of commands for reading and writing data, and 
commands for changing parameters of the RFID reader. Every time, when the robot is 
turned on, the control program on PLC passes through a cycle shown in Fig. 12. 
 

 
Fig. 12. The PLC cycle on the IML robot 
 
This PLC cycle enables the RFID tag to keep reliable data. The case that an unauthorized 
person tries to change values written in the PLC registers or to replace the PLC, the program 
will stop the robot and further work can be enabled only by an authorized person. In that 
moment, the data which are written in memory space for the amount of cylinder cycles will 
be blocked. In this case the RFID tag is used as PROM (Programmable Read Only Memory) 
memory and it has following advantages: 

 the RFID tag keeps reliable data, 
 data on the RFID is not possible to change. 

 

The main reason for using RFID technology this way is not only to get insight into the key 
information about the product but also to forecast the working period of the IML robot. In 
case for this particular robot the end of life cycle can be reached in almost two years after its 
first start, when the first requirements for replacement of the some crucial parts can be 
expected (related to strategy 2). This information is very important, not only to the IML 
robot manufacturer to be prepared for the processes of robot repair or disassembly, but also 
for the robot parts suppliers to be ready to fulfill the expected repair part requirements. As 
the final objective, the user will have the IML robot ready in a short time. 
 

The amount of data, which can be written on RFID tag, is limited. This is a disadvantage of 
the RFID tag at this moment. But, if an authorized user wants to get insight into all available 
information about a particular robot (not only information written on the RFID tag), he/she 
has to access the database via web-based application software by entering unique 
identification of the robot and afterwards accessing expanded number of information like: 
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 Recommended levels of disassembly depending on the choice of the strategy for 
product. 

 What elements can be used for spare parts? 
 Services (dates and descriptions). 
 Does it contain hazardous parts and materials? 
 Does it contain already used parts or recycled materials? If so, which parts are those 

and what is the number of their working cycles remained? 
 Which part is the base part for assembly? etc. 

 
In this way the authorized user can determine two basic things. First: the consistency of data 
written in the database and the RFID tag. If there is no matching between some of the data, 
there is a possibility that someone has, on purpose, changed the data. In this case, only data 
from the RFID tag will be consider as valid, and the data from the data base have to be 
discarded. Second: by making adequate decision according to his/her role in the product 
life cycle. For example, if the user is a service worker, key information is: date of first start, 
date of the last service and what was done at that time, which part is the base part for 
assembly or what elements can be used for spare parts. According to accessed information 
the service worker can make decisions like: replace some parts (cylinders) if the working 
cycles are nearing or exceeding the prescribed working cycles - preventive maintenance, etc. 

 
5. Conclusions 

The use of RFID technology with the aim of monitoring product during their life cycle has 
proven to be very useful, especially in case when there is a need for products to be 
disassembled, since it enables quickly gathering necessary information about the structure 
and the composition of the materials in the product as well as possible strategies that can be 
used for parts of product that has come to end of life cycle.  
 
Besides this, it must be emphasize the fact that the implementation of RFID technology has 
its limitations. First of all they can be seen in the problem of tag memory capacity. There is a 
limited number of data that can be written on the RFID tag. In case of complex products 
where they pass through many different phases of life cycle, there is a need for a large 
amount of information that can not be written only on the RFID tag but has to be written in 
the database. Another problem is the standardization of RFID tags, since there is a difference 
between the conditions in particular phases of the product life cycle. Also, the problem of 
standardization is related to different national regulations, since not every phase of the 
product life cycle has to be accomplished in one country. 
 
In this chapter a model of RFID technology application in assembly/disassembly systems 
and other phases during the whole product life cycle is presented as well as writing and 
updating information about product. This method includes not only information about 
momentary state of the products, but also theirs basic elements, like cylinders in discussed 
case of IML robot. Writing information on the RFID tag and in database is done only by an 
authorized user. The proposed method enables redundancy for data storage and contributes 
the information reliability. The RFID tag keeps reliable data which are not possible to 
change and this is very helpful for the maintenance and disassembly process.   

 

Future work should be directed to designing methods for identification of critical product 
elements, since their life cycle directly influence the product life cycle. Also, it would be of 
great importance to optimise the amount of data to be written on the RFID tag because of 
the limited RFID tag memory capacity. 
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standardization is related to different national regulations, since not every phase of the 
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In this chapter a model of RFID technology application in assembly/disassembly systems 
and other phases during the whole product life cycle is presented as well as writing and 
updating information about product. This method includes not only information about 
momentary state of the products, but also theirs basic elements, like cylinders in discussed 
case of IML robot. Writing information on the RFID tag and in database is done only by an 
authorized user. The proposed method enables redundancy for data storage and contributes 
the information reliability. The RFID tag keeps reliable data which are not possible to 
change and this is very helpful for the maintenance and disassembly process.   

 

Future work should be directed to designing methods for identification of critical product 
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1. Introduction    

The management of maintenance activities extremely affects the useful life of the 
equipments, product quality, direct costs of maintenance and consequently production 
costs. Thus, a reliable maintenance system is critical to maintain an acceptable level of profit 
and competition. Studies over 20 years have indicated that around Europe the direct cost of 
maintenance is four to eight percent of total sales turnover (Muller 2007). The indirect cost of 
maintenance is likely to be a similar amount. Thus, the potential savings from modern 
maintenance would be massive. Neural Management Maintenance System (NMMS) is a 
new technique yet to be further developed to reduce the involvement of analysts/engineers 
in data processing and thus adding quality in decision-making process. NMMS is based on 
Artificial Neural Networks (ANNs). The attractiveness of ANNs comes from their 
remarkable information processing characteristics mainly to nonlinearity, high parallelism, 
fault and noise tolerance, and learning and generalization capabilities. They have the ability 
to extract patterns and detect trends that are too complex to be noticed by either humans or 
other computer techniques. A trained neural network can be thought of as an "expert" in the 
category of information it has been assigned to analyze. The NMMS would permanently 
monitor the system and suggest the most appropriate actions and strategies. This chapter 
explains a NMMS that integrates Corrective Maintenance (CM), adaptive Preventive 
Maintenance (PM) and Condition Based Maintenance (CBM) with suitable maintenance 
strategy addressed for each component/subsystem. The NMMS monitors the system and 
suggests the most appropriate maintenance actions. The main characteristics of the system 
includes; integration of expert opinion in a knowledge base, storing maintenance history 
and tracking components, alarming predetermined maintenance activities, alerting for spare 
parts and materials, updating schedules, considering limitation of resources, and measuring 
the effectiveness of the maintenance system. The easiness and intelligence of the proposed 
NMMS depends on keeping the maintenance data in MS-EXCEL spreadsheets and linking it 
to MATLAB® which in turn updates the models and makes the decisions. 
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2. Background 

2.1 Maintenance Integration 
Integration of maintenance into manufacturing organization is partitioned into "hard 
integration" and "soft integration" variables. The "hard" issues deal with integration 
supported by technology and computers. "Soft" integration, on the other hand, deals with 
human and work organizational integration issues. The two integration variables are closely 
related to the prevention variable, and are considered important enablers for effective 
realization of preventive policies (Jonsson, 2000). Integration must facilitate the bi-
directional flow of data and information into the decision-making and planning process at 
all levels. This reaches from business systems right down to sensor level.  
Hard maintenance integration issues deal with CMMS (Computerised Maintenance 
Management System) of the maintenance, repair and operating supplies store and 
scheduling of maintenance work, condition monitoring technologies, built-in test 
equipment, databases with reliability data on electronic and mechanical components, and 
decision support. On the other hand, soft integration issues of maintenance deal with the 
structure and the actors in the organization. New technology allows plants to have fewer 
humans directly participating in the physical manufacturing processes. 
 
To integrate maintenance policies and study their impact on complex production systems, a 
powerful modelling tool is essential. One (or more) maintenance policies may be associated 
with each machine. Thus, an elementary cell is defined as a set made up of a machine, 
including associated maintenance policies, as well as its input/output stocks (Abazi and 
Sassine, 2001). 
 
Maintenance Integration is necessary to increase availability and reliability of 
manufacturing systems to reduce unnecessary investment in maintenance without great 
increasing of investment. The integration is achieved through combining optimal 
maintenance types to have the benefits and to avoid the shortage of individual maintenance 
types. Thus, the proper maintenance program must define different maintenance plans for 
different machines. 
 
The literature survey of the previous works indicates that a major interest of researchers has 
been the maintenance optimization not causing a measurable response from the engineering 
world due to two reasons: 
1) Applicability: The works were mostly very theoretical, used difficult mathematics 

impractical to apply and required data were not then generally available. 
2) Accessibility: The papers were published in journals of applied mathematics and 

operations research (OR), which most maintenance engineers do not read and few 
would understand if they did. 

 
Thus, maintenance methods applied at present should be combined together within a 
comprehensive management maintenance system, which would permanently monitor the 
system and suggest the most appropriate actions. Thus, the scheme proposed herein serves 
this purpose, i. e. it combines maintenance integration and neural management maintenance 
system. 

 

2.2 Artificial Neural Networks (ANNs) 
ANNs are applicable to multivariable systems; they naturally process many inputs and 
produce many outputs. They are used as a black-box approach (no prior knowledge about a 
system) and implemented on compact processors for space and power constrained 
applications (Magali et al, 2003). ANNs; have ability to extract patterns and detect trends 
that are too complex to be noticed by either humans or other computer techniques. A 
trained neural network can be thought of as an "expert" that can then be used to provide 
projections given new situations of interest and answer "what if" questions. ANNs learn by 
example and cannot be programmed to perform a specific task. The examples must be 
selected carefully otherwise the network might be functioning incorrectly. The disadvantage 
is that because the network finds out how to solve the problem by itself, its operation can be 
unpredictable. 
The initial weights of an ANN play a significant role in the convergence of the training 
method. Without a priori information about the final weights, it is a common practice to 
initialize all weights randomly with small absolute values. In linear vector quantization and 
derived techniques it is usually required to renormalize the weights at every training epoch. 
A critical parameter is the speed of convergence, which is determined by the learning 
coefficient. In general, it is desirable to have fast learning, but not so fast as to cause 
instability of learning iterations. Starting with a large learning coefficient and reducing it as 
the learning process precedes results in both fast learning and stable iterations. 

 
2.3 Types and applications of ANNs 
There are different types of ANNs according to how data is processed through the network. 
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Fig. 1. System operating states 
 

 
Fig. 2. Steps of maintenance decision 
 

 
Fig. 3. Data flow from the input phase to the output phase 

 
3. Design of the NMMS 

3.1 Conceptual design of the NMMS 
NMMS should model the manufacturing system in all its details, process the data and take 
the maintenance decisions. The system is designed to integrate maintenance in the 
manufacturing system and contribute to achieve high performance. It eases the bi-
directional flow of data and information into the decision-making and planning process at 
all levels. Figure 4 shows the system of the maintenance optimization process in NMMS and 
Figure 5 explain the learning mechanism of the ANN-based system. 
 

 
Fig. 4. The maintenance optimization process 
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Fig. 5. The learning mechanism of the ANN-based system 
 
An intelligent NMMS has to: 
a. Integrate expert opinion into a knowledge base. 
b. Store maintenance history and track components. 
c. Alarm predetermined maintenance activities. 
d. Alert for spare parts and materials, update schedules with occurrence of events, and 

consider limitation of resources.  
e. Measure the effectiveness of maintenance system. 

A NMMS can be characterized by the following:  

a. It integrates CM, PM and CBM (Condition Based Maintenance) with suitable 
maintenance strategy addressed for each system.  

b. CM is to be carried out directly when failure occurs without waiting.  
c. PM timing will be automatically determined for subsystems and/or systems when 

condition monitoring is not particularly appropriate. 
 
3.2 Flowchart of NMMS 
A NMMS is designed to run online and the plan update is triggered by signals of failures or 
other events. However, update can be triggered by manual data input. The system runs in a 
cyclic manner and the frequency is adapted according to the production rate and limitations 
of the computer system capacity. Each cycle is executed in five phases; Initial-input phase, 
Running-input phase, Evaluation phase, Outputs and decisions phase, and Feedback-input 
phase. The NMMS flowchart is detailed in Figure 6. 
 
3.3 Structural design of NMMS 
The system design simulates the brain action and consists of sorted layers of networks. A 
NMMS is a modular one, which consists of sorted layers of modules. Basically, each module 
in the scheme will be represented by a neural network. The networks have interconnections 
as well as external inputs for interfacing with maintenance administrator. The purpose is to 
manipulate the maintenance strategy according to the goals of the manufacturing 
corporation. Figure 7 shows the overall structure of a NNMS system. 
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Fig. 7. The NMMS framework 
 
The main monitoring and maintenance module is on the top level of the architecture (the 
brain). The inputs of this module come from the sublevels and the administrator. Each 
component/subsystem is represented as a module. Maintenance status outputs shown on 
the right side of Figure 7 are for control purposes and the outputs shown at the top of the 
figure are to monitor the entire health and cumulated maintenance cost of the 
manufacturing system. The system can operate automatically but it enables the 
administrator with some interpose. 
 
The most significant modules in this design are the subsystems modules (basic monitoring 
units) in the ground level. Each subsystem has its own monitoring unit, each system 
(equipment or machine) is assembled in the next level and each group of machines or 
systems is clustered in the level preceding the main monitoring and maintenance unit. The 
number of modules in each level depends on the size of each system, machine or group (e.g. 
production line). 
 
Since each machine consists of several functional parts, it is necessary to perform an analysis 
for each functional part and then, based on the results, select the most favourable schedule 
of maintenance activities. The design of each subsystem module differs according to the 
assigned schedule for this subsystem. It can be CBM-system module, PM-system module or 
CM-system module. 
 
The desired modules are assigned on the basis of maintenance expert’s view according to 
the applications and herein some rules can be employed:  
a. Utilizing the whole history of available information for decision making. 
b. Maintenance strategies are based on the failure rate characteristics, i.e. constant or 

variable, failure impact and failure rate trend. 
c. Equipment does not have to be checked repeatedly if it has not been used. 
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Engineering the Future302

 

 

 
Fig. 6. Flowchart of the NMMS 
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brain). The inputs of this module come from the sublevels and the administrator. Each 
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the right side of Figure 7 are for control purposes and the outputs shown at the top of the 
figure are to monitor the entire health and cumulated maintenance cost of the 
manufacturing system. The system can operate automatically but it enables the 
administrator with some interpose. 
 
The most significant modules in this design are the subsystems modules (basic monitoring 
units) in the ground level. Each subsystem has its own monitoring unit, each system 
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Since each machine consists of several functional parts, it is necessary to perform an analysis 
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d. There are certain pieces of equipment that require visual inspection when they have not 
been run. 

e. When the machine is down, the opportunity is used to repair or replace other items, 
which are found to be faulty or in need of maintenance within a short period of time. 

f. A maintenance action is considered if the deterioration level of the system/components 
fall in specified trigger zones. 

g. It is suitable to apply Run-to-failure for small, non-critical, low price component. 

Figure 8 shows the details of a typical subsystem module. The module outputs to its linked 
system (machine) module at the higher level. 
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It was affirmed by Zeng (1997) that the manufacturing systems are moving towards high 
automation, flexibility and integration. Intelligent sensors/actuators, intelligent distributed 
I/O modules, and field buses will provide a significant opportunity for maintenance 
systems to minimize system downtime and to further increase efficiency. That will create a 
new generation computer integrated maintenance system which combines computer aided 
fault detection, fault diagnosis, condition monitoring systems, and focus on necessary 
highly efficient corrections. Unfortunately, with the present technology, not all failures are 
detectable. Detectable failures develop rapidly or instantly and can be detected after the 
failure has occurred. The monitoring system cannot identify non-detectable failures. 
 
The best case for the CBM is the predictable failures, which result from gradual degradation 
of the subsystem showing measurable changes with time. CBM individual module is 
employed when it is applicable and cost effective for monitoring a subsystem. With the pace 
of today’s technology, many sophisticated products have sensor-enabled monitoring units 

 

embedded in the products. The monitoring units provide real-time condition information 
for the system. Thus, CBM is widely implemented in practice (Gupta and Lawsirirat, 2003). 
To catch this goal, the integrated system designed herein allocates a particular monitoring 
unit associated with each subsystem. Firstly, all subsystems must be evaluated to determine 
whether regular monitoring is cost-effective or not. Figure 8 shows a typical CBM module 
enclosing five built-in units. Each unit has its external inputs from the monitored system 
and there are interconnections among the five units. The module outputs to its linked 
system (machine) module at the higher level. 

 
4. Application Circumstance  

In practical application of the proposed NMMS, maintenance data were obtained from an 
Egyptian factory of florescent lamps. The proprietor is a leading company in the field of 
white goods in Egypt. There are three production lines in the factory; each of them consists 
of 16 machines forming 6 groups. It works 6 days weekly, 24 hours daily on three shift basis. 
The production stops on Fridays and public holidays however, it works overtime on Fridays 
and public holidays when more production is demanded. The company’s target for 2009 
compared to the realized values is listed in Table 1 and Table 2 explains the formulas. 
 

Table 1. Maintenance targets set by factory management for 2009 
 

Table 2. Maintenance targets and their formulas 

 

Criterion Target
s  

Realized 

Total downtime as a percentage from working time 3.5% 5.96% 

Total downtime ratio related to maintenance issues 2.25% 2.86% 

Total downtime ratio related to production issues 1.0% 2.86% 

Total downtime ratio related to supplies and other issues 0.25% 0.24% 
Spareparts cost per lamp/cost of lamp production 2.3% 2.02% 

Criterion Rule 
Overall Unavailability ( Total downtime as a 

percentage from working time) 
Total downtime/working time 

U = MTTR/(MTTR+MTTF)  
Unavailability due to breakdown ( Total 

downtime ratio related to maintenance issues )  
Repair downtime/working time  

U = MTTR/(MTTR+MTTF)  
Unavailability due to low production quality 

(Total downtime ratio related to production issues)  
Restore downtime/working time  

U = MTTR/(MTTR+MTTF)  
Unavailability due to shortage of  supplies and 
other issues ( Total downtime ratio related to 

supplies and other issues) 

Restore downtime/working time  
U = MTTR/(MTTR+MTTF)  

Spare parts Cost ratio ( Spareparts cost per 
lamp/cost of lamp production) 

Cost of spare parts per lamp/total 
cost of lamp production  
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4.1 Changes in maintenance plan and staff in the factory 
The maintenance plan had been yielded several changes in the last years mainly because of 
labour shortage. The short term PM was carried out daily for each production line from 2004 
to 2006, then twice weekly in 2008 and now it is performed only once weekly. It was found 
that this change in the PM plan reduced the maintenance cost. The staff distribution and 
maintenance effort per single production line in the last two years in are shown in Table 3 
and Table 4 respectively.  Table 3 demonstrates, for the three lines, the monthly average 
number of short term PMs executed in the last two years. 

Maintenance 
level 

Maintenance effort (Man-hour) 
Year 2008  Year 2009  

Yearly  280  256  
  6 month  179  164  
4 month 179  0  

1.5 month 0  164  
Monthly 179  0  
2weeks  179  164  
Weekly 0  42  
3 Days  31  0  

Table 3. Changes in maintenance effort in two years 
 

Months 
Average No. of monthly short term PMs per 

single production line 
Year 2008  Year 2009  

January   7.3 6.3 
February  8.0 6.3 

March 8.0 6.7 
April 7.0 5.0 
May 7.3 4.3 
June 7.7 4.3 
July 7.7 4.0 

August 7.7 4.3 
September 9.3 3.7 

October 6.7 4.3 
November 6.0 3.7 
December 5.7 4.0 

Table 4. Average number of monthly short term PMs per single production line in two years 

 
 

 

4.2 Factors affecting production system failure rate 
Apparently there are three dependant variables greatly affecting the production system 
performance. The first one is the weather and the second one is the amount of regular PM 
performed on the system. The third one is the age of line which represents the effect of 
production line deterioration along its age and in the same time it simulates the effect of the 
accumulated experience of the staff.  

 
4.2.1 Effect of weather  
For the purpose of studying the weather effect, the average quarterly downtime ratios 
(Unavailability) were calculated for three successive years and the result is shown in Figure 
9 from which it is clear that the downtime ratio is high in winter and summer (13% over the 
average in winter) and low in spring and fall. After reviewing the factory staff it was 
affirmed that the processing is highly sensitive to the weather as natural gas welding is used 
in sealing and assembling of the lamps. 
 

 
Fig. 9. Average downtimes ratios in three year quarters 

 
4.2.2 Effect of the maintenance effort 
The second factor affecting the failure rate of the production lines is the PM plan and staff 
whose changes was presented in section 4.1. A full analysis was performed on the failure 
data of the three lines to find the effect of the maintenance effort on the availability and cost.  
 
For studying the effect of the frequency of short term PM on the availability and spareparts 
cost, averages of monthly availabilities were calculated from data of three lines in two years 
2008 and 2009. The change of PM plan caused average time saving in PM duration by 
22.61%. Trendline were created to find the correlation between the numbers of short term 
monthly performed PMs and the resulted availability, failures downtime and spareparts 
cost ratio. Linear trendlines were drawn in Figure 10 with its mathematical equation. It is 
clear from the charts that decreasing the frequency of short term PMs had positive effect on 
the availability (increased by 0.5 %) and the cost of consumed spareparts (decreased by 
10.71%) but it had negative effect on the total downtime caused by failures (failures 
downtime increased by 10.1 %). However the availability increased because the downtime 
caused by more failures is less than the time saved from the regular PM durations.  
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The maintenance plan had been yielded several changes in the last years mainly because of 
labour shortage. The short term PM was carried out daily for each production line from 2004 
to 2006, then twice weekly in 2008 and now it is performed only once weekly. It was found 
that this change in the PM plan reduced the maintenance cost. The staff distribution and 
maintenance effort per single production line in the last two years in are shown in Table 3 
and Table 4 respectively.  Table 3 demonstrates, for the three lines, the monthly average 
number of short term PMs executed in the last two years. 

Maintenance 
level 

Maintenance effort (Man-hour) 
Year 2008  Year 2009  

Yearly  280  256  
  6 month  179  164  
4 month 179  0  

1.5 month 0  164  
Monthly 179  0  
2weeks  179  164  
Weekly 0  42  
3 Days  31  0  

Table 3. Changes in maintenance effort in two years 
 

Months 
Average No. of monthly short term PMs per 

single production line 
Year 2008  Year 2009  
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August 7.7 4.3 
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October 6.7 4.3 
November 6.0 3.7 
December 5.7 4.0 

Table 4. Average number of monthly short term PMs per single production line in two years 

 
 

 

4.2 Factors affecting production system failure rate 
Apparently there are three dependant variables greatly affecting the production system 
performance. The first one is the weather and the second one is the amount of regular PM 
performed on the system. The third one is the age of line which represents the effect of 
production line deterioration along its age and in the same time it simulates the effect of the 
accumulated experience of the staff.  

 
4.2.1 Effect of weather  
For the purpose of studying the weather effect, the average quarterly downtime ratios 
(Unavailability) were calculated for three successive years and the result is shown in Figure 
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average in winter) and low in spring and fall. After reviewing the factory staff it was 
affirmed that the processing is highly sensitive to the weather as natural gas welding is used 
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Fig. 9. Average downtimes ratios in three year quarters 

 
4.2.2 Effect of the maintenance effort 
The second factor affecting the failure rate of the production lines is the PM plan and staff 
whose changes was presented in section 4.1. A full analysis was performed on the failure 
data of the three lines to find the effect of the maintenance effort on the availability and cost.  
 
For studying the effect of the frequency of short term PM on the availability and spareparts 
cost, averages of monthly availabilities were calculated from data of three lines in two years 
2008 and 2009. The change of PM plan caused average time saving in PM duration by 
22.61%. Trendline were created to find the correlation between the numbers of short term 
monthly performed PMs and the resulted availability, failures downtime and spareparts 
cost ratio. Linear trendlines were drawn in Figure 10 with its mathematical equation. It is 
clear from the charts that decreasing the frequency of short term PMs had positive effect on 
the availability (increased by 0.5 %) and the cost of consumed spareparts (decreased by 
10.71%) but it had negative effect on the total downtime caused by failures (failures 
downtime increased by 10.1 %). However the availability increased because the downtime 
caused by more failures is less than the time saved from the regular PM durations.  
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(a) Effect of No. of short term PMs per line on the availability 

 
(b) Effect of No. of short term PMs per line on the cost ratio 

 
(c) Effect of No. of short term PMs per line on the downtime 

Fig. 10. Effect of No. of short term PMs on the performance 

 

 

4.3 Modelling of the production lines 
The first step of the model building is to determine the model inputs and outputs. The 
independent variables affecting the system’s performance are used as model inputs to study 
the system’s behaviour under different conditions.  However, an inverse model can be used 
e.g. the number of PMs per month is an independent input but it can be used as an output 
for the purpose of optimization. 
 
The proposed inputs of the production line neural model are the line age and the 
maintenance effort as illustrated in Figure 11. Line age is expressed in two individual inputs; 
the number of years and the month. The number of years simulates the effect of line 
deterioration along its age and it simulates the effect of the accumulated experience of the 
maintenance staff as well. A number between 1 and 12 for the month represents the weather 
effect. Five output variables are assigned to the neural model; Availability, Unavailability 
due to breakdowns, MTBF, MTTR and Cost of spareparts as a percent from the production 
cost.  

 
Fig. 11. The neural model of a production line 

 
4.4 Training of the production line-neural model  
Vectors of real inputs and their associated real outputs are used to train the ANNs. The 
purpose of the training process is to fix the coefficients or internal weights of ANNs. A 
trained ANN model is capable of expecting the line behavior under different PM policies. 
Furthermore, it can be used to expect the next adaptive PM timing. In practical applications, 
the NMMS updates the Neuro-models of the lines using the most recent computed data 
through MATLAB-EXCEL link. The average/total monthly values of the five model outputs 
were computed from failures data of lines from Jan 2008 to Dec 2009. The purpose of this 
accumulation of data is to build line models using refined data of relatively complete 
periods. The extracted data were used as training data for the neural models of each of the 
three production lines. Table 5 shows the training data for the first line. 
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trained ANN model is capable of expecting the line behavior under different PM policies. 
Furthermore, it can be used to expect the next adaptive PM timing. In practical applications, 
the NMMS updates the Neuro-models of the lines using the most recent computed data 
through MATLAB-EXCEL link. The average/total monthly values of the five model outputs 
were computed from failures data of lines from Jan 2008 to Dec 2009. The purpose of this 
accumulation of data is to build line models using refined data of relatively complete 
periods. The extracted data were used as training data for the neural models of each of the 
three production lines. Table 5 shows the training data for the first line. 
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Vectors of real inputs and their associated real outputs are used to train the ANNs. The 
purpose of the training process is to fix the coefficients or internal weights of ANNs. A 
trained ANN model is capable of expecting the line behavior under different PM policies. 
Furthermore, it can be used to expect the next adaptive PM timing. In practical applications, 
the NMMS updates the Neuro-models of the lines using the most recent computed data 
through MATLAB-EXCEL link. The average/total monthly values of the five model outputs 
were computed from failures data of lines from Jan 2008 to Dec 2009. The purpose of this 
accumulation of data is to build line models using refined data of relatively complete 
periods. The extracted data were used as training data for the neural models of each of the 
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4.4 Training of the production line-neural model  
Vectors of real inputs and their associated real outputs are used to train the ANNs. The 
purpose of the training process is to fix the coefficients or internal weights of ANNs. A 
trained ANN model is capable of expecting the line behavior under different PM policies. 
Furthermore, it can be used to expect the next adaptive PM timing. In practical applications, 
the NMMS updates the Neuro-models of the lines using the most recent computed data 
through MATLAB-EXCEL link. The average/total monthly values of the five model outputs 
were computed from failures data of lines from Jan 2008 to Dec 2009. The purpose of this 
accumulation of data is to build line models using refined data of relatively complete 
periods. The extracted data were used as training data for the neural models of each of the 
three production lines. Table 5 shows the training data for the first line. 
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Month 1 2 3 4 5 6 7 8 9 10 11 12 

Yearly 280 280 280 280 280 280 280 280 280 280 280 280 

6 month 179 179 179 179 179 179 179 179 179 179 179 179 

1.5 month 0 0 0 0 0 0 0 0 179 179 179 179 

0.5 month 179 179 179 179 179 179 179 179 179 179 179 179 

Weekly (per month) 0 0 0 0 0 0 0 0 0 0 0 0 

0.5 week (per month) 191 182 219 235 226 266 197 141 205 167 141 153 
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rs
 Availability* 91 94 95 92 96 95 93 97 94 97 94 95 

Breakdown maintenance 
downtime ratio % 6.5 3.7 2.1 4.9 2 2.7 4.9 1.3 4.2 1.3 4.2 3.2 

MTBF (day) 1.6 1.4 1 1.4 0.8 0.9 1.8 0.7 1.9 0.8 2.2 1.1 

MTTR (min) 94 54 30 71 29 39 70 19 61 18 60 47 

Cost of spareparts/ Total 
production cost % 1.8 2 2.7 2.7 1.8 1.1 2.3 2.5 1.6 1.8 1.2 1.5 
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Year 6 6 6 6 6 6 6 6 6 6 6 6 

Month 1 2 3 4 5 6 7 8 9 10 11 12 

Yearly 256 256 256 256 256 256 256 256 256 256 256 256 

6 month 164 164 164 164 164 164 164 164 164 164 164 164 

1.5 month 164 164 164 164 164 164 164 164 164 164 164 164 

0.5 month 164 164 164 164 164 164 164 164 164 164 164 164 

Weekly (per month) 0 0 0 0 0 0 0 157 142 124 128 126 

0.5 week (per month) 141 209 141 159 153 211 133 0 0 0 0 0 

O
ut

pu
t V

ec
to

rs
 Availability* 90.3 94.9 95.8 96.1 92.9 93.7 94.2 94.6 96.4 95.2 94.4 94.3 

Breakdown maintenance 
downtime ratio % 8.07 2.7 2.74 2.11 5.37 4.06 4.42 3.63 1.94 3.28 3.86 3.71 

MTBF (day) 2.79 1.35 1.48 0.96 1.95 1.73 1.92 1.61 0.92 1.58 1.78 2.24 
MTTR (min) 116 38.9 39.5 30.4 77.3 58.5 63.6 52.2 27.9 47.3 55.5 53.4 

Cost of spareparts/ Total 
production cost % 2.41 2.85 3.17 1.22 2.64 0.89 3.72 1.15 1.93 3.48 2.29 2.45 

Table 5. Training data for line 1 

 

Neural fitting tool of Neural Network toolbox of MATLAB® was used successfully to train 
the ANN model of the production lines. For each production line, 22 training vector pairs 
are used besides one vector pair for validation and one vector pair for testing. Each input 
vector is of size of 8x1 and each output vector is of size 5x1. The default value of number of 
hidden neurons by the toolbox is 20 neurons but, that best number for this case was found 
by trial to be 25 hidden neurons. The mean square error (MSE) between the actual and the 
target outputs is used as an accuracy measure of the trained ANN. For line 1 e.g., the MSE 
reached 2.7x10-21 for the first line and the training process terminated after 111 epochs. 
Figures 12 and 13 show the results of the training process. 
 

 
Fig. 12. Training error convergence of ANN model for line 1 

 
4.5 The Whole Production System Model 
In the same analogy of modelling the individual lines, an ANN was trained to model the 
whole production system. Data used for training are based on the averages and summation 
of the variables of the three individual lines. 

 
4.6 Performance evaluation of the production system  
Six performance indicators are used to evaluate the health of the production lines, the 
maintenance policy and the maintenance staff efficiency. Table 6 summarizes the computed 
performance indicators for the three lines in the two years period.  
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 Availability* 90.3 94.9 95.8 96.1 92.9 93.7 94.2 94.6 96.4 95.2 94.4 94.3 

Breakdown maintenance 
downtime ratio % 8.07 2.7 2.74 2.11 5.37 4.06 4.42 3.63 1.94 3.28 3.86 3.71 

MTBF (day) 2.79 1.35 1.48 0.96 1.95 1.73 1.92 1.61 0.92 1.58 1.78 2.24 
MTTR (min) 116 38.9 39.5 30.4 77.3 58.5 63.6 52.2 27.9 47.3 55.5 53.4 

Cost of spareparts/ Total 
production cost % 2.41 2.85 3.17 1.22 2.64 0.89 3.72 1.15 1.93 3.48 2.29 2.45 

Table 5. Training data for line 1 

 

Neural fitting tool of Neural Network toolbox of MATLAB® was used successfully to train 
the ANN model of the production lines. For each production line, 22 training vector pairs 
are used besides one vector pair for validation and one vector pair for testing. Each input 
vector is of size of 8x1 and each output vector is of size 5x1. The default value of number of 
hidden neurons by the toolbox is 20 neurons but, that best number for this case was found 
by trial to be 25 hidden neurons. The mean square error (MSE) between the actual and the 
target outputs is used as an accuracy measure of the trained ANN. For line 1 e.g., the MSE 
reached 2.7x10-21 for the first line and the training process terminated after 111 epochs. 
Figures 12 and 13 show the results of the training process. 
 

 
Fig. 12. Training error convergence of ANN model for line 1 

 
4.5 The Whole Production System Model 
In the same analogy of modelling the individual lines, an ANN was trained to model the 
whole production system. Data used for training are based on the averages and summation 
of the variables of the three individual lines. 

 
4.6 Performance evaluation of the production system  
Six performance indicators are used to evaluate the health of the production lines, the 
maintenance policy and the maintenance staff efficiency. Table 6 summarizes the computed 
performance indicators for the three lines in the two years period.  
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Fig. 13. Regression plot of ANN model training for line 1 

 
Line 2 outperforms the other two lines generally regarding the availability and cost of 
spareparts. Analysis of the concluded data revealed different behaviour of each production 
line. The performance of the three lines was compared in terms of some criteria. The data 
used for this comparison are those of Table 6. The availability and MTBF indicator shows a 
general increasing trend for the three lines and total downtime shows a general decreasing 
trend; this is a good indicator of the policy and staff efficiency. Regarding the cost data, the 
effect of the international financial crises in 2008 must be taken into consideration when 
evaluating the cost trend along the time. Table 7 summarizes the computed global 
performance variables. Figure 14 show the trend of the whole system performance. 
Generally it reveals a good performance in terms of cost and MTTR but other criteria yields 
oscillating performance. The results of the application of the indicators on the three lines are 
illustrated in Figure 15. 

 

Time Period Spareparts 
cost %  

MTTR 
(min) 

MTBF 
(hr) 

Total 
Downtime 

(hr) 

MTTM 
(hour) Availability 

Li
ne

1 

First half year-2008 2.0 53 28 35 2 93.8 
Second half year-2008 1.8 46 33.9 32.1 2.0 95.2 

First half year-2009 2.2 60 41.1 35.6 2.4 93.9 
Second half year-2009 2.5 50 40.2 29.3 2.3 94.8 

Li
ne

2 

First half year-2008 3.5 37 17 27 2 95.3 
Second half year-2008 1.6 39 25.9 30.9 2.1 95.0 

First half year-2009 1.6 53 37.1 32.2 2.0 94.3 
Second half year-2009 1.7 41 30.0 25.4 2.2 95.7 

Li
ne

3 

First half year-2008 1.9 45 30 31 1.8 94.4 
Second half year-2008 2.1 40 30.9 30.7 2.1 94.9 

First half year-2009 1.5 45 28.4 29.7 2.6 95.0 
Second half year-2009 2.1 42 33.4 27.9 2.5 95.6 

Table 6. Summary of the computed lines performance variables 
 

Time Period 
Average 

spareparts 
cost ratio  

Average 
MTTR 
(min) 

Average 
MTBF 

(hr) 

Total 
Downtime 

(hour) 

Average 
MTTM 
(hour) 

Average 
Availabilit

y 
First half year-2008 2.5 45 25 31 4 94.5 

Second half year-2008 1.8 42 30.2 31.2 3.9 95.0 
First half year-2009 1.8 53 35.5 32.5 3.8 94.4 

Second half year-2009 2.1 44 34.5 27.5 3.1 95.4 

Table 7. The computed whole system performance variables 
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Fig. 15. A comparison of the three lines performance in 2 years 

 

5. Conclusions 

This chapter proposes a framework to design an NMMS. The structure of the system is 
designed to simulate the brain action.  A comprehensive design of an NMMS is achieved: 
1. For application purposes, data were obtained from a fluorescent lamps factory in Egypt 

to simulate of the proposed NMMS. The data yielded itself to analysis and simulation. 
2. Failure data analysis showed that lowering of the frequency of short term PMs had a 

positive effect on the availability (increased by 0.5 %) and the cost of consumed 
spareparts (decreased by 10.7%). But the total downtime caused by failures increased by 
10.1 %.  

3. The availability increased because the downtime caused by more failures is less than the 
time saved from the regular PM durations. 

4. The maintenance staff experience helped in decreasing the MTTR. Thus compensated the 
resulted increased downtime when PM assigned time decreased. 

5. It was found that few numbers of repeated faults cause the major downtime; this should 
attract the management attention to find the roots of these faults and find the suitable 
solutions. The solutions might be a modification of the machine design and/or the 
maintenance policy of these subsystems. The factory management already modified 
some designs and the maintenance policy of some subsystems. 

6. An individual ANN was assigned to each production line model as they showed 
different behaviors. 

7. The extracted data were used as training data for the neural models of each of the three 
production lines. The ANN could realize the production system maintenance model and 
it is capable of expecting the line behavior under different PM policies.  

8. The MSE of ANN training reached 2.7x10-21 for the first line. 
9. The availability and MTBF indicator showed general increasing trend for the three lines 

and total downtime showed general decreasing trend, i.e. a good indicator of the policy 
and staff efficiency.  
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1. Introduction     

Disassembly is the process of removing the connectivity of parts in a product and it is 
prerequisites for efficient maintenance and recycling. Disassembly is environmentally 
conscious approach that allows the removal of malfunctioning components for replacement, 
thereby extending the life-span of products; it facilitates the recovery of useful components 
for reutilisation and separation of decontaminated materials for reprocessing. Disassembly 
therefore not only accommodates maintenance and repairs, but also helps to maintain the 
purity of materials for reprocessing and facilitates the safe isolation of hazardous substances 
as well. Optimisation of disassembly is necessary, in order to make the disassembly process 
efficient and economically a viable option. The Optimisation of disassembly can be only 
achieved in two main areas; 1- the integration of ease of disassembly into product design 
and development phase and 2- obtaining an efficient disassembly process plane and finding 
an optimum disassembly sequence, in order to disassemble a given product efficiently.  
 
In this work due to space constraint, the first part of the disassembly optimisation will be 
addressed and the focus here will be only on the integration of ease of disassembly into 
product design and development processes. The integration into product design phase is 
essential, because product attributes are mainly fixed at the design stage and most of the 
disassembly problem should be tackled at the design phase. It is in the design stage that 
designers decide about the structure of a product, the components constructions, materials 
to be used, accessibility, joining techniques and fastening methods. The integration of design 
for ease of disassembly into design processes, therefore can lead to the correct identification 
of design specifications for disassembly and guarantees efficient and cost-effective 
disassembly operations. In this work, design for ease of disassembly criteria have been 
established and comprehensive design guidelines for ease of disassembly have been 
developed, so that designers can use to assess and evaluate the impact of their design 
decision and make the necessary changes to ease the problems associated with disassembly. 
The design criteria and the guidelines have been validated through a case study and the 
obtained results clearly demonstrate the application and effectiveness of the purposed 
methodology. 
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1. Introduction     

Disassembly is the process of removing the connectivity of parts in a product and it is 
prerequisites for efficient maintenance and recycling. Disassembly is environmentally 
conscious approach that allows the removal of malfunctioning components for replacement, 
thereby extending the life-span of products; it facilitates the recovery of useful components 
for reutilisation and separation of decontaminated materials for reprocessing. Disassembly 
therefore not only accommodates maintenance and repairs, but also helps to maintain the 
purity of materials for reprocessing and facilitates the safe isolation of hazardous substances 
as well. Optimisation of disassembly is necessary, in order to make the disassembly process 
efficient and economically a viable option. The Optimisation of disassembly can be only 
achieved in two main areas; 1- the integration of ease of disassembly into product design 
and development phase and 2- obtaining an efficient disassembly process plane and finding 
an optimum disassembly sequence, in order to disassemble a given product efficiently.  
 
In this work due to space constraint, the first part of the disassembly optimisation will be 
addressed and the focus here will be only on the integration of ease of disassembly into 
product design and development processes. The integration into product design phase is 
essential, because product attributes are mainly fixed at the design stage and most of the 
disassembly problem should be tackled at the design phase. It is in the design stage that 
designers decide about the structure of a product, the components constructions, materials 
to be used, accessibility, joining techniques and fastening methods. The integration of design 
for ease of disassembly into design processes, therefore can lead to the correct identification 
of design specifications for disassembly and guarantees efficient and cost-effective 
disassembly operations. In this work, design for ease of disassembly criteria have been 
established and comprehensive design guidelines for ease of disassembly have been 
developed, so that designers can use to assess and evaluate the impact of their design 
decision and make the necessary changes to ease the problems associated with disassembly. 
The design criteria and the guidelines have been validated through a case study and the 
obtained results clearly demonstrate the application and effectiveness of the purposed 
methodology. 
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2. Literature Review 

The current relevant literature review shows that considerable research effort has been 
channelled to the area of disassembly sequence planning (DSP), but the work in the area of the 
design for ease of disassembly is limited. Ishii et al. (1994), address the methodology to design 
product for retirement using hierarchical semantic network of components. Bylinsky (1995), 
gives examples of various products that can be torn apart into reusable pieces and sold for 
profit. The main focus of the paper is on Design for Disassembly (DFD) and the main 
principles are: Use fewer parts and fewer materials, and use snap-fits instead of screws. Other 
authors e.g. (Dowie et al. 1996) and Rose et al.2000), were also studied the disassembly 
problem and introduced some guideline for DFD, similar to those of Bylinsky. Chen et al. 
(1996) conducts a cost-benefit analysis to determine the amount of efforts that need to be put in 
disassembly and recycling of a product and a car’s dashboard has been used as an example in 
this study and the analysis is centred on the following two scenarios: 1) The removal of only 
one part - the radio, and 2) Complete disassembly and the results show that while the 
recycling method yields a profit, but complete disassembly can lead to losses. The paper 
proposes that if two factors were changed, therefore there would be a substantial 
improvement in net benefit. The factors are: 1) Joint type and material combination and 2) 
Disassembly operation method. The study also indicates the disassembly time is one of the key 
factors affects the net benefit and for that the result of sensitivity analysis shows that there is a 
linear relationship between mean value of the net benefit of dashboard and time of 
disassembly. A mathematical model to assess design for optimal return from the disassembly 
of products has been developed by Motevallian et al., (2003). The model is the only one of the 
kind in the reported literature that can be used by designers to assess their design for optimum 
return from the disassembly and take the necessary corrective action in order to improve the 
design and maximise the return from the disassembly of their design.  

 
2.1 Discussions and Significance 
It is evident from the literature review that there is no an established frame work to assess 
design in an integrated form at the early stage of product development phase, in order to 
ease the problems associated with disassembly and to obtain a design that guarantees an 
efficient disassembly operations. In addition there are very limited numbers of DFD 
guidelines are reported in the literature and these guidelines certainly by no means are 
comprehensive. Further more there are no DFD criteria for assessing a design in order to 
ease the disassembly problems at the design stage. Those therefore are essential tools, so 
that designers can use to asses and evaluate their design decisions and take the appropriate 
corrective actions and make the necessary changes, in order to ease the problems associated 
with disassembly at the design phase. There are certainly a great need for such tools and 
methodologies that this study has addressed, developed and presented in this work. 

 
3. Product Design Practices  

In order to integrate design for ease of disassembly into product design and development 
process, the traditional design practice and Design for Assembly (DFA) approach are 
discussed in the following sections and the best available design practice is selected and 
used for the integration purpose. 

 

3.1 Traditional Design Process 
Traditionally, the attitude of designers has been “we design it, you build it.” (Boothroyd et al., 
1994). The traditional design process usually begins with the recognition of a need (Krishna, 
K,. 1997), involving "the realisation by someone that a problem exists for which some corrective action 
can be taken in the form of a design solution" (Groover 1987). The need is then translated into 
functional or design requirements (conceptual design) which details in precise terms what the 
product should be able to do including the service conditions under which it would perform. 
This list of requirements could also pertain to the various product life cycle phases, such as 
planning, design, manufacturing, marketing, maintenance, and use. Conceptual design is high 
level of design abstraction consists of different types of information including technical, 
economical, and legal. Figure 1, (Stoll, W.H., 1991), shows the traditional design process. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Traditional Design Process 
 
In preliminary design phase, the geometry and configuration of the part is developed based 
on the functional specifications. The part design will include the detailed specification of 
geometry, dimensions, materials, tolerances, and surface finish. The design analysis and 
optimisation phase performs various analyses of the part with respect to its ability to meet 
the functional requirements. Finally, if no further product revisions are needed in the design 
and analysis phase, the initial part design is provided for manufacturing. 

 
3.2 Designs for Assembly and Manufacturing 
Assembly can be defined as joining and fastening of parts in a specified sequence into a 
complete product or a unit that is part of a product. Boothroyd and Dewhurst (1983), 
showed that if product was designed specifically for assembly, the manufacturing cost could 
fall by up to 40% and assembly productivity could rise by up to 200%. Since then a large 
number of publications have given design guidelines and have provided methods to be 
used when designing for assembly and manufacturing (DFMA), in which many of them 
now are in regular use by designers, such as Lund, et al. (1985), Bralla, J. (1986), Boothroyd, 
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et al. (1987), Holbrook, et al. (1988), Stoll, H. (1988), and Leaney et al. (1992). Design for 
assembly method given by Boothroyd and Dewhurst involves design being assessed at the 
early stage of design to calculate the assembly time, the theoretical minimum number of 
parts and the assembly costs. The areas of the design which need to be changed are clearly 
highlighted via elimination of unnecessary parts and the integration of some of them into 
necessary ones. The result should be the reduction of costs and assembly times. 

 
3.3 Designs for Ease of Disassembly 
Product attributes are mainly fixed at the design stage; therefore most of the disassembly 
problem should be tackled at the conceptual design phase. That is because designers decide 
about the structure of the product, its components, materials and joining techniques. The 
designer’s decision, therefore affects significantly on disassembly operations and its associated 
costs. According to Hoth (1990), the design cost of a product is approximately 5% of the total 
product costs, but the design usually determines more than 70% of the manufacturing costs. It 
influences 60% of the product quality and 50% of the manufacturing lead-time Bloo (1989). 
Moreover design also determines 80% of the disassembly costs Seliger et al. (1997). Studies by 
Carter and Baker (1992), considering the costs associated with a product life cycle, have 
demonstrated that from 60 to 95% of these costs are determined during the design phase. The 
authors conclude; it is during the design stage that the best savings can be achieved and the 
earlier the improvements are made the greater is the cost reduction. The purpose of the above 
studies are to demonstrate the importance of the design and designer’s decisions’ at the early 
stage of product design and development phase, to ensure that the decisions that are made 
during the design phase is to result in minimum overall costs during and/or end of the product 
life cycle. Those studies therefore clearly highlights’ the influence of design on disassembly 
operations and thereby necessitate the integration of design for ease of disassembly into product 
design and development phase, in order to obtain a design that guarantees an efficient 
disassembly operations, which is  economically a viable option and environmentally an effective 
one. That is because the aim of the DFD is to increase the use of common reusable materials, 
choose detachable and removable fasteners and joint types, improve accessibility, minimise the 
complexity of structure and the layout of products by modularisations in order to improve the 
disassembly operations and achieve the most efficient and effective way of performing the 
disassembly, in order to reduce the disassembly time and increase the environmental benefits. To 
achieve that design for ease of disassembly therefore need to be integrated into product design 
and development process. The following sections explain the advantages of the DFD and briefly 
indicate the benefits that generate and provide a way and the method in which DFD can be 
integrated into product design and development process. 

 
3.3.1 The Benefits of DFD 
The integration of design for ease of disassembly into product design and development 
phase not only eases the problems associated with disassembly, but it also has many other 
benefits and advantages, including the followings: 

1. Meets regulatory compliance/ environmental obligations and International Standards 
“ISO-TC207” (Fiksel et. al. 1994). 

2. Reduces the potential risk of contaminations and accommodates the safe isolation of 
hazardous substances. 

 

3. Minimises disposal and handling of wastes, thereby reduces those potential costs and 
contributes positively to environmental benefits.  

4. Facilitates maintenance and repair, thereby extends products useful life.  
5. Prevents contaminations and facilitates the recovery of materials for reprocessing.  
6. Reduces risk of damages and facilitates recovery of components for re-use.  
7. Accommodates accessibility, thereby makes it easier to reconfigure a system or to make 

adjustments to system/ sub-system. 
8. Simplifies disassembly steps and accommodates failure-mode/end-of-life analysis. 
9. Facilitates re-designs or relocation of parts and/or grouping parts (modularity design) 

with similar end of life strategies. 
10. Through design for disassembly, parts connectivity information will be readily 

available and easily accessible. 
11. Simplifies the disassembly steps, thereby eases the automation of disassembly. 
12. Increases the disassembly operations efficiency, thereby reduces the disassembly times 

and its associated costs. 

 
3.3.2 The Integration of DFD into DFMA 
In order to integrate design for ease of disassembly into product design and development 
phase, design for assembly and manufacturing (DFMA) by Boothroyd et al., has been 
chosen for the integration purpose. That is because DFMA process is now commonly used 
in manufacturing industries and research institutes alike. Figure.2 below, (Boothroyd et al. 
1994), shows the DFMA process that has been modified and design for ease of disassembly 
(step 3) has been incorporated into the framework.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. Integration of DFD into DFMA Process 
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et al. (1987), Holbrook, et al. (1988), Stoll, H. (1988), and Leaney et al. (1992). Design for 
assembly method given by Boothroyd and Dewhurst involves design being assessed at the 
early stage of design to calculate the assembly time, the theoretical minimum number of 
parts and the assembly costs. The areas of the design which need to be changed are clearly 
highlighted via elimination of unnecessary parts and the integration of some of them into 
necessary ones. The result should be the reduction of costs and assembly times. 
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In Design for Assembly by Boothroyd, et al. (1987), each part as added to the product is 
examined against the following three criteria, to determine the necessity of its existence; 
  

1. During operation of the product, does the part move relative to all other parts already 
assembled? 

2. Must the part be made of different material than or be isolated from all other parts 
already assembled? 

3. Must the part be separate from all other parts already assembled? 
 

In Design for ease of Disassembly there are also three main areas that need to be taken into 
consideration and each part of a product to be assessed for those areas through the 
following criteria; 
 

1. Is the part accessible to be disassembled easily?  
2. Are the fastening methods of the part easy to undo? (Such as snap fit)?  
3. Does the material of the part recyclable and does it need to be incompatible with 

adjacent part? 
 

In the evaluation and assessment process for DFD, if there is any negative/ no answer to 
any of the above criteria, then designer needs to take corrective actions inline with the 
following DFD Guidelines. 
 
3.3.3 Design for Ease of disassembly Guidelines 
After assessing each part of a product by the provided DFD criteria, product designers need 
DFD guidelines, so that they can use at the design phase to ease the problems associated 
with disassembly, which are discussed and presented in the following sections. 
  

The structure of a product and its layout (the way it is built) significantly affect the disassembly 
operations. A product consists of different parts/ components, modules and/or subassemblies, 
in which all connected by several joints/ joining techniques as shown as an example in Figure 3 
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The figure 3 illustrates the product structure and shows a product could consist of parts, 
modules and subassemblies. A part consists of one single material and a subassembly consists 
of more, a module could be a part or parts that functions independently. These parts, modules 
and subassemblies, are generally made of a variety of different materials and are usually 
joined together with different joining techniques. These joints have to be disconnected in 
disassembly operation non-destructively in order to separate parts and materials. Several 
factors will affect the efficiency of the disassembly operations, e.g. the number of joints, the 
ease of disconnection of joints, the location and standardisation of joints and accessibility to 
parts and its joints. Furthermore; factors such as the life span of parts/components and their 
standardisation, maintenance and servicing requirements play a major role in disassembly 
operations, therefore these kinds of factors/ requirements needs to be taken into 
considerations when designing a product for ease of disassembly. These requirements/factors 
are grouped in six categories as; Product Structure and Layouts, Parts, Materials, Joins, 
Accessibility, and Ease of Disassembly Efforts, as illustrated and presented in Figure 4. 
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Fig. 4. Design for Ease of disassembly Wheel 
 
In the following sections each of the above factors in the disassembly wheel are explored 
and briefly discussed and a set of design guidelines for each factor is developed and 
presented in a table respectively, (these guidelines by no means are exhaustive and some of 
which may have already been appeared in different forms in the literature). These DFD 
guidelines need to be used by designers after assessing each part by those of provided three 
DFD criteria to ease the problems associated with disassembly at the early stage of product 
design and development phase. 
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Fig. 4. Design for Ease of disassembly Wheel 
 
In the following sections each of the above factors in the disassembly wheel are explored 
and briefly discussed and a set of design guidelines for each factor is developed and 
presented in a table respectively, (these guidelines by no means are exhaustive and some of 
which may have already been appeared in different forms in the literature). These DFD 
guidelines need to be used by designers after assessing each part by those of provided three 
DFD criteria to ease the problems associated with disassembly at the early stage of product 
design and development phase. 
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Fig. 4. Design for Ease of disassembly Wheel 
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In the following sections each of the above factors in the disassembly wheel are explored 
and briefly discussed and a set of design guidelines for each factor is developed and 
presented in a table respectively, (these guidelines by no means are exhaustive and some of 
which may have already been appeared in different forms in the literature). These DFD 
guidelines need to be used by designers after assessing each part by those of provided three 
DFD criteria to ease the problems associated with disassembly at the early stage of product 
design and development phase. 
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Factor 1: Product Structure and the Layouts  
 

Product structure (dimensional constraints) and layouts (spatial constraints) both play an 
important role in disassembly operation and has a direct impact on costs and quality of 
retrieved components and materials. Simplification of product structure and its layout offers 
significant opportunities to reduce costs and maintain the quality of retrieved components 
and materials. As product structure and its layout are simplified, the required operations 
will be simplified and fewer disassembly steps will be required. Designers therefore need to 
evaluate and design as such that component positions in product layout favours 
disassembly to provide opportunity to dismantle products efficiently and without damage 
to other parts or contaminations. Designers should also design "robustness" into products to 
compensate for uncertainty in product's disassembly. That is because products can go 
through various changes and substantial variations during their useful life, variation could 
result from deterioration, maintenance and use. A robust design reduces the risks and 
thereby reduces the uncertainty during disassembly operation. Robust design can be 
achieved when designers understand the potential sources of variations and take steps to 
desensitise the product to the potential sources of variations. Robust design also can be 
achieved through "brute force" techniques of added design margin or through "intelligent 
design" (Boothroyed et. al. 2002), by understanding which design parameters are critical to 
achieve a performance characteristic whilst minimising the sources of variations. 
 
Moreover modular design is another way that can help to reduce the complexity of the 
product, which reduces the complexity of the disassembly operations. In modular design 
each module is functionally separate from the other modules, which facilitates grouping 
parts/ components with similar end of life strategies. Designers should therefore design 
products as modular as possible, so as to open up the service/upgrade/recycle options. A 
modular structure makes it possible to revitalise a product from a technical point of view. It 
allows the benefits of a new technology to be incorporated into an older product and as a 
result a modular product may undergo through several upgrades in components over its 
lifespan, thereby extending the product useful life. Designing in modules will also allow the 
reduction in diagnoses and problems findings as well, since each module has separate 
functions the problem will be isolated to a particular module. Moreover the modular design 
can also minimise the number of parts, therefore the total number of items to be 
manufactured will be minimised, thereby reduces the inventory, assembly and disassembly 
processes. Modules can be manufactured and tested before final assembly; therefore the 
short final assembly lead-time will result in a wide variety of products being made to order 
in a short period of time without having to stock a significant level of inventory. Production 
of standard modules can be levelled and repetitive schedules established. Through standard 
product modules and by establishing design retrieval mechanisms and embedding 
preferred manufacturing processes in the preferred part list, the design, production, 
assembly and disassembly efficiencies will be enhanced greatly. A wide variety of products 
can be assembled and disassembled from a more limited number of modules, thereby 
simplifying the design and disassembly processes. Utilising a modular design therefore will 
reduce the complexity of the product; thereby simplifies the disassembly processes. 
Designers should also design the layout in such a way that valuable parts can be located in 
easily accessible places; because the more these parts are remain in the product there will be 
risk of damage, therefore if they are easily accessible and they can be removed safely, then 

 

their economic benefits will be realised sooner rather than later. Furthermore designers 
should also put parts that have same/or similar lifespan in close proximity, because these 
parts are likely to wear out at the similar time, therefore they can be easily removed and 
replaced simultaneously. The table below provides design for disassembly guideline for the 
product structure and the layouts.   
 

1.a Simplify product structure (geometrical constraints) and the layouts (spatial 
constraints), to reduce the complexity of the disassembly process 

1.b Design robustness into product and its components (to allow components to be 
disassembled and removed in one piece as intended)   

1.c Make design as modular as possible to facilitate grouping parts with similar end 
of life strategies to allow replacement of modules during maintenance 

1.d Design the structure of parts such that its position in layout favours disassembly 

1.e Design the component such that allows clear paths for removal  

1.f Design in such a way that valuable parts can be located in easily accessible places 
(so that they can be disassembled easily and removed safely) 

1.g Put parts that are likely to wear out in close proximity (so that they can be easily 
removed and/or replaced simultaneously during maintenance) 

Table 1. DFD Guidelines on Product Structure and Layouts 
 
Factor 2: Ease of Disassembly Efforts  
 

One of the ways to facilitate the ease of disassembly efforts is to design as such to minimise 
the need for alignment operations during disassembly, because it takes time and required 
efforts to align a part in a confined space to separate and remove. In many cases the 
problems of alignment can be significantly reduced through small design modification. If 
however, alignment operations are necessary then locating and aligning features should be 
used, to reduce the required recognition times. In addition designers should indicate on the 
product the starting point of disassembly and how it should be opened non-destructively, 
e.g. where and how to apply leverage with a screwdriver to open the snap connections, and 
so on. This saves time and also reduces the risk of damage.  
 
Designers should also design for ease of handling and cleaning of components that would 
allow a part to be grasped and picked-up when separated, because additional time and efforts 
are required to remove a part that is difficult to grasp, handle and clean. Accurate sorting of 
materials is also essential if purity of materials is to be maintained and maximum recycling 
value is to be achieved. One of the ways that can help to accurate sorting is labelling the parts 
and materials that accommodate identification and sorting, which in turn saves time and 
reduces the unnecessary required efforts. If the parts are also hazardous and/or contaminated 
with hazardous substances, then they should be clearly marked for identification purpose and 
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Factor 1: Product Structure and the Layouts  
 

Product structure (dimensional constraints) and layouts (spatial constraints) both play an 
important role in disassembly operation and has a direct impact on costs and quality of 
retrieved components and materials. Simplification of product structure and its layout offers 
significant opportunities to reduce costs and maintain the quality of retrieved components 
and materials. As product structure and its layout are simplified, the required operations 
will be simplified and fewer disassembly steps will be required. Designers therefore need to 
evaluate and design as such that component positions in product layout favours 
disassembly to provide opportunity to dismantle products efficiently and without damage 
to other parts or contaminations. Designers should also design "robustness" into products to 
compensate for uncertainty in product's disassembly. That is because products can go 
through various changes and substantial variations during their useful life, variation could 
result from deterioration, maintenance and use. A robust design reduces the risks and 
thereby reduces the uncertainty during disassembly operation. Robust design can be 
achieved when designers understand the potential sources of variations and take steps to 
desensitise the product to the potential sources of variations. Robust design also can be 
achieved through "brute force" techniques of added design margin or through "intelligent 
design" (Boothroyed et. al. 2002), by understanding which design parameters are critical to 
achieve a performance characteristic whilst minimising the sources of variations. 
 
Moreover modular design is another way that can help to reduce the complexity of the 
product, which reduces the complexity of the disassembly operations. In modular design 
each module is functionally separate from the other modules, which facilitates grouping 
parts/ components with similar end of life strategies. Designers should therefore design 
products as modular as possible, so as to open up the service/upgrade/recycle options. A 
modular structure makes it possible to revitalise a product from a technical point of view. It 
allows the benefits of a new technology to be incorporated into an older product and as a 
result a modular product may undergo through several upgrades in components over its 
lifespan, thereby extending the product useful life. Designing in modules will also allow the 
reduction in diagnoses and problems findings as well, since each module has separate 
functions the problem will be isolated to a particular module. Moreover the modular design 
can also minimise the number of parts, therefore the total number of items to be 
manufactured will be minimised, thereby reduces the inventory, assembly and disassembly 
processes. Modules can be manufactured and tested before final assembly; therefore the 
short final assembly lead-time will result in a wide variety of products being made to order 
in a short period of time without having to stock a significant level of inventory. Production 
of standard modules can be levelled and repetitive schedules established. Through standard 
product modules and by establishing design retrieval mechanisms and embedding 
preferred manufacturing processes in the preferred part list, the design, production, 
assembly and disassembly efficiencies will be enhanced greatly. A wide variety of products 
can be assembled and disassembled from a more limited number of modules, thereby 
simplifying the design and disassembly processes. Utilising a modular design therefore will 
reduce the complexity of the product; thereby simplifies the disassembly processes. 
Designers should also design the layout in such a way that valuable parts can be located in 
easily accessible places; because the more these parts are remain in the product there will be 
risk of damage, therefore if they are easily accessible and they can be removed safely, then 

 

their economic benefits will be realised sooner rather than later. Furthermore designers 
should also put parts that have same/or similar lifespan in close proximity, because these 
parts are likely to wear out at the similar time, therefore they can be easily removed and 
replaced simultaneously. The table below provides design for disassembly guideline for the 
product structure and the layouts.   
 

1.a Simplify product structure (geometrical constraints) and the layouts (spatial 
constraints), to reduce the complexity of the disassembly process 

1.b Design robustness into product and its components (to allow components to be 
disassembled and removed in one piece as intended)   

1.c Make design as modular as possible to facilitate grouping parts with similar end 
of life strategies to allow replacement of modules during maintenance 

1.d Design the structure of parts such that its position in layout favours disassembly 

1.e Design the component such that allows clear paths for removal  

1.f Design in such a way that valuable parts can be located in easily accessible places 
(so that they can be disassembled easily and removed safely) 

1.g Put parts that are likely to wear out in close proximity (so that they can be easily 
removed and/or replaced simultaneously during maintenance) 

Table 1. DFD Guidelines on Product Structure and Layouts 
 
Factor 2: Ease of Disassembly Efforts  
 

One of the ways to facilitate the ease of disassembly efforts is to design as such to minimise 
the need for alignment operations during disassembly, because it takes time and required 
efforts to align a part in a confined space to separate and remove. In many cases the 
problems of alignment can be significantly reduced through small design modification. If 
however, alignment operations are necessary then locating and aligning features should be 
used, to reduce the required recognition times. In addition designers should indicate on the 
product the starting point of disassembly and how it should be opened non-destructively, 
e.g. where and how to apply leverage with a screwdriver to open the snap connections, and 
so on. This saves time and also reduces the risk of damage.  
 
Designers should also design for ease of handling and cleaning of components that would 
allow a part to be grasped and picked-up when separated, because additional time and efforts 
are required to remove a part that is difficult to grasp, handle and clean. Accurate sorting of 
materials is also essential if purity of materials is to be maintained and maximum recycling 
value is to be achieved. One of the ways that can help to accurate sorting is labelling the parts 
and materials that accommodate identification and sorting, which in turn saves time and 
reduces the unnecessary required efforts. If the parts are also hazardous and/or contaminated 
with hazardous substances, then they should be clearly marked for identification purpose and 
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Factor 1: Product Structure and the Layouts  
 

Product structure (dimensional constraints) and layouts (spatial constraints) both play an 
important role in disassembly operation and has a direct impact on costs and quality of 
retrieved components and materials. Simplification of product structure and its layout offers 
significant opportunities to reduce costs and maintain the quality of retrieved components 
and materials. As product structure and its layout are simplified, the required operations 
will be simplified and fewer disassembly steps will be required. Designers therefore need to 
evaluate and design as such that component positions in product layout favours 
disassembly to provide opportunity to dismantle products efficiently and without damage 
to other parts or contaminations. Designers should also design "robustness" into products to 
compensate for uncertainty in product's disassembly. That is because products can go 
through various changes and substantial variations during their useful life, variation could 
result from deterioration, maintenance and use. A robust design reduces the risks and 
thereby reduces the uncertainty during disassembly operation. Robust design can be 
achieved when designers understand the potential sources of variations and take steps to 
desensitise the product to the potential sources of variations. Robust design also can be 
achieved through "brute force" techniques of added design margin or through "intelligent 
design" (Boothroyed et. al. 2002), by understanding which design parameters are critical to 
achieve a performance characteristic whilst minimising the sources of variations. 
 
Moreover modular design is another way that can help to reduce the complexity of the 
product, which reduces the complexity of the disassembly operations. In modular design 
each module is functionally separate from the other modules, which facilitates grouping 
parts/ components with similar end of life strategies. Designers should therefore design 
products as modular as possible, so as to open up the service/upgrade/recycle options. A 
modular structure makes it possible to revitalise a product from a technical point of view. It 
allows the benefits of a new technology to be incorporated into an older product and as a 
result a modular product may undergo through several upgrades in components over its 
lifespan, thereby extending the product useful life. Designing in modules will also allow the 
reduction in diagnoses and problems findings as well, since each module has separate 
functions the problem will be isolated to a particular module. Moreover the modular design 
can also minimise the number of parts, therefore the total number of items to be 
manufactured will be minimised, thereby reduces the inventory, assembly and disassembly 
processes. Modules can be manufactured and tested before final assembly; therefore the 
short final assembly lead-time will result in a wide variety of products being made to order 
in a short period of time without having to stock a significant level of inventory. Production 
of standard modules can be levelled and repetitive schedules established. Through standard 
product modules and by establishing design retrieval mechanisms and embedding 
preferred manufacturing processes in the preferred part list, the design, production, 
assembly and disassembly efficiencies will be enhanced greatly. A wide variety of products 
can be assembled and disassembled from a more limited number of modules, thereby 
simplifying the design and disassembly processes. Utilising a modular design therefore will 
reduce the complexity of the product; thereby simplifies the disassembly processes. 
Designers should also design the layout in such a way that valuable parts can be located in 
easily accessible places; because the more these parts are remain in the product there will be 
risk of damage, therefore if they are easily accessible and they can be removed safely, then 

 

their economic benefits will be realised sooner rather than later. Furthermore designers 
should also put parts that have same/or similar lifespan in close proximity, because these 
parts are likely to wear out at the similar time, therefore they can be easily removed and 
replaced simultaneously. The table below provides design for disassembly guideline for the 
product structure and the layouts.   
 

1.a Simplify product structure (geometrical constraints) and the layouts (spatial 
constraints), to reduce the complexity of the disassembly process 

1.b Design robustness into product and its components (to allow components to be 
disassembled and removed in one piece as intended)   

1.c Make design as modular as possible to facilitate grouping parts with similar end 
of life strategies to allow replacement of modules during maintenance 

1.d Design the structure of parts such that its position in layout favours disassembly 

1.e Design the component such that allows clear paths for removal  

1.f Design in such a way that valuable parts can be located in easily accessible places 
(so that they can be disassembled easily and removed safely) 

1.g Put parts that are likely to wear out in close proximity (so that they can be easily 
removed and/or replaced simultaneously during maintenance) 

Table 1. DFD Guidelines on Product Structure and Layouts 
 
Factor 2: Ease of Disassembly Efforts  
 

One of the ways to facilitate the ease of disassembly efforts is to design as such to minimise 
the need for alignment operations during disassembly, because it takes time and required 
efforts to align a part in a confined space to separate and remove. In many cases the 
problems of alignment can be significantly reduced through small design modification. If 
however, alignment operations are necessary then locating and aligning features should be 
used, to reduce the required recognition times. In addition designers should indicate on the 
product the starting point of disassembly and how it should be opened non-destructively, 
e.g. where and how to apply leverage with a screwdriver to open the snap connections, and 
so on. This saves time and also reduces the risk of damage.  
 
Designers should also design for ease of handling and cleaning of components that would 
allow a part to be grasped and picked-up when separated, because additional time and efforts 
are required to remove a part that is difficult to grasp, handle and clean. Accurate sorting of 
materials is also essential if purity of materials is to be maintained and maximum recycling 
value is to be achieved. One of the ways that can help to accurate sorting is labelling the parts 
and materials that accommodate identification and sorting, which in turn saves time and 
reduces the unnecessary required efforts. If the parts are also hazardous and/or contaminated 
with hazardous substances, then they should be clearly marked for identification purpose and 
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Factor 1: Product Structure and the Layouts  
 

Product structure (dimensional constraints) and layouts (spatial constraints) both play an 
important role in disassembly operation and has a direct impact on costs and quality of 
retrieved components and materials. Simplification of product structure and its layout offers 
significant opportunities to reduce costs and maintain the quality of retrieved components 
and materials. As product structure and its layout are simplified, the required operations 
will be simplified and fewer disassembly steps will be required. Designers therefore need to 
evaluate and design as such that component positions in product layout favours 
disassembly to provide opportunity to dismantle products efficiently and without damage 
to other parts or contaminations. Designers should also design "robustness" into products to 
compensate for uncertainty in product's disassembly. That is because products can go 
through various changes and substantial variations during their useful life, variation could 
result from deterioration, maintenance and use. A robust design reduces the risks and 
thereby reduces the uncertainty during disassembly operation. Robust design can be 
achieved when designers understand the potential sources of variations and take steps to 
desensitise the product to the potential sources of variations. Robust design also can be 
achieved through "brute force" techniques of added design margin or through "intelligent 
design" (Boothroyed et. al. 2002), by understanding which design parameters are critical to 
achieve a performance characteristic whilst minimising the sources of variations. 
 
Moreover modular design is another way that can help to reduce the complexity of the 
product, which reduces the complexity of the disassembly operations. In modular design 
each module is functionally separate from the other modules, which facilitates grouping 
parts/ components with similar end of life strategies. Designers should therefore design 
products as modular as possible, so as to open up the service/upgrade/recycle options. A 
modular structure makes it possible to revitalise a product from a technical point of view. It 
allows the benefits of a new technology to be incorporated into an older product and as a 
result a modular product may undergo through several upgrades in components over its 
lifespan, thereby extending the product useful life. Designing in modules will also allow the 
reduction in diagnoses and problems findings as well, since each module has separate 
functions the problem will be isolated to a particular module. Moreover the modular design 
can also minimise the number of parts, therefore the total number of items to be 
manufactured will be minimised, thereby reduces the inventory, assembly and disassembly 
processes. Modules can be manufactured and tested before final assembly; therefore the 
short final assembly lead-time will result in a wide variety of products being made to order 
in a short period of time without having to stock a significant level of inventory. Production 
of standard modules can be levelled and repetitive schedules established. Through standard 
product modules and by establishing design retrieval mechanisms and embedding 
preferred manufacturing processes in the preferred part list, the design, production, 
assembly and disassembly efficiencies will be enhanced greatly. A wide variety of products 
can be assembled and disassembled from a more limited number of modules, thereby 
simplifying the design and disassembly processes. Utilising a modular design therefore will 
reduce the complexity of the product; thereby simplifies the disassembly processes. 
Designers should also design the layout in such a way that valuable parts can be located in 
easily accessible places; because the more these parts are remain in the product there will be 
risk of damage, therefore if they are easily accessible and they can be removed safely, then 

 

their economic benefits will be realised sooner rather than later. Furthermore designers 
should also put parts that have same/or similar lifespan in close proximity, because these 
parts are likely to wear out at the similar time, therefore they can be easily removed and 
replaced simultaneously. The table below provides design for disassembly guideline for the 
product structure and the layouts.   
 

1.a Simplify product structure (geometrical constraints) and the layouts (spatial 
constraints), to reduce the complexity of the disassembly process 

1.b Design robustness into product and its components (to allow components to be 
disassembled and removed in one piece as intended)   

1.c Make design as modular as possible to facilitate grouping parts with similar end 
of life strategies to allow replacement of modules during maintenance 

1.d Design the structure of parts such that its position in layout favours disassembly 

1.e Design the component such that allows clear paths for removal  

1.f Design in such a way that valuable parts can be located in easily accessible places 
(so that they can be disassembled easily and removed safely) 

1.g Put parts that are likely to wear out in close proximity (so that they can be easily 
removed and/or replaced simultaneously during maintenance) 

Table 1. DFD Guidelines on Product Structure and Layouts 
 
Factor 2: Ease of Disassembly Efforts  
 

One of the ways to facilitate the ease of disassembly efforts is to design as such to minimise 
the need for alignment operations during disassembly, because it takes time and required 
efforts to align a part in a confined space to separate and remove. In many cases the 
problems of alignment can be significantly reduced through small design modification. If 
however, alignment operations are necessary then locating and aligning features should be 
used, to reduce the required recognition times. In addition designers should indicate on the 
product the starting point of disassembly and how it should be opened non-destructively, 
e.g. where and how to apply leverage with a screwdriver to open the snap connections, and 
so on. This saves time and also reduces the risk of damage.  
 
Designers should also design for ease of handling and cleaning of components that would 
allow a part to be grasped and picked-up when separated, because additional time and efforts 
are required to remove a part that is difficult to grasp, handle and clean. Accurate sorting of 
materials is also essential if purity of materials is to be maintained and maximum recycling 
value is to be achieved. One of the ways that can help to accurate sorting is labelling the parts 
and materials that accommodate identification and sorting, which in turn saves time and 
reduces the unnecessary required efforts. If the parts are also hazardous and/or contaminated 
with hazardous substances, then they should be clearly marked for identification purpose and 
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to be accessed easily for removal, to ease the efforts and to avoid the risk of contaminations 
and putting in danger the health and safety of workers and workplace. The table below 
provides design for disassembly guideline for ease of disassembly efforts.   
 

2.a Label/mark all parts and materials to ease identification and separation/sorting 

2.b 
 

Avoid the need for alignment operations, but if it is necessary, then locating and 
aligning features should be used (There is a recognition phase and efforts 
required for alignments, therefore it should be minimised) 

2.c Design for ease of handling and cleaning of components (design parts, which are 
not sharp and sticky, so that they can be easily grasped and picked-up) 

2.d Indicate on the product how it should be opened and/or which parts must be 
cleaned and maintained in a specific way.(e.g.: colour-coded lubricating points) 

2.e Hazardous parts should be clearly marked for quick and safe removal (to 
eliminate the risk of contaminations)  

Table 2. DFD Guideline on Ease of Disassembly Efforts 
 
Factor 3:Parts  
 

The number of parts in a product has direct correlation with disassembly time and costs. As 
the number of parts increases, so do the steps of the disassembly operation. A product, 
therefore should be designed to have as few parts and components as are necessary to 
perform its intended function. This can be achieved by means of integration and/or by 
using parts with multiple functions, the complexity of a product and the number of 
unnecessary disassembly steps will be reduced/ eliminated. In that way there will be a 
fewer parts to disassemble and thereby the time of assembly and manufacturing processes 
will be reduced and as a result the total cost of manufacturing, fabrication, assembly and 
disassembly goes down. In addition costs related to purchasing, stocking and servicing will 
also goes down as well. Inventory and work-in-process levels will be reduced and then since 
a fewer parts need to be handled and processed, so that automation becomes easier. 
Furthermore designers should avoid designing a part that need to be supported, constrained 
or held down while undoing operation need to be performed. That is because; supporting a 
part during disassembly operation requires additional tools and manual effort to carry out 
the operation and therefore avoiding it will speed up the disassembly process and improves 
the disassembly efficiency. Designing parts that nests/ tangles should also be avoided. That 
is because nesting/tangling creates problems for maintenance and consumes unnecessary 
disassembly time and complicates the disassembly process. That is not suitable for selective 
disassembly and requires many more operations to reach to the target components. 
Additionally minimising flexible parts can also minimise the disassembly time; that is 
because flexible parts have a tendency to move about during disassembly operations and 
usually require special tooling, therefore avoiding it improves the disassembly operation. 
Consideration should also be given to minimising the use of force, to reduce the risk of 
damage, but some parts may exert some sort of resistance to release, if that is the case, the 
force should be minimised. Furthermore a self-locking part (a part that holds itself in 

 

location after it has been positioned, e.g. press fitting), should be avoided, that is because 
excessive force need to be used to separate the part, which increases the potential risk of 
damage to parts and also consumes disassembly time. In addition designing parts for re-
orientation should be avoided, to minimise the unnecessary manual effort and avoid 
ambiguity in orienting a part for removal. That is because there is a recognition phase 
require by humans for every orientation and additional time and efforts require orienting a 
part for removal. Volume/weight of a component can also play an important role in 
disassembly efficiency. For example, removing a screw is easier than removing an engine, 
therefore designing heavy parts should be avoided where possible, since it slows down the 
disassembly process and increases workers fatigue and as a result potential risk of injuries. 
In-addition, facilitating design activities through standardisation and utilisation of common 
parts also provide the opportunity to reduce the number of parts, which in turn facilitates 
the standardisation of tooling requirements and reduces the need for frequent tool changes 
as a result. In standardisation however, since less variety is used in configuration of a 
product and common components are utilised and used that simplifies the product design 
and results in significant operational efficiencies. The table below provides disassembly 
guideline for designing parts.   
 

3.a Reduce the number of parts/components (fewer parts/components, translates 
to a fewer disassembly operation) 

3.b 
Minimise flexible parts such as belts, cables and gaskets (flexible parts have a 
tendency to move about during disassembly operations and usually require 
special tooling for handling and increases the part's susceptibility to damage) 

3.c Avoid designing heavy parts (difficult to handle as slow down the process) 

3.d Utilise standard/common parts where possible 

3.e Avoid designing parts that need to be supported or held while undoing 
operation is performed 

3.f Avoid designing parts that nests and tangles (complicates the disassembly) 

3.g Avoid designing parts for a self-fix-Turing; e.g. press fitting  (they prolong and 
complicate the disassembly operation) 

3.h 
Avoid designing parts that need re-orientation for removal (there is a 
recognition phase required for every orientation, therefore time can be saved 
and unnecessary manual efforts can also be minimised) 

3.i 
Design parts for stability (a product can go through a variety of variations and 
changes during its life-cycle, therefore designing for stability can minimise the 
negative aspect)  

3.j Design parts with minimum resistance to release (if parts exert resistance to 
release, the force therefore should be minimised to reduce the risk of damage) 

 

Table 3. DFD Guideline on Parts 
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to be accessed easily for removal, to ease the efforts and to avoid the risk of contaminations 
and putting in danger the health and safety of workers and workplace. The table below 
provides design for disassembly guideline for ease of disassembly efforts.   
 

2.a Label/mark all parts and materials to ease identification and separation/sorting 

2.b 
 

Avoid the need for alignment operations, but if it is necessary, then locating and 
aligning features should be used (There is a recognition phase and efforts 
required for alignments, therefore it should be minimised) 

2.c Design for ease of handling and cleaning of components (design parts, which are 
not sharp and sticky, so that they can be easily grasped and picked-up) 

2.d Indicate on the product how it should be opened and/or which parts must be 
cleaned and maintained in a specific way.(e.g.: colour-coded lubricating points) 

2.e Hazardous parts should be clearly marked for quick and safe removal (to 
eliminate the risk of contaminations)  

Table 2. DFD Guideline on Ease of Disassembly Efforts 
 
Factor 3:Parts  
 

The number of parts in a product has direct correlation with disassembly time and costs. As 
the number of parts increases, so do the steps of the disassembly operation. A product, 
therefore should be designed to have as few parts and components as are necessary to 
perform its intended function. This can be achieved by means of integration and/or by 
using parts with multiple functions, the complexity of a product and the number of 
unnecessary disassembly steps will be reduced/ eliminated. In that way there will be a 
fewer parts to disassemble and thereby the time of assembly and manufacturing processes 
will be reduced and as a result the total cost of manufacturing, fabrication, assembly and 
disassembly goes down. In addition costs related to purchasing, stocking and servicing will 
also goes down as well. Inventory and work-in-process levels will be reduced and then since 
a fewer parts need to be handled and processed, so that automation becomes easier. 
Furthermore designers should avoid designing a part that need to be supported, constrained 
or held down while undoing operation need to be performed. That is because; supporting a 
part during disassembly operation requires additional tools and manual effort to carry out 
the operation and therefore avoiding it will speed up the disassembly process and improves 
the disassembly efficiency. Designing parts that nests/ tangles should also be avoided. That 
is because nesting/tangling creates problems for maintenance and consumes unnecessary 
disassembly time and complicates the disassembly process. That is not suitable for selective 
disassembly and requires many more operations to reach to the target components. 
Additionally minimising flexible parts can also minimise the disassembly time; that is 
because flexible parts have a tendency to move about during disassembly operations and 
usually require special tooling, therefore avoiding it improves the disassembly operation. 
Consideration should also be given to minimising the use of force, to reduce the risk of 
damage, but some parts may exert some sort of resistance to release, if that is the case, the 
force should be minimised. Furthermore a self-locking part (a part that holds itself in 

 

location after it has been positioned, e.g. press fitting), should be avoided, that is because 
excessive force need to be used to separate the part, which increases the potential risk of 
damage to parts and also consumes disassembly time. In addition designing parts for re-
orientation should be avoided, to minimise the unnecessary manual effort and avoid 
ambiguity in orienting a part for removal. That is because there is a recognition phase 
require by humans for every orientation and additional time and efforts require orienting a 
part for removal. Volume/weight of a component can also play an important role in 
disassembly efficiency. For example, removing a screw is easier than removing an engine, 
therefore designing heavy parts should be avoided where possible, since it slows down the 
disassembly process and increases workers fatigue and as a result potential risk of injuries. 
In-addition, facilitating design activities through standardisation and utilisation of common 
parts also provide the opportunity to reduce the number of parts, which in turn facilitates 
the standardisation of tooling requirements and reduces the need for frequent tool changes 
as a result. In standardisation however, since less variety is used in configuration of a 
product and common components are utilised and used that simplifies the product design 
and results in significant operational efficiencies. The table below provides disassembly 
guideline for designing parts.   
 

3.a Reduce the number of parts/components (fewer parts/components, translates 
to a fewer disassembly operation) 

3.b 
Minimise flexible parts such as belts, cables and gaskets (flexible parts have a 
tendency to move about during disassembly operations and usually require 
special tooling for handling and increases the part's susceptibility to damage) 

3.c Avoid designing heavy parts (difficult to handle as slow down the process) 

3.d Utilise standard/common parts where possible 

3.e Avoid designing parts that need to be supported or held while undoing 
operation is performed 

3.f Avoid designing parts that nests and tangles (complicates the disassembly) 

3.g Avoid designing parts for a self-fix-Turing; e.g. press fitting  (they prolong and 
complicate the disassembly operation) 

3.h 
Avoid designing parts that need re-orientation for removal (there is a 
recognition phase required for every orientation, therefore time can be saved 
and unnecessary manual efforts can also be minimised) 

3.i 
Design parts for stability (a product can go through a variety of variations and 
changes during its life-cycle, therefore designing for stability can minimise the 
negative aspect)  

3.j Design parts with minimum resistance to release (if parts exert resistance to 
release, the force therefore should be minimised to reduce the risk of damage) 

 

Table 3. DFD Guideline on Parts 
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to be accessed easily for removal, to ease the efforts and to avoid the risk of contaminations 
and putting in danger the health and safety of workers and workplace. The table below 
provides design for disassembly guideline for ease of disassembly efforts.   
 

2.a Label/mark all parts and materials to ease identification and separation/sorting 

2.b 
 

Avoid the need for alignment operations, but if it is necessary, then locating and 
aligning features should be used (There is a recognition phase and efforts 
required for alignments, therefore it should be minimised) 

2.c Design for ease of handling and cleaning of components (design parts, which are 
not sharp and sticky, so that they can be easily grasped and picked-up) 

2.d Indicate on the product how it should be opened and/or which parts must be 
cleaned and maintained in a specific way.(e.g.: colour-coded lubricating points) 

2.e Hazardous parts should be clearly marked for quick and safe removal (to 
eliminate the risk of contaminations)  

Table 2. DFD Guideline on Ease of Disassembly Efforts 
 
Factor 3:Parts  
 

The number of parts in a product has direct correlation with disassembly time and costs. As 
the number of parts increases, so do the steps of the disassembly operation. A product, 
therefore should be designed to have as few parts and components as are necessary to 
perform its intended function. This can be achieved by means of integration and/or by 
using parts with multiple functions, the complexity of a product and the number of 
unnecessary disassembly steps will be reduced/ eliminated. In that way there will be a 
fewer parts to disassemble and thereby the time of assembly and manufacturing processes 
will be reduced and as a result the total cost of manufacturing, fabrication, assembly and 
disassembly goes down. In addition costs related to purchasing, stocking and servicing will 
also goes down as well. Inventory and work-in-process levels will be reduced and then since 
a fewer parts need to be handled and processed, so that automation becomes easier. 
Furthermore designers should avoid designing a part that need to be supported, constrained 
or held down while undoing operation need to be performed. That is because; supporting a 
part during disassembly operation requires additional tools and manual effort to carry out 
the operation and therefore avoiding it will speed up the disassembly process and improves 
the disassembly efficiency. Designing parts that nests/ tangles should also be avoided. That 
is because nesting/tangling creates problems for maintenance and consumes unnecessary 
disassembly time and complicates the disassembly process. That is not suitable for selective 
disassembly and requires many more operations to reach to the target components. 
Additionally minimising flexible parts can also minimise the disassembly time; that is 
because flexible parts have a tendency to move about during disassembly operations and 
usually require special tooling, therefore avoiding it improves the disassembly operation. 
Consideration should also be given to minimising the use of force, to reduce the risk of 
damage, but some parts may exert some sort of resistance to release, if that is the case, the 
force should be minimised. Furthermore a self-locking part (a part that holds itself in 

 

location after it has been positioned, e.g. press fitting), should be avoided, that is because 
excessive force need to be used to separate the part, which increases the potential risk of 
damage to parts and also consumes disassembly time. In addition designing parts for re-
orientation should be avoided, to minimise the unnecessary manual effort and avoid 
ambiguity in orienting a part for removal. That is because there is a recognition phase 
require by humans for every orientation and additional time and efforts require orienting a 
part for removal. Volume/weight of a component can also play an important role in 
disassembly efficiency. For example, removing a screw is easier than removing an engine, 
therefore designing heavy parts should be avoided where possible, since it slows down the 
disassembly process and increases workers fatigue and as a result potential risk of injuries. 
In-addition, facilitating design activities through standardisation and utilisation of common 
parts also provide the opportunity to reduce the number of parts, which in turn facilitates 
the standardisation of tooling requirements and reduces the need for frequent tool changes 
as a result. In standardisation however, since less variety is used in configuration of a 
product and common components are utilised and used that simplifies the product design 
and results in significant operational efficiencies. The table below provides disassembly 
guideline for designing parts.   
 

3.a Reduce the number of parts/components (fewer parts/components, translates 
to a fewer disassembly operation) 

3.b 
Minimise flexible parts such as belts, cables and gaskets (flexible parts have a 
tendency to move about during disassembly operations and usually require 
special tooling for handling and increases the part's susceptibility to damage) 

3.c Avoid designing heavy parts (difficult to handle as slow down the process) 

3.d Utilise standard/common parts where possible 

3.e Avoid designing parts that need to be supported or held while undoing 
operation is performed 

3.f Avoid designing parts that nests and tangles (complicates the disassembly) 

3.g Avoid designing parts for a self-fix-Turing; e.g. press fitting  (they prolong and 
complicate the disassembly operation) 

3.h 
Avoid designing parts that need re-orientation for removal (there is a 
recognition phase required for every orientation, therefore time can be saved 
and unnecessary manual efforts can also be minimised) 

3.i 
Design parts for stability (a product can go through a variety of variations and 
changes during its life-cycle, therefore designing for stability can minimise the 
negative aspect)  

3.j Design parts with minimum resistance to release (if parts exert resistance to 
release, the force therefore should be minimised to reduce the risk of damage) 
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to be accessed easily for removal, to ease the efforts and to avoid the risk of contaminations 
and putting in danger the health and safety of workers and workplace. The table below 
provides design for disassembly guideline for ease of disassembly efforts.   
 

2.a Label/mark all parts and materials to ease identification and separation/sorting 

2.b 
 

Avoid the need for alignment operations, but if it is necessary, then locating and 
aligning features should be used (There is a recognition phase and efforts 
required for alignments, therefore it should be minimised) 

2.c Design for ease of handling and cleaning of components (design parts, which are 
not sharp and sticky, so that they can be easily grasped and picked-up) 

2.d Indicate on the product how it should be opened and/or which parts must be 
cleaned and maintained in a specific way.(e.g.: colour-coded lubricating points) 

2.e Hazardous parts should be clearly marked for quick and safe removal (to 
eliminate the risk of contaminations)  

Table 2. DFD Guideline on Ease of Disassembly Efforts 
 
Factor 3:Parts  
 

The number of parts in a product has direct correlation with disassembly time and costs. As 
the number of parts increases, so do the steps of the disassembly operation. A product, 
therefore should be designed to have as few parts and components as are necessary to 
perform its intended function. This can be achieved by means of integration and/or by 
using parts with multiple functions, the complexity of a product and the number of 
unnecessary disassembly steps will be reduced/ eliminated. In that way there will be a 
fewer parts to disassemble and thereby the time of assembly and manufacturing processes 
will be reduced and as a result the total cost of manufacturing, fabrication, assembly and 
disassembly goes down. In addition costs related to purchasing, stocking and servicing will 
also goes down as well. Inventory and work-in-process levels will be reduced and then since 
a fewer parts need to be handled and processed, so that automation becomes easier. 
Furthermore designers should avoid designing a part that need to be supported, constrained 
or held down while undoing operation need to be performed. That is because; supporting a 
part during disassembly operation requires additional tools and manual effort to carry out 
the operation and therefore avoiding it will speed up the disassembly process and improves 
the disassembly efficiency. Designing parts that nests/ tangles should also be avoided. That 
is because nesting/tangling creates problems for maintenance and consumes unnecessary 
disassembly time and complicates the disassembly process. That is not suitable for selective 
disassembly and requires many more operations to reach to the target components. 
Additionally minimising flexible parts can also minimise the disassembly time; that is 
because flexible parts have a tendency to move about during disassembly operations and 
usually require special tooling, therefore avoiding it improves the disassembly operation. 
Consideration should also be given to minimising the use of force, to reduce the risk of 
damage, but some parts may exert some sort of resistance to release, if that is the case, the 
force should be minimised. Furthermore a self-locking part (a part that holds itself in 

 

location after it has been positioned, e.g. press fitting), should be avoided, that is because 
excessive force need to be used to separate the part, which increases the potential risk of 
damage to parts and also consumes disassembly time. In addition designing parts for re-
orientation should be avoided, to minimise the unnecessary manual effort and avoid 
ambiguity in orienting a part for removal. That is because there is a recognition phase 
require by humans for every orientation and additional time and efforts require orienting a 
part for removal. Volume/weight of a component can also play an important role in 
disassembly efficiency. For example, removing a screw is easier than removing an engine, 
therefore designing heavy parts should be avoided where possible, since it slows down the 
disassembly process and increases workers fatigue and as a result potential risk of injuries. 
In-addition, facilitating design activities through standardisation and utilisation of common 
parts also provide the opportunity to reduce the number of parts, which in turn facilitates 
the standardisation of tooling requirements and reduces the need for frequent tool changes 
as a result. In standardisation however, since less variety is used in configuration of a 
product and common components are utilised and used that simplifies the product design 
and results in significant operational efficiencies. The table below provides disassembly 
guideline for designing parts.   
 

3.a Reduce the number of parts/components (fewer parts/components, translates 
to a fewer disassembly operation) 

3.b 
Minimise flexible parts such as belts, cables and gaskets (flexible parts have a 
tendency to move about during disassembly operations and usually require 
special tooling for handling and increases the part's susceptibility to damage) 

3.c Avoid designing heavy parts (difficult to handle as slow down the process) 

3.d Utilise standard/common parts where possible 

3.e Avoid designing parts that need to be supported or held while undoing 
operation is performed 

3.f Avoid designing parts that nests and tangles (complicates the disassembly) 

3.g Avoid designing parts for a self-fix-Turing; e.g. press fitting  (they prolong and 
complicate the disassembly operation) 

3.h 
Avoid designing parts that need re-orientation for removal (there is a 
recognition phase required for every orientation, therefore time can be saved 
and unnecessary manual efforts can also be minimised) 

3.i 
Design parts for stability (a product can go through a variety of variations and 
changes during its life-cycle, therefore designing for stability can minimise the 
negative aspect)  

3.j Design parts with minimum resistance to release (if parts exert resistance to 
release, the force therefore should be minimised to reduce the risk of damage) 
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Factor 4: Materials  
 

The type of materials and its variety that are used to make up the product has direct influence on 
disassembly operation. A product whose components are made of different materials 
necessitates further disassembly operation that is because materials in a product need to be 
separated and sorted out prior to recycling to maintain its purity. In order to reduce unnecessary 
disassembly operations, the use of mixed and incompatible materials that requires exhaustive 
disassembly operations and manual efforts should be avoided. If the number of different types of 
materials are minimised and common recyclable materials are utilised then the disassembly 
operation time will be reduced and additional costs of separating and sorting materials goes 
down. In addition the potential risks of contaminations of materials will be reduced and thereby 
the purity of materials will be maintained for reprocessing and reuse (for example copper can 
contaminates steel that reduces the purity of steel, thereby reduces its value). Additional 
consideration should also be given to the use of toxic materials and hazardous substances (such 
as mercury, asbestos, cadmium, etc) to prevent decontaminations and maintain the safety of 
disassembly operations. Further to that, care needs to be taken on the selection of the ways in 
which metals are finished, i.e. (Plating, Painting, Oxidation, etc.). A good material marking 
system should be put in practice, to accommodate material recognition and ease the sorting 
process, which speeds up the disassembly operation. The table below provides design for 
disassembly guidelines for the use of materials.  
 

4.a  Use materials that can be recycled 

4.b Avoid using toxic materials and other hazardous substances (such as 
mercury, asbestos, cadmium, etc.) 

4.c Avoid using composite materials (such as added fibreglass, etc.) 

4.d 
Use compatible materials and eliminate incompatible labels ( e.g. if the 
material of a part is steel, then use the same for the label, to reduce the 
unnecessary operation of separating and sorting out the materials)  

4.e 
Avoid combinations of materials, which contaminates one another (such as 
copper and steel in which copper contaminates steel and therefore reduces 
the purity of the steel, thereby its value) 

4.f Avoid using mixed materials and utilise common materials  

4.g Avoid metal reinforcements in plastic parts (moulded-in metal inserts)  

Table 4. DFD Guideline on Materials 
 
Factor 5: Accessibility   
 

Accessibility to components in a product is a critical factor in disassembly operation and has 
a direct impact on disassembly time and costs. Accessibility therefore must be given 
thorough thought and be taken into series consideration in the product design and 
development phase in order to accomplish the disassembly tasks successfully and 
efficiently. If the potential accessibility of disassembly is large, then the cost of disassembly 
will be reduced; that is because such conditions increases flexibility and makes it is easier to 

 

use the required tools in the most convenient way to conduct disassembly operation and 
remove the desired parts. In addition, it is equally important that one should have an 
appropriate access to be able to see and observe the disassembly point in order to asses the 
condition of the joints to decide how the disassembly operation should be conducted. In 
disassembly, also the range of disassembly directions indicates the ease with which a 
component can be disassembled. Because, if there are two components in which one of them 
has only a single axis direction and the other has three or four axis directions, then the latter 
is easier to be disassembled and therefore is the preferred one that is because components 
with larger range of disassembly directions generally consumes less disassembly time and 
are easier to disassemble. Where in contrast in assembly a complex orientation and assembly 
movements in various directions should be avoided by utilising a simple patterns of 
movement to minimise the axes of assembly. The accessibility to drainage points is another 
feature that must be taken into consideration in order to remove Liquids easily. The table 
below provides design for disassembly guideline for accessibility. 
 

5.a Design to increase the potential extraction directions of disassembly 

5.b Provide visual access (one need to be able to see the joints and asses the 
condition to determine how the disassembly operation should be carried out) 

5.c Provide space and allow clear paths for removal of parts (to avoid collision 
and damage) 

5.d Design easy access drainage points, so that liquids can be removed 

5.e Fastening points should have easy access, to use hands/tools to perform the 
disassembly operation 

Table 5. DFD Guideline on Accessibility 
 
Factor 6: Fasteners/ Joints   
 

Fasteners are critical factors in disassembly operations and have a direct impact on recovery 
and disassembly operations. It is important to reduce the number of fasteners in order to 
reduce the disassembly operation time and associated costs, because the reduced number of 
fasteners translates to the reduced number of disassembly steps and ultimately the 
disassembly operation time and cost. The types of fasteners have also influence on 
disassembly operation; for example screws are time consuming tasks and therefore their use 
should be minimised and/or avoided as much as possible, but if they are necessary, then 
using uniform screw-types can minimise the tool-changing time, thereby reduces the 
disassembly operation time and costs. In addition conventional techniques of permanent 
fasteners such as welding and gluing should also be avoided as much as possible and be 
replaced by mechanical snap fittings that can be easily detached and removed. Furthermore 
position of the joints is also an important issue and has direct influence on disassembly 
operations and for that joints should be positioned in such a way that minimises the 
unnecessary movement of product (the product need not to be turned or moved as much 
during disassembly operations that is because such movements consumes time and also 
increases the risk of damage to product). Complex joining methods in various directions 
should also be avoided and designers should evaluate if there is an alternative way to 
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Factor 4: Materials  
 

The type of materials and its variety that are used to make up the product has direct influence on 
disassembly operation. A product whose components are made of different materials 
necessitates further disassembly operation that is because materials in a product need to be 
separated and sorted out prior to recycling to maintain its purity. In order to reduce unnecessary 
disassembly operations, the use of mixed and incompatible materials that requires exhaustive 
disassembly operations and manual efforts should be avoided. If the number of different types of 
materials are minimised and common recyclable materials are utilised then the disassembly 
operation time will be reduced and additional costs of separating and sorting materials goes 
down. In addition the potential risks of contaminations of materials will be reduced and thereby 
the purity of materials will be maintained for reprocessing and reuse (for example copper can 
contaminates steel that reduces the purity of steel, thereby reduces its value). Additional 
consideration should also be given to the use of toxic materials and hazardous substances (such 
as mercury, asbestos, cadmium, etc) to prevent decontaminations and maintain the safety of 
disassembly operations. Further to that, care needs to be taken on the selection of the ways in 
which metals are finished, i.e. (Plating, Painting, Oxidation, etc.). A good material marking 
system should be put in practice, to accommodate material recognition and ease the sorting 
process, which speeds up the disassembly operation. The table below provides design for 
disassembly guidelines for the use of materials.  
 

4.a  Use materials that can be recycled 

4.b Avoid using toxic materials and other hazardous substances (such as 
mercury, asbestos, cadmium, etc.) 

4.c Avoid using composite materials (such as added fibreglass, etc.) 

4.d 
Use compatible materials and eliminate incompatible labels ( e.g. if the 
material of a part is steel, then use the same for the label, to reduce the 
unnecessary operation of separating and sorting out the materials)  

4.e 
Avoid combinations of materials, which contaminates one another (such as 
copper and steel in which copper contaminates steel and therefore reduces 
the purity of the steel, thereby its value) 

4.f Avoid using mixed materials and utilise common materials  

4.g Avoid metal reinforcements in plastic parts (moulded-in metal inserts)  

Table 4. DFD Guideline on Materials 
 
Factor 5: Accessibility   
 

Accessibility to components in a product is a critical factor in disassembly operation and has 
a direct impact on disassembly time and costs. Accessibility therefore must be given 
thorough thought and be taken into series consideration in the product design and 
development phase in order to accomplish the disassembly tasks successfully and 
efficiently. If the potential accessibility of disassembly is large, then the cost of disassembly 
will be reduced; that is because such conditions increases flexibility and makes it is easier to 

 

use the required tools in the most convenient way to conduct disassembly operation and 
remove the desired parts. In addition, it is equally important that one should have an 
appropriate access to be able to see and observe the disassembly point in order to asses the 
condition of the joints to decide how the disassembly operation should be conducted. In 
disassembly, also the range of disassembly directions indicates the ease with which a 
component can be disassembled. Because, if there are two components in which one of them 
has only a single axis direction and the other has three or four axis directions, then the latter 
is easier to be disassembled and therefore is the preferred one that is because components 
with larger range of disassembly directions generally consumes less disassembly time and 
are easier to disassemble. Where in contrast in assembly a complex orientation and assembly 
movements in various directions should be avoided by utilising a simple patterns of 
movement to minimise the axes of assembly. The accessibility to drainage points is another 
feature that must be taken into consideration in order to remove Liquids easily. The table 
below provides design for disassembly guideline for accessibility. 
 

5.a Design to increase the potential extraction directions of disassembly 

5.b Provide visual access (one need to be able to see the joints and asses the 
condition to determine how the disassembly operation should be carried out) 

5.c Provide space and allow clear paths for removal of parts (to avoid collision 
and damage) 

5.d Design easy access drainage points, so that liquids can be removed 

5.e Fastening points should have easy access, to use hands/tools to perform the 
disassembly operation 
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Factor 6: Fasteners/ Joints   
 

Fasteners are critical factors in disassembly operations and have a direct impact on recovery 
and disassembly operations. It is important to reduce the number of fasteners in order to 
reduce the disassembly operation time and associated costs, because the reduced number of 
fasteners translates to the reduced number of disassembly steps and ultimately the 
disassembly operation time and cost. The types of fasteners have also influence on 
disassembly operation; for example screws are time consuming tasks and therefore their use 
should be minimised and/or avoided as much as possible, but if they are necessary, then 
using uniform screw-types can minimise the tool-changing time, thereby reduces the 
disassembly operation time and costs. In addition conventional techniques of permanent 
fasteners such as welding and gluing should also be avoided as much as possible and be 
replaced by mechanical snap fittings that can be easily detached and removed. Furthermore 
position of the joints is also an important issue and has direct influence on disassembly 
operations and for that joints should be positioned in such a way that minimises the 
unnecessary movement of product (the product need not to be turned or moved as much 
during disassembly operations that is because such movements consumes time and also 
increases the risk of damage to product). Complex joining methods in various directions 
should also be avoided and designers should evaluate if there is an alternative way to 



Engineering the Future328

 

Factor 4: Materials  
 

The type of materials and its variety that are used to make up the product has direct influence on 
disassembly operation. A product whose components are made of different materials 
necessitates further disassembly operation that is because materials in a product need to be 
separated and sorted out prior to recycling to maintain its purity. In order to reduce unnecessary 
disassembly operations, the use of mixed and incompatible materials that requires exhaustive 
disassembly operations and manual efforts should be avoided. If the number of different types of 
materials are minimised and common recyclable materials are utilised then the disassembly 
operation time will be reduced and additional costs of separating and sorting materials goes 
down. In addition the potential risks of contaminations of materials will be reduced and thereby 
the purity of materials will be maintained for reprocessing and reuse (for example copper can 
contaminates steel that reduces the purity of steel, thereby reduces its value). Additional 
consideration should also be given to the use of toxic materials and hazardous substances (such 
as mercury, asbestos, cadmium, etc) to prevent decontaminations and maintain the safety of 
disassembly operations. Further to that, care needs to be taken on the selection of the ways in 
which metals are finished, i.e. (Plating, Painting, Oxidation, etc.). A good material marking 
system should be put in practice, to accommodate material recognition and ease the sorting 
process, which speeds up the disassembly operation. The table below provides design for 
disassembly guidelines for the use of materials.  
 

4.a  Use materials that can be recycled 

4.b Avoid using toxic materials and other hazardous substances (such as 
mercury, asbestos, cadmium, etc.) 

4.c Avoid using composite materials (such as added fibreglass, etc.) 

4.d 
Use compatible materials and eliminate incompatible labels ( e.g. if the 
material of a part is steel, then use the same for the label, to reduce the 
unnecessary operation of separating and sorting out the materials)  

4.e 
Avoid combinations of materials, which contaminates one another (such as 
copper and steel in which copper contaminates steel and therefore reduces 
the purity of the steel, thereby its value) 

4.f Avoid using mixed materials and utilise common materials  

4.g Avoid metal reinforcements in plastic parts (moulded-in metal inserts)  

Table 4. DFD Guideline on Materials 
 
Factor 5: Accessibility   
 

Accessibility to components in a product is a critical factor in disassembly operation and has 
a direct impact on disassembly time and costs. Accessibility therefore must be given 
thorough thought and be taken into series consideration in the product design and 
development phase in order to accomplish the disassembly tasks successfully and 
efficiently. If the potential accessibility of disassembly is large, then the cost of disassembly 
will be reduced; that is because such conditions increases flexibility and makes it is easier to 

 

use the required tools in the most convenient way to conduct disassembly operation and 
remove the desired parts. In addition, it is equally important that one should have an 
appropriate access to be able to see and observe the disassembly point in order to asses the 
condition of the joints to decide how the disassembly operation should be conducted. In 
disassembly, also the range of disassembly directions indicates the ease with which a 
component can be disassembled. Because, if there are two components in which one of them 
has only a single axis direction and the other has three or four axis directions, then the latter 
is easier to be disassembled and therefore is the preferred one that is because components 
with larger range of disassembly directions generally consumes less disassembly time and 
are easier to disassemble. Where in contrast in assembly a complex orientation and assembly 
movements in various directions should be avoided by utilising a simple patterns of 
movement to minimise the axes of assembly. The accessibility to drainage points is another 
feature that must be taken into consideration in order to remove Liquids easily. The table 
below provides design for disassembly guideline for accessibility. 
 

5.a Design to increase the potential extraction directions of disassembly 

5.b Provide visual access (one need to be able to see the joints and asses the 
condition to determine how the disassembly operation should be carried out) 

5.c Provide space and allow clear paths for removal of parts (to avoid collision 
and damage) 

5.d Design easy access drainage points, so that liquids can be removed 

5.e Fastening points should have easy access, to use hands/tools to perform the 
disassembly operation 
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Factor 6: Fasteners/ Joints   
 

Fasteners are critical factors in disassembly operations and have a direct impact on recovery 
and disassembly operations. It is important to reduce the number of fasteners in order to 
reduce the disassembly operation time and associated costs, because the reduced number of 
fasteners translates to the reduced number of disassembly steps and ultimately the 
disassembly operation time and cost. The types of fasteners have also influence on 
disassembly operation; for example screws are time consuming tasks and therefore their use 
should be minimised and/or avoided as much as possible, but if they are necessary, then 
using uniform screw-types can minimise the tool-changing time, thereby reduces the 
disassembly operation time and costs. In addition conventional techniques of permanent 
fasteners such as welding and gluing should also be avoided as much as possible and be 
replaced by mechanical snap fittings that can be easily detached and removed. Furthermore 
position of the joints is also an important issue and has direct influence on disassembly 
operations and for that joints should be positioned in such a way that minimises the 
unnecessary movement of product (the product need not to be turned or moved as much 
during disassembly operations that is because such movements consumes time and also 
increases the risk of damage to product). Complex joining methods in various directions 
should also be avoided and designers should evaluate if there is an alternative way to 
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Factor 4: Materials  
 

The type of materials and its variety that are used to make up the product has direct influence on 
disassembly operation. A product whose components are made of different materials 
necessitates further disassembly operation that is because materials in a product need to be 
separated and sorted out prior to recycling to maintain its purity. In order to reduce unnecessary 
disassembly operations, the use of mixed and incompatible materials that requires exhaustive 
disassembly operations and manual efforts should be avoided. If the number of different types of 
materials are minimised and common recyclable materials are utilised then the disassembly 
operation time will be reduced and additional costs of separating and sorting materials goes 
down. In addition the potential risks of contaminations of materials will be reduced and thereby 
the purity of materials will be maintained for reprocessing and reuse (for example copper can 
contaminates steel that reduces the purity of steel, thereby reduces its value). Additional 
consideration should also be given to the use of toxic materials and hazardous substances (such 
as mercury, asbestos, cadmium, etc) to prevent decontaminations and maintain the safety of 
disassembly operations. Further to that, care needs to be taken on the selection of the ways in 
which metals are finished, i.e. (Plating, Painting, Oxidation, etc.). A good material marking 
system should be put in practice, to accommodate material recognition and ease the sorting 
process, which speeds up the disassembly operation. The table below provides design for 
disassembly guidelines for the use of materials.  
 

4.a  Use materials that can be recycled 

4.b Avoid using toxic materials and other hazardous substances (such as 
mercury, asbestos, cadmium, etc.) 

4.c Avoid using composite materials (such as added fibreglass, etc.) 

4.d 
Use compatible materials and eliminate incompatible labels ( e.g. if the 
material of a part is steel, then use the same for the label, to reduce the 
unnecessary operation of separating and sorting out the materials)  

4.e 
Avoid combinations of materials, which contaminates one another (such as 
copper and steel in which copper contaminates steel and therefore reduces 
the purity of the steel, thereby its value) 

4.f Avoid using mixed materials and utilise common materials  

4.g Avoid metal reinforcements in plastic parts (moulded-in metal inserts)  

Table 4. DFD Guideline on Materials 
 
Factor 5: Accessibility   
 

Accessibility to components in a product is a critical factor in disassembly operation and has 
a direct impact on disassembly time and costs. Accessibility therefore must be given 
thorough thought and be taken into series consideration in the product design and 
development phase in order to accomplish the disassembly tasks successfully and 
efficiently. If the potential accessibility of disassembly is large, then the cost of disassembly 
will be reduced; that is because such conditions increases flexibility and makes it is easier to 

 

use the required tools in the most convenient way to conduct disassembly operation and 
remove the desired parts. In addition, it is equally important that one should have an 
appropriate access to be able to see and observe the disassembly point in order to asses the 
condition of the joints to decide how the disassembly operation should be conducted. In 
disassembly, also the range of disassembly directions indicates the ease with which a 
component can be disassembled. Because, if there are two components in which one of them 
has only a single axis direction and the other has three or four axis directions, then the latter 
is easier to be disassembled and therefore is the preferred one that is because components 
with larger range of disassembly directions generally consumes less disassembly time and 
are easier to disassemble. Where in contrast in assembly a complex orientation and assembly 
movements in various directions should be avoided by utilising a simple patterns of 
movement to minimise the axes of assembly. The accessibility to drainage points is another 
feature that must be taken into consideration in order to remove Liquids easily. The table 
below provides design for disassembly guideline for accessibility. 
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and damage) 
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Table 5. DFD Guideline on Accessibility 
 
Factor 6: Fasteners/ Joints   
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accomplish the joining tasks. That is because; simplification of the joining activities and 
minimisation of the joining directions simplifies the disassembly operations and offers 
opportunities to improve the disassembly operation efficiency. Furthermore, if parts are to 
be exposed to harsh environments then rust proof joints should be used, because when a 
joint is rusty it will require more efforts and consumes more time to undo the given joint 
non-distractively and that adds to disassembly operation time and also increases the risk of 
damage to parts. The table below provides design for disassembly guideline for joints. 

 

6.a Simplify the joints and minimise the joining directions 

6.b Use joints that are easy to undo (such as snap fits) 

6.c Minimise the use of threaded fasteners and screws (they are time consuming)  

6.d Reduce the number of fasteners (to reduce the disassembly time) 

6.e Use rust proof joints if parts are to be exposed to harsh environments 

6.f Use standardised joints; same size and the same system (to minimise tool-
changing time during disassembly)  

6.g Avoid using joining elements that are difficult to undo (such as weld, 
permanent glue or solder connections) 

6.h Position joints to minimise the movement of product during disassembly 

6.i Use fasteners whose materials are the same with the parts connected. 

6.j Avoid incompatible adhesives and heat staking between non-compatible parts 
(such as steel with copper) 

6.k Identify joining points and mark the location of snap fits, so that they can be 
identified quickly for separation 

Table 6. DFD Guideline on Joints 
 
3.4 Discussions 
The above section discussed and provided the way in which DFD should be integrated into 
early stage of product design and development phase. Since it is in the design phase that 
product attributes are mainly fixed and therefore most of the problems associated with 
disassembly should be tackled and dealt with at the design phase. In this work 3 main 
criteria for assessing DFD were provided and a set of guidelines for the ease of disassembly 
presented. The main aim is to communicate disassembly improvement priorities to product 
design and development team and provide the information, knowledge, and the necessary 
tools to identify design changes for better product attributes and obtain a design that 
guarantees efficient disassembly operations. To validate the methodology and demonstrate 
the applicability, an industrial size product is chosen as a case study for redesign analysis 
and presented in the following section. 

 

4. A Case Study  

To demonstrate the application of the DFD criteria and the guidelines, an existing product- 
Videotape Recorder (VCR)-Toshiba is chosen for redesign analysis. This product was made in 
1990’s in Japan with the karaoke system for television broadcasters and that was a major 
development of the time, because News and other TV programs could be recorded and 
broadcasted later. This VCR has two main functions to perform; it must deal with the tape– 
an extremely thin, fairly fragile and incredibly long piece of magnetised plastics and also it 
must read the signals of the tape and convert them to TV signals that can be broadcast. The 
descriptions of this VCR and its materials contents are presented in the following sections. 

 
4.1 The Product Descriptions  
This Toshiba VCR system is fairly heavy in weight and has been designed with two motors 
and two electric plates to run and perform its functions. The components of this VCR are 
presented in table 4.1, which also provides information regarding material types and their 
weights. Figure 4.1, illustrates the exploded views of the original design of the VCR and 
figures 4.2-4.4 illustrate the different views of the angles of the VCR  
 

Table 4.1. The Components Information of the Original Design 

 
The figure 4.1, below illustrates the exploded view of the original design of the VCR and 
figure 4.2, illustrates the view from the bottom of the right-back of the original design. 
 

Parts No. Quantity  Components Name Material Weight kg 
14 1 Base Steel 2.638 
13 1 VCR runner Steel 0.975 

Plastics 0.85 
15 3 Screws runner Brass 0.021 
11 2 Electrical  

Components  
(EC) 

Motor 2.482 
16 1 Mixed 2.367 
12 1 Power Supply 1.869 
10 12 Screws (EC) Steel 0.24 
9 1 Bracket Steel 0.295 
8 1 Bracket screws Steel 0.08 
7 1 Front Cover (FC) Enforced Plastics 0.383 
6 1 Tighten bar (TB) Steel 0.922 
5 3 F C & T B screws Brass 0.024 
4 1 Upper Cover (UC) Enforced Plastics 1.85 
3 4 U C screws Steel 0.032 
2 1 Bottom Cover (BC) Steel 3.78 
1 5 B C screws Steel 0.040 

Integration and optimisation of product design for ease of disassembly 331

 

accomplish the joining tasks. That is because; simplification of the joining activities and 
minimisation of the joining directions simplifies the disassembly operations and offers 
opportunities to improve the disassembly operation efficiency. Furthermore, if parts are to 
be exposed to harsh environments then rust proof joints should be used, because when a 
joint is rusty it will require more efforts and consumes more time to undo the given joint 
non-distractively and that adds to disassembly operation time and also increases the risk of 
damage to parts. The table below provides design for disassembly guideline for joints. 

 

6.a Simplify the joints and minimise the joining directions 

6.b Use joints that are easy to undo (such as snap fits) 

6.c Minimise the use of threaded fasteners and screws (they are time consuming)  

6.d Reduce the number of fasteners (to reduce the disassembly time) 

6.e Use rust proof joints if parts are to be exposed to harsh environments 

6.f Use standardised joints; same size and the same system (to minimise tool-
changing time during disassembly)  

6.g Avoid using joining elements that are difficult to undo (such as weld, 
permanent glue or solder connections) 

6.h Position joints to minimise the movement of product during disassembly 

6.i Use fasteners whose materials are the same with the parts connected. 

6.j Avoid incompatible adhesives and heat staking between non-compatible parts 
(such as steel with copper) 

6.k Identify joining points and mark the location of snap fits, so that they can be 
identified quickly for separation 

Table 6. DFD Guideline on Joints 
 
3.4 Discussions 
The above section discussed and provided the way in which DFD should be integrated into 
early stage of product design and development phase. Since it is in the design phase that 
product attributes are mainly fixed and therefore most of the problems associated with 
disassembly should be tackled and dealt with at the design phase. In this work 3 main 
criteria for assessing DFD were provided and a set of guidelines for the ease of disassembly 
presented. The main aim is to communicate disassembly improvement priorities to product 
design and development team and provide the information, knowledge, and the necessary 
tools to identify design changes for better product attributes and obtain a design that 
guarantees efficient disassembly operations. To validate the methodology and demonstrate 
the applicability, an industrial size product is chosen as a case study for redesign analysis 
and presented in the following section. 

 

4. A Case Study  

To demonstrate the application of the DFD criteria and the guidelines, an existing product- 
Videotape Recorder (VCR)-Toshiba is chosen for redesign analysis. This product was made in 
1990’s in Japan with the karaoke system for television broadcasters and that was a major 
development of the time, because News and other TV programs could be recorded and 
broadcasted later. This VCR has two main functions to perform; it must deal with the tape– 
an extremely thin, fairly fragile and incredibly long piece of magnetised plastics and also it 
must read the signals of the tape and convert them to TV signals that can be broadcast. The 
descriptions of this VCR and its materials contents are presented in the following sections. 

 
4.1 The Product Descriptions  
This Toshiba VCR system is fairly heavy in weight and has been designed with two motors 
and two electric plates to run and perform its functions. The components of this VCR are 
presented in table 4.1, which also provides information regarding material types and their 
weights. Figure 4.1, illustrates the exploded views of the original design of the VCR and 
figures 4.2-4.4 illustrate the different views of the angles of the VCR  
 

Table 4.1. The Components Information of the Original Design 

 
The figure 4.1, below illustrates the exploded view of the original design of the VCR and 
figure 4.2, illustrates the view from the bottom of the right-back of the original design. 
 

Parts No. Quantity  Components Name Material Weight kg 
14 1 Base Steel 2.638 
13 1 VCR runner Steel 0.975 

Plastics 0.85 
15 3 Screws runner Brass 0.021 
11 2 Electrical  

Components  
(EC) 

Motor 2.482 
16 1 Mixed 2.367 
12 1 Power Supply 1.869 
10 12 Screws (EC) Steel 0.24 
9 1 Bracket Steel 0.295 
8 1 Bracket screws Steel 0.08 
7 1 Front Cover (FC) Enforced Plastics 0.383 
6 1 Tighten bar (TB) Steel 0.922 
5 3 F C & T B screws Brass 0.024 
4 1 Upper Cover (UC) Enforced Plastics 1.85 
3 4 U C screws Steel 0.032 
2 1 Bottom Cover (BC) Steel 3.78 
1 5 B C screws Steel 0.040 



Engineering the Future330

 

accomplish the joining tasks. That is because; simplification of the joining activities and 
minimisation of the joining directions simplifies the disassembly operations and offers 
opportunities to improve the disassembly operation efficiency. Furthermore, if parts are to 
be exposed to harsh environments then rust proof joints should be used, because when a 
joint is rusty it will require more efforts and consumes more time to undo the given joint 
non-distractively and that adds to disassembly operation time and also increases the risk of 
damage to parts. The table below provides design for disassembly guideline for joints. 

 

6.a Simplify the joints and minimise the joining directions 

6.b Use joints that are easy to undo (such as snap fits) 

6.c Minimise the use of threaded fasteners and screws (they are time consuming)  

6.d Reduce the number of fasteners (to reduce the disassembly time) 

6.e Use rust proof joints if parts are to be exposed to harsh environments 

6.f Use standardised joints; same size and the same system (to minimise tool-
changing time during disassembly)  

6.g Avoid using joining elements that are difficult to undo (such as weld, 
permanent glue or solder connections) 

6.h Position joints to minimise the movement of product during disassembly 

6.i Use fasteners whose materials are the same with the parts connected. 

6.j Avoid incompatible adhesives and heat staking between non-compatible parts 
(such as steel with copper) 

6.k Identify joining points and mark the location of snap fits, so that they can be 
identified quickly for separation 

Table 6. DFD Guideline on Joints 
 
3.4 Discussions 
The above section discussed and provided the way in which DFD should be integrated into 
early stage of product design and development phase. Since it is in the design phase that 
product attributes are mainly fixed and therefore most of the problems associated with 
disassembly should be tackled and dealt with at the design phase. In this work 3 main 
criteria for assessing DFD were provided and a set of guidelines for the ease of disassembly 
presented. The main aim is to communicate disassembly improvement priorities to product 
design and development team and provide the information, knowledge, and the necessary 
tools to identify design changes for better product attributes and obtain a design that 
guarantees efficient disassembly operations. To validate the methodology and demonstrate 
the applicability, an industrial size product is chosen as a case study for redesign analysis 
and presented in the following section. 

 

4. A Case Study  

To demonstrate the application of the DFD criteria and the guidelines, an existing product- 
Videotape Recorder (VCR)-Toshiba is chosen for redesign analysis. This product was made in 
1990’s in Japan with the karaoke system for television broadcasters and that was a major 
development of the time, because News and other TV programs could be recorded and 
broadcasted later. This VCR has two main functions to perform; it must deal with the tape– 
an extremely thin, fairly fragile and incredibly long piece of magnetised plastics and also it 
must read the signals of the tape and convert them to TV signals that can be broadcast. The 
descriptions of this VCR and its materials contents are presented in the following sections. 

 
4.1 The Product Descriptions  
This Toshiba VCR system is fairly heavy in weight and has been designed with two motors 
and two electric plates to run and perform its functions. The components of this VCR are 
presented in table 4.1, which also provides information regarding material types and their 
weights. Figure 4.1, illustrates the exploded views of the original design of the VCR and 
figures 4.2-4.4 illustrate the different views of the angles of the VCR  
 

Table 4.1. The Components Information of the Original Design 

 
The figure 4.1, below illustrates the exploded view of the original design of the VCR and 
figure 4.2, illustrates the view from the bottom of the right-back of the original design. 
 

Parts No. Quantity  Components Name Material Weight kg 
14 1 Base Steel 2.638 
13 1 VCR runner Steel 0.975 

Plastics 0.85 
15 3 Screws runner Brass 0.021 
11 2 Electrical  

Components  
(EC) 

Motor 2.482 
16 1 Mixed 2.367 
12 1 Power Supply 1.869 
10 12 Screws (EC) Steel 0.24 
9 1 Bracket Steel 0.295 
8 1 Bracket screws Steel 0.08 
7 1 Front Cover (FC) Enforced Plastics 0.383 
6 1 Tighten bar (TB) Steel 0.922 
5 3 F C & T B screws Brass 0.024 
4 1 Upper Cover (UC) Enforced Plastics 1.85 
3 4 U C screws Steel 0.032 
2 1 Bottom Cover (BC) Steel 3.78 
1 5 B C screws Steel 0.040 

Integration and optimisation of product design for ease of disassembly 331

 

accomplish the joining tasks. That is because; simplification of the joining activities and 
minimisation of the joining directions simplifies the disassembly operations and offers 
opportunities to improve the disassembly operation efficiency. Furthermore, if parts are to 
be exposed to harsh environments then rust proof joints should be used, because when a 
joint is rusty it will require more efforts and consumes more time to undo the given joint 
non-distractively and that adds to disassembly operation time and also increases the risk of 
damage to parts. The table below provides design for disassembly guideline for joints. 

 

6.a Simplify the joints and minimise the joining directions 

6.b Use joints that are easy to undo (such as snap fits) 

6.c Minimise the use of threaded fasteners and screws (they are time consuming)  

6.d Reduce the number of fasteners (to reduce the disassembly time) 

6.e Use rust proof joints if parts are to be exposed to harsh environments 

6.f Use standardised joints; same size and the same system (to minimise tool-
changing time during disassembly)  

6.g Avoid using joining elements that are difficult to undo (such as weld, 
permanent glue or solder connections) 

6.h Position joints to minimise the movement of product during disassembly 

6.i Use fasteners whose materials are the same with the parts connected. 

6.j Avoid incompatible adhesives and heat staking between non-compatible parts 
(such as steel with copper) 

6.k Identify joining points and mark the location of snap fits, so that they can be 
identified quickly for separation 

Table 6. DFD Guideline on Joints 
 
3.4 Discussions 
The above section discussed and provided the way in which DFD should be integrated into 
early stage of product design and development phase. Since it is in the design phase that 
product attributes are mainly fixed and therefore most of the problems associated with 
disassembly should be tackled and dealt with at the design phase. In this work 3 main 
criteria for assessing DFD were provided and a set of guidelines for the ease of disassembly 
presented. The main aim is to communicate disassembly improvement priorities to product 
design and development team and provide the information, knowledge, and the necessary 
tools to identify design changes for better product attributes and obtain a design that 
guarantees efficient disassembly operations. To validate the methodology and demonstrate 
the applicability, an industrial size product is chosen as a case study for redesign analysis 
and presented in the following section. 

 

4. A Case Study  

To demonstrate the application of the DFD criteria and the guidelines, an existing product- 
Videotape Recorder (VCR)-Toshiba is chosen for redesign analysis. This product was made in 
1990’s in Japan with the karaoke system for television broadcasters and that was a major 
development of the time, because News and other TV programs could be recorded and 
broadcasted later. This VCR has two main functions to perform; it must deal with the tape– 
an extremely thin, fairly fragile and incredibly long piece of magnetised plastics and also it 
must read the signals of the tape and convert them to TV signals that can be broadcast. The 
descriptions of this VCR and its materials contents are presented in the following sections. 

 
4.1 The Product Descriptions  
This Toshiba VCR system is fairly heavy in weight and has been designed with two motors 
and two electric plates to run and perform its functions. The components of this VCR are 
presented in table 4.1, which also provides information regarding material types and their 
weights. Figure 4.1, illustrates the exploded views of the original design of the VCR and 
figures 4.2-4.4 illustrate the different views of the angles of the VCR  
 

Table 4.1. The Components Information of the Original Design 

 
The figure 4.1, below illustrates the exploded view of the original design of the VCR and 
figure 4.2, illustrates the view from the bottom of the right-back of the original design. 
 

Parts No. Quantity  Components Name Material Weight kg 
14 1 Base Steel 2.638 
13 1 VCR runner Steel 0.975 

Plastics 0.85 
15 3 Screws runner Brass 0.021 
11 2 Electrical  

Components  
(EC) 

Motor 2.482 
16 1 Mixed 2.367 
12 1 Power Supply 1.869 
10 12 Screws (EC) Steel 0.24 
9 1 Bracket Steel 0.295 
8 1 Bracket screws Steel 0.08 
7 1 Front Cover (FC) Enforced Plastics 0.383 
6 1 Tighten bar (TB) Steel 0.922 
5 3 F C & T B screws Brass 0.024 
4 1 Upper Cover (UC) Enforced Plastics 1.85 
3 4 U C screws Steel 0.032 
2 1 Bottom Cover (BC) Steel 3.78 
1 5 B C screws Steel 0.040 



Engineering the Future332

 

s

 
Fig. 4.1. Exploded View of the VCR Original Design 
 

 
 

Fig. 4.2. the view from the bottom of the right-back of the original design. 

 

4.2 The Design Analysis of the VCR 
This Toshiba VCR system is analysed for its design in an integrated form through those of 
the DFA and DFD criteria and the provided DFD guidelines. In this process every part of 
the VCR is assessed and the necessary changes are made based on the DFMA and DFD 
requirements. The summary of the effect of those applications to each individual part is 
presented in table 4.2 and the detail explanations are followed subsequently; 

 
Parts Name  Parts 

No. 
Qua
ntity  

DFD 
Criteria 

DFA 
Criteria 

Reta
ined  

The affects of DFD 
Criteria 

Base 14 1 C3 - 1 HIPS thermoplastics 

VCR runner 13 1 C3 Y 1 HIPS thermoplastics 

VCR runner screws 15 3 C2, C3 N 0 Integrated Snap-fits 

Electrical Parts (EP) 16 1 C3 Y 1 Recyclable  
Motor 11 2 C3 Y 1x2 Recyclable  

Power Supply 12 1 C3 Y 1 Recyclable  
(EP) screws 10 12 C2 N 0 Integrated Snap-fits 

Bracket 9 1 C3 N 0 Combined with base 

Bracket screws 8 1 C2, C3 N 0 Integrated Snap-fits 

Front Cover (FC) 7 1 C3 Y 1 HIPS thermoplastics 

Tighten bar (TB) 6 1 C3 N 0 Combined with base 

F C & T B screws 5 3 C2, C3 N 0 Integrated Snap-fits 

Upper Cover (UC) 4 1 C3 Y 1 HIPS thermoplastics 

U C screws 3 4 C2, C3 N 0 Integrated Snap-fits 
Bottom Cover (BC) 2 1 C3 N 0 Combined with base 

B C screws 1 5 C2, C3 N 0 Integrated Snap-fits 

Total                                                39                                                 8 
 

Table 4.2. The Analysis of the VCR Original Design 
 
The following sections briefly discuss the affect of the DFD and DFA criteria’s on each part 
of the VCR and shows the necessary changes that required based on those assessments.  The 
provided DFD guidelines have also been applied and the affects are highlighted.  
 
VCR Base, (Part Number 14) 
 

 DFA Criteria 
According to DFA criteria, this is the first part and is the base for assembly, 
therefore it is a theoretically necessary part and that will be retained. 
 

 DFD Criteria and the Guidelines; 
Based on DFD criteria, this part should be modified and redesigned, to 
accommodate the integration of the other parts into the base. This base should also 
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be made of different kind of materials; such as High-Impact Polystyrene (HIPS) 
Thermoplastics, which has molecular stability and retains its property under 
extreme heat, which makes it an excellent recyclable material. Thus modifications 
and integrations of the other parts and also the change of materials for this part, 
reduces the number of parts, thereby reduces the disassembly operations time and 
eases the disassembly efforts for separating and sorting materials out, (meets the 
requirements of the DFD criteria number 3 and points 3.c, 4.a, 4.d, 4.e and 4.f of the 
DFD Guidelines). 

 
VCR Runner, (Part Number 13) 
 

 DFA Criteria 
According to DFA criteria, since this part moves relative to other parts, therefore it 
is a theoretically necessary part and that will be retained.  
 

 DFD Criteria and the Guidelines 
Based on DFD criteria, this part should be redesigned and modified so that its 
current fastening methods to be replaced by snap-fits as an integral part of the 
peace for easy disassembly (meets the DFD criteria number 2 and points 3a, 4a, 4e, 
4f, 4g, 6.b, 6.c, 6.d and 6.i of the DFD Guidelines). In addition the materials of this 
part should also be changed from the combinations of plastics and steel to HIPS 
thermoplastics. This change will eliminate the combinations of the existing mixed 
materials and replaces them with materials that are same as the base and 
recyclable. Thus change therefore not only eliminates the disassembly time, but 
also abolishes the disassembly efforts for separating and sorting materials out, 
(meets the requirements of the DFD criteria numbers 2 and 3 and points 3.a, 4.a, 
4.d, 4.e, 4.f and 4.g of the DFD Guidelines).  

 
Parts number, (4, 7, 11, 12 and 16) 
 

 DFA Criteria 
According to DFA criteria, since these parts are standard subassembly and will be 
considered necessary separate items, therefore they are theoretically necessary and 
they will be retained.  
 

 DFD Criteria and Guidelines 
Based on DFD criteria, these parts could be redesigned and modified so that their 
current fastening methods to be replaced by snap-fits as an integral part of the 
pieces for easy disassembly (meets the DFD criteria number 2 and points 3a, 4a, 4e, 
4f, 4g, 6.a, 6.b, 6.c, 6.d and 6.i of the DFD Guidelines). In addition the materials of 
those parts should also be changed from the combinations of plastics and steel to 
HIPS thermoplastics, which is an excellent recyclable material. This change not 
only eliminates the combinations of the existing mixed materials, but replaces them 
with materials that are same as the base and recyclable. The changes of the 
materials therefore not only eliminate the disassembly time, but also abolish the 
disassembly efforts for separating and sorting materials out. (Meets the DFD 
criteria requirements, numbers 2 and 3 and points 3.a, 4.a, 4.d, 4.e, 4.f and 4.g of the 
DFD Guidelines). 

 
 

 

Parts number (2, 6 and 9) 
 

 DFA Criteria 
These parts do not meet any of the DFA criteria, therefore they are theoretically 
unnecessary parts and those should be eliminated.  
 

 DFD Criteria and the Guidelines; 
Based on DFD criteria these parts if necessary, therefore they should be 
incorporated into the base and their materials should be change to HIPS 
thermoplastics which is same as the base and recyclable. Those modifications and 
changes in materials therefore reduce the number of necessary parts and eliminate 
the combinations of the existing mixed materials and replace them with materials 
that are same as the base and recyclable. Those changes therefore not only reduce 
the disassembly time, but also abolish the disassembly efforts for separating and 
sorting materials out, (meets the DFD criteria requirements of number 3 and points 
3.a, 4.a, 4.d, 4.e, 4.f and 4.g of the DFD Guidelines). 

 
Parts number (1, 3, 8 and 10) 
 

 DFA Criteria 
These parts are separate fasteners and do not meet any of the DFA criteria, 
therefore they should be eliminated.  
 

 DFD Criteria and Guidelines; 
Based on DFD criteria, these parts if necessary to be retained, therefore they should 
be incorporated into design as integral part of the pieces, such as snap-fits for easy 
disassembly, (meets the DFD criteria number 2 and points 3a, 4a, 4e, 4f, 4g, 6.b, 6.c, 
6.d and 6.i of the DFD Guidelines). This integration therefore not only reduces the 
number of parts, but also reduces the combinations of the mixed materials thereby 
reduces the disassembly times and eliminates the disassembly efforts for 
separating and sorting materials out, (meets the DFD criteria requirements of 
numbers 2 and 3 and points 3.a, 4.a, 4.d, 4.e, 4.f and 4.g of the DFD Guidelines). 

 
4.3 The Redesign of the VCR 
The design analysis of the Toshiba VCR system shows that if subassemblies are arranged 
and modified to snap into the base and covers are modified and redesigned to snap on and 
also parts 2, 6, 9 are incorporated into the base and screws are replaced by snap-fits, then 
only eight separate items would be necessary for the design of this VCR, instead of 39. These 
eight items therefore represent the theoretical minimum number of items that needed to 
satisfy the functional requirements of this VCR. The redesign of this VCR therefore satisfy 
the disassembly requirements, where unnecessary parts were eliminated or combined and 
fastening methods were simplified and replaced by snap-fits for rapid and non-destructive 
disassembly. In addition incompatible materials were eliminated and replaced with 
recyclable materials, such as High-Impact Polystyrene (HIPS) Thermoplastics, which has 
molecular stability and retains its property under extreme heat, which makes it an excellent 
recyclable material. In the following sections the figure 4.3, illustrates the exploded view of 
the redesign of this VCR and figure 4.4 shows the bottom of right-back view of the redesign, 
followed by the figures 4.5 and 4.6, which illustrate the modifications that has been 
incorporated into design for obtaining the redesign for this VCR system.  
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molecular stability and retains its property under extreme heat, which makes it an excellent 
recyclable material. In the following sections the figure 4.3, illustrates the exploded view of 
the redesign of this VCR and figure 4.4 shows the bottom of right-back view of the redesign, 
followed by the figures 4.5 and 4.6, which illustrate the modifications that has been 
incorporated into design for obtaining the redesign for this VCR system.  
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Fig. 4.3. Exploded View of Re-Design of the VCR 

 

 
Fig. 4.4. the bottom of right-back view of the redesign 

 

The figure 4.5 illustrates the redesign and modification of the base and also the integration 
of components and snap-fits onto the base.  The figure 4.6 illustrates the redesign of the 
snap-fits for the Upper cover to the base and on the bottom part of the base for front cover of 
this VCR system. 
 

 
 

Fig. 4.5. The Redesign view of the Snap-fit and other integrated components 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 4.6. the redesign of snap-fits for the Upper cover and on the base for front cover  
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4.4 Discussions 
The Toshiba VCR system was analysed in an integrated form for both its original and 
redesign. The design analysis clearly reveals that one of the changes that need to be made to 
a design is material selection, since the optimum return from disassembly is affected by the 
material used in the product, i.e. the mix of materials, the compatibility of materials, and 
recyclability of materials and so on. That is because if the number of different types of 
materials are minimised and common recyclable materials are utilised then the time of 
disassembly operations will be reduced and additional costs of separating and sorting 
materials out will be eliminated. In addition the potential risk of contaminations will be 
reduced and the purity of materials will be maintained for reprocessing.  
 
Furthermore, the other important changes which need be made to a design is joining 
techniques and fastening methods. As discussed earlier that fasteners are critical factors in 
disassembly operations and have a direct impact on disassembly time and ultimately on 
disassembly costs. That is because; the reduced number of fasteners translates to reduce 
number of disassembly operations that in turns reduces the disassembly time and thereby 
reduces the disassembly operation costs. Another important change that needs to be made 
to a design is the accessibility to components in a product, which is a critical factor in 
disassembly operation and has a direct impact on disassembly costs. If the potential 
accessibility of disassembly is large, then the cost of disassembly will be reduced, because 
that makes it easier to use the required tools in order to perform the disassembly operations 
and remove the desired components.  
 
The design analysis of this VCR system therefore clearly showed that the integration of 
design for ease of disassembly into product design and development phase offers significant 
opportunities to ease the problems associated with disassembly and thereby obtain an 
efficient design to reduce the disassembly operations time and costs. The design for ease of 
disassembly guidelines with those of DFD criteria therefore provide a structured approach 
to seeking design for ease of disassembly in an integrated form at the early stage of product 
design and development phase. That is because most of the product attributes are mainly 
fixed at the design stage and therefore most of the problems associated with disassembly 
should be tackled and dealt with at the design phase through the use and application of the 
DFD criteria and the guidelines.  
 
The main aim of this study therefore is to communicate disassembly improvement priorities 
to product design and development team and provide the information, knowledge, and the 
necessary tools to designers in order to assess and evaluate their design decisions. To 
identify the design changes and make the right choice, by  deciding about the structure of a 
product, its components constructions, materials, joining techniques, accessibility to parts 
etc. to make the necessary design changes at the early stage of the product design and 
development phase to ease the problems associated with disassembly. An informed decision 
at the design phase can and will result in better product specifications to attain a design that 
eases the disassembly problems and reduces the potential negative environmental impacts, 
thereby guarantees an efficient disassembly operations during and/or at the end of the 
product life cycle. 
 

 

5. Conclusion 

This study provided the methodology and the way in which DFD should be integrated into 
early stage of product design and development phase. It is in the design stage that product 
attributes are mainly fixed and therefore most of the problems associated with disassembly 
should be tackled and dealt with. In this study, a framework for integration of the ease of 
disassembly into product design and development phase were established and 3 criteria for 
assessing DFD were identified and a set of DFD guidelines for the ease of disassembly were 
provided. For validation the DFD criteria and the provided guidelines, an industrial size 
product- A Toshiba VCR was analysed as a case study for its design. The results of this 
analysis clearly demonstrated the applicability and effectiveness of the purposed 
methodology and the DFD guidelines, where joining elements were redesigned for the 
purpose of rapid and non-destructive disassembly and the numbers of parts were reduced 
from 39 to 8 parts. In addition the numbers of material types were reduced from 5 to 2, 
which are recyclable. Through the minimisation of parts and reduction in materials 
varieties, the complexity of the product and its weights were reduced, thereby the 
accessibility was enhanced and the overall structure of the product were consequently 
simplified towards ease of disassembly.  

 
6. References 

Boothroyd, G.; Dewhurst, P. & Knight, W. (2002). Product design for manufacture and 
assembly: Marcel Dekker, Inc Publication New York. 

Bylinsky, G. (1995) Manufacturing for reuse. pp. 102-112. Fortune, 1995, USA. 
Chandra, N. D. (1994). The recovery problem in product design: Engineering Design 

Journal, Vol. 5, No, 1. pp. 65-85, USA. 
Chen, R. W. & Chandra, N. D. (1995). An approach for material selection: Electronics & 

Environment, IEEE International Symposium. 
Dewhurst, P. (1993), Product design for disassembly. Industrial Engineering Journal. Vol.25, 

pp. 26-28, USA. 
Dowie, T.A. (1995). A disassembly planning and optimisation methodology for design: A 

PhD Thesis, Manchester Metropolitan University, U.K. 
Eubanks, C. F.; Ishii, K. & Marco, P. D. (1993). Design for product retirement and material 

life cycle: Materials & Design, Vol.15, pp. 225-233,  
Gadh, R. & Srinivasan, S. (1998). Complexity reduction in selective disassembly: Proc on 

Robotics and Automation, IEEE, Vol. 2, 1478-1483. Leuven, Belgium. 
Kroll, E. (1993) Modelling and reasoning for computer-based assembly planning: 

Automation, and techniques, Wiley-Interscience, 177-205 New York.  
Lambert, A. J. D. (1999). Optimal disassembly sequence generation for combined material 

recycling and part reuse. Symposium on Assembly, IEEE, Porto.  
Marian, M. R. Motevallian B., Lee H. S. L., Abhary K. (2005). “A Framework for The 

Definition of Quality Measures for Optimising Assembly/Disassembly 
Operations”. 35th International Conference on Computers and Industrial 
Engineering, Istanbul, 19-22 June 2005 pp. 1373-1378. 

Motevallian, B.; Abhary, K.; & Luong L.H.S. (2004). Modeling of Optimum Return from 
Disassembly of Products, 7th Biennial ASME 2004 Engineering Systems Design and 
Analysis Conference, July 19-22, 2004, pp 1-8. Manchester, U.K.  

Integration and optimisation of product design for ease of disassembly 339

 

4.4 Discussions 
The Toshiba VCR system was analysed in an integrated form for both its original and 
redesign. The design analysis clearly reveals that one of the changes that need to be made to 
a design is material selection, since the optimum return from disassembly is affected by the 
material used in the product, i.e. the mix of materials, the compatibility of materials, and 
recyclability of materials and so on. That is because if the number of different types of 
materials are minimised and common recyclable materials are utilised then the time of 
disassembly operations will be reduced and additional costs of separating and sorting 
materials out will be eliminated. In addition the potential risk of contaminations will be 
reduced and the purity of materials will be maintained for reprocessing.  
 
Furthermore, the other important changes which need be made to a design is joining 
techniques and fastening methods. As discussed earlier that fasteners are critical factors in 
disassembly operations and have a direct impact on disassembly time and ultimately on 
disassembly costs. That is because; the reduced number of fasteners translates to reduce 
number of disassembly operations that in turns reduces the disassembly time and thereby 
reduces the disassembly operation costs. Another important change that needs to be made 
to a design is the accessibility to components in a product, which is a critical factor in 
disassembly operation and has a direct impact on disassembly costs. If the potential 
accessibility of disassembly is large, then the cost of disassembly will be reduced, because 
that makes it easier to use the required tools in order to perform the disassembly operations 
and remove the desired components.  
 
The design analysis of this VCR system therefore clearly showed that the integration of 
design for ease of disassembly into product design and development phase offers significant 
opportunities to ease the problems associated with disassembly and thereby obtain an 
efficient design to reduce the disassembly operations time and costs. The design for ease of 
disassembly guidelines with those of DFD criteria therefore provide a structured approach 
to seeking design for ease of disassembly in an integrated form at the early stage of product 
design and development phase. That is because most of the product attributes are mainly 
fixed at the design stage and therefore most of the problems associated with disassembly 
should be tackled and dealt with at the design phase through the use and application of the 
DFD criteria and the guidelines.  
 
The main aim of this study therefore is to communicate disassembly improvement priorities 
to product design and development team and provide the information, knowledge, and the 
necessary tools to designers in order to assess and evaluate their design decisions. To 
identify the design changes and make the right choice, by  deciding about the structure of a 
product, its components constructions, materials, joining techniques, accessibility to parts 
etc. to make the necessary design changes at the early stage of the product design and 
development phase to ease the problems associated with disassembly. An informed decision 
at the design phase can and will result in better product specifications to attain a design that 
eases the disassembly problems and reduces the potential negative environmental impacts, 
thereby guarantees an efficient disassembly operations during and/or at the end of the 
product life cycle. 
 

 

5. Conclusion 

This study provided the methodology and the way in which DFD should be integrated into 
early stage of product design and development phase. It is in the design stage that product 
attributes are mainly fixed and therefore most of the problems associated with disassembly 
should be tackled and dealt with. In this study, a framework for integration of the ease of 
disassembly into product design and development phase were established and 3 criteria for 
assessing DFD were identified and a set of DFD guidelines for the ease of disassembly were 
provided. For validation the DFD criteria and the provided guidelines, an industrial size 
product- A Toshiba VCR was analysed as a case study for its design. The results of this 
analysis clearly demonstrated the applicability and effectiveness of the purposed 
methodology and the DFD guidelines, where joining elements were redesigned for the 
purpose of rapid and non-destructive disassembly and the numbers of parts were reduced 
from 39 to 8 parts. In addition the numbers of material types were reduced from 5 to 2, 
which are recyclable. Through the minimisation of parts and reduction in materials 
varieties, the complexity of the product and its weights were reduced, thereby the 
accessibility was enhanced and the overall structure of the product were consequently 
simplified towards ease of disassembly.  

 
6. References 

Boothroyd, G.; Dewhurst, P. & Knight, W. (2002). Product design for manufacture and 
assembly: Marcel Dekker, Inc Publication New York. 

Bylinsky, G. (1995) Manufacturing for reuse. pp. 102-112. Fortune, 1995, USA. 
Chandra, N. D. (1994). The recovery problem in product design: Engineering Design 

Journal, Vol. 5, No, 1. pp. 65-85, USA. 
Chen, R. W. & Chandra, N. D. (1995). An approach for material selection: Electronics & 

Environment, IEEE International Symposium. 
Dewhurst, P. (1993), Product design for disassembly. Industrial Engineering Journal. Vol.25, 

pp. 26-28, USA. 
Dowie, T.A. (1995). A disassembly planning and optimisation methodology for design: A 

PhD Thesis, Manchester Metropolitan University, U.K. 
Eubanks, C. F.; Ishii, K. & Marco, P. D. (1993). Design for product retirement and material 

life cycle: Materials & Design, Vol.15, pp. 225-233,  
Gadh, R. & Srinivasan, S. (1998). Complexity reduction in selective disassembly: Proc on 

Robotics and Automation, IEEE, Vol. 2, 1478-1483. Leuven, Belgium. 
Kroll, E. (1993) Modelling and reasoning for computer-based assembly planning: 

Automation, and techniques, Wiley-Interscience, 177-205 New York.  
Lambert, A. J. D. (1999). Optimal disassembly sequence generation for combined material 

recycling and part reuse. Symposium on Assembly, IEEE, Porto.  
Marian, M. R. Motevallian B., Lee H. S. L., Abhary K. (2005). “A Framework for The 

Definition of Quality Measures for Optimising Assembly/Disassembly 
Operations”. 35th International Conference on Computers and Industrial 
Engineering, Istanbul, 19-22 June 2005 pp. 1373-1378. 

Motevallian, B.; Abhary, K.; & Luong L.H.S. (2004). Modeling of Optimum Return from 
Disassembly of Products, 7th Biennial ASME 2004 Engineering Systems Design and 
Analysis Conference, July 19-22, 2004, pp 1-8. Manchester, U.K.  



Engineering the Future338

 

4.4 Discussions 
The Toshiba VCR system was analysed in an integrated form for both its original and 
redesign. The design analysis clearly reveals that one of the changes that need to be made to 
a design is material selection, since the optimum return from disassembly is affected by the 
material used in the product, i.e. the mix of materials, the compatibility of materials, and 
recyclability of materials and so on. That is because if the number of different types of 
materials are minimised and common recyclable materials are utilised then the time of 
disassembly operations will be reduced and additional costs of separating and sorting 
materials out will be eliminated. In addition the potential risk of contaminations will be 
reduced and the purity of materials will be maintained for reprocessing.  
 
Furthermore, the other important changes which need be made to a design is joining 
techniques and fastening methods. As discussed earlier that fasteners are critical factors in 
disassembly operations and have a direct impact on disassembly time and ultimately on 
disassembly costs. That is because; the reduced number of fasteners translates to reduce 
number of disassembly operations that in turns reduces the disassembly time and thereby 
reduces the disassembly operation costs. Another important change that needs to be made 
to a design is the accessibility to components in a product, which is a critical factor in 
disassembly operation and has a direct impact on disassembly costs. If the potential 
accessibility of disassembly is large, then the cost of disassembly will be reduced, because 
that makes it easier to use the required tools in order to perform the disassembly operations 
and remove the desired components.  
 
The design analysis of this VCR system therefore clearly showed that the integration of 
design for ease of disassembly into product design and development phase offers significant 
opportunities to ease the problems associated with disassembly and thereby obtain an 
efficient design to reduce the disassembly operations time and costs. The design for ease of 
disassembly guidelines with those of DFD criteria therefore provide a structured approach 
to seeking design for ease of disassembly in an integrated form at the early stage of product 
design and development phase. That is because most of the product attributes are mainly 
fixed at the design stage and therefore most of the problems associated with disassembly 
should be tackled and dealt with at the design phase through the use and application of the 
DFD criteria and the guidelines.  
 
The main aim of this study therefore is to communicate disassembly improvement priorities 
to product design and development team and provide the information, knowledge, and the 
necessary tools to designers in order to assess and evaluate their design decisions. To 
identify the design changes and make the right choice, by  deciding about the structure of a 
product, its components constructions, materials, joining techniques, accessibility to parts 
etc. to make the necessary design changes at the early stage of the product design and 
development phase to ease the problems associated with disassembly. An informed decision 
at the design phase can and will result in better product specifications to attain a design that 
eases the disassembly problems and reduces the potential negative environmental impacts, 
thereby guarantees an efficient disassembly operations during and/or at the end of the 
product life cycle. 
 

 

5. Conclusion 

This study provided the methodology and the way in which DFD should be integrated into 
early stage of product design and development phase. It is in the design stage that product 
attributes are mainly fixed and therefore most of the problems associated with disassembly 
should be tackled and dealt with. In this study, a framework for integration of the ease of 
disassembly into product design and development phase were established and 3 criteria for 
assessing DFD were identified and a set of DFD guidelines for the ease of disassembly were 
provided. For validation the DFD criteria and the provided guidelines, an industrial size 
product- A Toshiba VCR was analysed as a case study for its design. The results of this 
analysis clearly demonstrated the applicability and effectiveness of the purposed 
methodology and the DFD guidelines, where joining elements were redesigned for the 
purpose of rapid and non-destructive disassembly and the numbers of parts were reduced 
from 39 to 8 parts. In addition the numbers of material types were reduced from 5 to 2, 
which are recyclable. Through the minimisation of parts and reduction in materials 
varieties, the complexity of the product and its weights were reduced, thereby the 
accessibility was enhanced and the overall structure of the product were consequently 
simplified towards ease of disassembly.  

 
6. References 

Boothroyd, G.; Dewhurst, P. & Knight, W. (2002). Product design for manufacture and 
assembly: Marcel Dekker, Inc Publication New York. 

Bylinsky, G. (1995) Manufacturing for reuse. pp. 102-112. Fortune, 1995, USA. 
Chandra, N. D. (1994). The recovery problem in product design: Engineering Design 

Journal, Vol. 5, No, 1. pp. 65-85, USA. 
Chen, R. W. & Chandra, N. D. (1995). An approach for material selection: Electronics & 

Environment, IEEE International Symposium. 
Dewhurst, P. (1993), Product design for disassembly. Industrial Engineering Journal. Vol.25, 

pp. 26-28, USA. 
Dowie, T.A. (1995). A disassembly planning and optimisation methodology for design: A 

PhD Thesis, Manchester Metropolitan University, U.K. 
Eubanks, C. F.; Ishii, K. & Marco, P. D. (1993). Design for product retirement and material 

life cycle: Materials & Design, Vol.15, pp. 225-233,  
Gadh, R. & Srinivasan, S. (1998). Complexity reduction in selective disassembly: Proc on 

Robotics and Automation, IEEE, Vol. 2, 1478-1483. Leuven, Belgium. 
Kroll, E. (1993) Modelling and reasoning for computer-based assembly planning: 

Automation, and techniques, Wiley-Interscience, 177-205 New York.  
Lambert, A. J. D. (1999). Optimal disassembly sequence generation for combined material 

recycling and part reuse. Symposium on Assembly, IEEE, Porto.  
Marian, M. R. Motevallian B., Lee H. S. L., Abhary K. (2005). “A Framework for The 

Definition of Quality Measures for Optimising Assembly/Disassembly 
Operations”. 35th International Conference on Computers and Industrial 
Engineering, Istanbul, 19-22 June 2005 pp. 1373-1378. 

Motevallian, B.; Abhary, K.; & Luong L.H.S. (2004). Modeling of Optimum Return from 
Disassembly of Products, 7th Biennial ASME 2004 Engineering Systems Design and 
Analysis Conference, July 19-22, 2004, pp 1-8. Manchester, U.K.  

Integration and optimisation of product design for ease of disassembly 339

 

4.4 Discussions 
The Toshiba VCR system was analysed in an integrated form for both its original and 
redesign. The design analysis clearly reveals that one of the changes that need to be made to 
a design is material selection, since the optimum return from disassembly is affected by the 
material used in the product, i.e. the mix of materials, the compatibility of materials, and 
recyclability of materials and so on. That is because if the number of different types of 
materials are minimised and common recyclable materials are utilised then the time of 
disassembly operations will be reduced and additional costs of separating and sorting 
materials out will be eliminated. In addition the potential risk of contaminations will be 
reduced and the purity of materials will be maintained for reprocessing.  
 
Furthermore, the other important changes which need be made to a design is joining 
techniques and fastening methods. As discussed earlier that fasteners are critical factors in 
disassembly operations and have a direct impact on disassembly time and ultimately on 
disassembly costs. That is because; the reduced number of fasteners translates to reduce 
number of disassembly operations that in turns reduces the disassembly time and thereby 
reduces the disassembly operation costs. Another important change that needs to be made 
to a design is the accessibility to components in a product, which is a critical factor in 
disassembly operation and has a direct impact on disassembly costs. If the potential 
accessibility of disassembly is large, then the cost of disassembly will be reduced, because 
that makes it easier to use the required tools in order to perform the disassembly operations 
and remove the desired components.  
 
The design analysis of this VCR system therefore clearly showed that the integration of 
design for ease of disassembly into product design and development phase offers significant 
opportunities to ease the problems associated with disassembly and thereby obtain an 
efficient design to reduce the disassembly operations time and costs. The design for ease of 
disassembly guidelines with those of DFD criteria therefore provide a structured approach 
to seeking design for ease of disassembly in an integrated form at the early stage of product 
design and development phase. That is because most of the product attributes are mainly 
fixed at the design stage and therefore most of the problems associated with disassembly 
should be tackled and dealt with at the design phase through the use and application of the 
DFD criteria and the guidelines.  
 
The main aim of this study therefore is to communicate disassembly improvement priorities 
to product design and development team and provide the information, knowledge, and the 
necessary tools to designers in order to assess and evaluate their design decisions. To 
identify the design changes and make the right choice, by  deciding about the structure of a 
product, its components constructions, materials, joining techniques, accessibility to parts 
etc. to make the necessary design changes at the early stage of the product design and 
development phase to ease the problems associated with disassembly. An informed decision 
at the design phase can and will result in better product specifications to attain a design that 
eases the disassembly problems and reduces the potential negative environmental impacts, 
thereby guarantees an efficient disassembly operations during and/or at the end of the 
product life cycle. 
 

 

5. Conclusion 

This study provided the methodology and the way in which DFD should be integrated into 
early stage of product design and development phase. It is in the design stage that product 
attributes are mainly fixed and therefore most of the problems associated with disassembly 
should be tackled and dealt with. In this study, a framework for integration of the ease of 
disassembly into product design and development phase were established and 3 criteria for 
assessing DFD were identified and a set of DFD guidelines for the ease of disassembly were 
provided. For validation the DFD criteria and the provided guidelines, an industrial size 
product- A Toshiba VCR was analysed as a case study for its design. The results of this 
analysis clearly demonstrated the applicability and effectiveness of the purposed 
methodology and the DFD guidelines, where joining elements were redesigned for the 
purpose of rapid and non-destructive disassembly and the numbers of parts were reduced 
from 39 to 8 parts. In addition the numbers of material types were reduced from 5 to 2, 
which are recyclable. Through the minimisation of parts and reduction in materials 
varieties, the complexity of the product and its weights were reduced, thereby the 
accessibility was enhanced and the overall structure of the product were consequently 
simplified towards ease of disassembly.  

 
6. References 

Boothroyd, G.; Dewhurst, P. & Knight, W. (2002). Product design for manufacture and 
assembly: Marcel Dekker, Inc Publication New York. 

Bylinsky, G. (1995) Manufacturing for reuse. pp. 102-112. Fortune, 1995, USA. 
Chandra, N. D. (1994). The recovery problem in product design: Engineering Design 

Journal, Vol. 5, No, 1. pp. 65-85, USA. 
Chen, R. W. & Chandra, N. D. (1995). An approach for material selection: Electronics & 

Environment, IEEE International Symposium. 
Dewhurst, P. (1993), Product design for disassembly. Industrial Engineering Journal. Vol.25, 

pp. 26-28, USA. 
Dowie, T.A. (1995). A disassembly planning and optimisation methodology for design: A 

PhD Thesis, Manchester Metropolitan University, U.K. 
Eubanks, C. F.; Ishii, K. & Marco, P. D. (1993). Design for product retirement and material 

life cycle: Materials & Design, Vol.15, pp. 225-233,  
Gadh, R. & Srinivasan, S. (1998). Complexity reduction in selective disassembly: Proc on 

Robotics and Automation, IEEE, Vol. 2, 1478-1483. Leuven, Belgium. 
Kroll, E. (1993) Modelling and reasoning for computer-based assembly planning: 

Automation, and techniques, Wiley-Interscience, 177-205 New York.  
Lambert, A. J. D. (1999). Optimal disassembly sequence generation for combined material 

recycling and part reuse. Symposium on Assembly, IEEE, Porto.  
Marian, M. R. Motevallian B., Lee H. S. L., Abhary K. (2005). “A Framework for The 

Definition of Quality Measures for Optimising Assembly/Disassembly 
Operations”. 35th International Conference on Computers and Industrial 
Engineering, Istanbul, 19-22 June 2005 pp. 1373-1378. 

Motevallian, B.; Abhary, K.; & Luong L.H.S. (2004). Modeling of Optimum Return from 
Disassembly of Products, 7th Biennial ASME 2004 Engineering Systems Design and 
Analysis Conference, July 19-22, 2004, pp 1-8. Manchester, U.K.  



Engineering the Future340

 

Motevallian, B.; Abhary, K.; Luong L.H.S., & Marian, M., R. (2006). A Heuristic Method to 
Generate an Optimum Disassembly Sequence”, A Book Chapter in Advanced 
Technologies: Research, Development, Application, edited by Bojan Lalic, pIV pro 
literature Verlag Robert Mayer-Scholz, ISBN 3-86611-197-5, pp. 675-690. 
Mammendorf, Germany. 

Motevallian, B.; Abhary, K.; Luong L.H.S. & Marian, M., R. (2004). ‘Cost Modeling for 
Optimization of Product Disassemblability’. Chapter 38, DAAAM International 
Scientific Book 2004, ISBN: 3-901509-38-0, ISSN 1726-9687, pp. 397-414.Vienna, 
Austria 

Motevallian, B.; Xing, K.; Abhary, K. & Luong, L. H. S. (2003). Integrated design criteria for 
ease of disassembly: Procs. 9th International Conference on Manufacturing 
Excellence (ICME03), Vol. 1, pp. 1-15, Melbourne, Australia.  

Motevallian, B.; Abhary, K. & Luong L.H.S., (2003). Integrated design guideline to ease 
disassembly of product, 7th Annual Environmental Research Conference, 13-15 
October 2003, pp. 253-262, Melbourne, Australia.  

Motevallian, B.; Xing, K.; Abhary, K. & Luong, L. H. S. (2003). Implementation of integrated 
design for ease of disassembly on LSRF53 air conditioning system. Proc. of 14th Int. 
DAAAM Symposium Intelligent Manufacturing & Automation, : Focus on 
Reconstruction and Development, 25 October 2003, pp 307-308, Sarajevo. 

Rose, C. M. (2000). Design for Environment: A PhD Thesis Department of Mechanical 
Engineering, Stanford University:  pp 1-185, USA. 

Shyamsundar N. & Gadh R. (1996). Selective disassembly of virtual prototypes: IEEE Int.  
Conf. on Systems and Cybernetics, pp. 13-26, 1996, Piscataway, NJ.  

Subramani, A. K. & Dewhurst, P. (1991) Automatic generation of product disassembly 
sequences. Annals of the CIRP, 40(1), 1991, 115-118. 

Woo, C. & & Dutta, D. (1991). Automatic disassembly and total ordering in three 
dimensions: Journal of Eng for Industry, ASME Vol.113, pp. 207-213,. 

Xing, K.; Motevallian, B.’ Luong L.H.S. & Abhary, K. (2003a). A Design Strategy Support 
Tool for Product Reutilisation. Proc. of 14th Int. DAAAM Symposium, October 
2003, pp 307-308, Sarajevo.  

Xing, K.; Motevallian, B.; Luong L.H.S. & Abhary, K. (2003b). A Fuzzy-graph based Product 
Structure Modularisation Approach for Ease-of-recycling Configuration. Proc. of 
9th Int. Conference on Manufacturing Excellence, Vol. 1, pp. 1-15, Melbourne, 
Australia. 

 

Knowledge-based mechanical and manufacturing engineering: the Basque Country experience 341

Knowledge-based mechanical and manufacturing engineering: the 
Basque Country experience

L.Norberto López de Lacalle, Aitzol Lamikiz, E. Amezua, J.A. Sánchez and E.Maidagan

 

X 
 

Knowledge-based mechanical and 
manufacturing engineering:  

the Basque Country experience 
 

L.Norberto López de Lacalle, Aitzol Lamikiz, E. Amezua,  
J.A. Sánchez and E.Maidagan* 

Dep. Mechanical Engineering - University of the Basque Country 
* marGUNE Collaborative Research Centre  

Spain 

 
1. Introduction     

The Basque Country is a highly industrial region in the north of Spain, with an economy 
based on manufacturing for automotive, aeronautics and machine construction, where some 
technological research agencies and universities work in innovation. These are the main 
partners of a new approach for research and innovation, working together with the Basque 
industries. In this manner, a knowledge cluster about new manufacturing technologies is 
consolidated.  
 
This article presents a dual model for collaborative and cooperative research and 
development of advanced manufacturing systems. On one side is the development of new 
knowledge about manufacturing process and machine tools, performed under a 
collaborative approach known as CIC marGUNE (High Performance Manufacturing 
Cooperative Research Centre), which activity is developed in the Basque Country. On the 
other side the new knowledge resulted from the R+D projects is rapidly transfer to new 
technicians and engineers through the Unit of Machine tools, placed in the School of 
Engineers of Bilbao. In this way research and formation are simultaneously performed with 
a maximum profit for industry. 
 
This work describes the CIC mission, proposed paradigms, structure and modus operandi, 
and mentions the projects carried out to date.  An overall assessment of results so far is also 
given.  Otherwise, the Machine-Tool Unit of the Faculty of Engineering of Bilbao (UPV/EHU) 
arose as a co-ordinated initiative from both companies in the machine-tool sector and public 
institutions (Basque Government and Provincial Council of Bizkaia) to foster specialised 
training of higher technicians, the execution of research projects, and diffusion of activities 
towards other sectors of society. This Unit makes possible a rapid transfer of CIC marGUNE 
results to basic formation, and to industry by means of the “fresh” new engineers to be 
inserted in Basque companies. This experience could be useful for other regions of the size, 
population and industrial economy similar to the Basque Country. 
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2. The Basque Country collaborative research and formation 

Country-wide investment in R&D of industrial manufacturing ranges from more than 2.5% 
of GDP in Sweden, USA, Denmark and Germany, to intermediate levels of between 1.5 and 
2.5% in France, Norway, and U.K. and lower levels in the Czech Republic, Ireland, Italy, 
Spain, Portugal and Greece.  Spending level in the Basque Country is slightly higher than 
that of Italy, but lags behind that of other countries with a similar per-capita income, as 
population of the Basque Country is 2.6 millions. 
 
Entrepreneurial players in the field of industrial technology must make more effort to 
develop research programs in strategic areas that can benefit the economic and social 
development of the country in the medium and long term (Santero & Gopalakrishnan, 
2000). If this objective is to be attained, more attention must be paid to the culture of 
collaboration and networking of entrepreneurial research centres in order to find solutions 
to specific needs in areas where collaboration is considered necessary due to the volume of 
demand, its strategic nature or increased likelihood of providing a localized industrial 
production.  
 
Industrial products made in the Basque Autonomous Community are of medium level in 
terms of technology, criteria by (Hatzichronoglou, 1997), so the risk of becoming less 
competitive if technology does not progress fast enough is high. Ways must be found to 
exploit knowledge and assess the results.  Any delay between new knowledge generation 
and final application must be avoided. Collaboration between universities, technological 
centres and companies is highly required to compete with emerging countries and 
economies. 
 
There are success stories in collaborative research work between different players in the 
chain of science (Chiesa & Toletti 2004), technology and industrial entrepreneurship which 
can be used as models for many other countries. Other examples are the CRCs in Australia, 
which are the result of a government program established in 1990 that has seen the creation 
of 158 centres of this type (Australian Government, 2005). Other longstanding examples 
include more than 100 associations in Germany (Albers et al., 2007), Kplus and Kind/Knet 
in Austria, RRITs in France and Competition Centres in Sweden (Table 1).  In a similar way 
to the Basque Country, the Spanish government in 2007 has set up new projects for strategic 
national consortia on research and technology which will entail collaborative research.  
However the main difference between Spanish and Basque approach is that in the Basque 
collaboration scheme a new office is funded for each thematic area, for a) coordination and 
b) performing of some part of common research. The common office budget is derived from 
public sources and private ones.  
 
On the other hand, ensuring proper orientation of common alliance of research and action 
requires a continual technological monitoring of databases on scientific articles and patents 
(van Dulken, 1999), and of trade affairs such as those about machine tools like EMO and 
Euroblech in Hannover, JIMTOFF in Japan and IMTS in Chicago, and national fairs such as 
Metav in Germany, BieMH in Spain, Bimu in Italy and application based fairs such as 
Euromold in Frankfurt (Moulds and dies), Le Bourget Fair in Paris (aeronautics), K fair of 
Düsseldorf (plastics). Universities have an easy access to scientific databases and to the main 

 

scientific journals, in addition to the increase in the Open Access journals, such as Sciyo 
(www.sciyo.com). 
 

Acronym Country/region 
CIC Biogune Basque Country (Biotechnology) 
CIC Microgune Basque Country (Microtechnology) 
CIC Biomagune Basque Country (Bio materials) 
European Research Association for Sheet 
Metal Working (EFB) 

Germany 

Cooperative Research Association for 
Mechanical Engineering (FKF) 

Germany 

Kplus 
 

Austria 

Competence Centres Sweden 
Cooperative Research Centres (CRC) Australia 

Table 1. Collaborative research in the word some examples 
 
On the other hand, the 110 year old Faculty of Engineering of Bilbao (ETSI) is one of the 
oldest faculties of the University of the Basque Country (UPV/EHU) and the second eldest 
of Spanish Faculties of Engineers. Throughout its long life, the engineers trained in thus 
school have collaborated decisively in industrial research and progress, comprising a group 
of valued qualified professionals, as demonstrated by the extraordinary employment indices 
achieved (96% in 2008). Today, the faculty has over 3,500 students enrolled and over 350 
professors. The Faculty is a university centre whose purpose is engineering training and 
research, optimising resources available to meet the changing needs of society based on 
maximum quality criteria. 
 
In this context, the Engineer qualification has a long tradition at the Bilbao ETSI. Due to the 
versatility of the Industrial Engineer’s training not only does he/she have the classic option 
of entering an industrial company, but often their professional career leads to other 
destinations such as Technological Centres, Public Administration, etc. However, one of the 
fields with more professional outlets for graduates is undoubtedly the solid metal-
mechanical industry fabric of the Basque Country, and in particular the Machine-Tool 
Industry and Manufacturing Technologies. 
 
The manufacturing engineer is usually responsible for the product, involving not only the 
solution to problems which inevitably appear throughout the manufacturing process, but 
also in the development and improvement of production methods, including tools and 
machinery. Other areas under manufacturing are quality control and production personnel 
management, whereas the plant engineer is responsible for the installations necessary for 
the production process. 
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2.1 Changes required in engineer’s formation 
European universities are undergoing thorough restructuring. The Bologna Process have a 
decisive impact on both future graduates and labour markets to which they are orientated, 
thus it is worth reviewing some of the contents with greatest impact, likewise that regarding 
the insertion of new graduates in the industrial sector. At present, the advances in the plan 
application are highly important following the London Communique guidelines (London 
2007). 
 
The interest in developing skills in educational programmes corresponds to education being 
essentially focussed on the student and his/her capacity to learn. And in exchange he/she is 
expected to show a greater actor with high levels of responsibility and commitment. For 
example, below are the skills employers most value in graduates: a) capacity to analyse and 
synthesise, b) capacity to learn, c) capacity to solve problems, d)capacity to put knowledge 
into practice, e) capacity to adapt to new situations, f) concern for quality, g) information 
management skills and finally h) capacity to work alone and in a team. 
 
Relations with industrial companies are revealed as a worrying fact in reports related to the 
Spanish university. According to 2005 data only 15% of Spanish companies turned to 
universities for the execution of R+D projects, moreover, according to 2004 data from the 
National Institute of Statistics only 0.9% of companies saw universities as an appropriate 
partner for innovation. In general, this fact is repeated on the Basque Country, and must be 
solved with specific actions as those presented in this chapter. 
 
Faced with this new situation, the Unit of Machine Tools (of the University of the Basque 
Country) arose as an instrument to maintain the university at the forefront of engineers’ 
training for the mechanical manufacturing sector. This activity comes under research and 
teaching related to manufacturing processes, including high speed milling, electro-erosion, 
processes based essentially on laser and grinding. Use of CAD/CAM and computer based 
techniques are also part of the work carried out. The group has a workshop equipped to 
perform machining tests, with state-of-the-art technology machinery likewise 
instrumentation and monitoring systems enabling maximum information to be obtained, 
such as: magnitudes, forces and temperatures generated in the process among others. 
 
The Technical Director, professors and organizers of the Unit are at the same time part of the 
CIC marGUNE, a collaborative research centre (CIC) devoted to developing new 
manufacturing technologies, explained in the following Section. The Unit is going to solve 
one of the drawbacks of innovation systems in the last 15 years in the Basque Country, the 
lag between research and formation of new technicians and engineers: new knowledge and 
basic formation are in this way joint under the same scope. 

 
3. CIC marGUNE 

The CIC marGUNE is a collaborative research centre (CIC) focused on new manufacturing 
technologies, a platform for multi-industry collaboration with a view of developing capacity 
in strategic economic and social areas for the Basque Country in the medium and long term 

 

development.  However, its framework of action is not merely regional but must extend to 
national and European levels.  
 
The purpose of CICs is to optimize scientific and technological capacity and generate new 
ranges of industrial design end products with help of entrepreneurial research in the Basque 
Country.  There is therefore a need to generate entrepreneurial capacity with other 
industrial players in the system, undertaking to develop a common strategy for progress in 
a specific field of industrial science and technology within the fields of strategic research 
defined by the government under its Science and Technology Policy.   
 
One of the areas where CIC marGUNE (www.margune.org) has most potential is in 
bringing together research characteristic of universities, with approaches more closely 
linked to actual industrial practice and characteristic of technology centres, with help of 
existing industrial corporations. 
 
The organizational structure of CIC marGUNE is based on a CIC Core (a little office) and 
Virtual partners (the universities, technological agents and companies involved in research 
projects), seeking maximum flexibility.  The virtual team comprises the researchers working 
on each project, who are provided by the various technological members (universities and 
technology centres) of marGUNE according to needs for each action.  The number of 
researchers working on the activities of marGUNE can therefore vary from one year to the 
next without the system suffering as a result. 
 
Clearly, research work is concentrated in the hands of the virtual team of the CIC, but this 
does not mean that it is impossible to form new research teams in new areas not covered by 
the technological members and to integrate them into the CIC Core of marGUNE. Basically, 
the function of the CIC Core is to handle a small part of the actual research work, to 
coordinate activities and to take responsibility for ensuring that the results are transferred 
and exploited.   
 
Number of active members of CIC marGUNE (Virtual partners) has grown steadily since its 
founding. Membership now includes representatives of the leading industrial players at the 
different levels of the value chain in manufacturing technologies:   
 

- Universities: University of the Basque Country (Faculty of Engineering of Bilbao 
and Faculty of Donostia), Faculty of Engineering of the University of Mondragon 
(MGEP) and the Faculty of Engineering of the University of Navarra (Tecnun). 

 
- Research centres: Ideko S. Coop., Fatronik, Labein, Tekniker, Koniker S. Coop., 

Aotek  S. Coop. , Euve, Lortek and Azterlan. 
 

- Industrial corporations: Danobat Group S. Coop., Goratu SA, CIE Automotive SA, 
ITP SA, SAPA SA, Etxe-tar, Loire Safe, Grupo Alfa, Ona Electroerosion SA, CAF 
SA, Spanish Machine-tool Association (AFM) and Mondragon Industrial 
Automation. 
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2.1 Changes required in engineer’s formation 
European universities are undergoing thorough restructuring. The Bologna Process have a 
decisive impact on both future graduates and labour markets to which they are orientated, 
thus it is worth reviewing some of the contents with greatest impact, likewise that regarding 
the insertion of new graduates in the industrial sector. At present, the advances in the plan 
application are highly important following the London Communique guidelines (London 
2007). 
 
The interest in developing skills in educational programmes corresponds to education being 
essentially focussed on the student and his/her capacity to learn. And in exchange he/she is 
expected to show a greater actor with high levels of responsibility and commitment. For 
example, below are the skills employers most value in graduates: a) capacity to analyse and 
synthesise, b) capacity to learn, c) capacity to solve problems, d)capacity to put knowledge 
into practice, e) capacity to adapt to new situations, f) concern for quality, g) information 
management skills and finally h) capacity to work alone and in a team. 
 
Relations with industrial companies are revealed as a worrying fact in reports related to the 
Spanish university. According to 2005 data only 15% of Spanish companies turned to 
universities for the execution of R+D projects, moreover, according to 2004 data from the 
National Institute of Statistics only 0.9% of companies saw universities as an appropriate 
partner for innovation. In general, this fact is repeated on the Basque Country, and must be 
solved with specific actions as those presented in this chapter. 
 
Faced with this new situation, the Unit of Machine Tools (of the University of the Basque 
Country) arose as an instrument to maintain the university at the forefront of engineers’ 
training for the mechanical manufacturing sector. This activity comes under research and 
teaching related to manufacturing processes, including high speed milling, electro-erosion, 
processes based essentially on laser and grinding. Use of CAD/CAM and computer based 
techniques are also part of the work carried out. The group has a workshop equipped to 
perform machining tests, with state-of-the-art technology machinery likewise 
instrumentation and monitoring systems enabling maximum information to be obtained, 
such as: magnitudes, forces and temperatures generated in the process among others. 
 
The Technical Director, professors and organizers of the Unit are at the same time part of the 
CIC marGUNE, a collaborative research centre (CIC) devoted to developing new 
manufacturing technologies, explained in the following Section. The Unit is going to solve 
one of the drawbacks of innovation systems in the last 15 years in the Basque Country, the 
lag between research and formation of new technicians and engineers: new knowledge and 
basic formation are in this way joint under the same scope. 

 
3. CIC marGUNE 

The CIC marGUNE is a collaborative research centre (CIC) focused on new manufacturing 
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- Intermediate innovation organizations: Foundation Invema. The participation of 
intermediate innovation organizations allows that results will be properly 
transferred to the fabric of Industry in the Basque Country.  In this way INVEMA 
works very close to machine tool manufacturers. 

 
The roles of each partner in marGUNE are somewhat different, but technological centres 
and universities are in charge of that research with more risk and long term objectives. 
Specific R+D projects are developed under an strategic plan, making use of personal and 
facilities of universities, technological centres and companies.  
 
However there is one of the partners with a special dual role, the University of the Basque 
Country in which the Unit of Machine Tools and Manufacturing technologies (hereinafter, 
the Unit) is placed and currently running, with 20-25 students each year. By means of this 
Unit, new knowledge develop by marGUNE is rapidly transferred to new technicians and 
finally to Basque companies. The University of the Basque Country is public, so no big 
commercial purposes are derived from their basic research activities. 
 
The most important committee of marGUNE is the so-called Projects Directory, in which all 
partners carry out their new project proposals, and make regularly the tracking and 
evaluation (partial and final) of the just developed research projects. Decisions from this 
group are evaluated by the General Board and the Industrial Partners Board. Additionally 
an International Scientific Committee gives some recommendations and help to aim the 
main scientific goals for research projects.  
 

 
Fig. 1. Experimental set-up for ultrasonic assisted turning, developed in marGUNE 

 

 

3.1 marGUNE R+D projects 
The CIC marGUNE is developing research projects since 2001, but a systematic management 
of projects is applied since 2003.  To the initial topics about material removal technologies, 
new manufacturing techniques were incorporated. Today all mechanical manufacturing 
technologies are in the scope of the CIC. Three research programmes were performed in the 
last ten years: 
 
2003-2005 phase  
 
These projects entail 3 million euros of investment, aiming at the following issues: 
 

- Machining process monitoring. In the last machine tool fairs some machines with 
complex monitoring systems have been presented. This effort tries to improve this 
technology in the Basque machines. 

 
- New machining processes assisted by heating addition systems. This technology is 

increasing in demand, being known as Rapid Tooling, Rapid Prototyping, or Rapid 
Manufacturing. 

 
- Advanced measurement systems applied to experimental studies of machining 

processes, focused in developing good models for machining processes. Effort in 
this line has been important, with models for milling, drilling and turning using 
Finite Elements Technology and semi-empirical approaches. The development of 
virtual manufacturing is a common topic in technology trends and modelling a tool 
to improve the performance of machining operations. 

 
- New ultrasonic based machining processes, for drilling, turning and stress 

relaxation. A complete start of the art and several applications were tested to be 
able to know the potential application of ultrasonics to machining (see Figure 1). 

 
2005-2007 phase 
 
These projects entail 3 million euros of investment, being developed with multidisciplinary 
groups: 
 

- Study of material deposition processes based on mixed technologies, using laser as 
main heat source. 

 
- Measurement of tensile stress and structural changes due to the machining process 

applied. The integrity of the machined surface is frequently one of outputs to be 
evaluated. Surface integrity is a term that involves several considerations: surface 
finish, elimination of cracks, no chemical changes, no evidence of thermal damage 
and adverse residual stress. 

 
- Assessment of integrity and accuracy during machining processes, using modelling 

techniques based on finite elements. 
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- Advanced machining process from the point of view of process modelling, virtual 
simulation and monitoring. A full scheme where modelling and monitoring is 
applied to milling was developed. 

 
- New forming process to generate low rigidity new generation car parts. 

 
- Analysis of drilling, turning and dressing grinding wheel processes assisted by 

ultrasonic systems. 
 
2008-2010 phase 
 
These projects entail 4,5 million euros, including technologies of material removal, sheet 
forming and bending, laser applied to polishing and material deposition, and a new line of 
iron casting was included. Work was divided in branches related with the final production 
objectives: 
 

- Manufacturing without defects, achieving high precision. Work about titanium and 
nickel alloys was an intense topic in this objective. 

 
- Manufacturing without waste, in dry or near-to-dry conditions. 

 
- Manufacturing in high performance conditions, of difficult-to-cut materials, 

composites, special iron castings, etc. In this line, machining of the new gamma 
TiAl alloys was developed.  

 
This organisation aimed at final objectives was not clear for a quick management of the 
projects, so marGUNE is getting back to projects focused on basic technologies.  

 
3.2 R+D projects and basic formation 
Results of research projects were transferred to Basque companies by means of specific 
actions and making use of some financial support from the Basque and Spanish 
governments. But a lack of engineers with capacity to lead the new projects was detected by 
companies and intermediate associations. Based on this statement, the Unit of Machine 
Tools and Manufacturing Technologies of the School of Engineering of Bilbao started in 
2008, with the mission to perform a special formation about new manufacturing 
technologies, becoming a great instrument for a rapid spread of marGUNE research results 
and other projects in the field of manufacturing. This Unit completes the range of formation 
oriented to technicians in the Basque country, acting in coordination with other technicians’ 
formation centres and companies. 

 
4. The Unit of machine tools and manufacturing technologies 

The Unit offers a special course to the 5th-year students of the a) Manufacturing 
Intensification, b) Mechanical Design and c) Automatism and Systems Engineering. 
Therefore the real objective is to make a very intense formation on technology matters 
before students finish their basic formation, orientating their future competences to the 
manufacturing sector. 

 

The course is divided into 2 clearly differentiated parts, each responding to the student 
acquiring a series of different skills. This structure combines a first semester where a series 
of theoretical seminars are imparted with practical application to real problems in several 
manufacturing sectors; and during the second semester the student undertakes an Industrial 
Project under an Apprenticeship Scheme (remunerated training). Student training is 
completed with direct contributions from leading companies in the sector in the form of: 
conferences, talks, visits on real industrial plants. To pass the course, students are required 
to obtain 21 (210 hours) credits minimum of the 30 (300 hours) offered, which are grouped 
in the following modules: 
 

- Module 1: Advanced Machine-Tool Design (I): Structural and material concepts; 
machine precision; machine spatial, kinematics and dynamic of mechanisms; 
parallel kinematics in machine-tools. 

 
- Module 2: Advanced Machine-tool Design (II): Vibrations in complex systems. 

Modal correlation; machine-tool precision and advanced function control; 
machine-tool mechanical elements; machine-tool engines and regulators; machine-
tool verification and calibration; magnitude measuring and sensors. 

 
- Module 3: The Machine-tool and the Process (I): High performance machining; 

abrasive processes; CAM and virtual manufacturing. 
 

- Module 4: The Machine-tool and the Process (II): Non-conventional machining 
processes; laser and emerging processes; machine-tool dynamic behaviour: 
vibrations during process; surface integrity of machined products. 

 
- Module 5: Machine-tool Control: Numerical control: architecture and 

programming; basic automation and PLC’s; pneumatics and hydraulics applied to 
machine-tools. 

 
- Module 6: Machine-tool life cycle and its processes: ICT’s applied to machine-

tooling; 3D design and drawing; life cycle, LCA analysis and conceptual design. 
 

- Module 7: Machine-tool Innovation: Methodological research; R+D management 
and technological surveillance; project development. 

 
Regarding training in companies this is done via an Apprenticeship regime already in force 
and of proven efficacy in the Bilbao ETSI. The differential factor is to get the student into 
machine-tool, automotive, aeronautical of precision companies, working in innovation 
projects, so they can use some of the knowledge acquired during the training seminars to 
the company developing. Student must describe an innovative solution for a company 
problem making use of the knowledge obtained from the Unit seminars. 
 
Each student is subjected to special follow-up and support by the Unit teaching staff. As the 
students are from different specialities and qualifications an additional effort is required 
from the teaching staff to adapt contents and nomenclature used. 
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5. Transference of research results to the industry 

There are two main keys for a successfully transfer of knowledge both from the university to 
industry and from research structures to university, as shown in Fig. 2. In this manner, the 
university is the necessary link between the new knowledge and the direct application of it. 
At the same time the own university is a research agent collaborating in research projects, 
some of them into marGUNE scope. In Figure 2 are shown: 
 

- The direct transferring of manufacturing research projects from marGUNE to 
industry, or directly by the own university itself. If this line is successfully 
completed, companies will use results to improve the performing of their 
processes. However it is a common matter of fact that methodologies and basic and 
deep know-how is retained in the technological agents. 

 
- The formation transfer line, where research results are included in the regular 

formation lectures of future engineers, in the University of the Basque Country is 
mainly done by the Unit of Machine Tools. In this case not only results but basic 
methodologies and criteria for innovation are given to industries by means of the 
new engineers. 

 
5.1 Development of new knowledge and inclusion in basic formation 
The University of the Basque Country is member of the CIC marGUNE, as explained above. 
Therefore new results obtained in the marGUNE context are continuously impregnating the 
seminars of the new editions, shown in Figure 2 as the formation transfer line. Some examples 
of matters derived from CIC projects included in the basic training programs are the 
following: 
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- New technologies about material deposition by plasma and laser (Lamikiz et al., 2007), are 
now a 12 hours seminar in the Machine Tool Unit (in Module 4), with a special training 
in laser use. Students know about the laser applications for repairing blades, tool dies, 
moulds, etc. The laser becomes a “tool” for them with a lot of possible applications. 

 
- Machining assisted processes are explained by a 10 hours seminar (in Module 3), in which 

the ultrasonics assisted processes and the high-pressure assisted turning are presented 
to students. In the same line Thermal Enhanced Machining processes are described, with a 
deep discussion of the possible applications to industry. 

 
- Controls of kinematic platforms with serial or parallel chain are developed by students 

using digital control (Module 2). Two prototypes are able for the testing of algorithms 
developed by students after a 12 hours seminar.  

 
- Machining of titanium and nickel alloys using high speed milling or electrodischarge 

machining is the topic of a special seminar open to technicians recently graduated. It is 
included in the Module 3.  

 

  
Fig. 3. a) Students learning the five-axis machining technology. b) Component made by five-
axis milling  
 
- Five-axis milling (see Fig. 3) in the mould manufacturing, for extrahard tempered steels 

(Lacalle et al., 2007). Students received a 20 hours seminar about CAM, after a 20 hours 
seminar devoted to CAD with solids. 

 
- Grinding at high speed for automotive components, modelling the thermal and 

mechanical effect of grinding wheels on parts. 
 
- The use of long twist drills to remove big amount of material, achieving high 

homogenous components with high strength, as shown in Fig. 4. This knowledge is 
now applied to build monolithic parts for aerospace applications. 
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Fig. 4. Using twist deep drilling as a roughing technique: a) Drilling of a cube. b) Cube after 
drilling all the faces. 

 
5.2 Transfer from university to industry 
The main way to trespass the new knowledge from marGUNE to industry by means of the 
Unit of Machine Tools is the practical work doing by Unit students in the training period, in 
which they must applied the know-how received in the seminars but to real industrial cases. 
This is the second step in the formation transfer line (Fig. 2).  A few of the projects currently in 
progress are the following: 
 
- Implementation of a 3D design system for machine tool changers. The student is 

carrying out several prototypes of how a 3D system can facilitate development of new 
tool magazines, working in an SME devoted to the construction of this accessory.  

 
- Advanced machining of superalloys. Optimisation of machining processes on nickel 

and titanium alloys, using new cutting tools is the main topic to perform. 
 
- Active vibration absorber. The student is developing the software of a vibration 

absorber applicable to milling, to eliminate the phenomenon known as regenerative 
chatter. 

 
- Design of special machines for automotive components. Two students are now in the 

technical office of a company oriented to transfer machines and multispindle lathes. 
 
- Five-axis milling of complex surfaces, focused on blades and spherical-type forms. Two 

student work in a SME technical office implementing a CAD/CAM for complex parts. 

 
6. Conclusion 
 

The University is obliged to offer quality studies, which likes meets labour market demand. 
The Unit of Machine Tools came about in this context and as a result of the joint work 
between institutions, industry and the university in Bilbao, as an initiative aimed at training 
graduates in the engineering branch pursuant to the specific needs of the Basque Machine-
Tool sector and Manufacturing Technologies.  

 

Thus the Unit is the appropriate framework for an approximation of the university to 
industrial fabric demands, satisfying the functions of training graduates; and is likewise a 
stable framework for the execution of research projects and catalyser for transference of 
results to companies. This is a real fact when marGUNE projects are finished (Lacalle & 
Lamikiz, 2008) and knowledge is spread to society and industry by means of new engineer’s 
formation. 
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1. Introduction 
 

The digital economy represents the pervasive use of IT (hardware, software, applications 
and telecommunications) in all aspects of the economy, including internal operations of 
organizations (business, government and non-profit); transactions between organizations; 
and transactions between individuals, acting both as consumers and citizens, and 
organizations (Atkinson et al. 2007). 
 
Future production environment will require holonic approach of integration of information 
technologies (IT) into production area. On one side it is represented through IT applications 
in a real machinery and equipment. On the other side IT has to be employed in the design of 
production systems as well. 
 
IT has been the key factor responsible for reversing the 20-year productivity slowdown from 
the mid-1970s to the mid-1990s and in driving today’s robust productivity growth (Atkinson 
et al. 2007). 
 
Any year automotive exhibitions show new models, merry-go-round of innovations turns 
faster and faster. Original Equipment Manufacturers (OEMs) introduce any 2 to 3 months 
new models which very often requires changes of production processes. Extremely short 
innovation cycles and products customisation significantly change all industries. The 
innovation is successful only in case, that it is quickly launched on market. The collaboration 
of single partners is very important not only in product development but in production 
planning and control too. There exists a lot of chaos and supplementary costs by the 
launching of new products. These supplementary costs often reach millions of Euros 
(Jovane.F.;Westkamper,E. & Williams,D., 2009).  
 
Digital Factory is the phenomenon having its background in computer aided and computer 
integrated technologies and advanced virtual reality technologies. This phenomenon 
became very important mainly at the beginning of 21.Century.  
 
The continually changing conditions of global markets combined with customer behaviour 
changes brought strong requirements for current producers e.g.: short time to markets, high 
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quality, low cost, short production throughput times, etc. All these changes demand quick 
response with high orders fulfilment security (Barczik,R., 2003). 

Current markets and customer’s environment require from designers of manufacturing 
systems the utilisation of new advanced approaches and tools in the design of future 
manufacturing systems. Digital Factory seems to be one of the most appropriate approaches 
to fulfil this task offering all required functions e.g.: central database, digital models, 
integrated data management, modelling and simulation functions, visualisation through 
virtual reality etc. Virtual reality became a common tool used in Digital Factory 
environment. Digital Factory creates the environment for digital innovation of any part of 
production systems, e.g. products, processes and resources (Furmann, R. & Krajčovič, M., 
2009). 

The European researchers consider the future factories as products. These products are 
socio-economic systems, and are very difficult to design and to run and that is why a special 
attention to their development has to be paid. The competitiveness in future production will 
be provided by such production systems in particular. The effort of current research in 
Europe is focused into design of highly productive, flexible, effective and safe factories. To 
fulfil all above mentioned requirements the designers of future factories will have to apply 
quite new approaches and techniques e.g. Digital Factory concept. Therefore it is the goal of 
EU researchers to develop visionary approaches of organizing and realizing the future 
production (Jovane.F.;Westkamper,E. & Williams,D., 2009). 

Any change, even the smallest one, brings risk. The change has to be realised by real people 
who make mistakes. The dynamic development currently undergoes in the companies 
running business in the HighTech sphere by the application of Digital Factory systems. 
Some years ago the University of Žilina has started to build such complex Digital Factory 
system (Gregor,M. et al., 2006). The Digital Factory system utilises 3D digital models of real 
objects. DMUs (Digital Mock Ups) have firstly begun to be used in the sphere of products 
design and analysis. They are starting to be used in the sphere of complex production 
systems or even of whole factories (for instance in automotive industry). Such digital 
models are called FMUs – Factory Mock Ups, i.e. digital models of factories. 

 
2. Digital Factory 
 

Virtual Reality is a computer technology, which supported by hardware and software, 
enables to create virtual models of objective reality and use them for the generation of 
perceive feelings of people. 
Virtual Reality technologies are possible to use for design of 3D spatial models as well as for 
3D modelling and examination of properties of real objects (Medvecký, Š. et al., 2007). On 
the other side Virtual Reality enables to create „real“ spatial environment, in which the man 
can conduct required activities. The possibilities for development of Virtual Reality 
technologies are tremendous and they still grow. 
 
Digital Factory entitles the virtual environment for the lifecycle design of manufacturing 
processes and manufacturing systems using simulation and virtual reality technologies to 
optimize performance, productivity, timing, costs and ergonomics (Gregor,M. & 
Medvecky,S., 2010). There exists a comprehensive source of materials defining and 

describing Digital Factory, e.g.: (Kühn,W., 2006a), (Kühn,W., 2006b), (VDI 4499, 
2008),(Zäh,M.F.;Fusch.T. & Patron,C., 2003). 
 
Digital Factory environment uses 3D digital models (DMUs) and associated information for 
visualizing, modelling, and simulating production processes and production systems with 
the target of effective and productive real production within resource constraints. It enables 
to design, analyse and predict the future behaviour of designed production systems 
supported by computer simulation. Computer simulation plays very important role in the 
study of behaviour of real and artificial systems, almost in any scientific area (Plinta, D., 
2001). 
 
Digital Factory (DF) represents a virtual picture of a real production. It is the environment 
integrated by computer and information technologies, in which the reality is replaced by 
virtual computer models. Such virtual solutions enable to verify all conflict situations before 
real implementation of factories and to design optimised solutions (Furmann,R., 2007). 
 
Product Lifecycle Management (PLM) is a business strategy supporting companies in 
product data sharing, and leveraging of corporate knowledge for the development of 
products for their lifecycle. PLM enables to operate and manage the entire network of all 
players (enterprise, suppliers, customers) as a single entity (Mleczko,J., 2008). Nowadays, 
the need for “Scientific Management” as proposed by Taylor has been extended to smart 
Product Life Cycle Management (Coze at. All. 2009). 
 
Different types of software are linked in PLM solutions, which control different parts of the 
manufacturing cycle. Computer Aided Design (CAD) systems define what will be 
produced. Computer Aided Engineering (CAE) defines production processes and systems 
required for product´s production. Computer Aided Manufacturing (CAM) and 
Manufacturing Process Management (MPM) define how it is to be built. ERP answers when 
and where it is built. Manufacturing Execution System (MES) provides shop floor control 
and simultaneously manufacturing feedback (Garetti,M.;Macchi,M. & Terzi,S., 2007). The 
storing of information digitally aids communication, but also removes human error from the 
design and manufacture process. Computer Integrated Manufacturing (CIM) and Product 
Data Management (PDM) were recently replaced by term Digital Manufacturing (DM) 
which currently is conceptually very close to Digital Factory (Gregor,M. et al., 2006). 
 
Digital Factory represents integration chain between CAD systems and ERP solutions, as it 
is shown in Figure 1. 
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Fig. 1. Integration of Information Systems in Production (Delmia,2010) 
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socio-economic systems, and are very difficult to design and to run and that is why a special 
attention to their development has to be paid. The competitiveness in future production will 
be provided by such production systems in particular. The effort of current research in 
Europe is focused into design of highly productive, flexible, effective and safe factories. To 
fulfil all above mentioned requirements the designers of future factories will have to apply 
quite new approaches and techniques e.g. Digital Factory concept. Therefore it is the goal of 
EU researchers to develop visionary approaches of organizing and realizing the future 
production (Jovane.F.;Westkamper,E. & Williams,D., 2009). 

Any change, even the smallest one, brings risk. The change has to be realised by real people 
who make mistakes. The dynamic development currently undergoes in the companies 
running business in the HighTech sphere by the application of Digital Factory systems. 
Some years ago the University of Žilina has started to build such complex Digital Factory 
system (Gregor,M. et al., 2006). The Digital Factory system utilises 3D digital models of real 
objects. DMUs (Digital Mock Ups) have firstly begun to be used in the sphere of products 
design and analysis. They are starting to be used in the sphere of complex production 
systems or even of whole factories (for instance in automotive industry). Such digital 
models are called FMUs – Factory Mock Ups, i.e. digital models of factories. 
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Virtual Reality is a computer technology, which supported by hardware and software, 
enables to create virtual models of objective reality and use them for the generation of 
perceive feelings of people. 
Virtual Reality technologies are possible to use for design of 3D spatial models as well as for 
3D modelling and examination of properties of real objects (Medvecký, Š. et al., 2007). On 
the other side Virtual Reality enables to create „real“ spatial environment, in which the man 
can conduct required activities. The possibilities for development of Virtual Reality 
technologies are tremendous and they still grow. 
 
Digital Factory entitles the virtual environment for the lifecycle design of manufacturing 
processes and manufacturing systems using simulation and virtual reality technologies to 
optimize performance, productivity, timing, costs and ergonomics (Gregor,M. & 
Medvecky,S., 2010). There exists a comprehensive source of materials defining and 

describing Digital Factory, e.g.: (Kühn,W., 2006a), (Kühn,W., 2006b), (VDI 4499, 
2008),(Zäh,M.F.;Fusch.T. & Patron,C., 2003). 
 
Digital Factory environment uses 3D digital models (DMUs) and associated information for 
visualizing, modelling, and simulating production processes and production systems with 
the target of effective and productive real production within resource constraints. It enables 
to design, analyse and predict the future behaviour of designed production systems 
supported by computer simulation. Computer simulation plays very important role in the 
study of behaviour of real and artificial systems, almost in any scientific area (Plinta, D., 
2001). 
 
Digital Factory (DF) represents a virtual picture of a real production. It is the environment 
integrated by computer and information technologies, in which the reality is replaced by 
virtual computer models. Such virtual solutions enable to verify all conflict situations before 
real implementation of factories and to design optimised solutions (Furmann,R., 2007). 
 
Product Lifecycle Management (PLM) is a business strategy supporting companies in 
product data sharing, and leveraging of corporate knowledge for the development of 
products for their lifecycle. PLM enables to operate and manage the entire network of all 
players (enterprise, suppliers, customers) as a single entity (Mleczko,J., 2008). Nowadays, 
the need for “Scientific Management” as proposed by Taylor has been extended to smart 
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Different types of software are linked in PLM solutions, which control different parts of the 
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storing of information digitally aids communication, but also removes human error from the 
design and manufacture process. Computer Integrated Manufacturing (CIM) and Product 
Data Management (PDM) were recently replaced by term Digital Manufacturing (DM) 
which currently is conceptually very close to Digital Factory (Gregor,M. et al., 2006). 
 
Digital Factory represents integration chain between CAD systems and ERP solutions, as it 
is shown in Figure 1. 
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One of very important properties of Digital Factory is the vision to realize process planning 
and product development with parallel utilisation of common data. It is very important to 
gain all required data only one time and then to manage them with the uniform data 
control, so that all software systems will be able to utilize it. The integration is one of the 
main conditions for the implementation of Digital Factory. 
 
Digital Factory integrates three main elements (Delmia, 2010): 

 digital product, with its static and dynamic properties, 
 digital production planning and 
 digital production, with the possibility of utilisation of planning data for enterprise 

processes effectiveness growth. 
 
2.1 Key Enterprise Processes 
Digital Factory concept prioritizes the six most significant areas, according to their influence 
on production process flow. Any area covers the set of tools which all together integrate the 
whole production process, from product design to its production (Gregor,M. et al., 2006): 

 product design systems (including modelling and simulation), 
 process planning systems ( process and production plans, assembly plans, 

welding plans, tools, jigs, work standardization, value analysis, cost analysis, etc.), 
 production process detail and validation systems ( NC production process 

simulation, assembly, inspection, maintenance, production operations etc.). The 
utilisation of process plans, graphs and special BOMs which offer clear view about 
relationships between processes and resources already in conceptual design phase, 

 production engineering systems ( complex production scenarios, layout, industrial 
engineering, time analysis, ergonomics analysis, design and analysis of production 
and assembly systems, loading of machines, determination and optimisation of 
workers loading, etc.), 

 production planning and control systems (ERP planning systems, scheduling, pull 
control, levelled production, mixed production, etc.), 

 automation and process control systems (automatic generation of control 
programmes for control  and monitoring of automated production systems, PLC, 
industrial robots, etc.) 

 
2.2 Digital Factory Implementation Methodology 
Rough procedure of Digital Factory implementation is as follows (Gregor,M. et al., 2006): 

 Definition of total standards and production principles for entire planning 
operations, creation of primitives and customer databases, 

 First data collection and organisation with the utilisation of data management 
system. All responsible persons have direct access to the data, its addition, 
inspection and changes, 

 In this phase, Digital Factory system improves co-ordination and synchronisation 
of individual processes throughout their “networking” supported by workflow 
management system, 

 In the fourth phase, Digital Factory system takes automatically some routine and 
checking activities, which are very time consuming in common systems. 
Implemented system insures high quality of all outputs. 

2.3 Digital Factory Application Area 
Digital Factory is appropriate mainly as a support for the batch manufacturing of highly 
sophisticated products, their planning, simulation and optimisation. Its main current 
application area is automotive industry, mechanical engineering industry, aerospace and 
ship building industry as well as electronics and consumer goods industries (Bohusova,B., 
2009). 3D digital model of products (DMU) creates currently basic object for the work in 
digital manufacturing environment. There exists possibility to optimise products, processes 
and production systems even during the development phase with the utilisation of 3D 
visualisation and modelling techniques. Such solution brings time to market reduction and 
significant cost reduction (Durajova,M. et. al., 2006). 
 
Cutting process simulation enables generation of real NC-part programmes for chosen 
production machines. The visualisation of machines and operational handling processes 
enables to reveal shortages in design of machines and to realise changes, remove errors and 
increase their effectiveness before real utilisation (Acél,P; Gregor,M. & Hrdliczka,V., 1993). 
 
The system for the design of shop floor 3D layouts and generation of 3D models of 
production halls is missing in current Digital Factory solutions. It is possible to create the 3D 
model of production hall directly in CAD systems. Such solution is advantageous by new 
layouts or by new production systems designs. But, production halls do exists, in majority of 
real cases. By such conditions, it is often more effective to create 3D model of production 
hall with the utilisation of Reverse Engineering technologies and 3D scanners (Macus,P. & 
Durajova,M., 2006). 
 
The material flow simulation enables to optimise the movement of material, to reduce 
inventories and to support value added activities in internal logistics chain (Štefanik,A. & 
Gregor,M., 2004). 
 
The subsystems for effective ergonomics analysis utilise international standards as NIOSH, 
RULA, etc., which enable right planning and verification of man-machine interactions on 
the single workplaces (Helander, M., 1995). 
The highest level of analysis represents computer simulation of production and robotics 
systems which enables optimisation of material, information, value and financial flows in 
the factory (Škorík,P., 2009). 

 
2.4 Digital Factory at the University of Žilina 
Since years the University of Zilina in co-operation with the Central European Institute of 
Technology have been developing own Digital Factory concept. The developed solution is 
used in education and research of Digital Factory. The developed Digital Factory concept 
structure is shown in Fig. 2. 
 

Digital factory – theory and practice 359

One of very important properties of Digital Factory is the vision to realize process planning 
and product development with parallel utilisation of common data. It is very important to 
gain all required data only one time and then to manage them with the uniform data 
control, so that all software systems will be able to utilize it. The integration is one of the 
main conditions for the implementation of Digital Factory. 
 
Digital Factory integrates three main elements (Delmia, 2010): 

 digital product, with its static and dynamic properties, 
 digital production planning and 
 digital production, with the possibility of utilisation of planning data for enterprise 

processes effectiveness growth. 
 
2.1 Key Enterprise Processes 
Digital Factory concept prioritizes the six most significant areas, according to their influence 
on production process flow. Any area covers the set of tools which all together integrate the 
whole production process, from product design to its production (Gregor,M. et al., 2006): 

 product design systems (including modelling and simulation), 
 process planning systems ( process and production plans, assembly plans, 

welding plans, tools, jigs, work standardization, value analysis, cost analysis, etc.), 
 production process detail and validation systems ( NC production process 

simulation, assembly, inspection, maintenance, production operations etc.). The 
utilisation of process plans, graphs and special BOMs which offer clear view about 
relationships between processes and resources already in conceptual design phase, 

 production engineering systems ( complex production scenarios, layout, industrial 
engineering, time analysis, ergonomics analysis, design and analysis of production 
and assembly systems, loading of machines, determination and optimisation of 
workers loading, etc.), 

 production planning and control systems (ERP planning systems, scheduling, pull 
control, levelled production, mixed production, etc.), 

 automation and process control systems (automatic generation of control 
programmes for control  and monitoring of automated production systems, PLC, 
industrial robots, etc.) 

 
2.2 Digital Factory Implementation Methodology 
Rough procedure of Digital Factory implementation is as follows (Gregor,M. et al., 2006): 

 Definition of total standards and production principles for entire planning 
operations, creation of primitives and customer databases, 

 First data collection and organisation with the utilisation of data management 
system. All responsible persons have direct access to the data, its addition, 
inspection and changes, 

 In this phase, Digital Factory system improves co-ordination and synchronisation 
of individual processes throughout their “networking” supported by workflow 
management system, 

 In the fourth phase, Digital Factory system takes automatically some routine and 
checking activities, which are very time consuming in common systems. 
Implemented system insures high quality of all outputs. 

2.3 Digital Factory Application Area 
Digital Factory is appropriate mainly as a support for the batch manufacturing of highly 
sophisticated products, their planning, simulation and optimisation. Its main current 
application area is automotive industry, mechanical engineering industry, aerospace and 
ship building industry as well as electronics and consumer goods industries (Bohusova,B., 
2009). 3D digital model of products (DMU) creates currently basic object for the work in 
digital manufacturing environment. There exists possibility to optimise products, processes 
and production systems even during the development phase with the utilisation of 3D 
visualisation and modelling techniques. Such solution brings time to market reduction and 
significant cost reduction (Durajova,M. et. al., 2006). 
 
Cutting process simulation enables generation of real NC-part programmes for chosen 
production machines. The visualisation of machines and operational handling processes 
enables to reveal shortages in design of machines and to realise changes, remove errors and 
increase their effectiveness before real utilisation (Acél,P; Gregor,M. & Hrdliczka,V., 1993). 
 
The system for the design of shop floor 3D layouts and generation of 3D models of 
production halls is missing in current Digital Factory solutions. It is possible to create the 3D 
model of production hall directly in CAD systems. Such solution is advantageous by new 
layouts or by new production systems designs. But, production halls do exists, in majority of 
real cases. By such conditions, it is often more effective to create 3D model of production 
hall with the utilisation of Reverse Engineering technologies and 3D scanners (Macus,P. & 
Durajova,M., 2006). 
 
The material flow simulation enables to optimise the movement of material, to reduce 
inventories and to support value added activities in internal logistics chain (Štefanik,A. & 
Gregor,M., 2004). 
 
The subsystems for effective ergonomics analysis utilise international standards as NIOSH, 
RULA, etc., which enable right planning and verification of man-machine interactions on 
the single workplaces (Helander, M., 1995). 
The highest level of analysis represents computer simulation of production and robotics 
systems which enables optimisation of material, information, value and financial flows in 
the factory (Škorík,P., 2009). 

 
2.4 Digital Factory at the University of Žilina 
Since years the University of Zilina in co-operation with the Central European Institute of 
Technology have been developing own Digital Factory concept. The developed solution is 
used in education and research of Digital Factory. The developed Digital Factory concept 
structure is shown in Fig. 2. 
 



Engineering the Future358

One of very important properties of Digital Factory is the vision to realize process planning 
and product development with parallel utilisation of common data. It is very important to 
gain all required data only one time and then to manage them with the uniform data 
control, so that all software systems will be able to utilize it. The integration is one of the 
main conditions for the implementation of Digital Factory. 
 
Digital Factory integrates three main elements (Delmia, 2010): 

 digital product, with its static and dynamic properties, 
 digital production planning and 
 digital production, with the possibility of utilisation of planning data for enterprise 

processes effectiveness growth. 
 
2.1 Key Enterprise Processes 
Digital Factory concept prioritizes the six most significant areas, according to their influence 
on production process flow. Any area covers the set of tools which all together integrate the 
whole production process, from product design to its production (Gregor,M. et al., 2006): 

 product design systems (including modelling and simulation), 
 process planning systems ( process and production plans, assembly plans, 

welding plans, tools, jigs, work standardization, value analysis, cost analysis, etc.), 
 production process detail and validation systems ( NC production process 

simulation, assembly, inspection, maintenance, production operations etc.). The 
utilisation of process plans, graphs and special BOMs which offer clear view about 
relationships between processes and resources already in conceptual design phase, 

 production engineering systems ( complex production scenarios, layout, industrial 
engineering, time analysis, ergonomics analysis, design and analysis of production 
and assembly systems, loading of machines, determination and optimisation of 
workers loading, etc.), 

 production planning and control systems (ERP planning systems, scheduling, pull 
control, levelled production, mixed production, etc.), 

 automation and process control systems (automatic generation of control 
programmes for control  and monitoring of automated production systems, PLC, 
industrial robots, etc.) 

 
2.2 Digital Factory Implementation Methodology 
Rough procedure of Digital Factory implementation is as follows (Gregor,M. et al., 2006): 

 Definition of total standards and production principles for entire planning 
operations, creation of primitives and customer databases, 

 First data collection and organisation with the utilisation of data management 
system. All responsible persons have direct access to the data, its addition, 
inspection and changes, 

 In this phase, Digital Factory system improves co-ordination and synchronisation 
of individual processes throughout their “networking” supported by workflow 
management system, 

 In the fourth phase, Digital Factory system takes automatically some routine and 
checking activities, which are very time consuming in common systems. 
Implemented system insures high quality of all outputs. 

2.3 Digital Factory Application Area 
Digital Factory is appropriate mainly as a support for the batch manufacturing of highly 
sophisticated products, their planning, simulation and optimisation. Its main current 
application area is automotive industry, mechanical engineering industry, aerospace and 
ship building industry as well as electronics and consumer goods industries (Bohusova,B., 
2009). 3D digital model of products (DMU) creates currently basic object for the work in 
digital manufacturing environment. There exists possibility to optimise products, processes 
and production systems even during the development phase with the utilisation of 3D 
visualisation and modelling techniques. Such solution brings time to market reduction and 
significant cost reduction (Durajova,M. et. al., 2006). 
 
Cutting process simulation enables generation of real NC-part programmes for chosen 
production machines. The visualisation of machines and operational handling processes 
enables to reveal shortages in design of machines and to realise changes, remove errors and 
increase their effectiveness before real utilisation (Acél,P; Gregor,M. & Hrdliczka,V., 1993). 
 
The system for the design of shop floor 3D layouts and generation of 3D models of 
production halls is missing in current Digital Factory solutions. It is possible to create the 3D 
model of production hall directly in CAD systems. Such solution is advantageous by new 
layouts or by new production systems designs. But, production halls do exists, in majority of 
real cases. By such conditions, it is often more effective to create 3D model of production 
hall with the utilisation of Reverse Engineering technologies and 3D scanners (Macus,P. & 
Durajova,M., 2006). 
 
The material flow simulation enables to optimise the movement of material, to reduce 
inventories and to support value added activities in internal logistics chain (Štefanik,A. & 
Gregor,M., 2004). 
 
The subsystems for effective ergonomics analysis utilise international standards as NIOSH, 
RULA, etc., which enable right planning and verification of man-machine interactions on 
the single workplaces (Helander, M., 1995). 
The highest level of analysis represents computer simulation of production and robotics 
systems which enables optimisation of material, information, value and financial flows in 
the factory (Škorík,P., 2009). 

 
2.4 Digital Factory at the University of Žilina 
Since years the University of Zilina in co-operation with the Central European Institute of 
Technology have been developing own Digital Factory concept. The developed solution is 
used in education and research of Digital Factory. The developed Digital Factory concept 
structure is shown in Fig. 2. 
 

Digital factory – theory and practice 359

One of very important properties of Digital Factory is the vision to realize process planning 
and product development with parallel utilisation of common data. It is very important to 
gain all required data only one time and then to manage them with the uniform data 
control, so that all software systems will be able to utilize it. The integration is one of the 
main conditions for the implementation of Digital Factory. 
 
Digital Factory integrates three main elements (Delmia, 2010): 

 digital product, with its static and dynamic properties, 
 digital production planning and 
 digital production, with the possibility of utilisation of planning data for enterprise 

processes effectiveness growth. 
 
2.1 Key Enterprise Processes 
Digital Factory concept prioritizes the six most significant areas, according to their influence 
on production process flow. Any area covers the set of tools which all together integrate the 
whole production process, from product design to its production (Gregor,M. et al., 2006): 

 product design systems (including modelling and simulation), 
 process planning systems ( process and production plans, assembly plans, 

welding plans, tools, jigs, work standardization, value analysis, cost analysis, etc.), 
 production process detail and validation systems ( NC production process 

simulation, assembly, inspection, maintenance, production operations etc.). The 
utilisation of process plans, graphs and special BOMs which offer clear view about 
relationships between processes and resources already in conceptual design phase, 

 production engineering systems ( complex production scenarios, layout, industrial 
engineering, time analysis, ergonomics analysis, design and analysis of production 
and assembly systems, loading of machines, determination and optimisation of 
workers loading, etc.), 

 production planning and control systems (ERP planning systems, scheduling, pull 
control, levelled production, mixed production, etc.), 

 automation and process control systems (automatic generation of control 
programmes for control  and monitoring of automated production systems, PLC, 
industrial robots, etc.) 

 
2.2 Digital Factory Implementation Methodology 
Rough procedure of Digital Factory implementation is as follows (Gregor,M. et al., 2006): 

 Definition of total standards and production principles for entire planning 
operations, creation of primitives and customer databases, 

 First data collection and organisation with the utilisation of data management 
system. All responsible persons have direct access to the data, its addition, 
inspection and changes, 

 In this phase, Digital Factory system improves co-ordination and synchronisation 
of individual processes throughout their “networking” supported by workflow 
management system, 

 In the fourth phase, Digital Factory system takes automatically some routine and 
checking activities, which are very time consuming in common systems. 
Implemented system insures high quality of all outputs. 

2.3 Digital Factory Application Area 
Digital Factory is appropriate mainly as a support for the batch manufacturing of highly 
sophisticated products, their planning, simulation and optimisation. Its main current 
application area is automotive industry, mechanical engineering industry, aerospace and 
ship building industry as well as electronics and consumer goods industries (Bohusova,B., 
2009). 3D digital model of products (DMU) creates currently basic object for the work in 
digital manufacturing environment. There exists possibility to optimise products, processes 
and production systems even during the development phase with the utilisation of 3D 
visualisation and modelling techniques. Such solution brings time to market reduction and 
significant cost reduction (Durajova,M. et. al., 2006). 
 
Cutting process simulation enables generation of real NC-part programmes for chosen 
production machines. The visualisation of machines and operational handling processes 
enables to reveal shortages in design of machines and to realise changes, remove errors and 
increase their effectiveness before real utilisation (Acél,P; Gregor,M. & Hrdliczka,V., 1993). 
 
The system for the design of shop floor 3D layouts and generation of 3D models of 
production halls is missing in current Digital Factory solutions. It is possible to create the 3D 
model of production hall directly in CAD systems. Such solution is advantageous by new 
layouts or by new production systems designs. But, production halls do exists, in majority of 
real cases. By such conditions, it is often more effective to create 3D model of production 
hall with the utilisation of Reverse Engineering technologies and 3D scanners (Macus,P. & 
Durajova,M., 2006). 
 
The material flow simulation enables to optimise the movement of material, to reduce 
inventories and to support value added activities in internal logistics chain (Štefanik,A. & 
Gregor,M., 2004). 
 
The subsystems for effective ergonomics analysis utilise international standards as NIOSH, 
RULA, etc., which enable right planning and verification of man-machine interactions on 
the single workplaces (Helander, M., 1995). 
The highest level of analysis represents computer simulation of production and robotics 
systems which enables optimisation of material, information, value and financial flows in 
the factory (Škorík,P., 2009). 

 
2.4 Digital Factory at the University of Žilina 
Since years the University of Zilina in co-operation with the Central European Institute of 
Technology have been developing own Digital Factory concept. The developed solution is 
used in education and research of Digital Factory. The developed Digital Factory concept 
structure is shown in Fig. 2. 
 



Engineering the Future360

© CEIT, 2008

PPR – Product – Process- Resource

Prototypes
Catalyst
MagicMagics

System-
analysis
MSC Produkte
Ansys
Adams
FEMFAT

Design
CATIA
ProEngineer
Inventor

Production Planning
- and Control

Training
CATIA, Inventor

Arena, Tempo

Conceptual
Model

Production
Process,
Quality

Production
and Assembly

Industry

CEIT Digital Factory

DELMIA ...

 
 

Fig. 2. Digital Factory Concept Built at the University of Žilina 
 
The new developed Digital Factory concept increases the borders of current Digital Factory 
solutions. It endeavours to integrate activities conducted by designers, technologists, 
designers of manufacturing systems, planners, etc. It simultaneously tries to increase the 
offer of individual existing modules. The concept design goes from theoretical studies as 
well as practical experience gained in automotive and electronics industries in Slovakia 
(Gregor,M. & Medvecky,S., 2010). 

 
3. Simulation and Emulation Production Environment 

As a part of Digital Factory concept, a comprehensive holistic solution for the design and 
testing of new production systems is currently being developed, known as ZIMS - Zilina 
Intelligent Manufacturing System (Gregor, M.; Medvecký, S. & Mičieta, B., 2010). ZIMS 
represents a mixed virtual and real environment which enables to design and develop 
advanced intelligent solutions for industry. Figure 3 shows picture of current ZIMS state. It 
integrates many enterprise areas like: product design, Rapid Prototyping, product 
properties simulation and testing, new technology design, layout design and optimization, 
material flow optimization, handling, production control, ergonomics, simulation, etc. The 
computer simulation plays a central role in ZIMS concept, beginning from product design 
up to manufacturing processes simulation. Such simulation environment is known as 
Enterprise Simulation Management (Coze at. all. 2009). 
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Fig. 4. Real VW Gearbox & Its Scan (Gregor,M.&Medvecky,S.,2010) 
 
The 3D model of real gearbox was generated in Catia and FDM (Fused Deposition 
Modelling) prototype was produced through Rapid Prototyping (see Figure 5). 
 

   
 

Fig. 5. 3D Model in Catia and FDM Prototype (Hrcek,S., et.al., 2006)  
 
4.1 3D Laser Scanning for Quick Digitization of Real Objects 
Mainly classical approaches are being used for digitisation and geometric analyses of the 
existing production systems. Information about the real state of the production system is, in 
case of complex production systems, obtained using the measuring tape, or laser measurers. 
Using such approach makes digitization of the whole enterprise extremely time-demanding 
and expensive. It is also a potential source of waste, inaccuracies and errors. It is much 
faster, much more effective and qualitatively better to create the 3D models of the existing 
production systems using the 3D laser scanners. These make possible to transform the 
existing, real 3D word, into its exact 3D digital copy which correctly reproduces the exact 
geometry of the recorded space and can simply be used for any computer analyses, in a 
matter of a few moments. 

Thus obtained 3D digital model (so-called master model) can be used in all designer 
professions; it can be used by analysts as well as by the factory’s management. Using the 
internet it is possible to share such model from anywhere worldwide. Its accessibility makes 
it easier to eliminate errors. Designers from all over the world can simultaneously work on 
new projects without any need to travel on to the spot and manually do all the 
measurements required before they start to design. 

Extensive research is currently underway, all over the world, in the sphere of utilising the 
digital methods for digitization, modelling, analysing, simulation, recording and presenting 
of real objects (Durajova,M. at. al., 2006), (Macus,P. & Durajova,M., 2006), (Montorio,M. & 
Taisch,M., 2007a), (Montorio,M. & Taisch,M., 2007b) . 

The sphere of creating, modelling and storing 3D digitalized virtual models of real objects is 
one of the most significant spheres, which are able to radically influence the effectiveness of 
producers. Research and development in this High-Tech sphere is technically and 
financially demanding. The most significant automotive and electronics companies are well 
aware of the permanent need to innovate their products, which is why they release a new 
model every 2-3 months. Innovation can only be successful if it is swiftly put on the market. 
To fulfil the requirement to shorten the whole production cycle of a product from its design 
to delivering it to the customer keeping the costs as low as possible is the most important 
prerequisite of success of every enterprise. The launch of a new product is always connected 
with the initial chaos, which increases the realisation costs behindhand.  

The system for the creation of 3D production layouts and the generation of DMUs of 
production halls or FMUs is what Digital Factory solutions miss today. It is principally 
possible to design the DMU of production halls and production layouts using the direct 
CAD system approach. Such solution is convenient when designing new production 
systems. However, the more frequent case is that the production halls do already exist. That 
is the reason why it is often more effective to create production hall DMU using the Reverse 
Engineering technologies (e.g. 3D laser scanning.).  
Reverse Engineering is the step needed to take to be able to achieve high efficiency and 
accuracy of digitization, not only considering the existing equipment, but also when the 
production layout themselves come into question. It opens up new opportunities to realize 
virtual designing. Creation of 3D-DMU of large objects using the 3D scanning is, at the 
moment, the joining link between virtual reality and real virtuality. 
 

The 3D laser scanning (3D-LS) is one of the Reverse Engineering technologies which are 
usually used for the digitization of real objects. The digitization through 3D laser scanning 
represents one of the most productive and effective ways of how to get the high quality 3D 
digital models of current production systems. Those technologies enable simultaneously the 
transformation of current real worlds into their 3D clouds of points copies which represents 
their spatial geometry. Such 3D models are very useful for the analysis of current 
production systems. The 3D-LS technologies became a part of the Digital Factory 
technologies. Their advantage lays in the simplicity and a huge potential of cost and time 
savings by the development of 3D models of current objects. 

Following statistics are known in a project practice of big project companies (Gregor,M. & 
Medvecky,S., 2010):  
€ 100 mil. investment requested 
€ 10 mil. increased costs because of lower transparency and about  
€ 1 mil. additional costs and time because of lower transparency, clashes, organization 
problems and mistakes in suggestions.  
 
Based on a research by 3D laser scanners users were achieved following costs savings 
(Gregor,M. & Medvecky,S., 2010):  
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 € 3-4 millions trough the virtual reality.  
According to the research by customer’s consistent application of 3D factory it can 
save 30-40 % additional costs and time in projects.  

 Complex 3D data are basis for detection and elimination of clash causes. It can be 
saved up to 2 % of investment costs by investment in to factories by using detection 
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management. Time in this case is featured, so these planning and management systems 
are also marked as 3D-CAD-Planning tools (also marked 4D). The utilization of 
automatic scanning based on ahead set plan allows quicker to obtain a new and real 3D 
DMU. The planning system on the other side allows with one click to realize changes in 
integrated form, which were in the past solved by groups of specialists in months.  
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The 3D virtual models of production halls were developed using 3D laser scanning (Faro LS 
880 HE) and modelling in Bentley HLS. The following example shows the result of 
production halls DMUs development through 3D laser scanning and modelling, including 
detailed energy networks and transportation systems (Figure 7). 
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develop new 3D digital model in CAD system. It is often advantageous to generate the 3D model 
on the basis of existing 2D model platform. A comprehensive research was done, in co-operation 
with Thyssen Krupp – PSL, in which the complex digital cycle was conducted. After 3D model of 
production hall was Developed in Bentley HLS system, based on 3D laser scans, all objects 
(e.g. production hall, machine tools, handling devices, etc.) were integrated into 3D model and 
through this approach the comprehensive DMU was developed. Then the new assembly concept 
with optimized material flow was developed. Consequently 3D simulation model of complex 
production system was developed and used by optimization of control of the designed 
production system. The final solution represents a comprehensive model and the research on this 
area continues. Figure 8 shows the part of FMU of Thyssen Krupp – PSL factory. 
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4.2 The Development of an Assembly Line Digital Model  
The University of Zilina has conducted several research studies in industry focused on Digital 
Factory solutions. The DMU model of a real gearbox was developed using Reverse Engineering 
technology (3D laser scanning), in the framework of co-operation in research with VW Slovakia. 
The developed gearbox DMU was used for the development of the digital model of the entire 
gearboxes assembly line. Figure 9 shows the real VW gearbox and its digital model (DMU). 
 

 
Fig. 9. Real Versus Virtual VW Gearbox (Gregor,M.&Medvecky,S.,2010)  
 

Based on the gearbox DMU and a real assembly system a set of DMUs of VW production 
workplaces and transportation equipments was developed (see Figure 10). 

Digital factory – theory and practice 365

 € 3-4 millions trough the virtual reality.  
According to the research by customer’s consistent application of 3D factory it can 
save 30-40 % additional costs and time in projects.  

 Complex 3D data are basis for detection and elimination of clash causes. It can be 
saved up to 2 % of investment costs by investment in to factories by using detection 
and elimination clash causes.  

 Created and complex 3D DMU allows accurate, quick, easy and effective change 
management. Time in this case is featured, so these planning and management systems 
are also marked as 3D-CAD-Planning tools (also marked 4D). The utilization of 
automatic scanning based on ahead set plan allows quicker to obtain a new and real 3D 
DMU. The planning system on the other side allows with one click to realize changes in 
integrated form, which were in the past solved by groups of specialists in months.  

 

The chosen Reverse Engineering technologies were tested in the framework of co-operation of 
the University of Žilina and Thyssen Krupp – PSL and Whirlpool companies. Figure 6 shows the 
DMU model of handling device developed using 3D laser scanning and modelling in Catia. 
 

  
a) Clouds of Point Model b) Transfer in CAD c) 3D Digital Model 

 

Fig. 6. DMU Model of Handling Device 
 
The 3D virtual models of production halls were developed using 3D laser scanning (Faro LS 
880 HE) and modelling in Bentley HLS. The following example shows the result of 
production halls DMUs development through 3D laser scanning and modelling, including 
detailed energy networks and transportation systems (Figure 7). 
 

   
Fig. 7. DMUs of Production Hall – VW Slovakia  

The designer of manufacturing systems can use the existing 2D production hall model and to 
develop new 3D digital model in CAD system. It is often advantageous to generate the 3D model 
on the basis of existing 2D model platform. A comprehensive research was done, in co-operation 
with Thyssen Krupp – PSL, in which the complex digital cycle was conducted. After 3D model of 
production hall was Developed in Bentley HLS system, based on 3D laser scans, all objects 
(e.g. production hall, machine tools, handling devices, etc.) were integrated into 3D model and 
through this approach the comprehensive DMU was developed. Then the new assembly concept 
with optimized material flow was developed. Consequently 3D simulation model of complex 
production system was developed and used by optimization of control of the designed 
production system. The final solution represents a comprehensive model and the research on this 
area continues. Figure 8 shows the part of FMU of Thyssen Krupp – PSL factory. 
 

   
Fig. 8. DMU Model of Manufacturing and Assembly – Thyssen Krupp-PSL 
 
4.2 The Development of an Assembly Line Digital Model  
The University of Zilina has conducted several research studies in industry focused on Digital 
Factory solutions. The DMU model of a real gearbox was developed using Reverse Engineering 
technology (3D laser scanning), in the framework of co-operation in research with VW Slovakia. 
The developed gearbox DMU was used for the development of the digital model of the entire 
gearboxes assembly line. Figure 9 shows the real VW gearbox and its digital model (DMU). 
 

 
Fig. 9. Real Versus Virtual VW Gearbox (Gregor,M.&Medvecky,S.,2010)  
 

Based on the gearbox DMU and a real assembly system a set of DMUs of VW production 
workplaces and transportation equipments was developed (see Figure 10). 



Engineering the Future364

 € 3-4 millions trough the virtual reality.  
According to the research by customer’s consistent application of 3D factory it can 
save 30-40 % additional costs and time in projects.  

 Complex 3D data are basis for detection and elimination of clash causes. It can be 
saved up to 2 % of investment costs by investment in to factories by using detection 
and elimination clash causes.  

 Created and complex 3D DMU allows accurate, quick, easy and effective change 
management. Time in this case is featured, so these planning and management systems 
are also marked as 3D-CAD-Planning tools (also marked 4D). The utilization of 
automatic scanning based on ahead set plan allows quicker to obtain a new and real 3D 
DMU. The planning system on the other side allows with one click to realize changes in 
integrated form, which were in the past solved by groups of specialists in months.  

 

The chosen Reverse Engineering technologies were tested in the framework of co-operation of 
the University of Žilina and Thyssen Krupp – PSL and Whirlpool companies. Figure 6 shows the 
DMU model of handling device developed using 3D laser scanning and modelling in Catia. 
 

  
a) Clouds of Point Model b) Transfer in CAD c) 3D Digital Model 

 

Fig. 6. DMU Model of Handling Device 
 
The 3D virtual models of production halls were developed using 3D laser scanning (Faro LS 
880 HE) and modelling in Bentley HLS. The following example shows the result of 
production halls DMUs development through 3D laser scanning and modelling, including 
detailed energy networks and transportation systems (Figure 7). 
 

   
Fig. 7. DMUs of Production Hall – VW Slovakia  

The designer of manufacturing systems can use the existing 2D production hall model and to 
develop new 3D digital model in CAD system. It is often advantageous to generate the 3D model 
on the basis of existing 2D model platform. A comprehensive research was done, in co-operation 
with Thyssen Krupp – PSL, in which the complex digital cycle was conducted. After 3D model of 
production hall was Developed in Bentley HLS system, based on 3D laser scans, all objects 
(e.g. production hall, machine tools, handling devices, etc.) were integrated into 3D model and 
through this approach the comprehensive DMU was developed. Then the new assembly concept 
with optimized material flow was developed. Consequently 3D simulation model of complex 
production system was developed and used by optimization of control of the designed 
production system. The final solution represents a comprehensive model and the research on this 
area continues. Figure 8 shows the part of FMU of Thyssen Krupp – PSL factory. 
 

   
Fig. 8. DMU Model of Manufacturing and Assembly – Thyssen Krupp-PSL 
 
4.2 The Development of an Assembly Line Digital Model  
The University of Zilina has conducted several research studies in industry focused on Digital 
Factory solutions. The DMU model of a real gearbox was developed using Reverse Engineering 
technology (3D laser scanning), in the framework of co-operation in research with VW Slovakia. 
The developed gearbox DMU was used for the development of the digital model of the entire 
gearboxes assembly line. Figure 9 shows the real VW gearbox and its digital model (DMU). 
 

 
Fig. 9. Real Versus Virtual VW Gearbox (Gregor,M.&Medvecky,S.,2010)  
 

Based on the gearbox DMU and a real assembly system a set of DMUs of VW production 
workplaces and transportation equipments was developed (see Figure 10). 

Digital factory – theory and practice 365

 € 3-4 millions trough the virtual reality.  
According to the research by customer’s consistent application of 3D factory it can 
save 30-40 % additional costs and time in projects.  

 Complex 3D data are basis for detection and elimination of clash causes. It can be 
saved up to 2 % of investment costs by investment in to factories by using detection 
and elimination clash causes.  

 Created and complex 3D DMU allows accurate, quick, easy and effective change 
management. Time in this case is featured, so these planning and management systems 
are also marked as 3D-CAD-Planning tools (also marked 4D). The utilization of 
automatic scanning based on ahead set plan allows quicker to obtain a new and real 3D 
DMU. The planning system on the other side allows with one click to realize changes in 
integrated form, which were in the past solved by groups of specialists in months.  

 

The chosen Reverse Engineering technologies were tested in the framework of co-operation of 
the University of Žilina and Thyssen Krupp – PSL and Whirlpool companies. Figure 6 shows the 
DMU model of handling device developed using 3D laser scanning and modelling in Catia. 
 

  
a) Clouds of Point Model b) Transfer in CAD c) 3D Digital Model 

 

Fig. 6. DMU Model of Handling Device 
 
The 3D virtual models of production halls were developed using 3D laser scanning (Faro LS 
880 HE) and modelling in Bentley HLS. The following example shows the result of 
production halls DMUs development through 3D laser scanning and modelling, including 
detailed energy networks and transportation systems (Figure 7). 
 

   
Fig. 7. DMUs of Production Hall – VW Slovakia  

The designer of manufacturing systems can use the existing 2D production hall model and to 
develop new 3D digital model in CAD system. It is often advantageous to generate the 3D model 
on the basis of existing 2D model platform. A comprehensive research was done, in co-operation 
with Thyssen Krupp – PSL, in which the complex digital cycle was conducted. After 3D model of 
production hall was Developed in Bentley HLS system, based on 3D laser scans, all objects 
(e.g. production hall, machine tools, handling devices, etc.) were integrated into 3D model and 
through this approach the comprehensive DMU was developed. Then the new assembly concept 
with optimized material flow was developed. Consequently 3D simulation model of complex 
production system was developed and used by optimization of control of the designed 
production system. The final solution represents a comprehensive model and the research on this 
area continues. Figure 8 shows the part of FMU of Thyssen Krupp – PSL factory. 
 

   
Fig. 8. DMU Model of Manufacturing and Assembly – Thyssen Krupp-PSL 
 
4.2 The Development of an Assembly Line Digital Model  
The University of Zilina has conducted several research studies in industry focused on Digital 
Factory solutions. The DMU model of a real gearbox was developed using Reverse Engineering 
technology (3D laser scanning), in the framework of co-operation in research with VW Slovakia. 
The developed gearbox DMU was used for the development of the digital model of the entire 
gearboxes assembly line. Figure 9 shows the real VW gearbox and its digital model (DMU). 
 

 
Fig. 9. Real Versus Virtual VW Gearbox (Gregor,M.&Medvecky,S.,2010)  
 

Based on the gearbox DMU and a real assembly system a set of DMUs of VW production 
workplaces and transportation equipments was developed (see Figure 10). 



Engineering the Future366

  
 

Fig. 10. DMUs of Assembly Workplace (Gregor,M.&Medvecky,S.,2010) 
 
The design of workplaces was especially checked by ergonomics analysis whereas manikin 
concept of Delmia V5 Human was used. The final solution of designed workplaces was 
tested through the static simulation /animation (see Figure 11). 
 

  
 

Fig. 11. Static Digital Model of Assembly Line – Askoll Slovakia 
 
The static virtual model of a given gearbox assembly line was developed through 
integration of individual DMUs into manufacturing system scene. The dynamics of the real 
assembly system was checked in the 3D simulation environment Quest. The set of 
simulation experiments was conducted with the developed simulation model which showed 
bottlenecks stations and the possibilities for performance improvement of gearbox assembly 
line. Afterwards an FMU of the whole assembly line for gearboxes assembly in VW Slovakia 
was developed. This FMU represents the complex digital model of the entire VW assembly 
line. The final solution is shown in Figure 12.  
 
4.3 Simulation and Emulation System 
Central European Institute of Technology (CEIT) has long time been developing the 
simulation-emulation software platform ELLA, based on digital models of control system 
hardware and software elements supported by virtual reality environment. ELLA consists of 
many subsystems, e.g.: monitoring and control system WATCH for mobile vehicles control, 
modular production system, pattern recognition subsystem, quality control system with 
laser measurement and control units, etc. Figure 13 shows the framework of ELLA 
simulation & emulation environment. 

 
 

Fig. 12. VW Slovakia – FMU of Gearbox Assembly Line (Gregor,M.&Medvecky,S.,2010) 
 

 
 

Fig. 13. ELLA – Simulation & Emulation Frontend Platform (Michulek, T., 2010) 
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Material transportation and handling system belongs among the most decisive parts of 
effective production systems (Matuszek, J., 2000). Future production systems will require 
Intelligent Automatic Handling System (IAHS) equipped with industrial robots, 
autonomous mobile robotic systems, etc. Recent development on this area showed the 
growing interest in AGVs (Automated Guided Vehicles). There exists a plenty of solutions 
for automatic transportation and handling of material in production, e.g.: inductive AGVs, 
through magnetic type controlled AGVs, radio frequency controlled AGVs, mechanically 
(hanged systems) controlled AGVs, AGVs with artificial intelligent control, etc.  
 
CEIT has developed the platform of low cost AGV solutions for automotive and electronics 
industries which has been successfully implemented in VW and is currently in testing phase 
in Continental and Whirlpool factories (see Figure 14). The robotic platform control system 
was fully developed and tested in ELLA environment. 
 

 
Fig. 14. AGV Platform - For Automatic Material Handling 

 
4.4 Simulation of Chosen AGV Control Strategies 
The basic principle of simulation (Figure 15) resides in a simplified representation of a real 
(conceptual) system, which we are interested in (simulation target). The analyst does, after 
verification and validation of a simulation model, a set of simulation experiments. The 
experimentation with simulation model, aided by a computer, allows examining the 
variants of system's behaviour in a longer time period and in assumed conditions. New 
knowledge gained through such simulation experimenting is used for the optimization of a 
real (conceptual) system. 
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Fig. 15. Basic Principle of Computer Simulation 
 
Simulation is a proven tool for the analysis of dynamic systems. The optimization, especially 
using Genetic Algorithms and evolutionary approaches, became part of simulation systems. 
There exists abundance of literature about simulation and optimization, e.g.: (Law,A.M. & 
Kelton,W.D., 1991), (Košturiak, J. & Gregor M., 1995), (Gregor,M. & Kosturiak,J., 1997), 
(Hromada,J., 2005), (Škorik,P. et al., 2009). 
 
Chosen AGV control strategies were simulated in ELLA simulation and emulation 
environment (e.g., FIFO order selection, order selection from the nearest stations, higher 
priority of the orders in the production, etc.). The simulation project (Gregor at. all. 1997) 
was chosen as a test case for testing of validity of ELLA environment. Figure 16 shows a 
FMS layout with machines, conveyor, handling robotic workplace, and remote storage area 
and transportation tracks. 
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Fig. 14. AGV Platform - For Automatic Material Handling 

 
4.4 Simulation of Chosen AGV Control Strategies 
The basic principle of simulation (Figure 15) resides in a simplified representation of a real 
(conceptual) system, which we are interested in (simulation target). The analyst does, after 
verification and validation of a simulation model, a set of simulation experiments. The 
experimentation with simulation model, aided by a computer, allows examining the 
variants of system's behaviour in a longer time period and in assumed conditions. New 
knowledge gained through such simulation experimenting is used for the optimization of a 
real (conceptual) system. 
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Fig. 15. Basic Principle of Computer Simulation 
 
Simulation is a proven tool for the analysis of dynamic systems. The optimization, especially 
using Genetic Algorithms and evolutionary approaches, became part of simulation systems. 
There exists abundance of literature about simulation and optimization, e.g.: (Law,A.M. & 
Kelton,W.D., 1991), (Košturiak, J. & Gregor M., 1995), (Gregor,M. & Kosturiak,J., 1997), 
(Hromada,J., 2005), (Škorik,P. et al., 2009). 
 
Chosen AGV control strategies were simulated in ELLA simulation and emulation 
environment (e.g., FIFO order selection, order selection from the nearest stations, higher 
priority of the orders in the production, etc.). The simulation project (Gregor at. all. 1997) 
was chosen as a test case for testing of validity of ELLA environment. Figure 16 shows a 
FMS layout with machines, conveyor, handling robotic workplace, and remote storage area 
and transportation tracks. 
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Fig. 16. Flexible Manufacturing System Layout (Gregor,M.&Kosturiak,J.,1997) 
 
Following simulation variants were analysed by computer simulation: 

Variant 1 - AGV control strategy, FIFO order selection, capacity of I/O buffer on the station 
– D1 

Variant 2 - AGV control strategy, FIFO order selection, capacity of I /O buffer on the station 
– C1 

Variant 3 - AGV control strategy, FIFO order selection, capacity of I / O buffer on the 
station – B1 

Variant 4 - AGV control strategy, FIFO order selection, capacity of I / O buffer on the 
station – A2 

Variant 5 - AGV control strategy, FIFO, capacity of I / O buffer on the station – A1 
Variant 6 - AGV control strategy, order selection from the nearest station, capacity of I / O 

buffer on the station – A1 
Variant 7 - AGV control strategy, order selection from the station with the most parts, 

capacity of I / O buffer on the station – B1 
Variant 8 - AGV control strategy, FIFO, capacity of I / O buffer at the workplaces –A1, B1 
Variant 9 - AGV control strategy, random order selection, capacity of I/O buffer at the 

workplaces – A1, B1 
Variant 10 - AGV control strategy, random order selection, capacity of I/O buffer at the 
workplaces – A1, C1 
Variant 11 - AGV control strategy, highest station priority, capacity of I/O buffer at the 

workplaces – B1, C1 
Variant 12 - AGV control strategy, selection from the nearest station, capacity of I/O buffer 

on the workplaces - B1, C1 
 

The results of simulation are shown in Figure 17. Figure 18 shows the progress of Work in 
Process (WIP) inventory in relation to the production throughput and order average 
throughput time. 
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Fig. 17. Simulation Results - Chosen AGV Control Strategies 
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Fig. 18. Relationship between WIP and the System Performance (2 AGVs) 
 
The simulation helped to find out the appropriate control strategy and thus it supported the 
optimization of performance of analysed production system. 
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The simulation helped to find out the appropriate control strategy and thus it supported the 
optimization of performance of analysed production system. 
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The simulation helped to find out the appropriate control strategy and thus it supported the 
optimization of performance of analysed production system. 
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5. Advantages, Restrictions and Benefits of Digital Factory Solutions 
 

Digital Factory implementation results directly in economic as well as production indicators 
improvement. Any slight saving realised in design and planning phase can bring huge cost 
reduction in production operation phase. Thanks to this, the payback period of investment 
in Digital Factory is very short. 
 
Digital Factory advantages (Gregor,M. et al., 2006): 

 reduction of the entrepreneurial risk by the introduction of a new production, 
 processes verification before start of production, 
 possibility of virtual „visit“ of production halls, 
 validation of designed production concept, 
 optimisation of production equipment allocation, 
 reduction in required area, 
 bottlenecks and collisions analysis 
 fast changes, 
 better utilization of existing resources, 
 machines and equipment off line programming saving time and resources, 
 reduction or full elimination of prototypes, 
 ergonomics analyses, etc. 

 
Digital Factory enables to test and reveal all possible production problems and shortages 
before start of production. It enables to eliminate errors in the production line, human or 
mechanical. Figure 19 shows the main advantages of Digital Factory solutions, e.g. 
shortening of time to market and significant reduction of lifecycle costs. 
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Fig. 19. Digital Factory Advantages (Delmia, 2010) 

The highest potentials for high quality and low costs of products are in product 
development and production planning phases. The statistics show that product design and 
production planning influence about 80 % of production costs (Gregor, M. et al., 2006). 
 
Digital Factory enables product launching time reduction up to 25 - 50 %. Estimated cost 
savings are supposed from 15 to 25 %. According to some studies done in industry, using 
digital manufacturing techniques, twice the amount of design iterations can be processed in 
25 percent of the time. 
 
The current production equipment is often inflexible by quick changes. That is why the 
designers of such equipment are looking for new solutions (automatic reconfiguration of 
production machines) with fully automated control systems, which will be able to find 
optimized production process and parameters after production task definition. 
 
According to CIM data (CIM data, 2003), Digital Factory enables to achieve following 
financial savings: 

 Cost savings by assets reduction about 10 % 
 Area savings by layout optimisation about 25 % 
 Cost savings by better utilisation of resources about 30 % 
 Cost savings by material flows optimisation about 35 % 
 Reduction in number of machines, tools, workplaces about 40 % 
 Total cost reduction about 13 %, 
 Production volumes growth about 15 %, 
 Time to market reduction about 30 %. 

 
6. Future Research 
 

The future research will be focused on development and integration of Digital Factory 
technologies enabling synergies effects of such holistic solution. This environment will 
require a new IT framework which is currently under development in the EU funded 
research project – Virtual Factory Framework (VFF). 
 
A significant research area is mobile robotics systems. The methods of Artificial Intelligence 
are under development for application in the development of control of autonomous, low 
cost, mobile robotics systems. The speech and pattern recognition are developed for the 
control of mobile robotic systems. Special simulation and emulation environment, 
supported by virtual reality, is under development. It will be used for the design and 
development of advanced mobile intelligent robotics solutions. This system uses 
evolutionary methods e.g. Genetic Algorithms and Artificial Neural Networks for the 
optimization of complex industrial control problems. Simulation meta-modelling represents 
one of especially important area of further research in approximated production control. 
The researchers developed new approach for automated generation of specified meta-
models classes which is now under testing in industry.  
 
The digitization of real objects, through 3D laser scanning, represents another very 
important area for the future research. The objectives on this area are focused into 
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generation of savings by the digitization of real objects in industry. Digital Mock Ups 
obtained through digitization will be used by the optimization of current manufacturing 
systems. The part of research on this area is the development of augmented virtual reality 
based system for 3D layout planning and optimization. 
 
The main target of researchers of the University of Zilina is, in co-operation with other EU 
scientists, to contribute to the development of Intelligent Manufacturing Systems. 

 
7. Conclusions 
 

The future outlook shows that next generation products can benefit from digital 
manufacturing. Any type of process elements are stored so that as modifications are made at 
any stage of product development, they are made to the entire design and manufacturing 
process. 
 
The global business environment requires high flexibility of advanced manufacturing 
systems. Future manufacturing systems will be designed with new approach using 
simulation and emulation in the framework of Digital Factory. Such solution will enable 
designers to develop manufacturing systems which will be able to work effectively during 
their lifecycle.  
 
Current research requires a huge investment. The common intention of the University of 
Žilina and the Central European Institute of Technology is the development of fully 
integrated system for the design of advanced production systems with its main focus on 
automotive and electronics industries. Such system should enable to bring new technologies 
into industry as well as into education. This solution will support the education of future 
designers, designers of manufacturing systems, technologists and managers.  
 
The University of Zilina educates students in their creativity and ability to design 
competitive products and production systems with the application of advanced information 
technologies. 
 
ZIMS is developed as new environment integrating all important subsystems in a holistic 
research and development system for design of advanced production systems. Simulation 
and emulation systems became a significant part of the design and control of manufacturing 
system. ZIMS development, based on recent research, supported by virtual reality and 
immersive technologies, presents a quite new direction in Digital Factory research. This 
innovative solution is fully available to the students, researchers and professors of the 
University of Zilina. It is used by the development of Learning University concept – new 
innovative learning system where professors and their students solve together applied 
research projects for industry. 
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agreement No. APVV-0597-07. 

 

8. References 

Acél,P; Gregor,M. & Hrdliczka,V. (1993). Simulation in der Produktion. BWI-ETH Zürich, pp. 300. 
Atkinson,R.D. & McKay,A.S. (2007). Digital Prosperity. Understanding the Economic Benefits of 

the Information Technology Revolution. The Information Technology and Innovation 
Foundation. Washington DC, pp. 78. 

Barczik,R. (2003). Distribution Logistics. University of Bielsko Biala 
Bohusova,B. (2009). The Design of Assembly Systems in Digital Factory Environment. Dissertation 

Thesis, University of Žilina, Faculty of Mechanical Engineering, pp. 138  
CIM data (2003). The Benefits of Digital Manufacturing. pp.11, 

http://www.toyotageorgetown.com/gbl.asp 
Coze, Y. et al. (2009): Virtual Concept – Real Profit with Digital Manufacturing and Simulation. 

Dassault Systemes and Sogeti, pp. 168 (ISBN 978-90-75414-25-7). 
Delmia (2010). Solutions Portfolio. DELMIA. Paris 
Durajova,M. et. al (2006). Objects Digitization Using 3D Laser Scanning. Study No. 008-UKaI-

06. University of Žilina. 
Furmann,R.(2007). The Proposal of an Algorithm for Layout Design in Virtual Environment. 

Dissertation Thessis. University of Žilina, Mechanical Engineering Faculty, pp.135. 
Furmann, R. & Krajčovič, M. (2009). Interactive 3D Design of Production Systems. In: Digital 

Factory 2009 – Workshop Handbook, SLCP, Žilina, pp.28.  
Garetti,M.;Macchi,M. & Terzi,S.(2007). Product Lifecycle Management: State-of-the-Art, Trends 

and Challenges. In.: Advanced Manufacturing. An ICT and Systems Perspective. 
Taylor & Francis, London, pp.37-49, ISBN 978-0-415-42912-2 

Gregor,M. & Kosturiak,J.(1997). Simulation - Strategic Technique for the Factory´s Future. 
Simulation, November 1997, pp. 291-305 (ISSN 0037-5497) 

Gregor,M. et al. (2006). Digital Factory. SLCP Žilina. ISBN 80-969391-5-7, pp. 148. 
Gregor,M. & Medvecky,S.(2010). Application of Digital Engineering and Simulation in the 

Design of Products and Production Systems. Management and Production Engineering 
Review, Vol.1, No.1, pp. 71-84 (ISSN 2080-8208) 

Gregor, M.; Medvecký, S. & Mičieta, B. (2010). Zilina Intelligent Manufacturing System (ZIMS). 
CEIT-Š001-05-2010, pp. 50. 

Helander, M.(1995). A Guide to the Ergonomics of Manufacturing. Taylor & Francis, ISBN 
07484-0122-9. 

Hrcek,S.(2005). The Design of an Automotive Gearbox Supported by Sophistic Methods of 3D 
Modelling, Rapid Prototyping, Rapid Tooling and Reverse Engineering. Dissertation 
Thesis, University of Žilina, Faculty of Mechanical Engineering, pp. 140  

Hrcek,S. et al.(2006). The Production of an Gearbox Prototype Supported by Rapid Prototyping 
Technologies.  Research project, No. 002-UKaI-06. University of Žilina, pp. 64  

Hromada,J.(2005). Manufacturing Systems Simulation Meta-modelling. Dissertation Thesis, 
University of Žilina, Faculty of Mechanical Engineering, pp. 135. 

Jovane.F.;Westkamper,E. & Williams,D. (2009). The ManuFuture Road. Towards Competitive 
and Sustainable High-Adding-Value Manufacturing. Springer Verlag Berlin, pp 260. 
(ISBN 978-3-540-77011-4) 

Košturiak, J. & Gregor M. (1995). Simulation von Produktionssystemen. Springer Verlag, Wien 
Kühn,W. (2006a). Digital Factory – Simulation Enhancing Product and Production Engineering 

Process. In.: Proceedings of the 2006 Winter Simulation Conference, pp. 1899-1906 

Digital factory – theory and practice 375

generation of savings by the digitization of real objects in industry. Digital Mock Ups 
obtained through digitization will be used by the optimization of current manufacturing 
systems. The part of research on this area is the development of augmented virtual reality 
based system for 3D layout planning and optimization. 
 
The main target of researchers of the University of Zilina is, in co-operation with other EU 
scientists, to contribute to the development of Intelligent Manufacturing Systems. 

 
7. Conclusions 
 

The future outlook shows that next generation products can benefit from digital 
manufacturing. Any type of process elements are stored so that as modifications are made at 
any stage of product development, they are made to the entire design and manufacturing 
process. 
 
The global business environment requires high flexibility of advanced manufacturing 
systems. Future manufacturing systems will be designed with new approach using 
simulation and emulation in the framework of Digital Factory. Such solution will enable 
designers to develop manufacturing systems which will be able to work effectively during 
their lifecycle.  
 
Current research requires a huge investment. The common intention of the University of 
Žilina and the Central European Institute of Technology is the development of fully 
integrated system for the design of advanced production systems with its main focus on 
automotive and electronics industries. Such system should enable to bring new technologies 
into industry as well as into education. This solution will support the education of future 
designers, designers of manufacturing systems, technologists and managers.  
 
The University of Zilina educates students in their creativity and ability to design 
competitive products and production systems with the application of advanced information 
technologies. 
 
ZIMS is developed as new environment integrating all important subsystems in a holistic 
research and development system for design of advanced production systems. Simulation 
and emulation systems became a significant part of the design and control of manufacturing 
system. ZIMS development, based on recent research, supported by virtual reality and 
immersive technologies, presents a quite new direction in Digital Factory research. This 
innovative solution is fully available to the students, researchers and professors of the 
University of Zilina. It is used by the development of Learning University concept – new 
innovative learning system where professors and their students solve together applied 
research projects for industry. 
 
This chapter was supported by the Agency for Support of Research and Development, based on 
agreement No. APVV-0597-07. 

 

8. References 

Acél,P; Gregor,M. & Hrdliczka,V. (1993). Simulation in der Produktion. BWI-ETH Zürich, pp. 300. 
Atkinson,R.D. & McKay,A.S. (2007). Digital Prosperity. Understanding the Economic Benefits of 

the Information Technology Revolution. The Information Technology and Innovation 
Foundation. Washington DC, pp. 78. 

Barczik,R. (2003). Distribution Logistics. University of Bielsko Biala 
Bohusova,B. (2009). The Design of Assembly Systems in Digital Factory Environment. Dissertation 

Thesis, University of Žilina, Faculty of Mechanical Engineering, pp. 138  
CIM data (2003). The Benefits of Digital Manufacturing. pp.11, 

http://www.toyotageorgetown.com/gbl.asp 
Coze, Y. et al. (2009): Virtual Concept – Real Profit with Digital Manufacturing and Simulation. 

Dassault Systemes and Sogeti, pp. 168 (ISBN 978-90-75414-25-7). 
Delmia (2010). Solutions Portfolio. DELMIA. Paris 
Durajova,M. et. al (2006). Objects Digitization Using 3D Laser Scanning. Study No. 008-UKaI-

06. University of Žilina. 
Furmann,R.(2007). The Proposal of an Algorithm for Layout Design in Virtual Environment. 

Dissertation Thessis. University of Žilina, Mechanical Engineering Faculty, pp.135. 
Furmann, R. & Krajčovič, M. (2009). Interactive 3D Design of Production Systems. In: Digital 

Factory 2009 – Workshop Handbook, SLCP, Žilina, pp.28.  
Garetti,M.;Macchi,M. & Terzi,S.(2007). Product Lifecycle Management: State-of-the-Art, Trends 

and Challenges. In.: Advanced Manufacturing. An ICT and Systems Perspective. 
Taylor & Francis, London, pp.37-49, ISBN 978-0-415-42912-2 

Gregor,M. & Kosturiak,J.(1997). Simulation - Strategic Technique for the Factory´s Future. 
Simulation, November 1997, pp. 291-305 (ISSN 0037-5497) 

Gregor,M. et al. (2006). Digital Factory. SLCP Žilina. ISBN 80-969391-5-7, pp. 148. 
Gregor,M. & Medvecky,S.(2010). Application of Digital Engineering and Simulation in the 

Design of Products and Production Systems. Management and Production Engineering 
Review, Vol.1, No.1, pp. 71-84 (ISSN 2080-8208) 

Gregor, M.; Medvecký, S. & Mičieta, B. (2010). Zilina Intelligent Manufacturing System (ZIMS). 
CEIT-Š001-05-2010, pp. 50. 

Helander, M.(1995). A Guide to the Ergonomics of Manufacturing. Taylor & Francis, ISBN 
07484-0122-9. 

Hrcek,S.(2005). The Design of an Automotive Gearbox Supported by Sophistic Methods of 3D 
Modelling, Rapid Prototyping, Rapid Tooling and Reverse Engineering. Dissertation 
Thesis, University of Žilina, Faculty of Mechanical Engineering, pp. 140  

Hrcek,S. et al.(2006). The Production of an Gearbox Prototype Supported by Rapid Prototyping 
Technologies.  Research project, No. 002-UKaI-06. University of Žilina, pp. 64  

Hromada,J.(2005). Manufacturing Systems Simulation Meta-modelling. Dissertation Thesis, 
University of Žilina, Faculty of Mechanical Engineering, pp. 135. 

Jovane.F.;Westkamper,E. & Williams,D. (2009). The ManuFuture Road. Towards Competitive 
and Sustainable High-Adding-Value Manufacturing. Springer Verlag Berlin, pp 260. 
(ISBN 978-3-540-77011-4) 

Košturiak, J. & Gregor M. (1995). Simulation von Produktionssystemen. Springer Verlag, Wien 
Kühn,W. (2006a). Digital Factory – Simulation Enhancing Product and Production Engineering 

Process. In.: Proceedings of the 2006 Winter Simulation Conference, pp. 1899-1906 



Engineering the Future374

generation of savings by the digitization of real objects in industry. Digital Mock Ups 
obtained through digitization will be used by the optimization of current manufacturing 
systems. The part of research on this area is the development of augmented virtual reality 
based system for 3D layout planning and optimization. 
 
The main target of researchers of the University of Zilina is, in co-operation with other EU 
scientists, to contribute to the development of Intelligent Manufacturing Systems. 

 
7. Conclusions 
 

The future outlook shows that next generation products can benefit from digital 
manufacturing. Any type of process elements are stored so that as modifications are made at 
any stage of product development, they are made to the entire design and manufacturing 
process. 
 
The global business environment requires high flexibility of advanced manufacturing 
systems. Future manufacturing systems will be designed with new approach using 
simulation and emulation in the framework of Digital Factory. Such solution will enable 
designers to develop manufacturing systems which will be able to work effectively during 
their lifecycle.  
 
Current research requires a huge investment. The common intention of the University of 
Žilina and the Central European Institute of Technology is the development of fully 
integrated system for the design of advanced production systems with its main focus on 
automotive and electronics industries. Such system should enable to bring new technologies 
into industry as well as into education. This solution will support the education of future 
designers, designers of manufacturing systems, technologists and managers.  
 
The University of Zilina educates students in their creativity and ability to design 
competitive products and production systems with the application of advanced information 
technologies. 
 
ZIMS is developed as new environment integrating all important subsystems in a holistic 
research and development system for design of advanced production systems. Simulation 
and emulation systems became a significant part of the design and control of manufacturing 
system. ZIMS development, based on recent research, supported by virtual reality and 
immersive technologies, presents a quite new direction in Digital Factory research. This 
innovative solution is fully available to the students, researchers and professors of the 
University of Zilina. It is used by the development of Learning University concept – new 
innovative learning system where professors and their students solve together applied 
research projects for industry. 
 
This chapter was supported by the Agency for Support of Research and Development, based on 
agreement No. APVV-0597-07. 

 

8. References 

Acél,P; Gregor,M. & Hrdliczka,V. (1993). Simulation in der Produktion. BWI-ETH Zürich, pp. 300. 
Atkinson,R.D. & McKay,A.S. (2007). Digital Prosperity. Understanding the Economic Benefits of 

the Information Technology Revolution. The Information Technology and Innovation 
Foundation. Washington DC, pp. 78. 

Barczik,R. (2003). Distribution Logistics. University of Bielsko Biala 
Bohusova,B. (2009). The Design of Assembly Systems in Digital Factory Environment. Dissertation 

Thesis, University of Žilina, Faculty of Mechanical Engineering, pp. 138  
CIM data (2003). The Benefits of Digital Manufacturing. pp.11, 

http://www.toyotageorgetown.com/gbl.asp 
Coze, Y. et al. (2009): Virtual Concept – Real Profit with Digital Manufacturing and Simulation. 

Dassault Systemes and Sogeti, pp. 168 (ISBN 978-90-75414-25-7). 
Delmia (2010). Solutions Portfolio. DELMIA. Paris 
Durajova,M. et. al (2006). Objects Digitization Using 3D Laser Scanning. Study No. 008-UKaI-

06. University of Žilina. 
Furmann,R.(2007). The Proposal of an Algorithm for Layout Design in Virtual Environment. 

Dissertation Thessis. University of Žilina, Mechanical Engineering Faculty, pp.135. 
Furmann, R. & Krajčovič, M. (2009). Interactive 3D Design of Production Systems. In: Digital 

Factory 2009 – Workshop Handbook, SLCP, Žilina, pp.28.  
Garetti,M.;Macchi,M. & Terzi,S.(2007). Product Lifecycle Management: State-of-the-Art, Trends 

and Challenges. In.: Advanced Manufacturing. An ICT and Systems Perspective. 
Taylor & Francis, London, pp.37-49, ISBN 978-0-415-42912-2 

Gregor,M. & Kosturiak,J.(1997). Simulation - Strategic Technique for the Factory´s Future. 
Simulation, November 1997, pp. 291-305 (ISSN 0037-5497) 

Gregor,M. et al. (2006). Digital Factory. SLCP Žilina. ISBN 80-969391-5-7, pp. 148. 
Gregor,M. & Medvecky,S.(2010). Application of Digital Engineering and Simulation in the 

Design of Products and Production Systems. Management and Production Engineering 
Review, Vol.1, No.1, pp. 71-84 (ISSN 2080-8208) 

Gregor, M.; Medvecký, S. & Mičieta, B. (2010). Zilina Intelligent Manufacturing System (ZIMS). 
CEIT-Š001-05-2010, pp. 50. 

Helander, M.(1995). A Guide to the Ergonomics of Manufacturing. Taylor & Francis, ISBN 
07484-0122-9. 

Hrcek,S.(2005). The Design of an Automotive Gearbox Supported by Sophistic Methods of 3D 
Modelling, Rapid Prototyping, Rapid Tooling and Reverse Engineering. Dissertation 
Thesis, University of Žilina, Faculty of Mechanical Engineering, pp. 140  

Hrcek,S. et al.(2006). The Production of an Gearbox Prototype Supported by Rapid Prototyping 
Technologies.  Research project, No. 002-UKaI-06. University of Žilina, pp. 64  

Hromada,J.(2005). Manufacturing Systems Simulation Meta-modelling. Dissertation Thesis, 
University of Žilina, Faculty of Mechanical Engineering, pp. 135. 

Jovane.F.;Westkamper,E. & Williams,D. (2009). The ManuFuture Road. Towards Competitive 
and Sustainable High-Adding-Value Manufacturing. Springer Verlag Berlin, pp 260. 
(ISBN 978-3-540-77011-4) 

Košturiak, J. & Gregor M. (1995). Simulation von Produktionssystemen. Springer Verlag, Wien 
Kühn,W. (2006a). Digital Factory – Simulation Enhancing Product and Production Engineering 

Process. In.: Proceedings of the 2006 Winter Simulation Conference, pp. 1899-1906 

Digital factory – theory and practice 375

generation of savings by the digitization of real objects in industry. Digital Mock Ups 
obtained through digitization will be used by the optimization of current manufacturing 
systems. The part of research on this area is the development of augmented virtual reality 
based system for 3D layout planning and optimization. 
 
The main target of researchers of the University of Zilina is, in co-operation with other EU 
scientists, to contribute to the development of Intelligent Manufacturing Systems. 

 
7. Conclusions 
 

The future outlook shows that next generation products can benefit from digital 
manufacturing. Any type of process elements are stored so that as modifications are made at 
any stage of product development, they are made to the entire design and manufacturing 
process. 
 
The global business environment requires high flexibility of advanced manufacturing 
systems. Future manufacturing systems will be designed with new approach using 
simulation and emulation in the framework of Digital Factory. Such solution will enable 
designers to develop manufacturing systems which will be able to work effectively during 
their lifecycle.  
 
Current research requires a huge investment. The common intention of the University of 
Žilina and the Central European Institute of Technology is the development of fully 
integrated system for the design of advanced production systems with its main focus on 
automotive and electronics industries. Such system should enable to bring new technologies 
into industry as well as into education. This solution will support the education of future 
designers, designers of manufacturing systems, technologists and managers.  
 
The University of Zilina educates students in their creativity and ability to design 
competitive products and production systems with the application of advanced information 
technologies. 
 
ZIMS is developed as new environment integrating all important subsystems in a holistic 
research and development system for design of advanced production systems. Simulation 
and emulation systems became a significant part of the design and control of manufacturing 
system. ZIMS development, based on recent research, supported by virtual reality and 
immersive technologies, presents a quite new direction in Digital Factory research. This 
innovative solution is fully available to the students, researchers and professors of the 
University of Zilina. It is used by the development of Learning University concept – new 
innovative learning system where professors and their students solve together applied 
research projects for industry. 
 
This chapter was supported by the Agency for Support of Research and Development, based on 
agreement No. APVV-0597-07. 

 

8. References 

Acél,P; Gregor,M. & Hrdliczka,V. (1993). Simulation in der Produktion. BWI-ETH Zürich, pp. 300. 
Atkinson,R.D. & McKay,A.S. (2007). Digital Prosperity. Understanding the Economic Benefits of 

the Information Technology Revolution. The Information Technology and Innovation 
Foundation. Washington DC, pp. 78. 

Barczik,R. (2003). Distribution Logistics. University of Bielsko Biala 
Bohusova,B. (2009). The Design of Assembly Systems in Digital Factory Environment. Dissertation 

Thesis, University of Žilina, Faculty of Mechanical Engineering, pp. 138  
CIM data (2003). The Benefits of Digital Manufacturing. pp.11, 

http://www.toyotageorgetown.com/gbl.asp 
Coze, Y. et al. (2009): Virtual Concept – Real Profit with Digital Manufacturing and Simulation. 

Dassault Systemes and Sogeti, pp. 168 (ISBN 978-90-75414-25-7). 
Delmia (2010). Solutions Portfolio. DELMIA. Paris 
Durajova,M. et. al (2006). Objects Digitization Using 3D Laser Scanning. Study No. 008-UKaI-

06. University of Žilina. 
Furmann,R.(2007). The Proposal of an Algorithm for Layout Design in Virtual Environment. 

Dissertation Thessis. University of Žilina, Mechanical Engineering Faculty, pp.135. 
Furmann, R. & Krajčovič, M. (2009). Interactive 3D Design of Production Systems. In: Digital 

Factory 2009 – Workshop Handbook, SLCP, Žilina, pp.28.  
Garetti,M.;Macchi,M. & Terzi,S.(2007). Product Lifecycle Management: State-of-the-Art, Trends 

and Challenges. In.: Advanced Manufacturing. An ICT and Systems Perspective. 
Taylor & Francis, London, pp.37-49, ISBN 978-0-415-42912-2 

Gregor,M. & Kosturiak,J.(1997). Simulation - Strategic Technique for the Factory´s Future. 
Simulation, November 1997, pp. 291-305 (ISSN 0037-5497) 

Gregor,M. et al. (2006). Digital Factory. SLCP Žilina. ISBN 80-969391-5-7, pp. 148. 
Gregor,M. & Medvecky,S.(2010). Application of Digital Engineering and Simulation in the 

Design of Products and Production Systems. Management and Production Engineering 
Review, Vol.1, No.1, pp. 71-84 (ISSN 2080-8208) 

Gregor, M.; Medvecký, S. & Mičieta, B. (2010). Zilina Intelligent Manufacturing System (ZIMS). 
CEIT-Š001-05-2010, pp. 50. 

Helander, M.(1995). A Guide to the Ergonomics of Manufacturing. Taylor & Francis, ISBN 
07484-0122-9. 

Hrcek,S.(2005). The Design of an Automotive Gearbox Supported by Sophistic Methods of 3D 
Modelling, Rapid Prototyping, Rapid Tooling and Reverse Engineering. Dissertation 
Thesis, University of Žilina, Faculty of Mechanical Engineering, pp. 140  

Hrcek,S. et al.(2006). The Production of an Gearbox Prototype Supported by Rapid Prototyping 
Technologies.  Research project, No. 002-UKaI-06. University of Žilina, pp. 64  

Hromada,J.(2005). Manufacturing Systems Simulation Meta-modelling. Dissertation Thesis, 
University of Žilina, Faculty of Mechanical Engineering, pp. 135. 

Jovane.F.;Westkamper,E. & Williams,D. (2009). The ManuFuture Road. Towards Competitive 
and Sustainable High-Adding-Value Manufacturing. Springer Verlag Berlin, pp 260. 
(ISBN 978-3-540-77011-4) 

Košturiak, J. & Gregor M. (1995). Simulation von Produktionssystemen. Springer Verlag, Wien 
Kühn,W. (2006a). Digital Factory – Simulation Enhancing Product and Production Engineering 

Process. In.: Proceedings of the 2006 Winter Simulation Conference, pp. 1899-1906 



Engineering the Future376

Kühn, W. (2006b). Digitale Fabrik. Fabriksimulation für Produktionsplaner. Hanser Verlag. 
München 

Law,A.M. & Kelton,W.D. (1991). Simulation Modelling and Analysis, Second Edition, 
McGraw-Hill, pp.759. ISBN 0-07-100803-9 

Macus,P. & Durajova,M.(2006). 3D Laser Scanning. Research Project  No. 006-UKaI-06. 
University of Žilina, pp. 86. 

Matuszek, J. (2000). Production Engineering. Publishing House of Lodz University of 
Technology branch in Bielsko-Biala, Bielsko-Biala, pp.462 

Medvecký, Š. et al. (2007).  Application of New Technologies and Approaches in Mechanical Design. 
Productivity&Innovation, No.2(5),pp.7-9. ATH Bialsko-Biala. ISSN 1734-9834.  

Michulek, T. (2010). Simulation and Control of Six Leggen Walking Robot. Dissertation Thesis. 
University of Zilina, Faculty of Electrical Engineering, pp. 117. 

Mleczko,J. (2008). Computer Aided Manufacturing Management. Publishing House of 
Innovative Technologies Centre Foundation. Bielsko-Biala, pp.165 

Montorio,M. & Taisch,M.(2007a): The Future Of Manufacturing: Survey of international 
technology foresight initiatives. In.: Advanced Manufacturing. An ICT and Systems 
Perspective. Taylor & Francis, London, pp.3-12, ISBN 978-0-415-42912-2 

Montorio,M. & Taisch,M.(2007b). The IMS-NoE Delphi Survey Of ICT In Manufacturing. In.: 
Advanced Manufacturing. An ICT and Systems Perspective. Taylor&Francis, 
London, pp.13-22, ISBN 978-0-415-42912-2 

Plinta, D. (2001). Modelling and Simulation of Production Processes in the Conditions of the Group 
Working of Machine Elements. Dissertation Thesis, University of Zilina, Faculty of 
Mechanical Engineering, pp. 156. 

Škorík,P.(2009). Simulation of Manufacturing Systems Supported by Virtual Reality. Dissertation 
Thesis. University of Zilina, Faculty of Mechanical Engineering, pp. 120. 

Škorik,P. et al.(2009). Artificial Intelligence Tools in Simulation and Optimization of Production 
Systems. Applied Computer Science – Implementation of Information Systems in 
Enterprises. Vol.5, No.2, pp.42-57, University  of Žilina, (ISBN 978-80-89333-15-8) 

Štefanik,A. & Gregor,M.(2004). Rapid Development of New Production System with the Support 
of Computer Simulation.  In: Rapid technologies. Wroclaw, CAMT, pp.234-242 

VDI 4499 (2008). Digital Factory Fundamentales. Verein Deutscher Ingenieure, Düsseldorf, pp. 52 
Zäh,M.F.;Fusch.T. & Patron,C. (2003). Die Digitale Fabrik – Definition und Handlungsfelder. 

Zeitschrift für wirtschaftlichen Fabrikbetrieb (ZwF), 98, 3, S. 75-77 

Dependability of e-information sources 377

Dependability of e-information sources

Jan Capek

X 
 

Dependability of e-information sources 
 

Jan Capek 
University of Pardubice, Faculty of Economics and Administration, Institute of System 

Engineering and Informatics. 
Czech Republic 

 
1. Introduction 

The contemporary world is without any doubts based on using information from a plenty of 
information sources generally and E-based information sources especially. The Web can be 
considered a good representative of E-information source. Today, the Web is a medium 
which allows remote, fast and easy access to information. In general, the main aim of the 
Web is to allow people to share information. Information can be distributed over the whole 
world but users do not need to care about it. The architecture of the Web was proposed to be 
simple and undemanding. The Web is loosely coupled. It means minimum coordination 
between client and server is required. Their communication is based on a simple request 
and response transaction (Shirky, C., 2002)  
The Web focuses on information activities – like Information Needs, Seeking and Use 
(INSU) – on various professional and other everyday life settings. There are very few INSU 
studies that are based on individual tasks. Most studies, and especially those which relate 
INSU to task complexity, have considered the phenomenon studied on the basis of jobs (i.e., 
as a host of certain tasks) (e.g., Tiamiyu, 1992; Culnan, 1983, Hart & Rice, 1991; Van de Ven 
& Ferry, 1980). In this respect, the present study covers an area that has not previously been 
addressed within INSU research. Since no conceptual model concentrates sufficiently clearly 
on the aspects of tasks and INSU, one was created to serve the present work (Byström K., & 
Järvelin, 1995; Byström K., 1996; Byström K., 1997, Byström K,, 1999).  
An illustrative pyramid diagram as per Byström, (Byström K.,1999) for the information 
activities is presented in Figure 1. Each corner of the pyramid represents one of the four 
main dimensions emphasised in information activities. One corner of the pyramid is 
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Most of information sources nowadays are concentrated in the Web and the information 
access ability through information sources placed on the net rest on dependability of these 
sources.  
 
 
 
 
 
 
 
 
 
 
Fig. 1. Information activities as per Byström (Byström K., 1999) 

 
1.1 Related works 
Web based information sources described as Web information systems (Schewe  Thalheim, 
2009) are extending in portfolios associated with content and functionality. Within the 
information portfolio it is distinguished between the information need and the information 
demand. The information need is generally related to objectives such as becoming informed. 
The information demand is related to the portfolio under consideration and to the intents. 
 
The service oriented architecture (SOA) was proposed to provide interoperability between 
different systems but it is still based on the same principle as the Web, i.e. it is loosely 
coupled as well. An important advantage is that it allows to code client applications against 
an abstract service, not against a particular server 0. SOA is understood as a form of 
distributed system architecture of the following nature (Booth et al 2004): 

 The service is designed to provide some operation so it is a logical view of 
software application, database, business process, etc. 

 The service is formally described by messages exchanged between 
participants, not by participants’ properties and structure 

 Messages are platform-neutral and well standardized and they are delivered 
through appropriate interfaces 

 The service is described by meta-data which can be processed by a machine 
 Services are usually used over network 

Distributed system can be implemented by means of various technologies, e.g. 
COM/CORBA or Web services (Booth et al 2004). 
Web services solutions by Web Ontology Language for Service (OWL-S) and connection 
with Petri nets were done by Miao and He (Miao  He 2009). Within this work there is a 
nice overview of the related works associated with this topic. Authors proposed Petri net 
based algebra for composing Web service, as well. 
(Krekora   Caban  2007) presents that failures of hardware are now relatively rare due to 
development of new design and materials technologies. The traditional meaning of 
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reliability measures does not reflect the real dependability of systems. The principle sources 
of the failures causing unavailability of the services are faults introduced to the system 
through the installed software and conscious or unconscious activities of users. System 
reconfiguration proposed by  (Krekora   Caban 2007) is realized by modifying the routes 
and by moving the services between nodes Figure 2 
For example Puustjärvi (Puustjärvi 2009) assumes that, for instance a composed Web service 
is made up of Flight reservation Web service and Hotel Web service. In this case the success 
of the hotel reservation may be useless if the flight reservation fails. This failure of service 
was done probably by technical system malfunctions or human lapse or both. The problems 
of reliability to system safety and its role within system risk analysis was showed in the 
review article by Zio (Zio  2009) In this paper Zio shared some considerations with respect 
to a number of problems and challenges which researchers and practitioners face in 
reliability engineering when analyzing today’s complex systems. 
An interesting work which contributed to the research in the field of information fusion for 
computer security was presented by Bass (Bass  2000). Corona  et al. continue in Bass’s ideas 
(Corona  et al. 2009) by introducing data fusion decomposition into two parts: data 
organization and data reconciliation. Data organizations solve mainly topology problem e.g. 
where data is acquired, data reconciliation solves data content problem. 
 

 

Fig. 2. Example of system providing access to a particular service by (Krekora  Caban 2007) 
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Definition of a web service provided by W3C (Booth et al 2004): “A Web service is a 
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network. It has an interface described in a machine-process-able format (specifically WSDL). 
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Other systems interact with the Web service in a manner prescribed by its description using 
SOAP (Simple Object Access Protocol) messages, typically conveyed using HTTP with an 
XML serialization in conjunction with other Web-related standards.”  
In other words, services can be characterized as (Papazoglou 2003) “self-describing open 
components that support rapid, low-cost composition of distributed applications.” 
At first, a service has to be published. Then, three phases of interaction between caller and 
callee can be  

o Service discovery – search of a services by caller based on repositories  
(e.g. UDDI) 

o Service Selection – caller chooses an instance of a desired service 
o Service Binding – caller begins to use the service 

As it was noticed above, distributed application can be built from independent service 
components. Communication between client (caller) and server (callee) is based on 
standardized SOAP over e.g. HTTP or SMTP (Khoshafian 2006) 
Resulting application (composite service) must be able to provide the following functions 
(Papazoglou.2003): 

o Coordination of component services, their controlling and 
management of data flow among services 

o Monitoring of component services and publishing event information 
o Conformance – ensuring the integrity of component services 
o Quality of service (QoS) to ensure overall costs, performance, 

security, authentication, privacy, (transactional) integrity, reliability, 
scalability, and availability. 

Today, several architectural styles are available: at least SOAP and REST (Representational 
State Transfer) based architectures can be used. Among others, they vary in a level of 
tightness of loose coupling and they are more suitable for different situations (Fielding 
2002), (Pautasso,  Wilde 2009).  
Modern web services allow various ways of communication between participants – see Fig. 3 . 
 

 
Fig. 3. Modern Web Services (MSDN.NET 2009) 

Some challenges of web services are latency and unreliability of the underlying transport 
layers, concurrent access to remote sources and fragility of distributed system (partial 
failures) (Booth et al 2004). 
A fully regular way of communication between caller and callee can be applied in the case 
of GIS for example see Fig.  
 

 
Fig. 4. Scenario of Communication between Caller and Callee (based on (Khoshafian 2006)). 
 
The technological leaps of the past decades in computers, electronics, optics and advance 
high –performance, complex control system have created the needs for extra reliability and 
safety. An underlying feature of all “safety critical“systems entails a reliable fault-detection 
(and then isolation and reconfiguration) system. For the reason, we focus our future steps 
into these boundary elements. Information sources are usually accessible though Web 
technologies, so the connection of information sources generally and Web services lead to 
narrowing of thinking on the E-information sources, only with taking into mind the Web 
services. The crucial problem of the E-information sources, apart from the content of 
acquired information, is dependability of the whole system. First of all is the need to notice 
that the term reliability as is obvious defined (Wikipedia 2010) as“...ability of system or 
component to perform its required functions under stated conditions for a specified 
conditions for a specified period of time“ began to become overloaded and  was being used 
outside of its originally intended definition, as a measurement of failures in a system to 
encompass more diverse measures which would now come under other classifications such 
as safety, integrity, etc. With the term reliability is connected well known standby coefficient 
K, according to formula (1) 
 

 MTTRMTBF
MTBFK



 (1) 

 
Where: MTBF is the Mean Time Between Failures, MTTR is the Mean Time to Restart.   
Jean Claude Laprie thus first used term Dependability ( Laprie 1985) to encompass these 
related disciplines in general; quantitative definition of dependability is the ability to deliver 
service that can justifiably be trusted.   

Dependability of e-information sources 381

Other systems interact with the Web service in a manner prescribed by its description using 
SOAP (Simple Object Access Protocol) messages, typically conveyed using HTTP with an 
XML serialization in conjunction with other Web-related standards.”  
In other words, services can be characterized as (Papazoglou 2003) “self-describing open 
components that support rapid, low-cost composition of distributed applications.” 
At first, a service has to be published. Then, three phases of interaction between caller and 
callee can be  

o Service discovery – search of a services by caller based on repositories  
(e.g. UDDI) 

o Service Selection – caller chooses an instance of a desired service 
o Service Binding – caller begins to use the service 

As it was noticed above, distributed application can be built from independent service 
components. Communication between client (caller) and server (callee) is based on 
standardized SOAP over e.g. HTTP or SMTP (Khoshafian 2006) 
Resulting application (composite service) must be able to provide the following functions 
(Papazoglou.2003): 

o Coordination of component services, their controlling and 
management of data flow among services 

o Monitoring of component services and publishing event information 
o Conformance – ensuring the integrity of component services 
o Quality of service (QoS) to ensure overall costs, performance, 

security, authentication, privacy, (transactional) integrity, reliability, 
scalability, and availability. 

Today, several architectural styles are available: at least SOAP and REST (Representational 
State Transfer) based architectures can be used. Among others, they vary in a level of 
tightness of loose coupling and they are more suitable for different situations (Fielding 
2002), (Pautasso,  Wilde 2009).  
Modern web services allow various ways of communication between participants – see Fig. 3 . 
 

 
Fig. 3. Modern Web Services (MSDN.NET 2009) 

Some challenges of web services are latency and unreliability of the underlying transport 
layers, concurrent access to remote sources and fragility of distributed system (partial 
failures) (Booth et al 2004). 
A fully regular way of communication between caller and callee can be applied in the case 
of GIS for example see Fig.  
 

 
Fig. 4. Scenario of Communication between Caller and Callee (based on (Khoshafian 2006)). 
 
The technological leaps of the past decades in computers, electronics, optics and advance 
high –performance, complex control system have created the needs for extra reliability and 
safety. An underlying feature of all “safety critical“systems entails a reliable fault-detection 
(and then isolation and reconfiguration) system. For the reason, we focus our future steps 
into these boundary elements. Information sources are usually accessible though Web 
technologies, so the connection of information sources generally and Web services lead to 
narrowing of thinking on the E-information sources, only with taking into mind the Web 
services. The crucial problem of the E-information sources, apart from the content of 
acquired information, is dependability of the whole system. First of all is the need to notice 
that the term reliability as is obvious defined (Wikipedia 2010) as“...ability of system or 
component to perform its required functions under stated conditions for a specified 
conditions for a specified period of time“ began to become overloaded and  was being used 
outside of its originally intended definition, as a measurement of failures in a system to 
encompass more diverse measures which would now come under other classifications such 
as safety, integrity, etc. With the term reliability is connected well known standby coefficient 
K, according to formula (1) 
 

 MTTRMTBF
MTBFK



 (1) 

 
Where: MTBF is the Mean Time Between Failures, MTTR is the Mean Time to Restart.   
Jean Claude Laprie thus first used term Dependability ( Laprie 1985) to encompass these 
related disciplines in general; quantitative definition of dependability is the ability to deliver 
service that can justifiably be trusted.   



Engineering the Future380

Other systems interact with the Web service in a manner prescribed by its description using 
SOAP (Simple Object Access Protocol) messages, typically conveyed using HTTP with an 
XML serialization in conjunction with other Web-related standards.”  
In other words, services can be characterized as (Papazoglou 2003) “self-describing open 
components that support rapid, low-cost composition of distributed applications.” 
At first, a service has to be published. Then, three phases of interaction between caller and 
callee can be  

o Service discovery – search of a services by caller based on repositories  
(e.g. UDDI) 

o Service Selection – caller chooses an instance of a desired service 
o Service Binding – caller begins to use the service 

As it was noticed above, distributed application can be built from independent service 
components. Communication between client (caller) and server (callee) is based on 
standardized SOAP over e.g. HTTP or SMTP (Khoshafian 2006) 
Resulting application (composite service) must be able to provide the following functions 
(Papazoglou.2003): 

o Coordination of component services, their controlling and 
management of data flow among services 

o Monitoring of component services and publishing event information 
o Conformance – ensuring the integrity of component services 
o Quality of service (QoS) to ensure overall costs, performance, 

security, authentication, privacy, (transactional) integrity, reliability, 
scalability, and availability. 

Today, several architectural styles are available: at least SOAP and REST (Representational 
State Transfer) based architectures can be used. Among others, they vary in a level of 
tightness of loose coupling and they are more suitable for different situations (Fielding 
2002), (Pautasso,  Wilde 2009).  
Modern web services allow various ways of communication between participants – see Fig. 3 . 
 

 
Fig. 3. Modern Web Services (MSDN.NET 2009) 

Some challenges of web services are latency and unreliability of the underlying transport 
layers, concurrent access to remote sources and fragility of distributed system (partial 
failures) (Booth et al 2004). 
A fully regular way of communication between caller and callee can be applied in the case 
of GIS for example see Fig.  
 

 
Fig. 4. Scenario of Communication between Caller and Callee (based on (Khoshafian 2006)). 
 
The technological leaps of the past decades in computers, electronics, optics and advance 
high –performance, complex control system have created the needs for extra reliability and 
safety. An underlying feature of all “safety critical“systems entails a reliable fault-detection 
(and then isolation and reconfiguration) system. For the reason, we focus our future steps 
into these boundary elements. Information sources are usually accessible though Web 
technologies, so the connection of information sources generally and Web services lead to 
narrowing of thinking on the E-information sources, only with taking into mind the Web 
services. The crucial problem of the E-information sources, apart from the content of 
acquired information, is dependability of the whole system. First of all is the need to notice 
that the term reliability as is obvious defined (Wikipedia 2010) as“...ability of system or 
component to perform its required functions under stated conditions for a specified 
conditions for a specified period of time“ began to become overloaded and  was being used 
outside of its originally intended definition, as a measurement of failures in a system to 
encompass more diverse measures which would now come under other classifications such 
as safety, integrity, etc. With the term reliability is connected well known standby coefficient 
K, according to formula (1) 
 

 MTTRMTBF
MTBFK



 (1) 
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As developed over the past three decades, dependability is an integrating concept and 
Avizenis showed (Avizienis et al. 2001, 2004) that the general, qualitative, definition of 
dependability is: the ability to deliver service that can justifiably be trusted (Fig. 5). This 
definition stresses the need for justification of trust. The alternate, quantitative, definition 
that provides the criterion for deciding if the service is dependable is: dependability of a 
system is the ability to avoid service failures that are more frequent and more severe than is 
acceptable to the user(s). Dependability covered the following attributes: 

 availability: readiness for correct service; 
 reliability: continuity of correct service; 
 safety: absence of catastrophic consequences on the user(s) and the 

environment; 
 confidentiality: absence of unauthorized disclosure of information; 
 integrity: absence of improper system alterations; 
 maintainability: ability to undergo, modifications, and repairs. 

As these definitions suggested, only Availability and Reliability are quantifiable by direct 
measurements whilst others are more subjective. For instance Safety cannot be measured 
directly via metrics but is a subjective assessment that requires judgmental information to be 
applied to give a level of confidence, whilst Reliability can be measured as failures over 
time. 
Threats are things that can affect a system and cause a drop in Dependability. There are 
three main terms that must be clearly understood (Avizienis et al. 2001, 2004): 

 Fault: A fault (which is usually referred to as a bug for historic reasons) is a defect 
in a system. The presence of a fault in a system may or may not lead to a failure, for 
instance although a system may contain a fault its input and state conditions may 
never cause this fault to be executed in such a way that an error occurs and thus 
never exhibits as a failure.  

 Error: An error is a discrepancy between the intended behaviour of a system and 
its actual behaviour inside the system boundary. Errors occur at runtime when 
some part of the system enters an unexpected state due to the activation of a fault. 
Since errors are generated from invalid states they are hard to observe without 
special mechanisms, such as debuggers or debug output to logs.  

 Failure: A failure is an instance in time when a system displays behaviour that is 
contrary to its specification. An error may not necessarily cause a failure, for 
instance an exception may be thrown by the system but this may be caught and 
handled using fault tolerance techniques so the overall operation of the system will 
conform to the specification.  

Dependability is defined as the capacity of systems to provide services regardless the 
reasons of obstacles in accessing them. This concept covers the terms connected with the 
classical reliability as well as software reliability, user faults, intruder activities and network 
security. (Krekora   Caban  2007)   
 
The dependability of the information systems is more complex problem then Avizenis et al. 
(Avizenis et al., 2001, 2004) showed. It is needed to include risk dimensions into this scheme, 
because many damages of information systems are due to hackers and intruders on the one, 
Internet side, and own employees on the other side. The modified dependability tree which 
includes risks is on the figure 7.  

Internet is a hideaway for hackers and intruders who are ready to hack organizations 
connected to the global Internet. New ways to attack and damage are continuously being 
developed and so there are many kinds of threats. Risk from the Internet can be divided into 

a) external attacks 
b) intrusions 
c) malicious software like viruses and worms 

 
It is still important to notice that often security problems have their roots inside the company. 
 

 
Fig. 5. The dependability tree as per Avizenis (Avizenis et all, 2001, 2004) 
 
Risk is a function of the likelihood of given threat-sources utilizing a particular potential 
vulnerability and the resulting impact of that adverse event on the organisation (OISRMH 
2006) According Ryan (Ryan  Ryan 1995) we can put the previous opinion into the 
following formula with adding the countermeasures: 
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Threats are posed by organizations or individuals who both intend to us harm and have the 
capability to accomplish their intentions, see for example Figure 6. These types of threat and 
measures that that may be taken to reduce or eliminate the risks, which may appear in the 
form of enemy forces, spies, criminals, terrorists, psychotics, computer hackers, drug lords, 
or saboteurs, are based on human activities Threats must be coupled with threat sources to 
become dangerous. So these types of threats are different from threats describes by Avizenis  
(Avizenis et al., 2001, 2004) 
System vulnerability is defined to be the intersection of a system susceptibility or flaw, access 
to the flaw, and the capability to exploit the flaw (SPI 2007) 
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Fig. 6. The threat model by SPI (SPI 2007) 
 
Basically one can study the risk form countermeasures point of view in the two limit cases 
(3), (4). 
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Where in formulas (3) and (4) “C” under limits denotes countermeasure. 
The first limit case supposes that no countermeasure was done so risk arises to infinity. In 
fact it is not true, but risk without countermeasure will be increasing while the cost for 
countermeasure is zero. The second limit case supposes that the cost for countermeasure is 
unlimited or in fact very high, so the risk is depressing. But one cannot forget that despite 
unlimited cost for countermeasure the risk can never be eliminated to zero. 
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A simplified diagram of the quantitative risk assessment is shown in the Figure 7 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7. Simplified diagram of the quantitative risk assessment modified according Contini  
(Contini at all 2000) 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8. Modification of Avizenis dependability tree by Capek (2008) 
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3. E-Information sources 

An interesting work which contributed to the research in the field of information fusion for 
computer security is presented in (Bass T., 2000). In that paper the author proposed a 
general scheme to perform information fusion for intrusion detection in computer systems. 
The proposed scheme (Figure 9) is structured in 5 layers, and fill up the semantic gap 
between the abstraction level and its (higher) subsequent.  Such a scheme is composed from 
the following stages: Level 0. Block “Data collection”, acquired from a set of sensors (e.g. 
network sniffers, information acquisition). 
Level 1. Block “Object improvement”. A common framework is used to align all 
information. Here a spatial and temporal correlation of data carrying information is 
performed.  
Level 2. Block “Situation refinement.” Multiple objects are correlated in the context of an 
information base, using high level features, like their behaviour, dependencies, common 
targets and origin, protocols, attack rates etc. 
 Level 3. Block “Threat assessment”. Multiple objects and predefined Intrusion Detection 
templates applied to the current situational knowledge are used to assess the threats related 
to. Through the correlation of information at this level with the security policies, 
implications associated to the current situation base are obtained.  
Level 4. Block “Resource management”.  
Final block “Knowledge”. The output of this block is information source (warehouse). 
 

 
 

Fig. 9. Bass’s suggestion on information fusion in information source (Bass T., 2000). 

For important e-information sources the information fusion can be obtained when the 
information sources are parallelized.  It increases not only reliability (see Table 1) from the 
technical point of view, but also information contents credibility. If one supposes that the 
probability of the errorless information source’s activity has the exponential division we can 
obtain the following table of reliability set of information sources. An example can be found in 
(O’Connor 1988). From Table 1 it is clear that increasing number of information sources of the 
same quantity leads to increasing the reliability set of information sources, but from a certain 
number of information sources the output reliability increases slowly. If two information sources 
are used instead of one, the reliability increases but it is hardly to possible discover which of 
those information sources has valid information, when one of them has a nontrivial error. 

 
 
 
 
 
 
 
 
 

Table 1. Reliability set of information sources (O’Connor 1988). 
 
From this point of view, it is clear that the number of information sources must be equal to 
or more than three for the possibility to determine not only that all outputs of the 
information sources are the same, but also to determine which element of set of the 
information sources has an error.  

 
3.1 Majority system of the set of information sources. 
A simple majority system of n- information sources is shown in Fig. 10. It is supposed that we 
use the minimal number of information sources, i.e. three information sources. Let us denote the 
output signal from the first information source o1, from the second information source o2 and 
from the last information source o3. The majority of the same output signals from the 
information sources is supposed to be the right value which goes from the evaluating algorithm. 
 

    
Fig. 10. The simple majority system (Capek 2001) 
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The evaluating algorithm works too simply. The problem gives the nearest output signals 
i.e. if all the values of signals are different and only one is good. Better results are given by 
following major systems with average evaluation algorithm; see Fig. 11. 
If we denote b as the average of immediate outputs of a set of information sources, we 
obtain:  
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The wrong information source is recognized from the following differences: 
 
                                           Δ1=│o1 - b│; Δ2=│o2 - b│;  ….  Δn=│on - b│                    (6) 
 
Example: Again it is supposed that the minimal number of information sources, i.e. three 
information sources will be used. If Δ1 ≠ Δ2 ≠ Δ3   and alongside with this fact │Δ2 – Δ3│= 
φ holds true, where φ denote permit error, the information source No 1 is faulty and its 
information is untrustworthy. For the set of information sources we can make such 
transformation that we try to transform signals from the information sources into 
trustworthy information and denoting the possible wrong information source we can 
transfer the set of information sources into safety systems.  
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Fig. 12. The selection of an appropriate status set of information sources by (Bariova  
Tomasov 2001). 
 
In Figure 12 the dot ● denotes dangerous failure state, ○ denotes safe failure state (only two 
information sources are in good conditions). The state of information source system now is 
changed from the safe failure state (2 information sources are good) into the dangerous 
failure system. (At least one information source is good). If the information sources system 
is in the safe failure state or dangerous failure state, it is necessary to replace the 
malfunctioned information sources and bring the information sources system into the 
regular state. This replacing procedure has difference in time based on the state of 
information source system. If the system has safe failure state the replacing procedure 
should be as soon as possible, in the other case must be immediately done. This situation 
was modelled by Petri nets. 

 
3.2 Modeling by Petri nets. 
A gentle introduction into Petri net modelling approach is made for example by WoPeD 
(WoPeD 2005) where Petri nets are described as follows: “Petri Nets are a graphical and 
mathematical modelling notation first introduced by Carl Adam Petri's dissertation 
published in 1962 at the Technical University Darmstadt (Germany). A Petri Net consists of 
places, transitions, and arcs that connect them. Places are drawn as circles, transitions as 
rectangles and arcs as arrows. Input arcs connect places with transitions, output arcs connect 
transitions with places. Places are passive components and are modelling the system state. 
They can contain tokens, depicted as black dots.  The current state of the Petri Net (also 
called the marking) is given by the number of tokens on each place. Transitions are active 
components modelling activities which can occur and cause a change of the state by a new 
assignment of tokens to places. Transitions are only allowed to occur if they are enabled, 
which means that there is at least one token on each input place. By occurring, the transition 
removes a token from each input place and adds a token on each output place. Due to their 
graphical nature, Petri Nets can be used as a visualization technique like flow charts or 
block diagrams but with much more scope on concurrency aspects. As a strict mathematical 
notation, it is possible to apply formal concepts like linear algebraic equations or probability 
theory for investigating the behaviour of the modelled system. A large number of software 
tools were developed to apply these techniques, a comprehensive overview can be found in 
the Petri Net tools database.”  The model from Figure 12 rewritten into the HPSim 
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environment is on the following Fig. 13. The HPSim environment was chosen due to its 
being easy to use and its simplicity. 

 
4. Results 
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working state is changed  from failure-less  state (correct working state) to failure state 
(incorrect working state). The failure state (incorrect working state) was divided into safe 
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unable state or incorrect working state). Comparison of the division into two failure states 
(safe and dangerous failure state) in Table 2 given by probabilities is expressed by percents 
from proportion 10/90 % of the dangerous failure state to safe failure state to 90/10 % of the 
same proportion. The row “Safe failure state -1“shows increasing number of reconfigured 
information sources. The row “Regular state” shows decreasing number of information 
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1. Introduction 

In thermodynamics a native link between energy and information is defined by using the 
entropy as a measure of the microscopic states which reflect the total energy of the system. 
In electrical domain the distinction between power systems and information systems is 
more clearly defined. 
Energy represents the capacity of changing the state of a system or performing work. There 
are multiple forms of energy but all of them respect the conservation law, a consequence of 
the fact that the laws of physics do not change over time (Noether’s theorem). Thinking at 
the usage of the energy as engine of the processes transformations it is important to focus on 
this maximum efficiency having in mind all the transformation stages from generation, 
storage and conversion down to consumption. Nowadays, the processes optimization is an 
essential and complex research and technological challenge. The impact of this effort is 
essential for the whole human society and also for the environment.  
The two essential terms, energy and information, are in general viewed as dichotomist 
entities. In fact, these terms are strongly related in both stationary and mobile power sources 
applications, in order to reach a high energy efficiency of the system.  
"The whole is more than the sum of its parts is simply that constitutive characteristics are 
not explainable from the characteristics of the isolated parts. The characteristics of the 
complex, therefore, appear as news or emergent in case of General System Theory”-1950 
(Bertalanffy, 1969). It can be affirmed that the information is represented by news. Signals 
offer the support for information and also express its energetic facet, mandatory to transfer 
information between two entities. 
Neither the power sources nor the storage devices can cover with maximum efficiency all 
the requirements of the load. In order to optimize the energy flow, the actual researches are 
focused on developing hybrid power supplies composed of different sources and storage 
elements, such as: batteries, supercapacitors and fuel cells. All the components are 
interconnected by a power distribution grid intelligently controlled by switching devices or 
inverters (Borza, 2007). 
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2. Energy 

Starting from the biological paradigm, the reality of energetic processes can be observed at 
the cell level, in the context of living organisms. Thus, every cell has as energetic resources 
three different types of “fuels”. First, ATP (adenosine triphosphate), offers the fast response 
and also, for a short period of time, the energy of the cell by oxidation of its macro energetic 
chemical links. The second, ADP (adenosine diphosphate), offers by oxidation the energy 
necessary for the cell on medium term, maximum several minutes. For the long term energy 
requirements, a transportation phenomenon using the blood flow assures the access of the 
glycogen at the cell level where it will be oxidized thus offering the necessary power for the 
living body. This gives the third type of “fueling” the biological system. 
Going forward by analogy, it is possible to conceive a combined energy source that includes 
several types of generators and storage elements such as: supercapacitors able to assure the 
fast release response (below 1-2 second) as the ATP, batteries for mean term response 
(several minutes) as ADP and fuel cells for supporting the long term response (depending 
on the tank of hydrogen) as glycogen in living body.  
Supercapacitors are reversible storage devices suitable for peak power requirements of the 
load and fast response in time because they store energy as separate charge inside the device, 
involving no major chemical reactions (Conway, 1999; Gualous et al., 2003). For these devices 
the bidirectional power transfer is assured with a high efficiency going up to 98%.  
In the case of the batteries (secondary types), the chemical energy contained in their active 
materials are converted into electric energy by electrochemical redox reactions. The majority 
of these reactions are quasi-reversible, the materials of the batteries suffering a depletion 
and degradation, during their life. The batteries are very sensitive devices in relation to the 
type of demands and its variation during the time. Also, the depletion and degradation of 
the batteries’ materials determine significant changes of their parameters, measured for 
example by “batteries state of health” (Pop et al., 2008) and reflected by the batteries’ 
reliability. Thus, the predictability of the batterie’ life time is difficult to be done. In general, 
these devices are very sensitive at load demands and their variation, at temperature and 
deep of discharge (DoD) (Linden & Reddy, 2002) or at the complementary parameter State 
of Charge (Pop et al., 2008). Even respecting all these constraints the cyclability of devices is 
limited - function of the type of battery, from several hundred to several thousand cycles 
(Linden & Reddy, 2002; Pop et al., 2008). 
In case of the fuel cells, the generation process involves (i) a reversible chemical reactions 
that cannot be instantaneously activated and (ii) a degradation of charge separators in time 
which decreases the life time of devices. For these devices the main problem is related to the 
low energy density of hydrogen or its derivates liquid or solid components that are 
separated in order to generate the requested energy.  More than that, the fuel cells have a 
long time constant, are able to provide the requested energy for long term, thus increasing 
the autonomy of the system. A raw image about the energy and power density offered by 
different power sources or storage devices is done by Ragone diagram (Flynn et al., 2004).  
The reliability, the cyclability and the life time of the last two power sources described above 
is strongly affected by the specific functioning regimes if they are used individually. In 
order to eliminate these disadvantages, the present researches are focused on finding a 
compromise (but synergetic) solution by combining, sizing and optimal controlling the three 
above mentioned devices (Borza, 2007).   

A possible theoretical and simplified structure of the combined energy cell (CEC) is illustrated 
in Fig. 1. At the cell level the components depending on their time constant together with the 
local controller will be cascaded. The controller has two roles: (i) to manage the power flow 
between the components of the combined cell and (ii) to optimally integrate the cell into a grid 
of cells. Thus, based on the information transferred using the wire/wireless interface, based on 
the monitoring stages of the CEC and based on specific control strategies, the controller will 
find out the appropriate connectivity for the assembly of the switches. The cell controller will 
play two roles: (i) to monitor and supervise the internal power flow between the main 
components of the cell: fuel cell, battery and supercapacitor and (ii) to communicate with the 
adjacent similar cells in order to settle and command the appropriate switching strategy that 
will satisfy the load demands at the system level. In this sense, two types of connections are 
possible to be implemented: series connection (SB+ & SB-) and parallel connection (PB+ & PB-). 
Function of the external and internal parameters, a bypass switch can shortcut the whole cell in 
series connection, and by switching off the booth switchers –series and parallel – the cell can be 
completely insulated related to the cell array. The architecture of the CEC is illustrated in Fig. 1. 
This architecture douse not specify the additional components necessary to enssure a 
smoothing switching process. Such architecture involves the development of an important 
information processing stage in order to assure the close control for the array of combined 
energy cells. The main constraint necessary to be satisfied is the “real time” condition that 
suppose for the local controller to have an important calculation power in order to assure the 
stability and also smoothness of the commutation process.  
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Fig. 1. Combined Energy Cell 
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The system integration process supposes the development of a set of strategies and response 
patterns at the demands arrived from load side. The architectural approach is illustrated in 
Fig. 2.  
 

 
Fig. 2. Cell’s array. Architectural approach 
 
About this approach it is also important to observe that for the majority of the applications 
that request a storage element and an energy converter beside load, the redundant cells and 
also the complementary stages of these are mandatory in order to increase the energy 
efficiency. The sizing process of the combined energy cell is a complex process mandatory 
for providing the energy and power requirements with minimal costs. During the sizing 
design, the both sides of the problem, optimization generation and storing versus 
conversion and consumption, must be taken into consideration. We shall refer to all the 
characteristics of the device such as: the energy and power density, the topology, the 
granularity and redundancy of the power supplies and the energy storage devices; their life 
time, cyclability, and reliability. It is also necessary to take into account the eventually 
degradation of the energetic performances of the device. 
 

 
Fig. 3. Sizing process: energy vs. power 

On the other hand, the problem refers to the demands from the load side. The performances 
of the load depends in principal on the maximum and steady state power flow, the transport 
mission, the “driving style”, the traffic, and so on. In  is illustrated a simple modality of 
satisfying the variety in time of the power exchange capacity by using the supercapacitors as 
storage elements (rapid release storage elements). Thus, the basic voltage, speed, power or 
current regulators used for controlling the power flow are not enough. For increasing the 
efficiency, it is necessary to design an intermediate level (like a middle ware) in which, 
based on the dynamic settlements of the regulators, the system will adapt permanently his 
control strategies at the influence factors and demands. Even the simplest processes such the 
optimal braking process need a lot of measurements to proof the strongly link between the 
energy efficiency and the information necessary to assure the optimal control.  
 

 
Fig. 4. Ideal architectural view of a recuperative braking system where all the variation of 
energy is exchanged with the supercapacitors elements 
 
In order to give an example, the power limitations of the components integrated in the 
combined energy cell it can be considered. This is significant for fuel cells and also for 
batteries but allow a large exchange of power in case of the supercapacitors. More than that, 
only several types of fuel cells are able to provide or to absorb the energy, most of them 
being not reversible. A comparative image between energy and power density of the three 
types of devices is illustrated in Fig. 3. 
For the sizing process, the steady state energy can be assured by the fuel cell, able to provide 
for long term energy with low power density. Instead, for high power density, the 
supercapacitors are mandatory to offer the power reserve in acceleration or deceleration 
processes (Fig. 3.). The performances of the batteries are placed between the above described 
devices. Also, such a structure with rapid release storage devices permits the regenerative 
braking implementation. 
The parameters taken into account in case of supercapacitors are: nominal voltage VscN, 
capacity Csc, and the equivalent series resistance RESR. Thus the maximum released power 
can be provided by supercapacitor at the initial moment of discharge (1), respectively the 

Energy and information 399

The system integration process supposes the development of a set of strategies and response 
patterns at the demands arrived from load side. The architectural approach is illustrated in 
Fig. 2.  
 

 
Fig. 2. Cell’s array. Architectural approach 
 
About this approach it is also important to observe that for the majority of the applications 
that request a storage element and an energy converter beside load, the redundant cells and 
also the complementary stages of these are mandatory in order to increase the energy 
efficiency. The sizing process of the combined energy cell is a complex process mandatory 
for providing the energy and power requirements with minimal costs. During the sizing 
design, the both sides of the problem, optimization generation and storing versus 
conversion and consumption, must be taken into consideration. We shall refer to all the 
characteristics of the device such as: the energy and power density, the topology, the 
granularity and redundancy of the power supplies and the energy storage devices; their life 
time, cyclability, and reliability. It is also necessary to take into account the eventually 
degradation of the energetic performances of the device. 
 

 
Fig. 3. Sizing process: energy vs. power 

On the other hand, the problem refers to the demands from the load side. The performances 
of the load depends in principal on the maximum and steady state power flow, the transport 
mission, the “driving style”, the traffic, and so on. In  is illustrated a simple modality of 
satisfying the variety in time of the power exchange capacity by using the supercapacitors as 
storage elements (rapid release storage elements). Thus, the basic voltage, speed, power or 
current regulators used for controlling the power flow are not enough. For increasing the 
efficiency, it is necessary to design an intermediate level (like a middle ware) in which, 
based on the dynamic settlements of the regulators, the system will adapt permanently his 
control strategies at the influence factors and demands. Even the simplest processes such the 
optimal braking process need a lot of measurements to proof the strongly link between the 
energy efficiency and the information necessary to assure the optimal control.  
 

 
Fig. 4. Ideal architectural view of a recuperative braking system where all the variation of 
energy is exchanged with the supercapacitors elements 
 
In order to give an example, the power limitations of the components integrated in the 
combined energy cell it can be considered. This is significant for fuel cells and also for 
batteries but allow a large exchange of power in case of the supercapacitors. More than that, 
only several types of fuel cells are able to provide or to absorb the energy, most of them 
being not reversible. A comparative image between energy and power density of the three 
types of devices is illustrated in Fig. 3. 
For the sizing process, the steady state energy can be assured by the fuel cell, able to provide 
for long term energy with low power density. Instead, for high power density, the 
supercapacitors are mandatory to offer the power reserve in acceleration or deceleration 
processes (Fig. 3.). The performances of the batteries are placed between the above described 
devices. Also, such a structure with rapid release storage devices permits the regenerative 
braking implementation. 
The parameters taken into account in case of supercapacitors are: nominal voltage VscN, 
capacity Csc, and the equivalent series resistance RESR. Thus the maximum released power 
can be provided by supercapacitor at the initial moment of discharge (1), respectively the 



Engineering the Future398

The system integration process supposes the development of a set of strategies and response 
patterns at the demands arrived from load side. The architectural approach is illustrated in 
Fig. 2.  
 

 
Fig. 2. Cell’s array. Architectural approach 
 
About this approach it is also important to observe that for the majority of the applications 
that request a storage element and an energy converter beside load, the redundant cells and 
also the complementary stages of these are mandatory in order to increase the energy 
efficiency. The sizing process of the combined energy cell is a complex process mandatory 
for providing the energy and power requirements with minimal costs. During the sizing 
design, the both sides of the problem, optimization generation and storing versus 
conversion and consumption, must be taken into consideration. We shall refer to all the 
characteristics of the device such as: the energy and power density, the topology, the 
granularity and redundancy of the power supplies and the energy storage devices; their life 
time, cyclability, and reliability. It is also necessary to take into account the eventually 
degradation of the energetic performances of the device. 
 

 
Fig. 3. Sizing process: energy vs. power 

On the other hand, the problem refers to the demands from the load side. The performances 
of the load depends in principal on the maximum and steady state power flow, the transport 
mission, the “driving style”, the traffic, and so on. In  is illustrated a simple modality of 
satisfying the variety in time of the power exchange capacity by using the supercapacitors as 
storage elements (rapid release storage elements). Thus, the basic voltage, speed, power or 
current regulators used for controlling the power flow are not enough. For increasing the 
efficiency, it is necessary to design an intermediate level (like a middle ware) in which, 
based on the dynamic settlements of the regulators, the system will adapt permanently his 
control strategies at the influence factors and demands. Even the simplest processes such the 
optimal braking process need a lot of measurements to proof the strongly link between the 
energy efficiency and the information necessary to assure the optimal control.  
 

 
Fig. 4. Ideal architectural view of a recuperative braking system where all the variation of 
energy is exchanged with the supercapacitors elements 
 
In order to give an example, the power limitations of the components integrated in the 
combined energy cell it can be considered. This is significant for fuel cells and also for 
batteries but allow a large exchange of power in case of the supercapacitors. More than that, 
only several types of fuel cells are able to provide or to absorb the energy, most of them 
being not reversible. A comparative image between energy and power density of the three 
types of devices is illustrated in Fig. 3. 
For the sizing process, the steady state energy can be assured by the fuel cell, able to provide 
for long term energy with low power density. Instead, for high power density, the 
supercapacitors are mandatory to offer the power reserve in acceleration or deceleration 
processes (Fig. 3.). The performances of the batteries are placed between the above described 
devices. Also, such a structure with rapid release storage devices permits the regenerative 
braking implementation. 
The parameters taken into account in case of supercapacitors are: nominal voltage VscN, 
capacity Csc, and the equivalent series resistance RESR. Thus the maximum released power 
can be provided by supercapacitor at the initial moment of discharge (1), respectively the 

Energy and information 399

The system integration process supposes the development of a set of strategies and response 
patterns at the demands arrived from load side. The architectural approach is illustrated in 
Fig. 2.  
 

 
Fig. 2. Cell’s array. Architectural approach 
 
About this approach it is also important to observe that for the majority of the applications 
that request a storage element and an energy converter beside load, the redundant cells and 
also the complementary stages of these are mandatory in order to increase the energy 
efficiency. The sizing process of the combined energy cell is a complex process mandatory 
for providing the energy and power requirements with minimal costs. During the sizing 
design, the both sides of the problem, optimization generation and storing versus 
conversion and consumption, must be taken into consideration. We shall refer to all the 
characteristics of the device such as: the energy and power density, the topology, the 
granularity and redundancy of the power supplies and the energy storage devices; their life 
time, cyclability, and reliability. It is also necessary to take into account the eventually 
degradation of the energetic performances of the device. 
 

 
Fig. 3. Sizing process: energy vs. power 

On the other hand, the problem refers to the demands from the load side. The performances 
of the load depends in principal on the maximum and steady state power flow, the transport 
mission, the “driving style”, the traffic, and so on. In  is illustrated a simple modality of 
satisfying the variety in time of the power exchange capacity by using the supercapacitors as 
storage elements (rapid release storage elements). Thus, the basic voltage, speed, power or 
current regulators used for controlling the power flow are not enough. For increasing the 
efficiency, it is necessary to design an intermediate level (like a middle ware) in which, 
based on the dynamic settlements of the regulators, the system will adapt permanently his 
control strategies at the influence factors and demands. Even the simplest processes such the 
optimal braking process need a lot of measurements to proof the strongly link between the 
energy efficiency and the information necessary to assure the optimal control.  
 

 
Fig. 4. Ideal architectural view of a recuperative braking system where all the variation of 
energy is exchanged with the supercapacitors elements 
 
In order to give an example, the power limitations of the components integrated in the 
combined energy cell it can be considered. This is significant for fuel cells and also for 
batteries but allow a large exchange of power in case of the supercapacitors. More than that, 
only several types of fuel cells are able to provide or to absorb the energy, most of them 
being not reversible. A comparative image between energy and power density of the three 
types of devices is illustrated in Fig. 3. 
For the sizing process, the steady state energy can be assured by the fuel cell, able to provide 
for long term energy with low power density. Instead, for high power density, the 
supercapacitors are mandatory to offer the power reserve in acceleration or deceleration 
processes (Fig. 3.). The performances of the batteries are placed between the above described 
devices. Also, such a structure with rapid release storage devices permits the regenerative 
braking implementation. 
The parameters taken into account in case of supercapacitors are: nominal voltage VscN, 
capacity Csc, and the equivalent series resistance RESR. Thus the maximum released power 
can be provided by supercapacitor at the initial moment of discharge (1), respectively the 



Engineering the Future400

maximum absorbed power appears at the moment when it starts to be charged the 
completely discharged supercapacitor.  
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where Umax is the maximum voltage and τsc time constant of the supercapacitor. For the 
battery the maximum power is related to the series battery resistance and this parameter is 
dependent with temperature, state of charge (SoC) and state of health 
(SoH), ),,(max SoHSoCI   . Thus the maximum power (2) is done by:  
 
 maxmax IUP Bat    (2) 
 
Unfortunately, during the commutation process for batteries the equivalent series resistance 
is variable from a high value to a steady state value. This is the consequence of chemical 
reactions “inertia” and generates an increasing of internal power consumption during 
commutation process. In general is better to respect an upper limit of discharge or charge 
current for battery and these values are directly related to the maximum power allowed by 
the device because the normal voltage variation on battery is not significant. The maximum 
power provided by the combined energy source is not enough to describe how their power 
is transmitted or absorbed to or respectively from the load. To have a realistic image it is 
necessary to consider the characteristic of the provided power by all the components 
integrated in the combined energy cell. Besides the features of these devices it is also 
necessary to consider their constraints related to the limits of current and voltage variation 
of the batteries and fuel cells in the domain of temperatures, cyclability and reliability. Thus, 
the control system will be able to reach a maximum efficiency only when it will consider the 
main influence factors, the characteristics and the constraints related to the combined energy 
cell's components.  
The complexity of the control is directly related to the complexity brought by matching 
devices’ characteristics that are dependent from a lot of the above mentioned factors, 
including time.  
While studying the regenerative braking process, two important equations (3, 4) reveal the 
need to balance the electric energy stored on supercapacitor and the kinetic energy provided 
by the vehicle. In this process an important role is played by the adequate devices sizing 
function of application constraints and performances. Thus, in case of a vehicle it is suitable 
to recuperate the majority of the kinetic energy of the vehicle using regenerative braking. 
Thus, the two forms of energy kinetic (3) and electric (4) have to be balanced. unfortunately, 
during recuperative braking process the supercapacitor will be charged and thus the 
braking force will decrease in case when it exists only one combined energy cell. Also, this 
desire is in contradiction with the safety prescription related to the braking of vehicle –
maximum braking force and mandatory compliance of this with the driver intention - 
(fidelity of braking control). 
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If it is considered the possibility to use batteries as storage devices during recuperative 
braking process the efficiency depends on batteries’ state of charge, temperature and 
maximum current recommended by the manufacture. The high peak currents on batteries 
can drastically reduce their life time. In order to eliminate these constraints, an intelligent 
control system able to predict the emergency braking situations and the current limit has to 
be implemented. Also, a modality to absorb the high peak currents is to switch the load of 
vehicle’s motor in generator regime from one to the other discharged supercapacitors by the 
power electronics switching devices in order to maintain during braking process an 
important recuperative current that will be stored in the supercapacitors. Even so, at very 
low speed of the motor, a dynamic braking procedure (to spend the last part of kinetic 
energy of the vehicle on a power resistor) will be necessary to use in order to stop the motor.  
Another example that illustrates the idea of deep and discrete power flow control is the 
starting system realized for diesel hydraulic locomotive, where the adequate commutation 
between the different power generators and storage devices optimize and make more 
efficient the starting process of diesel engine (Carp et al., 2010). On classical vehicles, in 
order to start the internal combustion engine (ICE), an electric motor supplied in general 
from vehicle’s batteries ICE shaft rotates. Synchronously, the board computer will supply 
with fuel and eventually will transmit the ignition command to each cylinder, initiating the 
fuel explosion and finally starting the engine. The process is relatively fast has to transfer an 
important amount of energy to the engine in short time in order to reach the starting 
conditions for the ICE. In order to assure a reliable starting process of the engine on a large 
temperature domain, in general, the capacity of the batteries placed on vehicles is over 
dimensioned. Using the combination of batteries and supercapacitors, the system is shown 
in Fig. 5 where B represents the locomotives batteries (150Ah), K1, K2, K3 are the power 
switching devices, SSC is the assembly of supercapacitors (210KJ/110V) stacked with 
aqueous electrolyte and M/G is the staring electric motor (25KW), RL is the limitation 
resistor of charging current and ICE is the diesel engine of locomotive (920KW).  
The information related the starting process parameters will be provided to the starting 
computer that will control the provided energy by the batteries during the initially phase. In 
the initial phase, under the starting computer control and using K3 as switching device, the 
supercapacitor SSC will be charged. The energy level will be in accordance with the 
necessary amount of energy that is quickly transferred, using the starting motor to the ICE’s 
shaft. This action will generate from the first stroke, the ignition of fuel inside engine’s 
cylinder. At locomotive driver initiative K1 switch will be closed thus the energy stored on 
supercapacitor will be transferred to the starting motor. Because the starting process need 
more time in the third phase K2 will be switched on thus blocking K1 and assuring the 
finalization of the diesel engine starting process. 
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be implemented. Also, a modality to absorb the high peak currents is to switch the load of 
vehicle’s motor in generator regime from one to the other discharged supercapacitors by the 
power electronics switching devices in order to maintain during braking process an 
important recuperative current that will be stored in the supercapacitors. Even so, at very 
low speed of the motor, a dynamic braking procedure (to spend the last part of kinetic 
energy of the vehicle on a power resistor) will be necessary to use in order to stop the motor.  
Another example that illustrates the idea of deep and discrete power flow control is the 
starting system realized for diesel hydraulic locomotive, where the adequate commutation 
between the different power generators and storage devices optimize and make more 
efficient the starting process of diesel engine (Carp et al., 2010). On classical vehicles, in 
order to start the internal combustion engine (ICE), an electric motor supplied in general 
from vehicle’s batteries ICE shaft rotates. Synchronously, the board computer will supply 
with fuel and eventually will transmit the ignition command to each cylinder, initiating the 
fuel explosion and finally starting the engine. The process is relatively fast has to transfer an 
important amount of energy to the engine in short time in order to reach the starting 
conditions for the ICE. In order to assure a reliable starting process of the engine on a large 
temperature domain, in general, the capacity of the batteries placed on vehicles is over 
dimensioned. Using the combination of batteries and supercapacitors, the system is shown 
in Fig. 5 where B represents the locomotives batteries (150Ah), K1, K2, K3 are the power 
switching devices, SSC is the assembly of supercapacitors (210KJ/110V) stacked with 
aqueous electrolyte and M/G is the staring electric motor (25KW), RL is the limitation 
resistor of charging current and ICE is the diesel engine of locomotive (920KW).  
The information related the starting process parameters will be provided to the starting 
computer that will control the provided energy by the batteries during the initially phase. In 
the initial phase, under the starting computer control and using K3 as switching device, the 
supercapacitor SSC will be charged. The energy level will be in accordance with the 
necessary amount of energy that is quickly transferred, using the starting motor to the ICE’s 
shaft. This action will generate from the first stroke, the ignition of fuel inside engine’s 
cylinder. At locomotive driver initiative K1 switch will be closed thus the energy stored on 
supercapacitor will be transferred to the starting motor. Because the starting process need 
more time in the third phase K2 will be switched on thus blocking K1 and assuring the 
finalization of the diesel engine starting process. 
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where Umax is the maximum voltage and τsc time constant of the supercapacitor. For the 
battery the maximum power is related to the series battery resistance and this parameter is 
dependent with temperature, state of charge (SoC) and state of health 
(SoH), ),,(max SoHSoCI   . Thus the maximum power (2) is done by:  
 
 maxmax IUP Bat    (2) 
 
Unfortunately, during the commutation process for batteries the equivalent series resistance 
is variable from a high value to a steady state value. This is the consequence of chemical 
reactions “inertia” and generates an increasing of internal power consumption during 
commutation process. In general is better to respect an upper limit of discharge or charge 
current for battery and these values are directly related to the maximum power allowed by 
the device because the normal voltage variation on battery is not significant. The maximum 
power provided by the combined energy source is not enough to describe how their power 
is transmitted or absorbed to or respectively from the load. To have a realistic image it is 
necessary to consider the characteristic of the provided power by all the components 
integrated in the combined energy cell. Besides the features of these devices it is also 
necessary to consider their constraints related to the limits of current and voltage variation 
of the batteries and fuel cells in the domain of temperatures, cyclability and reliability. Thus, 
the control system will be able to reach a maximum efficiency only when it will consider the 
main influence factors, the characteristics and the constraints related to the combined energy 
cell's components.  
The complexity of the control is directly related to the complexity brought by matching 
devices’ characteristics that are dependent from a lot of the above mentioned factors, 
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need to balance the electric energy stored on supercapacitor and the kinetic energy provided 
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Thus, the two forms of energy kinetic (3) and electric (4) have to be balanced. unfortunately, 
during recuperative braking process the supercapacitor will be charged and thus the 
braking force will decrease in case when it exists only one combined energy cell. Also, this 
desire is in contradiction with the safety prescription related to the braking of vehicle –
maximum braking force and mandatory compliance of this with the driver intention - 
(fidelity of braking control). 
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Fig. 5. Structural scheme of the staring system of diesel hydraulic locomotive LDH1250 
endowed with supercapacitors 
 
The information plays the essential role in this case of assuring the optimization of the 
power flow transfer between the supplies (batteries) to the ICE shaft. By scheduling the 
power flow transfer between batteries, supercapacitors and again batteries, the rapid release 
storage device (SSC) will be prepared to quickly transfer the necessary amount of energy to 
the ICE via the staring motor. In order to stabilize the ICE regime, the batteries will provide 
the additional amount of energy during the final phase of starting process (Carp et al., 2010). 
Monitoring with the board computer the power flow transfer in conjunction with the 
evolution of ICE’s starting process, the switching time between K1 and K2 is established in 
order to assure the optimal balancing power between the transferred energy from 
supercapacitors and batteries. It is also assured the batteries’ protection against the over 
current typical for such processes and the maximum energy efficiency for the whole process. 
In Fig. 6 are shown the power flows from the starting process. 
 

 
Fig. 6. Power flow distribution during starting process of locomotive’s diesel engine 

This example proof the importance of information from process used for controlling the 
power flows using two kinds of methods: the scheduling of power flow transfer and the 
detection of power flow provided by the internal combustion engine during starting 
process. The variation of the main electric parameter: V_Scc voltage on supercapacitor, 
V_Bat voltage on batteries, V_Mot voltage at the terminals of starting motor, I_Mot current 
on the staring motor and RPM_Fvc the rotation speed variation on starting motor shaft, on 
the starting circuit are illustrated in . The voltage on supercapacitor is bigger than battery’s 
voltage because this is charged during the last functioning period of locomotive when the 
generator provides the overvoltage necessary for charging the batteries. 
 

 
Fig. 7. Diagrams of voltage on supercapacitor, batteries, motor, current and rotation speed of 
the starting motor in time 
 
The swapping between supercapacitor to batteries on electric circuit of starting motor will 
be controlled by the board computer. An important goal of the controlling system is to 
maximize the ratio between the current provided from supercapacitors and batteries ξ. 
Another goal, also essential, consisting in optimization of fuel ignition process is achieved 
by the appropriate sizing of the system components, supercapacitors and batteries that 
assure the adequate and rapid release power flow from electrical side to the diesel engine.  
Finally it is interesting to mention that the implementation of the presented system has 
generated several savings consisting in: halving of batteries’ capacity on locomotive in 
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parallel with the improvement of success rate of ICE starting process, reduction of fuel 
consumption on the locomotive with more than 30l/day, and an estimated batteries’ life 
time increase with more than 70%. 

 
3. Cloud computers acting as Virtual Power Plants – a way towards energy 
smart cloud-computing in a Smart Grid environment 

3.1 Current status 
Today developments of computers migrate to new concepts, where cloud computer are 
more and more used and studied. One characteristic of cloud computers is the fact that their 
resources are aggregated and virtualized, in order to increase the computation capacity, the 
reliability of computation system and also to assure the reserve and other key characteristics 
that are monitored and controlled.  
It is well known that the produced electric energy has to be balanced with its consumption 
continuously. For this reason it is necessary all the time to monitor the generation and the 
consumption of energy. Nowadays this aspect becomes more important in case of energy 
produced using renewable energy sources (RES) where the generation is dependent of 
natural factors, the generators are spread on large areas and also its nominal power is not 
very high. 
Energy efficiency is a new focus in cloud computers. The energy consumption of the cloud 
computers should be controlled thus to optimize the energy consumption for a specific 
computing effort. Techniques like shut-down, hibernate or sending in different low power 
stages are current areas of analysis in order to achieve more “green” computation (or more 
exactly to decrease the KWh/TFlop). In (Taft, 2009) there are some relevant declarations 
with ask for improvement of energy consumption: “Future data centers will be dominated 
by energy cost, with half of that being spent on coolant” and “We cannot afford anymore to 
design computer systems based on the criterion of computational speed and performance 
alone”. 
 
3.2 Using Virtual Power Plants for maximizing cloud computers benefits  
The best solution may still need a broader approach. When we speak about energy reduction 
as main scope we can also go further and speak about scope functions like energy cost per 
TeraFlop or even to CO2 kilograms equivalent to provide a Tflop of computation. 
When we speak about energy, our today’s scope is either a) focused on reducing kWh / TFlop 
to Euro / Tflop - which is a manager oriented approach looking for operational costs, or b) 
reducing the kg of CO2 / Tflop  - which is an ecologist oriented approach looking at impact on the 
environment. However the picture it is not complete yet: when we look for energy, Euro or 
CO2 reduction, we need to look in parallel to a) the cloud computer entity which aggregates 
the power of the computer components and b) the energy consumed by each computer 
which can be aggregated in a virtual distributed consumer, connected to the power network 
in various places, many times supplied by different suppliers, connected to different 
distributors and acting simultaneously in different countries. The power consumed by the 
different computers in the cloud has also two aspects: a traditional energy aspect and an 
ancillary services aspect. The last one deals with the fact that energy consumption in a cloud 
can be influenced by stopping or powering again some of the computers, which is a 
flexibility needed in special situations by the transmission system operator (TSO), in order 

to avoid critical regimes and its use is seen by TSO as a service provided to him, in order to 
maintain stability of the system. This last aspect is a power system oriented approach, looking 
on the impact of the consumption to the power system operation. 
A particular interest in energy networks is the SmartGrids technological platform endorsed 
by European Union, where the existing status-quo of the power networks is boosted 
towards new horizons by implementing active networks, distributed generation, flexible 
energy and ancillary services markets. 
As this SmartGrids new approach is still at the beginning, one precursor of the concept 
already proves the efficiency in the early phases of this new wave: the technology of the so 
called Virtual Power Plants (VPPs). This VPP technology allows a better utilization of many 
small distributed resources (FENIX, 2009), in terms of energy contracts (better price for the 
energy) and of ancillary services (possibility to gain more money based on flexible 
production or consumption, within power control bands which can be used on request, 
based on the needs of the network). 
As previously mentioned, cloud computers are energy consumers which have the 
possibility to modulate their consumption, based on their actual tasks. For instance, if only 
60% of the general computing power is used, then a part of the physical machines can be 
shut down, thus reducing the overall power consumption of the cloud computer. An 
important feature is related to the energy consumption which can be controlled by using 
specialized software dedicated to cloud computer. 
With this functionality, cloud computers can act as flexible consumers. 
An important aspect is that in the VPP concept, not only generators are considered 
resources, but also the flexible consumers, as the cloud computer can be. Moreover, the 
cloud computer not only is a possible flexible consumer, but his consumption is already 
aggregated and controlled by the cloud computer software, so it acts like a Virtual Power-
Plant (VPP). 
Considering these aspects, a new dimension of the cloud computers can be expressed: 

 The cloud computer can aggregate its distributed consumption in an aggregated 
virtual consumer with flexible behaviour; 

 The virtual flexible consumer can act as a Virtual Power Plant 
 The aggregated energy of the new VPP can be  obtained from the energy market, 

through a VPP energy purchase technique; 
 In order to act as a flexible consumer, the cloud computer can divide its tasks in: 

o mandatory or uninterruptible tasks, those which have to be provided 
independently of external factors of the energy market  

o energy low price oriented tasks, which will run when energy spot market 
price is low, for instance when energy is highly available in the network - 
midnight period or when wind power production is exceeding the normal 
consumption, so the prices are going low in order to encourage more 
consumption 

o Low CO2 related tasks, where tasks and a part of the computers in the 
cloud are running only when low CO2 production is present on the energy 
market (during high wind or high hydro production, during night 
production with nuclear powers etc.)  

o a combination of the above 
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alone”. 
 
3.2 Using Virtual Power Plants for maximizing cloud computers benefits  
The best solution may still need a broader approach. When we speak about energy reduction 
as main scope we can also go further and speak about scope functions like energy cost per 
TeraFlop or even to CO2 kilograms equivalent to provide a Tflop of computation. 
When we speak about energy, our today’s scope is either a) focused on reducing kWh / TFlop 
to Euro / Tflop - which is a manager oriented approach looking for operational costs, or b) 
reducing the kg of CO2 / Tflop  - which is an ecologist oriented approach looking at impact on the 
environment. However the picture it is not complete yet: when we look for energy, Euro or 
CO2 reduction, we need to look in parallel to a) the cloud computer entity which aggregates 
the power of the computer components and b) the energy consumed by each computer 
which can be aggregated in a virtual distributed consumer, connected to the power network 
in various places, many times supplied by different suppliers, connected to different 
distributors and acting simultaneously in different countries. The power consumed by the 
different computers in the cloud has also two aspects: a traditional energy aspect and an 
ancillary services aspect. The last one deals with the fact that energy consumption in a cloud 
can be influenced by stopping or powering again some of the computers, which is a 
flexibility needed in special situations by the transmission system operator (TSO), in order 

to avoid critical regimes and its use is seen by TSO as a service provided to him, in order to 
maintain stability of the system. This last aspect is a power system oriented approach, looking 
on the impact of the consumption to the power system operation. 
A particular interest in energy networks is the SmartGrids technological platform endorsed 
by European Union, where the existing status-quo of the power networks is boosted 
towards new horizons by implementing active networks, distributed generation, flexible 
energy and ancillary services markets. 
As this SmartGrids new approach is still at the beginning, one precursor of the concept 
already proves the efficiency in the early phases of this new wave: the technology of the so 
called Virtual Power Plants (VPPs). This VPP technology allows a better utilization of many 
small distributed resources (FENIX, 2009), in terms of energy contracts (better price for the 
energy) and of ancillary services (possibility to gain more money based on flexible 
production or consumption, within power control bands which can be used on request, 
based on the needs of the network). 
As previously mentioned, cloud computers are energy consumers which have the 
possibility to modulate their consumption, based on their actual tasks. For instance, if only 
60% of the general computing power is used, then a part of the physical machines can be 
shut down, thus reducing the overall power consumption of the cloud computer. An 
important feature is related to the energy consumption which can be controlled by using 
specialized software dedicated to cloud computer. 
With this functionality, cloud computers can act as flexible consumers. 
An important aspect is that in the VPP concept, not only generators are considered 
resources, but also the flexible consumers, as the cloud computer can be. Moreover, the 
cloud computer not only is a possible flexible consumer, but his consumption is already 
aggregated and controlled by the cloud computer software, so it acts like a Virtual Power-
Plant (VPP). 
Considering these aspects, a new dimension of the cloud computers can be expressed: 

 The cloud computer can aggregate its distributed consumption in an aggregated 
virtual consumer with flexible behaviour; 

 The virtual flexible consumer can act as a Virtual Power Plant 
 The aggregated energy of the new VPP can be  obtained from the energy market, 

through a VPP energy purchase technique; 
 In order to act as a flexible consumer, the cloud computer can divide its tasks in: 

o mandatory or uninterruptible tasks, those which have to be provided 
independently of external factors of the energy market  

o energy low price oriented tasks, which will run when energy spot market 
price is low, for instance when energy is highly available in the network - 
midnight period or when wind power production is exceeding the normal 
consumption, so the prices are going low in order to encourage more 
consumption 

o Low CO2 related tasks, where tasks and a part of the computers in the 
cloud are running only when low CO2 production is present on the energy 
market (during high wind or high hydro production, during night 
production with nuclear powers etc.)  

o a combination of the above 
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 The cloud computer can reduce temporary the whole power by the request of the 
energy network, providing so-called tertiary (power) reserve, which is a paid 
ancillary service even inside a traditional power network (not only in the new 
SmartGrids concept). 

 
With this approach, a combination between the two systems (cloud computers and power 
networks) brings new dimensions and new potential business models and income: 

 Cloud asset owner gets income by selling most of the computational power as it 
does now; 

 The asset owner can sell a part of its computational power, scheduled to run in 
cheap energy  and low CO2 periods  

 The owner can get additional money by accepting to be shut down or to reduce 
power on special request of the network – when a special situation occurs – and to 
be paid for the availability of this action. The reaction time for such reduction can 
be between 5 and 15 minutes and the period of reduction can last from 15 minutes 
up to two hours 

 Cooling of the local supercomputers provides accumulation characteristics and the 
energy usage for coldness accumulation can be synchronized with energy market 
signals, thus optimizing consumption costs in a certain amount. 

A concept which  considers both systems by using Virtual Power Plant concept is presented 
in Fig. 8. In this figure, all power consumptions of a cloud computer are aggregated in a 
VPP.  
Through a VPP agent the cloud accesses mechanisms of the energy market and gets:  
a) Favourable energy prices,  
b) Additional income due to load flexibility on demand (by performing ancillary services on 
request) and  
c) Potential additional income due to synchronization of consumption with green energy 
production. 
Computer systems and energy systems are integrated systems which usually work in 
parallel, without other interaction that one-way energy supply. The nature shows us that 
such parallel networks need more complex interaction in order to achieve overall 
performance. 
It is not the first time that human beings are excellent models of inspiration for solving 
engineering problems (Brandic, 2009). For instance, nervous system in a living being can be 
considered in a way similar with the cloud computer. The power network is another 
independent system, which can be considered similar with the sanguine system. In human 
being the two systems interact and optimize their functionality. The new approach for cloud 
computers interaction with the power system can be considered a similar situation in the 
engineering field. 
 

 
Fig. 8. Conceptual approach based on Virtual Power Plant model 
 
In this way, some features of both system become synergic: on one hand the forecast that 
could be provided by the cloud computer offer a confident image about the consumption 
demands and on the other hand the power network allow to spend during the low demand 
period the over energy production as cool inside data centers (thermal storage) of energy 
allowing a better performance for computers, with low exploitation costs. 
We can imagine for instance that the peak of a supercomputer / cloud computer is 
controlled to be reached such tasks. More than that, some tasks are computed only outside 
the peak power of the network. As an example, this can happen when for instance the peak 
power of the power system is between 19 and 20 hour of the Central European hour 
(UTC+1h). In this period the local supercomputer can temporary reduce its computational 
and energy power at 40% of the nominal power. 
After the energy peak is over, the cluster can go back to full computational and energy 
consumption power. In this period, another part of the cloud reduces its power due to peak 
energy power in other power systems (for instance at UTC+0h time). 
With such setup we obtained a reduction of consumption with computers of 60% in each 
local power systems but if the cloud is spread equally on 3 time slots, then the total 
computational power has been reduced with only 20%, so we got a small reduction in the 
cloud computational power but with a good impact in each local power system, with 
potential positive impact on Euro/Tflop and/or on kg of CO2/Tflop. 
The projection of this mechanism on three time zones of Europe is shown in Fig. 9. 
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Fig. 9. Time-zones and their role in consumption of electric energy produced 
 
We can bear the following conclusions: cloud computers system and energy network 
systems can interact and produce synergies: 
a) the cloud computers can get smaller energy bills or even can provide services to the 
power network, thus maximizing their benefits; 
b) the power system has a better knowledge about the aggregated consumption and can rely 
on load control services if these are necessary and agreed by the parts. 
In addition, energy storage behaviour might be also possible to be implemented, by 
overcooling the cloud during favourable time periods. 
The model is comparable with living systems, which have also multiple interactions 
between the various subsystems – thus achieving high performance, economic operation 
and higher reliability. 

 
4. GreenIT 

Nodaway approximate 10% of total energy production over the world is spent by the IT 
industry and personal computers. Lately, reducing the IT energy consumption is an 
important aim that needs to be assessed. A prospective image about the possible evolution 
scenarios for electricity use by data centers existing in United States show annual savings in 
2011 of approximately 23 to 74 billion KWh compared with the trend detected in 2007 by US 
Environmental Protection Agency (EPA, 2007). Unfortunately, in present, there are no 
efficient implementations for measuring, monitoring and interpreting the data flow inside of 

a system. Looking at the overall energy consumption in case of data centers approximately 
50% of energy are spent for cooling, chilling, heating, ventilation and air conditioning 
(HVAC), other 48-50% are spent by the IT equipment and only several percents for the 
ancillary services (Schulz, 2009). A detailed image is offered in (Schulz, 2009) and 
approximately 50% of the IT power consumption is dedicated for servers. Unfortunately 
only relatively a low part (25%) of total computation power of the data centers is used by 
their servers. Green IT has to come with both hardware and software implementation able to 
assure together accurate management boards for optimizing the energy consumption and for 
increasing the efficiency of the all ensemble. The Green IT technologies has appeared as a 
necessity to manage the complexity of the optimization problem of computing needs and 
putting this in accordance with the energy efficiency aims and the principles of sustainability 
of related those activities. In Fig. 10. are presented the factors involved by this technology.  
 

 
 

Fig. 10. Role played by Green IT technologies and the functional inferences 
 
In order to characterize the energy efficiency of the data center have been proposed several 
indexes, such as: power usage effectiveness (PUE), defined as: ratio between total power 

consumption by data center and the effective power consumption of IT 
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its reciprocal, data center efficiency (DCiE) 
total

IT

P
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defined the data center productivity considered as useful work (CP) divided by energy 

consumed (Wc) for that 
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CPDCP   (Schulz, 2009). In (Avelar, 2010) a categorization of data 

center IT subsystems is presented and it can be used as a check list for evaluation the energy 
efficiency in case of data centers audits. The Green IT optimization problem is a 
multidimensional one, involving to take in consideration a set of dimensions. From one 
hand, this includes: infrastructure resource management (IRM) such as: power control and 
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on load control services if these are necessary and agreed by the parts. 
In addition, energy storage behaviour might be also possible to be implemented, by 
overcooling the cloud during favourable time periods. 
The model is comparable with living systems, which have also multiple interactions 
between the various subsystems – thus achieving high performance, economic operation 
and higher reliability. 
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of related those activities. In Fig. 10. are presented the factors involved by this technology.  
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power distribution for main data center subsystems such as IT consumption, cooling, 
chilling, heating, ventilation and air condition, security and safety of power supplying – 
uninterruptible power supplies (UPS), insurance of the secondary reserve-, lighting, 
avoidance of pollution, scalability design, self healing and highly resilient features, 
serviceability, hardware granularity, topology and balancing of computation systems in 
data center rooms, designing of data center components and allowing for them a rapid 
adaptation in case of updating needs, eco-footprint, mechanical aspects related to the 
location of IT subsystems and ancillary services. A proposed check-out list for hardware 
metrics is presented in (Schulz, 2009) (table 5.1). On the other hand, this problem reveals a 
functionality dimension more related to the software part that endowed the data center. 
This includes: computation intensification by server virtualization, strategies, for 
opportunity and based on importance of data process, scheduling of computation tasks and 
users demands, minimization of data transfer between the data center components –servers, 
storage arrays -, and avoidance of the waiting and intermediate stages (storage and 
conversions) in data processing, development of application and data transparent 
processing from physical computation, storage and communication resources, 
implementation of a software strategy and granularity of modules toward the safety and 
recovery possibilities offered for data processed, minimization of data retention stages, 
optimization of data replication, improving of data rescuing, archiving, and data cataloging. 
In (Tridib et al., 2009) three different thermal-aware energy-saving schedulers are presented: 
FCFSBackfill- XInt and FCFS-Backfill-LRH, EDFLRH, and an offline genetic algorithm for 
SCheduling to minimize thermal cross-INTerference (SCINT), suitable for batch scheduling 
of backlogs. Related the Green IT energy management systems, an important aspect taken in 
consideration by the researchers is the ratio cost of energy consumed / calculation efficiency 
that was above mentioned but with a correction that take into account when this energy is 
consumed and for what purpose.  Thus, it has to be developed with minimum costs systems 
for optimizing the energy consumption thus to be compliant with the financial aspects of the 
companies. In this aspect it can be combined intelligent control systems with green energy 
generation and storage devices.  
In present, the energy efficiency of the computing industry and of the IT is a main focus 
because of the increasing trend related to the power consumption of this segment. For 
example, data centers, telecommunication switchers and the devices for process control 
used in industry need to provide more power in order to be compliant with the devices 
power supply requests. Because the actual IT devices can provide more computation power, 
they have to be endowed with additional cooling systems which increase the energy 
consumption. Thus, thermal management became a big problem which has to be solved 
with maximum efficiency and minimal implementation and supplying costs.    
In IT field it can be distinguished two important classes of devices: devices with high 
reliability (data centers, control devices, telecommunication switchers etc) and auxiliary 
devices (lights, humidifier and HVAC systems).  The high reliability devices cannot be 
switched off even if there are not currently in use. The second type of devices can be 
switched off for optimizing the power consumption. In present, many companies made the 
first step for reducing these costs related to power consumption. They implement a network 
of peer sensors which automatically switch on the auxiliary loads when they detect the 
human presence and also, they automatically switch off the auxiliary load if there is no 
human presence.  

It is known that the HVAC system is an auxiliary load very important for thermal comfort 
but it is characterized by increased power consumption. For increasing the efficiency and 
the human comfort, the majority of the auxiliary load (inclusively HVAC systems) can be 
controlled remote and/or can be programmed. 
A high reliability system is a server accessed remote by multiple users, in general using the 
“desktop” mode such systems can optimize the computation efficiency view as ratio 
between computation power and energy consumed for that (Gruber & Keller, 2010). Using 
the virtual machines the servers can support multiple operating systems offering the 
possibility for multiple users to work directly on the servers using their specific operating 
system. To increase the efficiency of the remote computation and to increase the number of 
the possible users it can be used multiple Virtual Machines (VMware), each of them able to 
guest different operating systems: Windows, Linux, UNIX, MacOS, thus creating the 
virtualization of the server. There are 4 major factors that have to be taken in consideration 
for increasing the server efficiency:  

‐ Safety of power supply providing with direct consequences related to the reliability 
and computing efficiency and availability  

‐ Promptly served tasks and opportunity of tasks execution, avoiding the 
unnecessary waiting stages necessary for calculus synchronization by optimal 
chose of schedulers tools; 

‐ Assuring of optimum environmental conditions for data centers computers by an 
reliable and intelligent cooling system; 

‐ Data center consolidation taking into account a set of metrics related that reveal the 
energy efficiency and also the economical and sustainability of computation power 
inclusive analyzing the Cost/efficiency ratio. 

The cooling system of the server is a complex system and its advantages can be taken in 
consideration if it is endowed with an additional intelligent control for optimizing the 
temperature level function of costs. For example, the server can be cooled during the night, 
when the electricity costs are reduced and thus it can function for a couple of hours during 
day without using the cooling system thus reducing the costs. Also, if the server is cooled 
adequately, the complex prediction algorithm can anticipate the possibility of over clocking. 
Also, the prediction algorithm can detect the proper moments for overcharging the server 
from 20% (usual value) to more than 60%.  

 
5. Conclusions 

Nowadays, the energetic processes optimization represents one of the most important and 
complex research and technological challenges. The impact of these processes is essential for 
the whole human society and also for the environment. The two essential notions “energy” 
and “information” are traditionally viewed as dichotomist entities. In fact, these notions are 
strongly related to both stationary and mobile power sources, in order to reach a highly 
energy efficiency of the system.  
This chapter comes with examples that prove the essential role played by information for 
driving to optimal and efficient control of power flows on modern systems. Emphasizing 
the complexity of problems raised by the actual technologies referring to the mobility and 
computation processes when we search to improve the energy efficiency the structural, 
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serviceability, hardware granularity, topology and balancing of computation systems in 
data center rooms, designing of data center components and allowing for them a rapid 
adaptation in case of updating needs, eco-footprint, mechanical aspects related to the 
location of IT subsystems and ancillary services. A proposed check-out list for hardware 
metrics is presented in (Schulz, 2009) (table 5.1). On the other hand, this problem reveals a 
functionality dimension more related to the software part that endowed the data center. 
This includes: computation intensification by server virtualization, strategies, for 
opportunity and based on importance of data process, scheduling of computation tasks and 
users demands, minimization of data transfer between the data center components –servers, 
storage arrays -, and avoidance of the waiting and intermediate stages (storage and 
conversions) in data processing, development of application and data transparent 
processing from physical computation, storage and communication resources, 
implementation of a software strategy and granularity of modules toward the safety and 
recovery possibilities offered for data processed, minimization of data retention stages, 
optimization of data replication, improving of data rescuing, archiving, and data cataloging. 
In (Tridib et al., 2009) three different thermal-aware energy-saving schedulers are presented: 
FCFSBackfill- XInt and FCFS-Backfill-LRH, EDFLRH, and an offline genetic algorithm for 
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of backlogs. Related the Green IT energy management systems, an important aspect taken in 
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that was above mentioned but with a correction that take into account when this energy is 
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for optimizing the energy consumption thus to be compliant with the financial aspects of the 
companies. In this aspect it can be combined intelligent control systems with green energy 
generation and storage devices.  
In present, the energy efficiency of the computing industry and of the IT is a main focus 
because of the increasing trend related to the power consumption of this segment. For 
example, data centers, telecommunication switchers and the devices for process control 
used in industry need to provide more power in order to be compliant with the devices 
power supply requests. Because the actual IT devices can provide more computation power, 
they have to be endowed with additional cooling systems which increase the energy 
consumption. Thus, thermal management became a big problem which has to be solved 
with maximum efficiency and minimal implementation and supplying costs.    
In IT field it can be distinguished two important classes of devices: devices with high 
reliability (data centers, control devices, telecommunication switchers etc) and auxiliary 
devices (lights, humidifier and HVAC systems).  The high reliability devices cannot be 
switched off even if there are not currently in use. The second type of devices can be 
switched off for optimizing the power consumption. In present, many companies made the 
first step for reducing these costs related to power consumption. They implement a network 
of peer sensors which automatically switch on the auxiliary loads when they detect the 
human presence and also, they automatically switch off the auxiliary load if there is no 
human presence.  

It is known that the HVAC system is an auxiliary load very important for thermal comfort 
but it is characterized by increased power consumption. For increasing the efficiency and 
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controlled remote and/or can be programmed. 
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adaptation in case of updating needs, eco-footprint, mechanical aspects related to the 
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metrics is presented in (Schulz, 2009) (table 5.1). On the other hand, this problem reveals a 
functionality dimension more related to the software part that endowed the data center. 
This includes: computation intensification by server virtualization, strategies, for 
opportunity and based on importance of data process, scheduling of computation tasks and 
users demands, minimization of data transfer between the data center components –servers, 
storage arrays -, and avoidance of the waiting and intermediate stages (storage and 
conversions) in data processing, development of application and data transparent 
processing from physical computation, storage and communication resources, 
implementation of a software strategy and granularity of modules toward the safety and 
recovery possibilities offered for data processed, minimization of data retention stages, 
optimization of data replication, improving of data rescuing, archiving, and data cataloging. 
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FCFSBackfill- XInt and FCFS-Backfill-LRH, EDFLRH, and an offline genetic algorithm for 
SCheduling to minimize thermal cross-INTerference (SCINT), suitable for batch scheduling 
of backlogs. Related the Green IT energy management systems, an important aspect taken in 
consideration by the researchers is the ratio cost of energy consumed / calculation efficiency 
that was above mentioned but with a correction that take into account when this energy is 
consumed and for what purpose.  Thus, it has to be developed with minimum costs systems 
for optimizing the energy consumption thus to be compliant with the financial aspects of the 
companies. In this aspect it can be combined intelligent control systems with green energy 
generation and storage devices.  
In present, the energy efficiency of the computing industry and of the IT is a main focus 
because of the increasing trend related to the power consumption of this segment. For 
example, data centers, telecommunication switchers and the devices for process control 
used in industry need to provide more power in order to be compliant with the devices 
power supply requests. Because the actual IT devices can provide more computation power, 
they have to be endowed with additional cooling systems which increase the energy 
consumption. Thus, thermal management became a big problem which has to be solved 
with maximum efficiency and minimal implementation and supplying costs.    
In IT field it can be distinguished two important classes of devices: devices with high 
reliability (data centers, control devices, telecommunication switchers etc) and auxiliary 
devices (lights, humidifier and HVAC systems).  The high reliability devices cannot be 
switched off even if there are not currently in use. The second type of devices can be 
switched off for optimizing the power consumption. In present, many companies made the 
first step for reducing these costs related to power consumption. They implement a network 
of peer sensors which automatically switch on the auxiliary loads when they detect the 
human presence and also, they automatically switch off the auxiliary load if there is no 
human presence.  

It is known that the HVAC system is an auxiliary load very important for thermal comfort 
but it is characterized by increased power consumption. For increasing the efficiency and 
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controlled remote and/or can be programmed. 
A high reliability system is a server accessed remote by multiple users, in general using the 
“desktop” mode such systems can optimize the computation efficiency view as ratio 
between computation power and energy consumed for that (Gruber & Keller, 2010). Using 
the virtual machines the servers can support multiple operating systems offering the 
possibility for multiple users to work directly on the servers using their specific operating 
system. To increase the efficiency of the remote computation and to increase the number of 
the possible users it can be used multiple Virtual Machines (VMware), each of them able to 
guest different operating systems: Windows, Linux, UNIX, MacOS, thus creating the 
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functional and also several metrics that could be taken into account at the design of modern 
system are presented toward increasing of the sustainability of these processes.  
The problems are provided by the complexity of the systems’ structure, with his parameters: 
sizing of system cells, topology, physical, footprint and economical characteristics. From the 
functional point of view, are underline the importance of factors such as: the time constants 
of each “cell” and their aging characteristics, the virtualization as method for intensifying of 
computation processes, the planning using schedulers or “apriori” programmed control, the 
valorizing of the bio-inspired methods and paradigms, which are only several functional 
aspects that was presented. A practical example come to demonstrate the importance of all 
above mentioned factors when we try to reach the desiderate of the future technological 
approaches. 
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