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Preface
Mixed reality (MR) is an area of computer research that deals with the combination
of real-world and computer-generated data (virtual reality), where computergenerated graphical objects are visually mixed into the real environment and
vice versa in real time. MR is the newest virtual reality technology. It usually uses
3D computer graphics technologies for visual presentation of the virtual world.
MR can be created using at least one of the following technologies: augmented
reality (AR) and augmented virtuality (AV). The MR system can be considered
as the ultimate immersive system. MR systems are usually constructed as optical
see-through (usually by using transparent displays) or video see-through.
Implementation of MR systems is as a marker system (real scene with special
markers visually replaced with virtual objects in runtime) or a markerless system
(processing of virtual objects is without markers e.g. based on 3D-scanning).
Mixed and virtual reality systems, their applications, 3D computer graphics, and
related technologies in their actual stage are the content of this book. Also, this book
is about the formal or practical information about MR/VR, software and hardware
MR/VR solutions, and desktop or mobile MR/VR platforms. In the first part, we
present 3D-modeling and computer graphics in virtual reality, a stereoscopy and an
autostereoscopy and 3D solids reconstruction. The second part contains beautiful
examples of the applications of these technologies in industrial, medical, and
educational areas.
The book is divided into two sections: first section is Mixed Reality, Virtaul
Reality and 3D Computer Graphics, second section is Mixed and virtual reality
applications. The first section contains four chapters. The production and design of
wood furniture manufacturing includes manufacturing furniture parts and their
assembly with appropriate finishing operations. The process requires repeated
communications and discussions, as well as furniture sampling and trials, which
are indispensable. The results in the first chapter confirmed that applying the
AR technology can effectively narrow the gap between judgment and prototype.
The second chapter shows an AR project applied to medicine. The project is
crystallized through a system, based on this new technology that serves as an
innovative learning platform. VR becomes a potential solution to enhance clinical
medicine (functional, re-education, training), especially with the growth evolution
of technologies from both the visualization and 3D gestural interaction point of
views. The third chapter describes this composed system. Because the use of AR is
increasing, it is important to study its possibilities within both formal and informal
learning contexts, and the fourth chapter illustrates this.
The second section contains six chapters. In the era of digital technologies,
3D modelling and CG techniques not only apply to the development of virtual
models for computer simulation, artificial intelligence, and big data analytics,
but they can also be applied in many different applications in VR. The first chapter
describes that. Chapter Two presents the principles, algorithms, databases, and
programming for the advanced reconstruction systems (3D solid reconstruction

from 2D orthographic views), and some of its technical applications. Chapter Three
explains how blockchain works, how it can be utilized in distributed CAD
environments, what the major challenges for implementation are, and how CAD
vendors could use it to increase CAD data integrity. Chapter Four is aimed at
exploring opprtunities for collaboration between theoretical research, monument
preservation, VR, and architectural practice. Chapter Five provides a treatise on the
stingent requrements for autostereoscopic information display as well as switchable
2D to 3D autostereoscopic information displays as a guide for designing better MR
displays. Chapter Six contains an introduction to MR modern technology.
We would like to express our sincere gratitude to all the authors and co-authors
for their contribution. The successful completion of this book has been the
result of the cooperation among many people. We would especially like to thank
the Publishing Process Manager Ms. Romina Rovan for her support during the
publishing process.

Branislav Sobota
Department of Computers and Informatics,
Faculty of Electrical Engineering and Informatics,
Technical University of Kosice,
Košice, Slovak Republic
Dragan Cvetković
Singidunum University,
Belgrade, Republic of Serbia
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Mixed Reality
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Chapter 1

Using Augmented Reality
Technology to Construct a Wood
Furniture Sampling Platform for
Designers and Sample Makers
to Narrow the Gap between
Judgment and Prototype
I-Jui Lee

Abstract
AbstractsThe production and design of wood furniture manufacturing includes
manufacturing furniture parts and their assembly with appropriate finishing
operations; the process requires repeated communication and discussions, as well
as furniture sampling and trials, which are indispensable. However, in the sampling
process, due to the different understandings of the designer and the sample maker
in regard to the size of 2D drawings and the modeling of 3D furniture, the sampling results often differ greatly from the designer’s original concept; such errors
appear mostly in the prototyping of wooden furniture. In this study, we focus on
the wooden chair to explore whether augmented reality (AR) can contribute to the
comparison between the virtual and physical shapes in the furniture prototyping
process. We hope that by employing AR, the gap between the prototype and the
finished furniture will be narrowed. By researching actual furniture prototyping
with three furniture designers and two sample makers, this study has defined three
furniture prototyping methods in the industry. Based on the basic principles, we
recruited 38 designers to participate in the comparison experiments employing the
above three different furniture prototypes. The results confirmed that applying the
AR technology can effectively narrow the gap between judgment and prototype.
Keywords: augmented reality, product design and manufacturing, wood furniture
sampling, virtual and physical comparison, virtual and physical prototyping

1. Introduction
Taiwan’s furniture industry has transformed from mass production to smallscale self-owned furniture brands with better design and styling characteristics;
in the past, most of the large-scale furniture manufacturers were transferred to
Vietnam or the Chinese mainland [1]. As a result of the outward furniture manufacturing and production plants, Taiwanese furniture designers began to produce
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Figure 1.
In the sampling process, the designers and sample makers need repeated discussions and corrections to
understand the exact proportion and shape of furniture.

Figure 2.
Due to the lack of an effective discussion tool, the sampling needs repeated detail correction.

“small-volume but diversified” design manufacturing; in cooperation with the furniture factories in the Chinese mainland and Vietnam. This production model has
become the main cooperation design mode for Taiwanese brand furniture [2]. In the
past, designers and sample makers conducted discussions and trials on furniture
sampling based on 2D drawings [3] (see Figure 1), which was their main method
of communication [4, 5]. Currently, with the mature 3D drawing software, today’s
furniture manufacturing technology has been greatly improved, and the application
of Computer Numerical Control (CNC) has brought more styling changes and possibilities to furniture design and mass production [6–8]; even the most experienced
sample makers need to view the 3D furniture simulation to understand the shape
and style of the designer’s furniture [5].
However, most of these 3D simulations can only present the shape and structure
of 3D furniture via 2D paper despite the fact that the furniture has more changes in
the curvature of the composite space, especially the curved lines and shapes, which
are difficult to present on 2D paper, resulting in the deviation from the 2D blueprint during the real 3D sampling process [9] (Figure 2). For example, furniture
in the Ming dynasty, such as the Ming-style round-back armchair; when it comes
to multiple visual viewpoints to compound one curve, the curvature of the armrest
and the backrest cannot be judged in a non-frontal view or a side view [10]. These
multi-changing curve shapes and spatial angles present a difficult problem for
designers and sample makers in understanding and communication because the
maker cannot fully understand the shape and spatial size the designer wants, or
achieve the accurate curvature from the 2D surface or the 3D simulation [11]. The
only method is visual observation and repeated sampling to create the designed
furniture; as a result, there will be significant difference between the initially
sampled furniture and the designer’s prototype. Meanwhile, the furniture has its
own requirements for esthetic quality so a slight difference in curvature will lead
to obvious deviation [12]. Moreover, wood furniture, unlike metal steel pipe or
plastic injection furniture, cannot be directly formed or extruded by machine [13].
4
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Instead, it still relies on the sample maker’s handwork to perform the preliminary
sampling, so the spatial cognitive difference in the three dimensions still cannot be
overcome [14].

2. Literature review
2.1 Current furniture sampling methods
At present, in the furniture sampling work of the sampling factory, 2D proportional blueprints will be obtained from the designer to print the paper or cut the
cardboard [15] (Figure 3), and then based on the scale model (ratio 1:1 in the size
and appearance) of the physical appearance, the sample makers will do their job
according to their rich experience, this process will be corrected after many times
of discussion and confirmation [16]. A sample of furniture that is closest to the
designer’s concept will be supplied to the furniture manufacturer for mass production. However, the sampling of wooden furniture is a 3D manual operation production process by the sample maker; the traditional 2D drawing is converted into the
3D hand-made sampling operation, but the spatial modeling cognitive difference
between the 2D drawing and 3D spatial structure is still unavoidable [12, 17, 18]. Any
slight deviation will affect the proportion and beauty of the furniture production, so
repeated correction on sampling is necessary; discussions and communicate waste a
lot of the designer and sample maker’s time (Figure 4) [19].
Now that multinational design and manufacturing procedures have become an
inevitable trend in the current furniture sampling production [20], furniture designers are facing the need for cross-country or off-site cooperation to discuss furniture
sampling with the sampling factory [21]. However, due to the absence of actual
space comparison, discussions on the 2D drawing will be more difficult because the
sample maker cannot precisely grasp what the designer wants to present [9], and
only oral dictation or repeated styling corrections are used in the furniture sampling
[18]. Furniture sampling is a time-consuming, costly process as the designer has to
go abroad for discussions with the sample maker, so an efficient communication
platform for the designers and the sampler makers is highly demanded [19].
2.2 Advantages of AR technology when applied to traditional furniture
sampling
There are considerable advantages in applying AR technology to traditional
furniture sampling. Furniture sampling involves the translation from 2D “planar
engineering drawing” into 3D “physical objects” [22]. The application of the
AR technology to product development can provide designers with styling and

Figure 3.
In furniture sampling, 2D cardboard cutting or various drawings are needed by the sample maker to make
judgments.
5
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Figure 4.
The slight deviation in the furniture sampling is difficult to express and convey on a 2D drawing. Repeated
sampling is time-consuming and labor-intensive (the top of the figure is the product status of the actual
sampling of the furniture design company (STIMLIG); below is the 3D simulation to illustrate the details of
the correction).

structural judgments by combining different virtual shapes with existing product
models [23]. In the past, relevant research applied AR technology to the spatial
layout of furniture [24, 25]. The AR technology can correctly represent the quantitative information and material performance on the shape of furniture [18].
Researchers have even found that AR technology can help designers accurately
understand the furniture layout plan in the pre-sales phase [26, 27]. It can effectively save the cost of furniture handling and placement in real space; with AR
technology, different furniture items can be quickly replaced to present real-time
visual effects corresponding to indoor space [28]. In addition, AR technology can
quickly present 3D visual images so the designers are able to get more diverse ideas
and spatial discussions [29]; for example, designers can quickly change furniture
shapes or components (such as chair legs, chair backs or armrests) [18]. The details
of furniture parts can be changed through AR technology to help designers communicate with the sample maker. The relevant literature has confirmed that AR technology can effectively help the furniture maker to interpret the structural state of
the furniture, which contributes to the work efficiency and correctness in furniture
production, as well as presents the 3D furniture assembly [18, 30]. The animation
explains the state of the different furniture components, so that the sample maker
can clearly understand the characteristics and key points of the furniture structure
[18]. In addition, AR technology can help the maker quickly convert the 2D and 3D
drawings and understand the furniture; these visual and spatial advantages can be
applied to solve the furniture appearance and structural problems encountered by
the sample maker in the process of making furniture [18].
2.3 Application of AR technology in the virtual and physical comparison
of the shape
In a recent study, Fernandes explores the user’s judgment on virtual and
physical objects in a spatial AR environment, and decides through experiments
whether inaccurate judgment will occur between virtual and physical objects.
The experimental results indicate that inaccurate judgments occur more when the
real object cannot be seen, but if the object can be moved and rotated through the
6
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AR operation, the spatial judgment will be more accurate [31]. In addition, some
researchers have pointed out that if virtual objects are put into a real environment,
people can judge the virtual objects as physical based on past visual experience
and realistic 3D images [32], which will help the user understand and innovate in
modeling [12, 29, 33, 34]. For example, Ford Motor and Microsoft used the visual
features of AR technology to jointly develop a service system for car modeling [35].
By using Microsoft’s newly developed head-mounted display, the new product
model was combined with the existing developed model [29]. Using this system,
the new car design team continuously developed the car’s modeling and saved time
and cost in development and production, whereas in the traditional car modeling
design, several car samples are required [29]. Moreover, when developing XBOX
game consoles, Microsoft also applied AR technology to its pre-production test,
the internal parts of the game consoles and the circuit board were combined in the
console prototype to test whether there were problems such as protruding parts or
insufficient internal space [36]. AR also can help engineers and designers discuss
and test products together [37, 38] to modify and improve the style and structure of
the product [39, 40].
2.4 Purpose of the study
The purpose of this study is to apply the advantages of AR technology in space
and vision to reduce the visual spatial difference between the 2D drawing and the
3D modeling during the sampling process of the furniture, when the AR sampling
system can help the sample maker directly compare the semi-finished samples with
the spatial virtual furniture to get the correct size and curvature of the furniture. The
sample maker can use this system to understand and compare the furniture styling
before and after the sampling. Based on the 3D virtual furniture model generated
by AR, the sample maker can compare and review whether the hand-made sample
meets the accuracy of the shape and size designed by the furniture designer. More
importantly, it can fully present the correct proportion and shape of the furniture, so
that the maker can see the shape and spatial structure of the designer before production, and accurately determine whether the size and shape of the sample are accurate. This study also focused on the comparison of shapes, carried out three different
sampling experiments on the shape and structure, to find whether AR technology
contributes to confirming the appearance and proportion of sampling furniture.

3. Methods
This study applied AR technology to furniture sampling (Figure 5) to determine
whether it could effectively assist furniture designers and sample makers in the comparison and discussion of the modeling. The sample maker used AR technology to
verify whether the sample was in line with the designer’s design and modeling accuracy. The study carried out three different experiments on furniture sampling with 38
designers who had more than 3 years of furniture design and production experience.
The aim was to understand whether AR technology is helpful for furniture sampling
and physical comparison. The experimental design and data verification of the virtual
and physical characteristics of the furniture’s basic structure was conducted.
Based on the experiments and subject tests, researchers can use the “visual
interface assistance” and “space virtual and reality comparison” features provided
by AR technology to understand how to solve the problems in the actual situation of
furniture sampling production. They can also understand what problems will occur
in the development of furniture sampling, as well as the advantages and visual
7
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Figure 5.
AR can contribute to the comparison between the physical and the virtual shapes in the furniture prototyping
process.

characteristics of the visual aid in an AR environment. This technology is also quite
simple and convenient in research practice. The system interface of the AR can be
presented using a tablet computer (Figure 5). Since the carrier is simple and can be
used for the furniture sampling process to test the furniture body, this technology
will be very helpful for the furniture sampling and design development.
3.1 Participants
In this study, 38 designers with more than 3 years of experience in furniture
design and production were asked to serve as participants. Three different sampling experiments were conducted to compare the shapes of the furniture. When
designing test questions, the researcher provided two pictures of chairs with the
same shape, but the structural elements of the chair in one picture were a scaled 3D
drawing (a part of the chair is fine-tuned, for example, tuning 10% of the back of
the chair to simulate the error range of sampling). Then the subjects were asked to
determine whether the shape was different. The question group was divided according to the three different sampling methods, respectively, comparing the traditional
paper 2D furniture drawing with: (1) Sampling Method I: paper 3D furniture
blueprint; (2) Sampling Method II: physical 3D furniture (3) Sampling Method III:
physical 3D furniture using AR technology. This study explored the error in the judgment of shape during the sampling process based on the three different comparisons.
8
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3.2 Experimental design
Studying the “differences in the comparison of furniture sampling” and taking
the chair as the test object.
In this study, the chair was used for furniture sampling and modeling test. The
reason was that the shape change of the chair is more diverse and complicated than
that of the table and the cabinet [4]. In addition, the structural units of the chair
have a rich modeling appearance and surface changes on each component (such
as seat, armrest and seat back). Also, the probability of styling errors in the actual
sampling program is higher than with other furniture, so this study mainly focuses
on the structural decomposition of the chair to understand its structure. The chair
was decomposed into different basic structures according to the related literature
classification: (1) seat back, (2) armrest, (3) seat surface, (4) chair foot and (5) chair
rail. The researchers then separately carried out the experimental simulation on the
furniture sampling through the three different sampling methods previously defined.
By 3D modeling software pro-e, the modeling parameters were designed to accurately
control the shape change of the chair. AR was then used via 3D printing to make the
correct virtual shape on the physical furniture structure to simulate the difference in
the furniture shapes, in addition to understanding whether the AR technology could
effectively reduce the sampling mistakes by the sample makers in the modeling.
3.3 Research questions
In the present study, the following two questions were used:
Which part of the basic structure of furniture is the most difficult to identify?
(1) Seat back, (2) armrest, (3) seat surface, (4) chair foot, (5) chair rail.
In comparing the visual display interfaces in the three sampling methods, which
is the easiest to distinguish the error on the shape? Respectively comparing the
traditional paper 2D furniture drawing with: (1) Sampling Method I: paper 3D
furniture blueprint, (2) Sampling Method II: physical 3D furniture, (3) Sampling
Method III: physical 3D furniture using AR technology.
3.4 Evaluating test material: comparing the sampling on the chair’s shape
This study focuses on the shape recognition of the chair. In the experiment, the
shapes of the basic structure of the chair: (1) seat back, (2) armrest, (3) seat surface,
(4) chair foot, and (5) chair rail were compared. Two drawings were provided in
the test to compare the pairs, one of which is the correct proportion of the furniture
surface, and the other is the comparison of the three-dimensional furniture drawings with the partially adjusted components. A slightly different drawing of furniture allows the subject to judge the simulation error of the furniture sampling. The
drawing only emphasizes the fine-tuned part of the furniture structure; when testing the seat back, it was presented with a three-dimensional color model, and the
overall appearance of the rest was in a dotted line (Figure 6), in order to retain the
main appearance of the overall shape of the furniture outside the main test component. As the individual parts of the furniture structure did not conform to the real
state, the difficulty of the shape recognition was increased. The size, proportion and
perspective of the furniture in the various test drawings were the same to facilitate
the subsequent judgment of “which part of the basic structure of furniture is the
most difficult to identify” as well as the consistency of the analysis and the experimental reliability and validity. Test questions on the modeling difference were used
when analyzing: (1) the difficulty of judging the chair’s structural shape, and (2)
the proportion of error in sampling, to explore the structural components that led to
9
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Figure 6.
The overall and parts of the chair structure to be tested are presented in a dotted line ( for example, the figure is
to test the chair seat).

sampling errors in the chair seat. In addition, the researchers also explored whether
the visual conversion from 2D to 3D caused the difference when determining the
shape, and how to apply AR technology to the design and sampling of furniture.
3.5 Measurement materials
3.5.1 Five basic structures of furniture chairs
This study used the design chair of the STIMLIG Furniture Company (https://
www.stimlig.com/) that was entering the sampling stage to design the test questions. A total of 10 gradients are created according to the five basic structures
of the chair, and a new shape was created for each 10% of the chair with microadjustment, while the rest remained unchanged. There were five basic structures of
furniture chairs: (1) seat back, (2) armrest, (3) seat surface, (4) chair foot, and (5)
chair rail. They respectively constructed 10 gradient units and a single drawing was
randomly taken to test the subject. Only one model was supplied for comparison
when sampling. There were 50 test questions in total.
3.5.2 Test method for sampling
The five basic structures in the furniture chair were tested by the following three
different sampling methods to analyze the differences in the shape judgment and
the problems that might occur with different furniture components in sampling,
as well as the potential possibilities of their technical application. The scale of the
difference in shape represents the rate of the sampling error. For example, when
the subject could tell the fine-tuning was more than 30% in shape, it meant that the
sampling method had only 30% error rate in the shape deviation because the difference below 30% could not be distinguished, so the visual difference and limitation
between the 2D drawing and the 3D shape could be determined. After the test was
10
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over, the researcher could determine the proportion of the subjects’ shape judgment
for different sampling comparison methods, as well as the benefit of applying AR to
the actual sampling comparison (Table 1).
Sampling Method I: comparing the traditional paper 2D furniture drawing with
the paper 3D furniture blueprint.
At this stage, the researcher would understand whether shape deviation would
occur when comparing the traditional paper 2D furniture drawing with paper 3D
furniture blueprint (printed on the 2D paper); the purpose was to find out whether
difference between the 2D and the 3D would occur during the sampling process.
With the paper-based method, the subjects were asked to judge the shape difference
between the left and right objects printed on paper, and the testing method and
data were used to analyze which basic structure of the chair was the most difficult
to identify or the most likely to cause judgment error.
Sampling Method II: comparing the traditional paper 2D furniture drawing with
physical 3D furniture.
At this stage, when comparing the traditional paper 2D furniture drawing with
physical 3D furniture (2D vs. 3D), through 3D printing, the accurate physical furniture shape (10% gradual difference each time) was completed and compared with
the 2D paper drawing to determine the shape difference between the traditional
paper 2D furniture drawing and the physical 3D furniture. This method is closest to
the actual sampling state and consistent to the conclusion of a real furniture sampling factory when determining the physical 3D furniture based on the 2D drawing.
Sampling Method III: comparing the traditional paper 2D furniture drawing
with physical 3D furniture using AR technology.
In this stage, the researchers amplified the virtual objects based on AR technology applied to the physical 3D furniture printed, so that the subject could determine
whether AR contributed to the comparison of the furniture shape. Based on the different ratios between the virtual and the real, the proper ratio of the AR furniture
sampling comparison system (10% each time) that needed to be adjusted could be
found. Therefore, the subjects could quickly and correctly distinguish the obvious
differences in the shape, clarify the virtual and real interface design and make a
detailed discussion.
3.6 Constructing the AR furniture sampling system
Based on Unity3D [41], this study developed the AR Furniture sampling system
that can be installed on an Android tablet computer. Via tablet computer or other
display devices, designers can put their designed 3D furniture model into the
system, and make comparisons and discussions through the replacement of different furniture components. In the system, through the back-end server and remote
synchronization, the researchers updated the version of the sampling program on
Sampling method type

Original proofing material

Comparison proofing material

1. Sampling Method I

Traditional paper 2D furniture
drawing

Paper 3D furniture blueprint

2. Sampling Method II

Traditional paper 2D furniture
drawing

Physical 3D furniture (created by 3D
printing)

3. Sampling Method III

Traditional paper 2D furniture
drawing

Physical 3D furniture using AR
technology

Table 1.
Three furniture sampling methods.
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different tablets. When the designer updates the designed 3D furniture model, the
remote sample maker can also simultaneously update the models and functions in
the app. The “designer” and “sample maker” can simulate the functionality that this
system should be equipped with in different settings.
3.7 Setting
The AR Furniture Sampling System was set up in the laboratory space (about
3 × 5 m2), and a 65-inch large display screen was placed in front of the experimental field to present the furniture in 1:1 ratio for the test image of furniture
sampling. By the video camera and image recognition technology, the state of the
furniture in the AR could be presented. The subject sat in front of the screen with
the table and the chair placed in front of the screen; the subject could make the
comparison on the furniture identification card on the table with the 3D printing
model. After capturing the card, the camera projected the virtual 3D furniture
shape onto the 3D printed furniture model for the subject to compare the furniture. Thus, the subject could simulate the furniture-sampling environment; the
researchers gave them different sampling tasks in sequence to perform the three
different sampling methods to determine the five basic structural units of the
chair (Figure 7).

Figure 7.
The AR furniture sampling system setup.
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3.8 Data collection and analysis
The results of the experiments have undergone comprehensive recording and
subsequent data analysis. The experimental data were used to find out whether
the three different sampling methods would cause judgment errors. By the
rigorous styling gradient and the small-scale styling ratio change, the researchers controlled the relationships among the three different sampling methods
(independent variable) and the judgment errors in 10 modeling scales (dependent
variable). In this study, the researchers used different proportions of modeling
changes to represent the degree of judgment errors in the sampling; by simulating
the deviation of the sampling bodies, the shape judgments of different shapes
made visually between 2D and 3D were quantified. In this way, the operation was
relatively objective and the experimental limitations on actual sampling were
simplified.

4. Results
The experimental results are shown in Table 2. The data show different amplitude changes for the overall shape structure of the chair by the three different
sampling methods, indicating that they have an influence on the modeling judgment under different visual media displays.
4.1 Judgmental differences of the basic chair structure among the three
sampling methods
The shapes of the chair reflected in the three sampling methods differ. When
the proportion of the difference in the shape that can be recognized is lower (the
difference in the shape is more subtle), the more helpful the sampling method is, as
it signifies that the differences of the furniture shape are subtle and the subject can
immediately distinguish the difference, and in the sampling process, it is easier to
find the sampling difference between the 2D drawing and the 3D shape.
4.1.1 Sampling Method I
In the Sampling Method I (Table 2), the chair foot (71%) and the chair rail
(65%) have the highest recognition level. When the modeling difference reaches an
average of 68% or more, the shape difference can be correctly found; the armrest
is the second. Only when the modeling difference reaches an average of 75%, can
the difference in the shape change be evident between the 2D drawing and the
3D shape. The most difficult to recognize are the seat back (78%) and the seat
surface (82%), which require an average of 80% or more for the subject to feel the
difference.
4.1.2 Sampling Method II
In the Sampling Method II (Table 2), the order of recognition level has changed
somewhat. The chair foot (58%) and the chair rail (53%) have the highest recognition level on the modeling difference. When it reaches an average of 55.5%, the difference can be noticed. The armrest (62%) and seat surface (68%) are second; the
difference must reach an average of 65% before the obvious difference in the shape
change can be felt. The most difficult to identify is the seat back, which requires an
average of 72% for the subjects to tell the difference.
13
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Table 2.
Summarized differences in modeling identification of basic structure of furniture.

Figure 8.
In the Sampling Method III when AR technology is applied, significant differences (p < 0.05) lower than the
others methods (Sampling Method I and II) in identifying the shape can be found.

4.1.3 Sampling Method III
In the Sampling Method III (Table 2), in the overall shape structure of the chair,
the difference between the basic structures of the chair is greatly reduced. The
difference can be obviously felt when it is 28% in the seat back, 26% in the armrest,
32% in the seat surface, 14% in the chair foot and 18% in the chair rail. Generally,
when the different structural parts reach an average of 23.6%, the difference can be
felt, which is obviously more recognizable than Sampling Method I and Sampling
Method II (Figure 8).
In the analysis, we conducted the paired-sample t test in SPSS 19.0 to compare
the different sampling methods in terms of overall mean identifying rate on the
comparing test. In the overall identification, it can be found that in the Sampling
Method III when the AR technology is applied, significant differences (p < .05),
lower than the other methods (Sampling Method I and II) in the identifying
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the shape can be found (Figure 8) because the 3D visual aid can quickly show
the difference in the shape. In the Sampling Method II, the physical shape
comparison and tactile sensation assistance can also be helpful for determining
the modeling difference. However, the Sampling Method I focuses on the visual
comparison of 2D drawing, which lacks spatially rotated image information and
is also difficult for the subject to clarify the differences in some fuzzy modeling
areas.

5. Discussion
5.1 Differences in modeling identification of basic structure of furniture
The experiment results confirmed that in the furniture Sampling Method III,
the difference can be obviously felt. Especially, it is relatively easy to judge based
on the basic rectangular surface, such as the chair foot and the rail because they
are rectangular or cylindrical or their shape angle is vertical to the datum plane, so
the subjects can have a better understanding of the difference in the shape, and are
also more likely to determine and compare the modeling difference based on the
symmetry and the relative position and regular angle in the space. It also visually
reflects that compared with the absolute judgment, the relative judgment of the
shape is easier when determining the space because the relative judgment has a
visual reference, and the absolute judgment can only rely on human experience and
modeling ability. The application of the AR has provided accurate visual reference
for shape, and therefore increased the subjects’ recognition and mastery rate of the
shape difference.
5.2 Differences in modeling recognition among three sampling methods
When comparing the sampling of the shape, (1) the Sample Method I is consistent with the traditional paper, and it is quite difficult for the sample maker to
distinguish the difference in the shape because on the 2D paper drawing it is hard
to tell the shape change in the 3D space. Also it is impossible to touch the physical
furniture or rotate different perspectives to compare the shape. To create a furniture
entity in 3D space, the sample maker needs continuous physical speculation and
spatial structure judgment based on the mental rotation. Such a sampling process
is a necessary step in the initial furniture sampling process, which is quite difficult
and time consuming for the sample maker.
And (2) in the Sample Method II, it is easier to compare the shape between the
2D and the 3D because the sample makers can change the visual perspective by
manually rotating the physical furniture model. The visual aid of real shadows and
the sensory feedback of physical senses add more sensory information than the 2D
paper drawing does, but entails more production cost. Such sampling method is
close to the actual sampling in real life and both need a scaled model to determine
the difference in styling. Although using 3D printing technology in this experiment can save a lot of time, there will still be increased production cost and time in
the actual furniture sampling process. It is helpful for the judgment, but multiple
sampling models are necessary for the comparison.
AR’s application in the Sampling Method III (3) is quite easy to implement
and practice in the real world compared to the previous two sampling methods
(Table 2) because the virtual body is in the physical comparison area and uses
the visual image presented in the 3D space to enhance the difference between the
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physical and the virtual entities, so the sampler maker can quickly generate visual
clues under the slight shape difference and reduce the difficulty in judgment.
Meanwhile, there is no need to make a large number of furniture sampling entities
in future sampling. The shape of furniture can be presented by the virtual shape,
which can greatly reduce the production cost and time.
5.3 Research limitations
There are several research limitations in this study. First, we simulated the
form and state of sampling through innovative experimental methods and AR
system design, aiming to quantify the objective data on furniture sampling on
the shape, but because the size of the 3D printing is much smaller than the actual
sampling size, the difference between the visual judgment and the spatial shape
was affected. However, this study emphasizes the combination of visual space theories with the practice of technology and materials in application. The researchers
are convinced that this does not affect the reliability and validity of the results
because we used the same sampling method and provided the subjects with the
correct ratio of the production process and the projection on the screen to make
styling judgments. It turns out one-to-one proportional sampling experiments are
feasible for future sampling design and technical breakthroughs. Second, while
the subjects are professionally trained furniture design and production staff, they
are still not real furniture sample makers. The sampling experience and handwriting skills may affect the ability to make judgments. However, the real sampler
makers in the furniture factory are quite busy, and it is not easy for them to be
involved in an experiment for a long time. That is the reason why we were looking
for professional designers with similar work experience and styling ability as the
subjects. Since this study emphasizes the shape comparison between the 2D and
3D under visual space, these subjects have the same ability as the sampler makers
to determine the shape and are quite familiar with the design and sampling of
furniture. We believe this can make up for the lack of real sample makers, but in
future experiments, if funding and time permit, we still hope to conduct experiments with real sampler makers. Third, there is quite a variety of furniture and we
only tested a chair, whose shape will affect the results of the sampling comparison
data. Therefore, our main research results focus on the comparison of the sampling methods to understand whether AR technology is helpful for the sampling
of furniture, but cannot fully explain the deviation of the basic structure of the
furniture that is most likely to occur in the furniture sampling process. However,
the structure of the furniture can still correspond to its basic shape, which is also
an experiment to be carried out in future research because the basic shape (such as
column, square, ellipsoid, cylinder, spindle and rectangular) is different in visual
judgment; for instance, due to the lack of the right-angled structure, the ellipse is
more difficult to identify and distinguish the difference in shape than the rectangular. Therefore, in the future research, this study will simplify the understanding
of the model and increase the validity of the experiment through multiple visual
viewpoints and modeling. However, in order to avoid focal vagueness in this
study, we only focus on the basic structure of furniture rather than a unit body.
Fourth, in the study, judgment on the proportion of furniture is used to determine the sampling mistakes, but there will inevitably be subtle differences which
cannot be completely subdivided by the overall proportion. For example, the
scaling extent at the edge of the chair back may be larger than that in the middle,
but this study is only based on the overall chair back, which will cause some slight
difference in the shape data. In the future, we must seek more objective software
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analysis to get a more precise design, but in general, this is an innovative and
simple experimental method.

6. Conclusions
AR technology has been applied to many innovative product designs, and is
expected to evolve with the future development in the integration of virtual and
real environments. The novel devices include Microsoft HoloLens, HTC VIVE Pro,
and VR Oculus Rift. The development and emergence of these technological devices
reflect the potential of using AR or VR to solve industrial production problems in
the future. Moreover, these devices will blur the boundaries between virtual and
real integration, and increase the number of gestures and innovative interfaces,
which could make the manufacturing process more intuitive, and make the manual
operation more flexible. Future users will have more options in operating the AR
interface of tablets.
In addition to the consumer side in the design process, AR is used in different
product development and modeling discussion. Previous researches have pointed
out that AR is helpful for the designer’s continuous design and redesign in product
development [12, 29, 34, 35]. However, in the literature exploration, the researchers
found that in the current stage of AR in the furniture sampling and manufacturing
production, we have not seen any application of similar concepts. Therefore, we
believe that furniture sampling and manufacturing is an excellent research field
with great design possibility, especially because the furniture sampling involves the
design and processing of furniture production. For example, in furniture product
development and styling continuation design, there are many details to consider;
at present, it is still difficult for wooden furniture production to overcome the
physical shape difference and master the space scale of furniture sampling because
wooden furniture has the following characteristics: first, the sampling of its
initial prototype relies on the subjective judgment and the handcraft of the special
sample maker, thus resulting in a significant difference between the sample of the
furniture prototype and the blueprint. Second, wooden furniture contains many
complex structures such as composite curved surfaces, curved wood shapes, and
gradient bends. It is difficult for 2D drawings to present the spatial structure and
modeling concept of 3D furniture, so the spatial cognitive misunderstanding may
lead to inaccurate judgments of the sampling appearance. Third, wooden furniture often uses the mortising technique to assemble and connect furniture parts,
and the mortising structure is often hidden within the furniture and cannot be
directly seen. Due to the above special factors, the sampling of the furniture often
requires repeated discussions and trials. In this context, this study is aimed at the
research and knowledge construction of furniture sampling in the framework of
AR technology in the comparison between physical and virtual reality. Using the
systematic experimental method has defined the knowledge structure and specific
operational application strategies of AR technology in the comparison of furniture
shape sampling, as well as the “difference between modeling” and “virtual reality”
to study the topic of furniture styling. The results show that the application of AR
to furniture sampling has obvious benefit for the mastery and judgment of the
furniture modeling.
This research has confirmed that AR technology is more helpful in the sampling
and development of furniture, especially in the visual and styling aspects. This
study has developed a set of rigorous sampling methods for AR technology based
on the “physical comparison” and the “furniture sampling development”, and
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Disadvantages of traditional
furniture sampling

Advantages of applying AR
technology to furniture sampling

Spatial cognitive
difference

The sample maker follows the 2D
drawing and the 1:1 simulation
prototype output drawing as the aid for
the sampling of the furniture, but due
to the manual manufacturing process,
differences between the sampling
prototype and the design prototype
may easily occur due to the difference in
space and modeling.

AR technology can combine the
virtual design prototype in 3D space
with the real sampling prototype,
which can provide modeling
corrections and discussion, and reduce
spatial and visual errors caused by
direct translation from 2D drawing to
stereoscopic space modeling.

Communication
barriers

The communication barriers between
the designer and the sample maker
may be due to different professional
backgrounds, opinions, and locations.
Thus more sampling errors will occur
and repeated corrections are necessary.

When using AR technology to
establish a “common image language”
between different professions, we can
improve communication efficiency
and quality, reduce sampling errors
caused by poor communication,
and examine the demand for mass
production of furniture and structure
more objectively.

Regional
restrictions

Traditional sampling relies on the faceto-face communication between the
designer and the sample maker; they
directly examine the physical prototype
for discussion and correction. However,
if the location of the sample is far away,
it will take a lot of time and money to
travel back and forth and the sampling
process may be lengthened.

On the platform that integrates the
virtual and real entities, we can
overcome the limitations of location,
time and space, to save money and
time costs, provide better-optimized
design communication quality, and
shorten the sampling process.

Materials

The same materials as the real furniture
are used in traditional sampling. If we
want to try different material textures
and color effects, multiple sampling
prototypes will be needed, which is
time-consuming and costly.

We can use computing and computer
virtual to replace furniture materials,
color, surface and different sets of
parts in real-time, which is fast and
cost-effective.

Table 3.
Advantages and disadvantages of applying AR technology to furniture sampling.

continues this concept to gain an in-depth understanding of 2D and 3D vision and
space under the guidance of how to use AR technology to design media-assisted
interfaces on furniture sampling. The advantages offered by AR in furniture sampling are listed below (Table 3).
6.1 Providing the relative shape judgment and spatial visual reference for the
sampler maker
AR technology can provide a reference for the sample maker in the comparison of
the furniture shape, and quickly construct the relative state between the virtual furniture shape and the physical one. In addition to helping master the furniture type, it
can also increase the iterative correction and the basis for the shape adjustment.
6.2 Deploying flexible furniture components in real time
AR technology can quickly change the component’s shape, adjust the proportion, material and shape of the furniture, and even complete the disassembly
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simulation. These 3D animations can help the sample maker quickly understand
the shape and assembly set by the furniture designer. The concept of the furniture
design can be quickly and effectively conveyed to the producer.
6.3 Providing long-distance space formation discussion
The AR System can synchronize sampling images to different participants to
view and discuss in different sampling locations, which can be used simultaneously
by multiple people. With their own tablet displays (Figure 5), users can view from
different angles and discuss together without interfering with each other. In the
future construction of the AR sampling system, the modeling annotation and visual
aid guidance can be added to point out the problems of sampling and details during
remote discussion. Currently, Taiwan or European furniture design workshops
are developing towards a simple and diverse trend of manufacturing and off-site
production; AR technology will have much potential and developments in remote
discussion and sampling, whose applications will once again give it a new opportunity for research and development.
Therefore, in future furniture design, in addition to the accuracy of the spatial
scale of the sampling, AR will play a more important part in its application in the
development of new modeling and styling design. More in-depth research and
modeling analysis will be conducted on these characteristics in the future.
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Chapter 2

Augmented Reality as a New and
Innovative Learning Platform for
the Medical Area
Gerardo Reyes-Ruiz and Marisol Hernández-Hernández

Abstract
This research paper shows an Augmented Reality (AR) project applied to medicine.
The project is crystallized through a system, based on this new technology that serves
as an innovative and innovative learning platform, which, in turn, helps in both teaching and learning abstract concepts in medicine, which requires of visual and manipulable objects difficult to obtain, due to the large space they occupy in magnetic media or
because of how difficult it is to get their models in physical form. The proposed system
strengthens the anatomical identification process in the area of medicine, specifically in the physiological activity of the human heart. In addition, this system allows
interaction with the students, through which certain body parts of the human heart
are identified, and, consequently, facilitates their learning with an iterative operation.
Finally, the system is focused, so that the student uses his/her sense of sight, hearing,
and kinesthetic, which, together, will allow a better assimilation of knowledge.
Keywords: augmented reality, medicine, systems, interaction, teaching

1. Introduction
The need to have better prepared human resources and innovative and/or
entrepreneurial ideas, whether generated during their studies or not, motivates the
research community to respond, even in a timely manner, to each of the problems
generated, in turn, for these needs [1–3]. In this context, it makes sense to create
and provide a new way of learning for a specific group of students, particularly for
students pursuing a medical degree. In turn, it is clear that the transfer of knowledge
has evolved gradually over time, and it is also logical that teaching (which is nothing more than the process of educating) has also shown changes [4]. Therefore,
new generations of students should be prepared and adapt as soon as possible to the
challenges that new technologies face in the near future. In this way, new technologies favor education because they generate human resources with a better educational
quality. Moreover, [5] it is shown that those countries that have allocated considerable economic investments for the development and education of their population
achieved more efficient production and, as a result, maintained higher growth rates.
Regarding the transfer of technology and, simultaneously, specialized knowledge
have been subjects of study in multiple research papers [6–8]. However, since the end
of the last century in [9] it was emphasized that aid to developing countries consisting only in the transfer of economic capital would not be sufficient if the developing
23

Mixed Reality and Three-Dimensional Computer Graphics

country does not have an adequate level of human capital to take advantage of all
possible benefit of that help. Therefore, and through new technologies, it is essential to create a new horizon in science and technology in terms of favoring and/or
strengthening the current learning system and, in particular, that of medicine.
On the other hand, it is clear that technological advances have directly impacted
all activities of daily life, and the educational level has not been the exception. In
the latter, new strategies have been created and implemented that serve as support in the teaching-learning process, which systematically strengthen the way
of teaching and learning the most current educational content. Scientific and
technological changes are increasingly visible and it is clear that the interaction
between technology and the human being has also changed over time. That is, the
speed with which current technologies are developed, but especially the enormous
amount of them, does not allow a person to assimilate them in an acceptable way.
The latter is probably due to the fact that the information that is handled today
is so much that contemporary human beings must quickly assimilate a growing
amount, precisely, of the so-called new technologies instead of adapting them to
their needs. In this way, the human being has gradually become a technodependent
entity. As a consequence of all this, it can be mentioned that the current dynamics
of almost all daily activities, including education and/or creation of highly specialized human resources, has led us, among other things, to be immersed in a society
with technologies of vanguard. Undoubtedly, this is because the assimilation of new
technologies is increasingly accessible, interactive and economical.
In this globalized world, universities are taking a fundamental role in generating
human resources with cutting-edge knowledge. So much so, that [10] indicates that
European universities are currently incorporating digital technologies as a support
to facilitate educational processes. In this context, technological elements such as
the computer, mobile devices, internet, applications for the cyber cloud, projectors,
slides and other hardware or software resources have been the starting point for
the creation of new learning environments. In recent years, concern for the study
of learning design has increased markedly [11]. Under this approach, Augmented
Reality (AR) plays a transcendental and very important role, since the combination
of physical reality with virtual resources can be displayed in the form of multimedia
content. In [12] the AR is defined as a sequence of digital shots or computer generated information, while in [13] it is identified as a technology of high relevance for
teaching, learning and creative research.
Among the strategies that have shown great support for the new educational
systems, generated through the AR, stand out the Intelligent Tutorial Systems (ITS).
In addition, ITSs have proven to be a fairly efficient tool to support learning processes
and if ICTs are added to this dynamic, then completely new results can be obtained
[14]. For example, these intelligent systems make use of new technologies to improve
the performance and motivation of workers when assembling an appliance, relying
on a manual containing AR. In this sense, the “Intelligent augmented reality training
for mother board assembly” has shown great contributions in the training for manual
assembly tasks [15]. With this perspective, a more effective and faster learning experience has been presented, where less experienced users learn to mount a “motherboard” on the computer. Therefore, AR can be a technological tool of great support for
learning, which can be verified in the system “Augmented reality in informal learning
environments: A field experiment in a mathematics exhibition” [16]. Through this
educational environment, students manage to associate and understand, in a more
didactic way, mathematical figures with entities that exist in the physical world. Also,
the “An interactive augmented reality system for learning anatomy structure” system,
which is set out in [17], shows the parts of the anatomical structure of the human
body. This system allows students to identify each anatomical part, but not only shows
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those anatomical parts but also that the interaction is more dynamic and in greater
detail. For its part, the “Interactive augmented reality using Scratch 2.0 to improve
physical activities for children with developmental disabilities” system, shown in [18],
uses an interactive game for body movement, whose purpose is to improve children’s
driving force with a disability To conclude with the applications of the AR, in Magic
Book [19], which is a normal book containing bookmarks, the system when it detects
a bookmark then shows a three-dimensional image or starts a video story. In addition, in this system users can feel the sensation of flying and appreciate themselves as
avatars of a story, that is, the user can enter the virtual world of the book.
In this way, the multiple scenarios offered by the AR are extremely competent,
which can be well adopted in multiple fields of knowledge. There are applications
that target the mass market for advertising, entertainment and education [20].
However, medicine has been little explored in this context. Learning medicine also
requires optimal means, both technological and other, that allow students to learn
by doing. This can be achieved with interactive systems, since this dynamic makes
knowledge reach the brain in a sensitive, visual, auditory and kinesthetic way. This
with the purpose of acquiring the necessary, sufficient and current academic competences for their adequate professional development as future doctors; they also
require economic systems that do not need accessories that are not easily accessible
and difficult to obtain. Therefore, and to acquire the skills of know-how, medical
students must learn to perform medical procedures with living or dead people. It is
here where, precisely, new technologies make sense and relevance because multiple
medical processes can well be simulated by AR. Developing a platform that manages AR would be a means of training for each student, whose studies are related to
medicine, to evaluate their own learning before performing any procedure with living people. Thus, the present work aims to create an interactive system or platform
that serves as a support for learning medical procedures and, in particular, to know
in a novel way the functioning of the human heart.

2. Application description
The objective of this work is to apply the AR through a knowledge management
system, which will function as a novel and efficient learning strategy to be applied
in the area of medicine. Based on the software engineering mentioned in [21],
where communication guidelines, requirements analysis, design, program construction, testing and support are used for the construction of software. The work
program that was established was as follows:
a. Analysis of the system requirements with AR. In this phase, we investigated
the knowledge that the student should acquire with this material, that is, the
functioning of the human heart.
b. Formulate the abstract and physical design, code and create the software. In
this stage the AR was carried out, that is, a human heart was designed to be
shown three-dimensionally and the events (the characteristics of the Main
Menu presented by the AR) they were encoded with the help of JavaScript,
HTML5 and with the implementation of A-frame, free type software.
c. Prepare the files, identify and create test data, test and integrate the software.
The elements of the AR were encapsulated, obtaining the file that can be
executed in a Windows or Mac environment, with the help of a web server, a
webcam, a loud voice or a mobile device.
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3. Basic concepts
AR arose in the year of 1996, when ARQuake is presented, the first outdoor
game with mobile devices of AR, developed in [22]. Then, in 2008, the Wikitude
travel and tour guide application was released for sale [23], which was done through
AR by means of a digital compass, orientation sensors and accelerometer, maps,
video and informative content from Wikipedia. In 2009, ARToolKit [24] arises,
which is a totally oriented platform to generate AR. From these applications, the
AR has been used as the basis of numerous projects in different areas, ranging from
entertainment, industry, maintenance, music, medicine and education, among others. Moreover, very specific applications have been made as a virtual harp that was
designed for people with disabilities, which works through vibrations [25].
In the educational field, with the AR, molecular structures, mathematics, architecture, astronomy and physical activities can be taught to children with disabilities. In
medicine and education, specialized projects have been developed that show AR as an
efficient learning tool, such as the “An interactive augmented reality system for learning anatomy structure” system [26] which is integrated into three activities; The first
is to show the parts of the anatomical structure of the human body, the second is that
it allows students to identify each anatomical part of the human body, and the third
allows a deep glimpse of the internal parts of the aforementioned anatomical structure.
In this way, our learning platform describes the design of a system such as the
establishment of data structures, the general architecture of the software and the
representations of interfaces and algorithms. That is, the system process translates
the requirements into software specifications. The objective of the design phase is to
publicize the behavior of the proposed solution; This is conceived taking into account
that the design is a preface that begins the construction of programs and/or activity
processes that are normally carried out by users, which seek to be improved by adding
speed, efficiency, efficiency, savings and visual design. The first action that begins with
the design is the determination of the system architecture, which refers to the hierarchical structure of the program modules and, in addition, is focused on the way to interact
between its components and the structure of the data used by them. There are currently
several software architectural styles. However, and due to the nature of the system
presented in this work, the methodology applied (which is also called active or dynamic
practice) has as its main feature to perform a search for the immediate application or use
the knowledge acquired to then confront them with practical problems or real concrete
circumstances [27]; All of these features adapt perfectly to the objective of our system.
The system oriented to the functioning of the human heart with AR aims to
show and obtain an application (software) that helps medical students to identify
the parts that make up this operation in a virtual model, through various sensory
senses. With the approach shown in [28], the software presented in this work is
aimed at making available to students an application that is easy to obtain and at the
lowest possible cost, since the system can be run on a desktop computer and whose
main requirement is that it contains a webcam for the detection of the images that
will be processed with the AR. This technology makes it possible first, for medical
students to learn in a three-dimensional entity and then, that they can simulate the
physical constitution of a model and the functioning of the parts involved in the
psychological process related to the functioning of the human heart.

4. System architecture
After analyzing the system and understanding and determining how it works,
the requirements to create it are obtained and it is then time to proceed to elaborate
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the design and construction, represented by its general software architecture and
interfaces and algorithms, that is, the process that translates the requirements into
software specifications. The objective of the system design phase, show the behavior of the solution proposal.

Figure 1.
System sequence diagram (source: prepared by the authors).

Figure 2.
System activities diagram (source: prepared by the authors).
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Figure 3.
Prototype of the system. (source: prepared by the authors).

The logical view of the system architecture, describes its structure and functionality, for this, a sequence diagram was used, where you can observe the actions
that the entities of the system do, since the user of the RA focuses the camera of the
device on the marker that triggers the RA, through the learning actions and finally
the evaluation of the acquired knowledge.
The system can be seen in Figure 1, where the diagram shows the actions,
starting with the one that gives access to the system, which is stored on a website,
and contains link buttons showing the functions with the options: video, audio and
learning, from the last one an evaluation is derived.
Process view: to represent this view, it is done with an activity diagram shown in
Figure 2, for this view only the core activities of the systems are shown, which is to
demonstrate the AR.
For the development of the system, it was taken into account that the users
already have an academic trajectory and that, their required disciplinary knowledge, are more specific, so, the resources made include knowledge directed towards
students of professional level, so that in prototype of the system, which can be seen
in Figure 3.

5. User interface
AR is shown with virtual objects that can be shown by the association between
the two-dimensional (2D), called marker, initial image and a three-dimensional
(3D) image, where the first image is focused on the camera and takes the form of
a physiological model of the human heart (the image was made in SketchUp and
the AR was encoded with JavaScript and HTML5 on an A-frame platform), which
can be manipulated to visualize it from a different position and angle, giving the
appearance of a real physical model (Figure 4).
The system displays a Menu of options (Functions, Audio, Video and Learning),
which “trigger” an event when the user clicks on any of its options (these actions
were programmed using JavaScript on an A-frame platform). That way, when the
user clicks on the Functions option, a web page will be displayed, whose purpose
will be to show each element that is involved in the functioning of the human
heart, showing images and text that describe it (Figure 5). When the user selects
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Figure 4.
Image of a two-dimensional (2D) human heart placed in front of a camera (source: prepared by the authors).

Figure 5.
Result when selecting the menu functions option (source: prepared by the authors).
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the Audio option in the Menu then an audio file will be displayed where the main
functions of the human heart are related (Figure 6).
On the other hand, when the user selects the Video option from the Menu, a
video file will be displayed, showing the operation, in extenso, of the heart (see
Figure 7). Finally, when the user selects the Learning Menu option then the system
will show a didactic test where the student will have the experience of experiencing
and practicing, through the AR, the functioning of all parts of the human heart. In
this didactic test, you can accumulate the evolution of your learning and different
levels of learning will be shown, such as a video game (Figure 8).

Figure 6.
Result when selecting the audio option from the menu (source: prepared by the authors).

Figure 7.
Result when selecting the video option from the menu (source: prepared by the authors).
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Figure 8.
Result when selecting the menu learning option (source: prepared by the authors).

Figure 9.
Didactic test carried out by AR (source: prepared by the authors).
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In this didactic test, a series of questions are asked for student self-evaluation,
where you can appreciate the evolution of their acquired knowledge. This evaluation contains questions with dichotomous answers (the questions were implemented with JavaScript events carried out on the SDK platform), which serve as
input for the system to show the score obtained by the user (Figure 9).

6. Results and tests
To evaluate the system presented in this work, computers were installed in a
school where medical learning units are taught: 2 text sheets were provided to 28
fifth-semester students to learn about the functioning of the human heart and, subsequently, they were shown the system developed in this work. Since the students
had the opportunity and experience to know the system, a survey was applied.
The purpose of this survey was to know three assessment parameters (according
to the objective of this research and whose concept implies that students learn by
doing) about the AR-based system: learning, motivation and ease of use. Likewise,
the level of knowledge retention was evaluated with respect to the aforementioned
variables, which was carried out by comparing the two ways in which students
studied the functioning of the human heart, that is, with and without AR. Table 1
summarizes the responses of the students surveyed regarding; (1) the self-assessment
score in the system; (2) how they felt with the use of the system and; (3) how
accessible or complicated the system management seemed to them.

Significant learning

With AR

Without AR

89.3%

35%

Motivation

94.6

35.7

Easy to use

93.8

96.6

Performance

82%

60%

Table 1.
Results for the AR-based learning system (source: prepared by the authors).

7. Conclusions
The creation of a new learning platform, through the AR, will allow medical
students, particularly anatomy and physiology, to obtain quality knowledge, as well
as a correct approach to new technologies for timely execution. of your activities
either in an operating room or in your classroom. To acquire the skills of know-how,
medical students must learn to perform medical procedures with living or dead
people, these processes can be simulated with AR. A platform with these qualities is
a means of training for each student to evaluate their own learning, before doing it
with living people.
There are multiple complements to make RA a more interesting and attractive experience. Among them we can highlight the lenses for AR (which can even
handle and display certain data when used), helmets adapted with visors for AR
and surround sound, or smartphones of the latest generation with AR. In virtual or
mixed environments, you can use gloves, screens, or rooms equipped with specific
objects to feel and/or appreciate the reality extended virtually. Undoubtedly,
there are countless options to generate new environments, whether educational or
not, where the AR is the main tool for its development. These complements and
32

Augmented Reality as a New and Innovative Learning Platform for the Medical Area
DOI: http://dx.doi.org/10.5772/intechopen.90871

new environments will depend on the budget available for their implementation,
development or creation, but, in general, their creation is not too expensive. What is
clear is that these environments favor and facilitate the learning process of students
at any educational level.
Through this work, the following is verified: (1) AR is a useful and easy-to-use
tool that works to build suitable learning environments, which allow students to
feel motivated, encouraged and eager to continue learning; (2) With the support
of the AR systems can be generated that help the learning of abstract or difficult
to perceive knowledge; (3) Medicine handles models whose appearance and form
help and strengthen learning, which can be represented with three-dimensional
entities (3D); (4) The interaction with the AR and the multimedia materials that are
added to the physical reality allow the sensory senses of the human being, and in
particular of the students, to be progressively stimulated, thereby achieving that the
student learns in an auditory, visual and kinesthetic; (5) For its part, the design cost
will depend on how much is available to invest in accessories and/or complements to
show the AR, but the programming and design of virtual reality (three-dimensional
(3D) design, simulation and page web) are generally not very expensive. However,
an advantage of the proposed system is that it could be reused, adapting new
knowledge and free three-dimensional (3D) models on the web. Finally, mention
that the challenges of the AR for educational environments are vast and transcendental. However, a contribution of this nature allows cementing the foundations to
broaden the current horizon of learning and create a new mosaic of knowledge.
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Chapter 3

An Interactive VR System for
Anatomy Training
Djamel Aouam, Nadia Zenati-Henda, Samir Benbelkacem
and Chafiaa Hamitouche

Abstract
In recent decades, virtual reality (VR) becomes a potential solution to enhance clinical
medical (functional reeducation, training, etc.), especially with the growth evolution of
technologies form both visualization (e.g., HoloLens, VR in Case, etc.) and 3D gestural
interaction (Ray Casting, Free Hand, etc.) point of views. The 3D visualization of the
human anatomy could be a serious asset for students in medicine. This new technology
could provide a clear and realistic representation of the internal organs of the human
body, without having to resort to surgery. 3D organs based-course supports visualization
could be a useful tool for students, especially in their first graduate studies, to enhance
their perception on human’s internal composition. This system is composed of two
modules, 3D human’s anatomy visualization module and interaction module for organs
manipulation. Finally, the system will be tested and evaluated with several subjects.
Keywords: anatomy training, virtual reality, 3D interaction, usability,
3D visualization

1. Introduction
Several applications of training are arranged in a virtual environment. In these
simulated environments, users could be exposed to critical situations that affect
directly their security and life. This case is highly common in combat strategy training and surgical operations. Thus, experts in medical field strongly recommend
the use of simulators and virtual reality technology for training surgery for future
doctors. This solution offers more efficiency for training. Realistic virtual environments have been realized in order to immerse the user in this environment so that
he can simulate real situations that can be realized. Medicine today knows technical
and technological progress. This evolution makes the training task so complex to be
done by the trainer and to be explained for the students.
In recent decades, VR technologies offer a great opportunity in medical training
for students and health learns. Also, the vulgarization of new technologies encourages medical learners to be familiar with VR.
In this paper, we address the issue of VR-based medical training. In particular,
we focus on designing human body anatomy teaching system using VR. The purpose is to facilitate understanding complex anatomy course. The proposed system
allows trainers as well as learns to interact with human organs in order to obtain
further explanation about the selected organ in a 3D form. Our system provides a
VR educational tool with several functionalities: (1) the first consists in displaying
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skeleton, organs and blood network, (2) the second provides a body part explanation selected by the learner using an interactive tool and (3) finally, our system
allows decomposing a selected organ to see its internal details.
Through our VR teaching system, we can implement interactive medical training
case studies. This is given in more details in this paper. In Section 2, we present the
role of VR in medical teaching. Section 3 provides related work on medical learning domain. In Section 4, a conceptual model of our system is described. Section 5
presents the application usage scenario and the sequence of events. Finally, Sections
6 gives the different stages of asset modeling and their integration into the virtual
environment by showing some results of the designed environment.

2. Contributions of virtual reality for medical training
Classical training methods do not always meet current educational objectives as
the large amount of data to be transmitted to learners. At this time virtual reality
(VR) can be an alternative to the data management problems encountered in previous approaches.
VR offers new solutions to all control and control simulation and communication problems. It is presented as an improvement of classical simulation techniques.
The use of virtual reality for training has many advantages over training in real
environments such as:
It allows us to carry out tasks without danger: to work in immersion we are in
contact with virtual objects that do not risk to hurt us by manipulating several
objects (objects of operating room such as the scalpel) [1].
The tolerance that means we have the permission to make and to make mistakes
without the security being questioned because the errors are formative (ex: to make
errors on a virtual body no risks if one made these errors on a human body who can put
his life at risk). In the same context the VR allows us to realize scenarios with realistic
sensations in order to put the learner in more realistic situations we can simulate more
realistic environments and in rare conditions and impossible to realize them in reality.
Another positive point of the VR is the availability as it provides you with training that does not have time constraints or presential because training in VR does not
require a specific time or attendance requirement in a room. Course you can take
your course in any place at any desired time.
More to the advantages mentioned above is the cost and the occupied space
because the use of the VR occupies a minimal space compared to a model or a classic
skeleton, moreover the use of the same equipment for other modules and even of
other training which makes training using VR less expensive compared to training
using conventional teaching methods.
Immersion in a virtual world enriches learning and enriches this environment by
integrating important sensory aspects in many contexts.

3. Related work
A lot of work has been done in the field of teaching with the help of the VR
since the latter has had the attention of the researchers in order to facilitate the task
to the trainers and help the future doctors to assimilate the course, thus there are
those who have simply made a state of the art on both teaching methods and draw
conclusions on the advantages of each and the disadvantages and others have had to
propose applications in different medicinal specialties.
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Khwanngern et al. [2] studied a rare case that consists of craniofacial disorder,
seen as a rare case of this phenomenon that student doctors may never have a real
case of the cutting process and make that in theory what is not beneficial for students, to remedy this have created an application that simulates the human skull in
an operating room and thanks to the motion controllers can cut, drill and manipulate the latter. In this work, we focus on an important action during jaw surgery, the
process of cutting the mandibular bone (lower jaw). The cut requires great precision and a small mistake can damage the facial nerve, which can lead to paralysis of
the facial muscle. The proposed idea is interesting but it does not simulate reality
because it simulates the skeleton of a skull but in reality we are confronted with a
human body preferably to simulate a human body and proceed to cut, and second
point we visualize the helmet controllers which may hinder us during the cut by a
loss of precision.
Alfalah et al. [3] conducted a comparative study between traditional medical
education methods and that of VR technology, the VR came to solve the shortcomings of the traditional method since the latter is a tool that offers additional means
to teach in order to improve the quality of skills and to meet the requirements of
modern medical training in order to overcome the difficulties encountered by students and teachers in conveying the message. A comparative study was conducted
between the two teaching methods in VR and classical method. The experiment
that has been conducted is to test students by offering them a questionnaire on both
teaching methods and the VR offers the possibility to display the organ (human
heart) in 3D and manipulate it. Does not exist in conventional method, dissect the
3D cardiac model in layers to clarify anatomical relations of different parts, explore
the information on each component of the model, explore the features provided in
the system.
Huang et al. [4] conducted a student acceptance study of new technologies such
as VR. Have set up a learning application in VR by distributing a questionnaire to
students when using the application in order to have their opinions, after such an
experience have deduced that the percentage of acceptability is high. And these
applications allow students to take their courses without being tied to the constraints of time or face to face, we can follow the course of the place we want and at
any time.
De Faria et al. [5] seen to the methods used in the formation and teaching of the
future doctors is really complex of the methods that are based on conferences or the
dissertations in laboratory, to do have composed 3 working groups with different
tasks and comparing their perception during different attempts using the two learning methods and comparing the statistics of these, the results reveal satisfactory
results using the VR in the teaching that the students better assimilate the course to
the VR assistance.
Izard et al. [6] have excellent 3D human body anatomical models, and many VR
applications that have been designed based on DICOM and Asteion CT scan, by
Toshiba Medical Systems, of Complejo Hospitalario. Universitario de Salamanca,
following the study protocol of the skull: one in anteroposterior projection and one
in lateral position. Applications allow users to move within different parts of the
human body using the stereoscopic system and interact to make a decision about
which information to display by conducting a study of potential and contribution
teaching of VR in education.
Mathur [7] has studied a really important and important case by initiating each
project that the cost, and most of the existing virtual reality systems are really
expensive especially when it comes to specialized systems, to remedy it he proposed
a system with an oculus helmet and razer controllers hydra a system.
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4. Conceptual model
In our case we designed an application by providing interactive educational tools
that offer the possibility of interaction in order to make decisions on the explanations that we want to display in the virtual environment, the whole experience is
in 3D immersion and we provide interactive educational tools. In the environment
we have an avatar of a human body or the user has the ability to manipulate this
body using the touch of the HMD helmet. we provide him with a menu that he can
configure using the touch or the latter can play on the rotation of the human body
and play on the transparencies in order to separate the skeleton alone or just the
organs, by targeting an organ or a bone you will have the definition of the latter
which appears on a side panel and thanks With the laser keys you can scroll so that
you can read the entire text.
Our work consists in the development of an orgVR application which is a teaching platform (application) dedicated to medical students but the advantage of the
latter that the application can be used not only not for medical students but also
people who are curious and want to deepen their knowledge in the field of human
anatomy.
The desktop application orgVR is an educational application on the anatomy
of the human being which allows a user equipped with the oculus rift helmet and
touch controllers to interact with the human body, the possible interactions are
numerous (X-ray, rotation, change of opacity, appearance of documentation, etc.)
implemented thanks to c # and xml scripts and shaders that we have developed on
organs that we have modeled.
The proposed environment is an immersive and interactive environment, or the
user is endowed with an oculus rift helmet and touch or the latter will be immerse
in a laboratory and thanks to the touch can use the interaction principles that are
implemented (navigation, manipulation and selection).
1. Navigation: is the ability to move in a virtual environment to make translations
while being immersed, the proposed environment is an immersive environment which offers the possibility of navigating in this environment thanks to
the translations and the movement sensors which translate between our position in the real world and the virtual world.
2. Selection: the principle of selection is applied when you want to have the
definition of an organ or other thanks to the laser of the oculus rift touch it is
enough just to target (target) this organ or the part of the body you will have
the definition of the latter which appears in pop-up window format on the side
and you can scroll in order to be able to read the entire text, thus allowing us to
select the different menu items.
3. Manipulation: the application has a menu that carries several functions that allow you to manipulate the human body, this menu that allows you to manipulate the body and play on the transparency and rotation functions.
4.1 Conceptual diagram
The conceptual diagram represents the main modules of our application. Our
product is made up of three main models (rendering module, interaction module
and tracking module). Conceptual diagram describes the global functioning of our
application. By dissecting this diagram we start with the database is an essential
part where the different 3D assets and the scenes are stored in when the application
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is launched the game engine loads the assets and the environments from the database as well when using the application, we use this data depending on the event
triggered (Figure 1).
As we can see on the diagram a user equipped with an HMD helmet (oculus rift)
and touch which is immersed in the virtual environment and performs movements
this is where the tracking module plays an important role in retrieving the geometrical position of each movement and movement of the user in order to ensure navigation within the environment. The tracking module is composed of two parts seen
we have two main objects to track down the HMD helmet and touch them. The aim
is to recover different positions of the helmet, while being able to touch them in real
time by sending information to the rendering module. The renderer part projects
3D scenes accordingly to the import information, which is collected by the tracking
module and interprets each of performed movement (or event) to ensure effective
immersion and navigation tasks, as well as interaction with the virtual environment.
4.1.1 Tracking module
Is responsible for retrieving the geometric position of the hands (touch), the head
(HMD helmet) and translating the latter from the real world to the virtual world.
4.1.2 Interaction module
Retrieves the geometric data and interprets them in interactions following an
event from a peripheral as in our case by targeting an organ with the touch with a
click on the trigger an interaction that occurs.
4.1.3 Rendering module
Is the essential module in virtual reality given the visual context is important in
immersive environments. This module allows synchronization of movements and
scenes. In addition, this module allows you to load the necessary 3D models and
other data such as organs and their definitions in pop-up loaded from the database.
The rendered model selects the appropriate 3D models and projects them
through the lenses of the Head Mounted Display (HMD) helmet.

Figure 1.
Conceptual diagram.
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5. The orgVR usage scenario
By launching the application the first step is to wear the oculus rift helmet and
put the oculus touch controllers and set up the two movement sensors in order to
track our position once everything is in place the user is immersed in the first scene
or window where he can choose the gender of the body to manipulate or study
(male or female).
Once the choice is made, he will be teleported to another scene or will be
immersed with the body he has chosen for study. Thanks to the side menu, manipulate this body and interact on it such as doing rotations in order to rotate the body on
itself, playing on the level of opacity of the different layers of the body. By pointing
the laser of the touch on an organ, the organ in question lights up if we wish to
have a description or the role of the latter, just press the button of the keys with our
pushes a window in pop-up format appears using the laser, you can scroll to be able
to read the entire message.
If you want a more detailed study of an organ, you just have to aim it with the
laser and press the trigger, you will be teleported to another room (scene) or you
will be isolated with the selected organ. The same principle as the previous scene
the presence of a side menu which allows you to make rotations for the organ or cut
the latter, move the cutting plane, so that we can catch this organ with the virtual
hands present thanks to the touch, play on opacity which means transparency, so
that we can also reload the scene to start again or return to the first scene where
there is the human body.

6. Methodology
In order to reach our objective we need two main parts or configurations the
hard configuration consists of adequate material for the development and use of
our application, and the software part which allows us to model our environment
and the assets used.
To develop our environment we went through two main stages.
6.1 Preparation and integration models
This part is the longest and most complex part in the work that has been done;
this work consists of developing assets. We were not satisfied with the assets that
exist on the net; we wanted to offer our own assets with a more realistic and detailed
touch. To do this we had to use several modeling utilities.
6.1.1 Modeling (sculpting)
This is the most delicate step of the implementation because the objective was to
create realistic models to improve the realism of the models and the user immersion
for this we used the Blender software. The models were sculpted in highpoly (large
number of polygons) (Figures 2 and 3).
6.1.2 Rotopology
It is strongly advised not to use highpoly models in 3D scenes because the very
high number of polygons negatively affects the performance that is why 3D modelers use a technique called retopology, this modeling technique will use an existing
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Figure 2.
Heart modeling.

Figure 3.
Highpoly model.

3D model to redo (better) its topology. This will consist of coming to magnetize
on existing surfaces, new points, edges and faces. Thus, the extrusions and transformations of the new topology will perfectly follow the faces of the model object,
after the application of this technique the model will have a lower number of
polygons that will improve performance without reducing the details on the models.
We used instant mesh for this step (Figures 4 and 5).
6.1.3 UV mapping and UV unwrapping
A UV map is the flat representation of the surface of a 3D model used to easily
wrap textures. The process of creating a UV card is called UV unpacking.
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Figure 4.
Retopology stage.

Figure 5.
Lowpoly model.

Once the polygonal mesh has been created, the next step is to “decompress”
it in a UV map. Now, to give life to the mesh and to give it a more realistic aspect
However, there is no 3D texture, because they are always based on a 2D image. This
is where UV mapping comes in, because it is the process of converting your 3D
mesh into 2D information so that a 2D texture can be wrapped around it (Figure 6).
6.1.4 Texturing and painting
In this last step, we apply a texture on our 3D models with Substance Painter. A
texture is an image representing a surface offering the possibility of simulating the
appearance of this when we paste it on a 3D object. Textures are particularly used
generally in video games, and textures offer an aspect close to reality. After this step
the models are ready to be exported to unity (Figure 7).
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Figure 6.
UV mapping stage.

Figure 7.
Texturing stage.

6.2 Results and test
After the design of our assets, the role came to integrate them into our virtual
environment. The biggest challenge after the integration of assets is the implementation of interaction methods in order to offer better visualization and perception
to the user. Within our virtual environment we have implemented and used several
methods of interaction with objects, among these shader method or raycasting to
enrich the functionality of our environment for better interaction more detailed
because the functionality of shader allows us to perform (cuts, grabbing, etc.).
6.2.1 Pointing laser and interaction
The biggest difficulty we encountered was to implement the pointing on the
organs while managing the interaction with the UI menus, this pushed us to take
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a very particular interest in the system of ray jets (raycasting) of unity in effect in
a 3D scene in virtual reality the user cannot use the mouse and that is why we have
implemented a laser play the role of a pointer allowing interactions with the virtual
environment. As the following figure shows us the result obtained by implementing
the two raycasting scripts so that our laser is operational (Figure 8).
6.2.2 Shader managing the object cut
The cup was the most important interaction we wanted to achieve, it was also
the most difficult to achieve here we explain as we implemented it.

Figure 8.
Interaction laser.

Figure 9.
Cut from the heart by the plane.
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First of all we had to define how we wanted the user to carry out the cut from
a methodical point of view (by what he will apply the cut) so we deemed it more
realistic and interactive that the user can do the cut by passing a glass plane through
the body, the latter can either be manipulated by catching it directly with the hand
or by means of sliders on the UI menu. There the cutting effect is implemented
thanks to a “OnePlaneBSP” shader which is applied to the organ, this shader calculates the position of the vertexes of the organ by adding to that of the cutting plane
to identify the vertexes of the organs which are at—above the plan to prevent them
from being drawn on the screen (Figure 9).

Figure 10.
Transparency effects.

Figure 11.
Heart grabbing.
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Figure 12.
A student using the application.

6.2.3 Shader managing opacity and X-ray effect
The change of opacity and the X-ray effect are two purely visual effects, we
implemented the first thanks to the shader “TransparentDiffuse ZWrite” which is a
simple transparent shader and to the script “Opacity Controller” which applies the
effect on the organ. The second effect is achieved with a simple “XrayEffect” shader
which is a simple transparency shader but which applies a white color to all the
vertices to give an X-ray effect (Figure 10).
6.2.4 Object grabbing implementation
In this last part we will explain how we implemented grabbing objects. This
interaction was very easily implemented using the oculus integration kit in unity, we
added hands to the user avatar and a simple collision circle around the objects made
it possible to catch objects intuitively as in the real environment (Figures 11 and 12).

7. Conclusion
We managed, through this work, to create a medical educational training
application in virtual reality which works under Windows and which allows users to
visualize the human anatomy and interact with organs in numerous ways (section,
X-ray, grabbing, rotation, etc.).
To design an effective virtual environment, usable and useful for training, we
proposed a design methodology taking into account the educational objectives and
technological capabilities.
This methodology allowed us to specify an optimal EV for the educational training of young medical students in anatomy. This EV does not reproduce reality as
perfectly as possible. Indeed, realism is not the most effective solution in all cases of
training. Sometimes, it is interesting to walk away from it to show hidden realities
or to understand abstract concepts. The many potentials of virtual reality allow us
to offer different levels of realism and abstraction.
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In the proposed environment, the oculus rift virtual reality headset was used
as hardware, a headset that allows total immersion in a virtual environment and
ensures navigation and interaction in the latter. The choice of equipment is based
on the availability of the helmet in our laboratory because this choice is not the ideal
choice.
Because the use of the oculus rift headset is not the best solution seen after the
use of the latter we noted shortcomings such as the problem of latency and the feeling of dizziness for use for a certain duration and since the proposed application is
an educational application the student or learner is called to use the application for
long periods of time plus the reduced quality of the image quality.
To remedy this kind of problem HTC Vive pro a headset which offers a better
resolution of rendering (display) and reduce the problem of latencies observed
within the oculus rift and also it has remedied the major problem of vertigo especially for first use of the headset or long-term use suffered by users of other virtual
reality headsets.
But we see that the two types of helmets suffer from a common problem which
consists in freedom of movement and risk of accidents since they are more wired
helmets in order to be able to use these two helmets. PC gamer with graphics
power which is really expensive and users cannot afford such hardware due to the
excessive prices of these machines. In order for these applications to be used by the
general public, the oculus firm has launched the oculus quest headset, which is an
autonomous wireless headset which does not require a PC. The latter offers similar
functionality to previous headsets with a lower price and a degree of freedom.
Higher compared to the oculus rift and HTC Vive. Certainly the oculus quest has
solved some shortcomings encountered on previous headsets also does not escape
shortcomings despite these advantages. The quest’s major problems is the reduced
quality of the rendering compared to the rift headset and the HTC vivid second
point is the storage space the latter does not allow to make an extension.
The last type of helmet that VR helmets for smart mobiles is the most popular
among the general public. This model is ideal in terms of production cost and
deployment seen is within the reach of the large number of users except that the
latter is really limited in terms of interaction because this solution just allows visualization and offers no alternative in order to manipulate 3D objects. In addition, the
smart mobile must be equipped with adequate sensors (gyroscope, accelerometer,
etc.) in order to guarantee navigation in the 3D environment.
The developed environment is an application that runs in local host by way of
perspectives. Several improvements are envisaged for the developed system:
• Extend the application to support collaborative work. Access of several users
at the same time or on time to the same shared environment by implementing
network methods in local network or remote network.
• Implementation of the application on several interoperable virtual platforms.

49

Mixed Reality and Three-Dimensional Computer Graphics

Author details
Djamel Aouam1*, Nadia Zenati-Henda1, Samir Benbelkacem1 and
Chafiaa Hamitouche2
1 Center for Development of Advanced Technologies (CDTA), Algiers, Algeria
2 Image and Information Processing Department, Institut Mines-Telecom (IMT)
Atlantique (Ex: Telecom Bretagne), Technopôle Brest-Iroise, France
*Address all correspondence to: daouam@cdta.dz

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium,
provided the original work is properly cited.
50

An Interactive VR System for Anatomy Training
DOI: http://dx.doi.org/10.5772/intechopen.91358

References
[1] Schild J, Misztal S, Roth B, et al.
Applying multi-user virtual reality to
collaborative medical training. In: 2018
IEEE Conference on Virtual Reality and
3D User Interfaces (VR). Reutlingen,
Germany: IEEE; 2018. pp. 775-776.
Available from: https://ieeexplore.ieee.
org/abstract/document/8446160
[2] Khwanngern K, Tiangtae N,

Natwichai J, et al. Jaw surgery
simulation in virtual reality for
medical training. In: International
Conference on Network-Based
Information Systems. Cham:
Springer; 2019. pp. 475-483. Available
from: https://link.springer.com/
chapter/10.1007/978-3-030-29029-0_45

[3] Alfalah SFM et al. A comparative

study between a virtual reality heart
anatomy system and traditional
medical teaching modalities. Virtual
Reality. 2019;23(3):229-234. DOI:
10.1007/s10055-018-0359-y. Available
from: https://link.springer.com/
article/10.1007/s10055-018-0359-y
[4] Huang H-M, Liaw S-S, Lai C-M.
Exploring learner acceptance of the use
of virtual reality in medical education:
A case study of desktop and projectionbased display systems. Interactive
Learning Environments. 2016;24(1):319. DOI: 10.1080/10494820.2013.817436.
Available from: https://www.
tandfonline.com/doi/abs/10.1080/10494
820.2013.817436
[5] De Faria JWV, Teixeira MJ, de Moura
Sousa Júnior L, et al. Virtual and
stereoscopic anatomy: When virtual
reality meets medical education. Journal
of Neurosurgery. 2016;125(5):11051111. DOI: 10.3171/2015.8.JNS141563.
Available from: https://thejns.org/
view/journals/j-neurosurg/125/5/
article-p1105.xml
[6] Izard SG, Méndez JAJ, Palomera PR.
Virtual reality educational tool for
51

human anatomy. Journal of Medical
Systems. 2017;41(5):76. DOI: 10.1007/
s10916-017-0723-6. Available
from: https://link.springer.com/
article/10.1007/s10916-017-0723-6
[7] Mathur AS. Low cost virtual reality
for medical training. In: 2015 IEEE
Virtual Reality (VR). Arles, France:
IEEE; 2015. pp. 345-346. Available from:
https://ieeexplore.ieee.org/abstract/
document/7223437

Chapter 4

Learning by Augmented Reality:
Cluster Analysis Approach
Helena Thuneberg and Hannu S. Salmi

Abstract
Because the use of augmented reality (AR) is increasing, it is important to study
its possibilities within both formal and informal learning contexts. We clustered 146
sixth graders using AR at a science center based on their reasoning, motivation, and
science learning results using the self-organizing maps method (SOM) to identify
AR-using subgroups. The aim was to consider reasons why the AR method could be of
more beneficial for some students than others. The clustering results complemented
earlier findings on AR gains in learning, as an unexpected response to intervention was
discovered using this nonlinear analysis. The previous results had indicated that after
the AR experience, science test results generally improved and particularly among
students with the lowest achievement. The SOM-clustering results showed a majority
group of boys, especially those interested in science learning both at school and at the
science center using AR. Despite low school achievement, their high motivation led to
good science learning results. The prior results, according to which girls closed the science knowledge gap between boys after using AR, became more relative, as two girldominated subgroups were identified. The reasons for the results were considered on
the basis of motivation, multimedia learning theory, and concept formation theories.
Keywords: science learning, augmented reality, informal learning environment,
SOM-clustering, self-determination theory

1. Introduction
Augmented reality (AR) technology offers possibilities to demonstrate complex
phenomena in a novel way. At its best, the novelty of AR makes it an effective servant
[1], but on the other hand, it sometimes has been shown to increase cognitive load due
to bad practical usability and also because the tasks used are too complicated [2]. The
AR advantages can be theoretically understood through multimedia learning theory,
which explains how blending virtual contents into the real world can support brain
functioning in cognition and learning [3]. The theory stresses the use of pictures
in learning instead of just words [4]. Afandi et al. [5] elaborate on the theoretical
points further as applied to AR by replacing pictures with real objects and words with
symbols and virtual text. From the sociological perspective, the AR method can likely
enhance the fulfillment of the essential idea of big principles and ideas of science education [6] and advance understanding about science even for people who otherwise
would remain outsiders. AR can be viewed as a great example of tools which, for their
part, pave the way for attaining the twenty-first-century competences [7, 8].
In the Finnish national core curriculum [9], the twenty-first-century competences are called transversal competences, which include seven areas. The area with
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which the connection with AR is most direct is the information and communication
technology (ICT) competence. It relates to understanding the principles and essential
concepts of ICT and involves creative manipulation of ICT applications and through
it communicating thoughts and ideas. In addition to being as an essential skill itself,
it is asserted to support the thinking and learning-to-learn competence and to be a
sub-skill of the multiliteracy competence.
Augmented reality as a support method for learning has previously mainly
been studied in a classroom context [10], although positive results have also been
reported in informal learning environments [11]. Most of the previous studies have
been qualitative, but based on a meta-analysis of 87 articles [3] and in another 64
analyses [12], a medium effect of AR on learning has been identified, usually in
cross-sectional designs. The goal of these variable-oriented studies has been to show
general tendencies, usability, advantages, and disadvantages of AR [13], and the
compared variables have been knowledge tests, school achievement, motivation,
collaboration, and other variables related in learning [14].
The most important article relating to the present book article is “Making
invisible observable, learning abstract phenomena in an abstract way” [15]. In
that study AR was applied in a quasi-experimental pre- and posttest design in an
informal learning environment, i.e., in the science center. As expected based on
the research literature, positive learning results were obtained, although without a
controlled design, using test and control group interpretation of the results must
be cautious. The effect found between the pre- and posttest in knowledge gain was
of medium size (partial η2 = .10), which the result was further analyzed using a
structural equation path-model controlling motivational and cognitive variables.
Pupils’ prior interest in science and readiness to take responsibility for setting their
own goals have previously been found to enhance learning in an informal learning
environment [16].
Our study showed two routes which seemed to enhance the post-knowledge
scores. The stronger one was going via preknowledge and the other less effective
through attitudes and motivation. Knowledge before the exhibition had a direct
medium prediction effect on the post-results, but a positive attitude towards
science center education had a direct effect, as well. School achievement, gender
and autonomy experience, positive attitude, and situation motivation towards the
science center education all predicted indirectly some of the knowledge results after
the intervention. Based on the results, the AR technology experience was shown to
be beneficial, particularly for the lowest-achieving group. Also, girls took advantage
of AR and had as high knowledge scores as boys in the posttest.
Now, in the present book chapter, the aim is to complement and cross-validate
our previously reported results by using methodological triangulation by a personcentered approach elaborated from the Finnish version [17]. The aim is to elaborate
the general tendency found, the general rule, that the low in-school achieving
students and girls would specially benefit from the use of AR. In order to identify
the deviation from the general tendency, the possible subgroups, and the potentially
interesting nonlinear connections, the students are clustered based on the results of
the learning, cognitive, and motivational test results.
The research questions are:
1. What kind of subgroups and results complementing the previous study can be
identified by clustering the AR-using students based on cognitive reasoning,
motivation, science interest, and knowledge learning test results?
2. How are boys and girls and students achieving differently in the school
environment represented in the subgroups?
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2. Method
2.1 Participants
The participating 146 pupils were 11–13 years old, and 51% (n = 75) of them
were girls. They were from seven schools from the Helsinki Metropolitan Area
in Finland.
2.2 Context
The pupils visited a typical science center exhibition, which included five
AR technology-supported exhibits. They were (1) the Doppler phenomenon,
(2) Boltzmann’s molecule movement, (3) the Young experiment, (4) the airplane
mini wing exhibit, and (5) rolling double cone.
The context of the study was formed as an open learning environment consisting of AR equipment (Figure 1), hands-on exhibit (Figure 2), experimenting with
small-scale real objects (Figure 3), and testing AR demonstrations (Figure 4).
The photos above are showing just one case related to flying. Also all the four
other topics were taught based on the same pedagogical principle: the mixed reality
as an open learning environment was formed by bridging the gap between virtual
AR technology, real hands-on objects, and interactive learning by science center
exhibition objects.
2.3 Instruments
1. Deci-Ryan motivation. A self-determination theory (SDT)-based SRQ-A
questionnaire was used to examine relatively stable academic motivation
(32 test items, Likert scale 1–4, α = .92). The SRQ-A test includes a formula
[18] based on which the relative autonomy index (RAI) was calculated. It
describes the overall autonomy level experienced by the pupil. It was only
applied as a pretest (Table 1).

Figure 1.
AR equipment showing the functions of the airplane wing with air flow.
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Figure 2.
Pupils testing the real hands-on wind tunnel.

Figure 3.
Pupils building and testing a small-scale airplane.

Figure 4.
Testing AR plane in informal settings.
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Table 1.
Design of the study.

2. Situation motivation test. This provides information about how attractive pupils
found the exhibition (14 items, Likert scale 1–5, α = .91). It was applied only as
a posttest.
3. Learning context. School vs. augmented reality in a science center. Contextspecific interest was measured in the school context vs. the informal science
center context by applying the semantic differential method [19] (14 pairs of
adjective alternatives, Likert scale 1–5, pretest α = .81, posttest α = .88).
4. Raven test. The Raven standard progressive matrices [20] were used to test
cognitive visual reasoning. The test contains 60 items divided into 5 sets (A–E).
Each of these groups contains 12 tasks (α = .79, 60 items).
5. The knowledge tests. These consisted of 31 items related to the content areas of
the school curriculum of the science subjects, and these contents were combined with the AR solutions in the science exhibition. The questions were
piloted 2 months before the actual preknowledge test. The post-knowledge
tests were conducted 1 week after the science exhibition visit. In the test the
pupils were asked to assess whether they thought the knowledge statements
presented were correct or incorrect or whether they were uncertain about them
(pretest, α = .72; posttest, α = .77, 31 items).
The background variables were gender and school achievement, for which we
used four school grades (physics, chemistry, mathematics, and mother tongue). The
students were grouped into three groups based on achievement (1 lowest quartile,
2 + 3 quartiles, 4 highest quartile).
2.4 Statistical analysis method
The pupils were clustered on the basis of their scores by applying the selforganizing maps method (SOM) [21], a neural network model [22] which is based
on unsupervised learning of fuzzy logic. Compared, for example, to K-means
clustering, the advantage is that within the SOM cluster, the nearer one pupil ends
up to another, the closer the likeness between them is. In the K-means cluster, the
neighborhood does not count, and the pupils are merely listed in the cluster, and
cluster membership is the information obtained [23–25].
The SOM method has been widely applied internationally, especially in biotechnology, economy, and technical industries [26]. In social sciences the applications
are rare, although it has been shown to have promising possibilities in educational
and learning research [27, 28], in the area of psychology, for example, relating in
early language learning [29] and in sociological research [30].
Using the SOM method, the goal was to identify subgroups particularly benefitting or non-benefitting from AR. The data of the cluster were transferred to SPPS 25.
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The statistical significance of the difference between the theoretically expected and
observed number of students in each cluster was tested using the chi-square test, and
the adjusted residuals (criterion: absolute value ≥2) were used to pinpoint the overor underrepresentation in each cross-tabulated cell. The differences between the
clusters (dummy variables: each cluster vs. all others) were compared using one-way
analysis of variance. The change between the pre- and posttests results was analyzed
using the general linear modeling method (GLM repeated measures) and its effect
size by the partial η2-coefficient (interpretation: >.01 small; >.06 middle; >.14 large).

3. Results
Using the SOM method, five clusters were obtained. When the clusters were crosstabulated against gender and school achievement groups, the result was that boys and
girls were not represented equally as expected in the clusters (χ2 = 18.63, p < .001) and
that was also true with the achievement groups (χ2 = 25.38, p < .001). The statistical
descriptives are presented in Table 2 and the 95% confidence plots of the knowledge
test results (correct, incorrect, uncertain) in the two time points by cluster in Figure 5.
In order to illuminate how the science knowledge test results looked like before
and after the science center visit intervention, and the change, we present the 95%
confidence plots of the knowledge test results. They are divided into correct, incorrect, uncertain answers in the two time points by cluster in Figure 5.
3.1 Cluster 1 (n = 26; 18%): motivated, low school achievers, boy majority
Significantly more boys (adjusted residual = 3.2) and lowest in-school achievers
(adjusted residual = 2.2) than expected. When dummy variable cluster 1 was compared to all the others, in cluster 1, cognitive reasoning was lower; situation motivation and interest in science both in the school and in the exhibition were higher.
In the pretest there were more incorrect answers. The correct answers increased
(η2 = .43) and incorrect ones decreased (η2 = .44) after the science exhibition and
AR-assisted method.
3.2 Cluster 2 (n = 29; 20%): high achievers
Cluster 2 was not gendered; there were an equal number of boys and girls.
However, there was a strong representation of in-school highly achieving

Table 2.
The statistical descriptives.
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Figure 5.
Knowledge test T0 (pre-test) and T1 (post-test), correct, incorrect and uncertain answers.

students (adjusted residual = 3.8). In comparison, in this cluster the pupils had
the highest cognitive reasoning scores, higher situation motivation, and interest
in science learning at school than the others. They had more pre- and postknowledge correct answers and fewer incorrect answers at both time points. The
correct answers increased significantly (η2 = .16), and the uncertain answers
decreased (η2 = .26).
3.3 Cluster 3 (n = 32; 22%): motivated but non-learners, girl majority
In cluster 3, the different school achievers were equally represented, but gender played a role: girls were significantly more represented than boys (adjusted
residual = 2.6). In the dummy comparison, students in this cluster had a higher
autonomy experience and situation motivation than others. It was notable that in
the post-knowledge test after the exhibition, their incorrect answers were found to
even increase (η2 = .24) and were the highest scores of all clusters but uncertainty
decreased (η2 = .26).
3.4 Cluster 4 (n = 35; 24%): non-motivated by exhibition but learning
In this cluster, the background variables made no difference: there were
an equal number of boys and girls and different type of school achievers. The
dummy comparison revealed that they had the lowest autonomy experience
(RAI) and situation motivation. They were less interested in science learning in
school and especially in the exhibition than others. In the preknowledge test, they
had more incorrect but fewer uncertain answers than others. After the exhibition
the correct answers increased (η2 = .39), incorrect (η2 = .23), and uncertain ones
(η2 = .18) decreased.
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3.5 Cluster 5 (n = 24; 16%): non-motivated, girl majority
In this cluster there was an overrepresentation of girls (adjusted residual = 2.1),
a little less so than in cluster 3. In the dummy comparison cluster 5 versus others,
these students were found to have a lower autonomy experience, lower situation
motivation, and interest in science learning. In both time points, they had fewer
correct and incorrect answers in the knowledge tests than others. However, the
most striking difference was that both in the pre- and post-situation, they had more
uncertain answers than others. In this cluster the knowledge test results did not
change significantly from the pretest to the posttest.

4. Discussion
Previous studies [14] have shown that AR usually enhances learning in an effective
way, despite some results that show that the effect seems to fade in the long run [11].
Similar results were found in our earlier study [15]: in general AR improved learning
results, and this was supported by interest and situation motivation, especially among
boys. In a girls’ group, in turn, experienced autonomy was an important explainer of
science learning results. Importantly, the lowest school achievement group especially
was found to gain from the use of AR technology. By clustering the same data, we
could detect deviations from these general tendencies, i.e., relating to the role of reasoning, school achievement, motivation, and science interest in knowledge learning.
4.1 Low in-school achieving pupils can also have high learning results
when they act in an informal learning environment
The cluster analysis revealed that good school achievement is not the only factor
leading to motivation in science and to good learning results. Although cluster 2
with an equal number of boys and girls was formed, in which everything (reasoning, school grades, interest in science at school, motivation, and knowledge results)
was optimal, we also found that prior school achievement and cognitive reasoning
were not totally deterministic factors, and one of the most encouraging result of
the clustering study was that a deviant group (cluster 1) from the general rule could
be identified. In this cluster, boys were the majority, who, in spite of low school
achievement, were especially interested in science learning both at school and at the
science center using AR. This led to good science learning results subsequent to the
exhibition. Even though they had more incorrect knowledge answers in the beginning than the others, their interest clearly supported learning, as correct answers
increased after the AR experience. This result deviates from most meta-results
obtained from informal learning contexts [31, 32].
It seems that the idea of using AR-supported learning was successful in its goal
to introduce abstract phenomena in a concrete way. Learning by doing and personal
experimentation made a crucial link between theory and practice possible, and
deduction and induction were combined in a pedagogically effective way. That the
pupils were interested showed up both in that they found the science-centered environment attractive (situation motivation) and in that they were deeply engaged in
the theme contents (intrinsic motivation) as they learned the scientific knowledge.
4.2 Experienced lack of choice, low autonomy, and low motivation may
unexpectedly lead to high results in tests—but at high costs
The somewhat puzzling and unexpected finding relates to the role of autonomy
and situation motivation in learning. The general rule, which shows that a low
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autonomy experience and situation motivation usually lead to less learning and
worse learning outcomes, did not materialize in the fourth cluster. In that group
the students learned, although they were less autonomous than all the others, less
motivated by the AR-assisted learning situation, and in general less interested in
science learning overall. The number of correct knowledge answers increased, while
incorrect and uncertain answers decreased. This result opens up an interesting
theoretical point.
According to the SDT theory [33], nonautonomous motivation is based on the
avoidance of sanctions, on hope of rewards, or on experienced pressure. It has been
found that the learning results of externally motivated and, thus, less autonomy
experienced students might remain more superficial and short-term than those of
their more intrinsically motivated classmates. Previous research further indicates that
if a student acts because she or he feels anxiety and pressure, psychological energy is
consumed for defense of self, and less energy remains for learning new things [34, 35].
Our earlier path-model results, according to which the girls closed the science
knowledge gap between boys after using AR, became more relative, as two girldominated subgroups were identified.
4.3 Experienced autonomy and motivation usually—but not always—
correlate with learning
In cluster 3, with the girl majority, the pupils experienced more autonomy than
others and were also motivated by the AR experience, but in both pre- and postsituation had incorrect conceptualizations—they even increased after the science
center visit—in contrast with the boy-majority group just described. When, on the
other hand, the low rate of uncertainty of knowing found already in the pretest
further (unrealistically) decreased after the science center visit, one might wonder
what the reason was: why did the experienced autonomy and being attracted by AR
use in the exhibition not lead to self-correction of the wrong ideas and learning?
Theoretically, AR usually seems to be a practical tool to support the Kolb learning
cycle, which starts by being exposed to a concrete experience, following by reflective observation and further transferring to abstract conceptualization and finally
leading to active experimentation [36].
Perhaps the phase of reflective observation remained superficial, and/or the
abstract conceptualization phase failed [36]. In the research on learning concepts
[37, 38], it has been observed that if one builds concepts on incomplete information
and only partially, these misconceptions are later very hard to change—most probably even in interesting contexts such as in the AR-connected science exhibition.
The big challenge for science teaching is, thus, to identify possible misconceptions
and partially formed concepts and to make a necessary return to the earliest phase
of the conceptualization process.
4.4 Low autonomy, no interest in AR, much confusion showing as uncertainty,
and lowest learning results—as expected, but how to intervene?
In cluster 5, the pupils, with a girl majority, were highly uncertain both before
and after the AR experience. While the students in this group were less autonomous
and motivated by the exhibition situation, their lowest knowledge results were only
as one could expect. Theoretically [36], interpreting the result of this cluster, these
pupils (i.e., especially because there were girls in this group) have not been successful in creating meaning from their AR- and science-centered learning experience,
and therefore, the whole experiential learning cycle process has been interrupted.
The worst conclusion is this failure may be only one in a series of previous failures.
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5. Concluding remarks
These results are of interest especially because they add information about
different types of pupils who use AR for learning. Some of them clearly somewhat unexpectedly seem to take advantage of the use of AR as a pedagogical
tool more than many of the others, even though the preconditions of low
school achievement and reasoning skills would have predicted less optimistic
AR-learning gains. On the other hand, the results also illuminate situations in
which pedagogical intervention would be advisable: an essential notion was that
unrealistically, high expectations might arise for AR usage based on superficial
observation about the seemingly motivated pupils. In those cases, pupils might
be autonomously and eagerly engaging in the task, but in reality, it remains
unnoticed that they do not necessarily have enough guidance to make correct
conclusions based on their AR experiences.
The most vulnerable group of pupils from the perspective of the big principles
and ideas of science education [6] was, however, those on whom the AR experience
showed to have no or little effect. Despite the fact that they were fulfilling the
expectation based on low motivation and interest proposed by the multimedia
learning theory [3, 5], one could have hoped that AR as a novel method would have
been more successful. The result is most worrying: what could be done differently,
if the novelty effect, a new method to change abstract concepts to more concrete
ones, and a fresh, untraditional learning environment were not working? At least
we could design the AR-learning situation even more carefully [39].
Perhaps one way would be to assure that AR technology really is as easy as possible to use and that there is enough guidance at the start and support available during
the whole process. Simultaneously, it should be assured that the goals are realistic
and simple enough. In addition to that, Cheng and Tsai [2] suggest care should be
taken that the numerous possibilities of AR do not become too overwhelming and
lead to cognitive overload, as short-term memory resources are limited.
Most of the research around mixed reality has focused on technical and practical
issues or an evaluation of usability. Educational research on learning aspects has
already produced some useful meta-articles on the strengths and weaknesses related
to augmented reality [14, 40]. Digitalization has doubtless changed our everyday
life—also related to learning. However, the research-based evidence, especially
related to the latest, brand new technologies also tend to give false promises or
create ambiguous future visions [41] (Säntti & Saari, 2017). Accurate results are
needed not only for more meaningful learning but also to create cost-effective solutions and to avoid wrong, often expensive investments.
This study related to learning outcomes has produced some new evidence based
on cluster analysis supplementing the earlier findings. Making an invisible phenomenon observable is clearly the strongest input of AR—especially when it offers an
opportunity to learn an abstract and difficult topic in a concrete, observable way.
Mixed reality combines visible elements with an already existing realistic environment and makes it more understandable. Augmented reality is applicable and works
best when teaching real and restricted learning contents, and thus, it is really a
challenging superficial “phenomenon-based education.”
Although one has to keep in mind that the process is not straightforward, there
are many intervening factors relating to motivation and factors of self; encouraging
possibilities emerge through the AR method. One of the most promising results is
that this type of intervention and learning method really can support low-achiever
students to close the gap on other students. However, it also provides opportunities
and challenges for high-achieving students. It also seems to give valuable opportunities for bridging the gap between formal education and informal learning.
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Chapter 5

3D Modeling and Computer
Graphics in Virtual Reality
Yuk Ming Tang and H.L. Ho

Abstract
In the era of digital information technologies, 3D modeling and computer
graphics techniques not only apply to the development of virtual models for
computer simulation, artificial intelligence (AI), big data analytics, etc., but also
they can be applied in many different applications in virtual reality (VR). However,
the computer graphics effect and visual realism are usually the trade-offs with the
real-time and realistic interaction in VR. In this book chapter, we would like to
review the general flow of the VR program development process, and the recent
3D modeling and texture painting techniques used in VR. On the other hand, we
would introduce some of the key 3D modeling and computer graphics techniques
that can be applied in VR in order to enhance the speed of interaction. The key
techniques including smoothing techniques and mesh editing modifiers are not only
useful for the designers to learn the 3D modeling process, but it also helps to create
less complex mesh models maintaining good visual effects. The techniques are
particularly important in the development of 3D models to satisfy the demanding
computation requirement of real-time interaction in VR program.
Keywords: modeling, computer graphics, texture painting, rendering, virtual reality,
mixed reality

1. Introduction
In the past few decades, virtual reality (VR) has been widely used in many
different areas including entertainment, education and training, manufacturing,
medical and rehabilitation. The compound annual growth rate for VR revenue is
expected to grow more than fifty percent from 2018 to 2023. It is expected that
education and training is one of the leading sectors in the coming 5 years [1]. VR
not only provides immersive stereoscopic visualization of virtual environments and
sound effects, but participants can also interact with virtual objects and environment with haptic feedback. No matter what kind of application to be applied by
the VR, the visualization effect and computer graphics are critical to enhance the
engagement of participants and thus increases the education and training effectiveness [2]. Nevertheless, increasing the visual realism in VR is not an easy task
because it is not only due to artist’s sense of the design engineers but also due to the
drawback between the realistic VR environment and the demanding computation
requirement of real-time interaction in VR.
3D modeling and computer graphics techniques have been developed for several
decades [3]. Due to the era of digital information technologies, 3D modeling and
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computer graphics techniques drive the explosive growth and becoming crucially
important in the recent years. The techniques not only apply to the development
of virtual models for computer simulation, virtual reality (VR), augmented reality
(AR), mixed reality (MR), etc., but also it can be applied to many various application such as artificial intelligence (AI), big data analytics, etc. [4]. Despite VR
technologies have been developed for many years, the development of computer
hardware and the 5th generation (5G) mobile network bloomed the 5Vs of the data
flow including volume, velocity, value, veracity and variety [5]. As a consequence,
the computation requirements and the flow of big data in VR is very demanding
not only due to the need for real-time interaction, wireless connection, data interexchange, but also due to the greater expectations in computer graphical effects,
realistic 3D models and infectant of virtual environments.
We would like to organize this book chapter as following sections. In Section
2, we aim to review the major software in 3D modeling and rendering in computer graphics. We will present the key computer modeling, computer graphics
and VR programming software and tools. The techniques in computer modeling
and graphics are particularly important for real-time and realistic interaction in
VR. Therefore, in Section 3, we will describe some of the key modeling techniques
used in VR. These techniques include shading and mesh editing modifiers. We will
compare the difference of these techniques and their visual effects.

2. Modeling and texture painting tools
The development of VR models is divided into several key procedures. The VR
models are used to create the virtual scenes used in the VR program. Figure 1 shows
the flow chart of the VR program development. In general, the development process
is developed into three major steps including modeling, texture painting and VR
programming. The virtual models are firstly modeled using 3D modelling tools
to create the object 3D geometries. After completion of the 3D modeling process,
the models are rendered using computer graphics techniques including materials
painting, texture mapping, etc. This process can be done directly on the 3D modeling software. Then, the 3D models including the corresponding graphical UV
texture maps have to be imported into the game engine for the development of VR
computer program. Alternatively, the texture painting and rendering processes can
be performed by separate professional software. Then, the 3D models including the
texture maps are used as the input of the game engines. The 3D models and texture
files can be exported into various file formats depending on the compatibility
between the software. Some of the commonly used file formats of 3D models are
FBX, OBJ, STL, etc. FBX (Filmbox) is a proprietary file format (.fbx) developed by
Autodesk and is used to provide interoperability between digital content creation
applications. FBX is commonly used as the part of game wares and is recommended
in the development of VR program [6].
Nowadays, there exists number of 3D modeling tools such as ZBrush, Blender,
SketchUp, AutoCAD, SolidWorks, 3Ds Max, Maya, Rhino3D, CATIA, etc. Table 1
summarized and compared the major differences of these 3D modeling tools. Most
of the commonly used modeling tools are professional and used for industrial
application. These tools not only used in the computer-aided design (CAD), but
also provides some advanced features such as computer-aided engineering (CAE)
for performing analysis [7], additional manufacturing (AM) and 3D printing [8].
Traditionally, CAD tools are used to translate the CAD file into VR format
directly by a downstream process [9]. However, the CAD tools usually provides a
complex and highly detailed CAD data, common in engineering design and other
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Figure 1.
The flow chart of the VR program development. The development process includes modeling, texture mapping
and VR programming.

industries, which makes it translates into excessively large VR models. This makes
the models difficult to maintain the speed of computation in an acceptable level. In
this case, models optimization need to be implemented to allow real time interaction by reducing the complexity of the models which makes the modeling process
complicated.
Computer-aided industrial design (CAID) tools not only provide 3D modeling features, but it is also used in various industries like 3D printing, animation,
gaming, architecture, and industrial design for digital production. The CAID tools
provide designers with improved freedom of creativity compared to typical CAD
tools [10]. The 3D model can be saved in a format that can be read for AM to speed
up the prototyping process, so that designers can has more time to focus on the
design processes. CAID also provides a larger flexibility for sketching, design and
modeling for designers, thus particularly suitable to create flexible models to meet
the extensive demand of visual realism in VR nowadays.
Table 1 summarized the major CAD and CAID modeling software in the market.
AutoCAD, SolidWorks, CATIA are the major CAD software for engineering design
developed for many years. The software is designed professionally not only for performing engineering design, but also provides a number of features for engineering
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Modeling
software

Ease of use

Category

Support formats

SketchUp

Beginner

CAD

dwg, dxf, 3ds, dae, dem, def, ifc, kmz, stl

Blender

Intermediate

CAID

3ds, dae, fbx, dxf, obj, x, lwo, svg, ply, stl, vrml,
vrml97, x3d

ZBrush

Professional

CAID

dxf, goz, ma, obj, stl, vrml, x3d

AutoCAD

Professional

CAD

dwg, dxf, pdf

SolidWorks

Professional

CAD

3dxml, 3 dm, 3ds, 3mf, amf, dwg, dxf, idf, ifc, obj, pdf,
sldprt, stp, stl, vrml

3Ds Max

Professional

CAID

stl, 3ds, ai, abc, ase, asm, catproduct, catpart, dem,
dwg, dxf, dwf, flt, iges, ipt, jt, nx, obj, prj, prt, rvt, sat,
skp, sldprt, sldasm, stp, vrml, w3d xml

Maya

Professional

CAID

dxf, fbx, obj, stl

Rhino3D

Professional

CAID

3 dm, 3ds, cd, dae, dgn, dwg, emf, fbx, gf, gdf, gts,
igs, kmz, lwo, rws, obj, off, ply, pm, sat, scn, skp, slc,
sldprt, stp, stl, x3dv, xaml, vda, vrml, x_t, x, xgl, zpr

CATIA

Professional

CAD

3dxml, catpart, igs, pdf, stp, stl, vrml

Table 1.
Comparison of major modeling software [11].

analysis and simulation. 3Ds Max, ZBrush, Maya are the CAID software widely
used in various professional design application. It provides a larger freedom for
designers to perform freeform and digital sculpting, and allows the model files to
be exported into AM formats for rapid prototyping. Blender was initially released
in 1994 and was developed by the Blender Foundation. Blender is the free and open
source 3D creation suite. It supports the entirety of the 3D pipeline—modeling,
rigging, animation, simulation, rendering, compositing and motion tracking, video
editing and 2D animation pipeline [12]. It provides various modeling functions for
VR and are easier to be handled by most of designers and engineers.
Besides the 3D modeling, texture painting is an essential step to enhance the
visual effects and increase the realism of virtual environments. Most of the 3D
modeling software such as Blender, 3Ds Max, ZBrush provides the texture painting
features and pipelines for 3D rendering, which are sufficient to most of the VR production. Other professional 3D texture painting software include Substance Painter,
Mari, Armor Paint, Quixel Mixer, etc. The software is professional and some of
them are even used in movie production. However, it may require more professional
skills and experience to handle the software. Table 2 shows the major 3D texture
painting software for creating 3D models textures in VR.
Texture painting software

Ease of use

Blender

Intermediate

Armor Paint

Professional

ZBrush

Professional

Quixel Mixer

Professional

Substance Painter

Production

Foundry Mari

Production

Table 2.
Major 3D texture painting software.
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3. Modeling and computer graphics in virtual reality
In order to create 3D models in VR for real-time interaction, one approach is to
perform optimization to reduce the complexity by minimizing the mesh size of the
models. However, a significant drawback of this approach is that the visual realism
of the models may be affected. Therefore, in this section, we will describe some
essential modeling and computer graphics techniques that can be applied to create
3D models in VR. These techniques not only able to reduce the mesh size of the
models, but also keep the visual realism effectively without the need of additional
modeling procedures.
There are some fundamental techniques we need to understand in order to make
good models. Shading is one of the key techniques in 3D modeling. There are several
approaches to perform mesh shading including flat-shading and smooth-shading.
As seen in Figure 2, most of the models are represented by polygons and truly
curved objects are often approximated by polygon meshes [13]. When rendering
the models, you may notice that these polygons appear as a series of small, flat faces
(Figure 2a). In order to create a desirable effect, traditionally edge split and subdivision surface can be applied to smooth the model (Figure 2b). However, this will
increase the number of faces and vertices of the models thus its complexity therefore is not desired in VR applications. The easiest way is to generate visually smooth
model is to apply the auto smooth shading filter to quickly and easily changes the
way the shading. The mesh shading does not actually modify model geometry, it
simply changes the way of shading by calculating across the surfaces, giving the
illusion of a smooth surface (Figure 3).
The shading approaches can create the mesh non-destructively by calculating the faces normal. Alternatively, or in some cases, mesh editing tools such as
bevel, subdivision, loop cut, etc. may need to be applied at the edge to create better
visual effects. Figure 4 shows the 3D models applied the bevel modifiers with 20
segments, 2 segments and 6 loop cuts (from left to right). The visual effects looks
similar, but the mesh size increases significantly with the number of bevel segments. The bevel modifiers with 2 segments can create similar effect with 6 loop
cuts, but the modeling process is easier. Although 2 bevels and 6 loop cuts are more
effect, but usually we would prefer the 3D models to look nice and smooth. The loop
cuts will create a sharper edge, therefore bevel segments are more preferred in VR
modeling.

Figure 2.
Example of 3D mesh model rendered: (a) flat and (b) smoothed using subdivision surface.
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Figure 3.
Same 3D mesh model applied smooth shading.

Figure 4.
Example of using bevel modifiers with 20 segments, 2 segments and 6 loop cuts ( from left to right).

Figure 5.
The rendering effect of the models applied bevel modifiers with 20 segments, 2 segments and 6 loop cuts ( from
left to right).

The corresponding models are rendered using the real-time render engine
Eevee in Blender. Figure 5 shows the visual effects of the models represented by
red, green and blue color (from left to right). The visual effects can be previewed
quickly in the modeling software. The red (left hand side) model can create a very
smooth visual effect, which looks similar to the green (middle) one. However, the
blue (right hand side) model shows sharp edges clearly which may not be desired
visually. Therefore, modeling with bevel modifiers with a few segments will be
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preferred. Sometimes, it can also be applied together with the smooth-shading to
create a better visual realism of 3D models in VR.

4. Conclusions
In this book chapter, we have reviewed the recent exiting 3D modeling and
texture painting software packages and the difficulties in handling the software.
The key techniques used in the creation of 3D models for VR are also described. The
techniques including the shading and mesh editing modifiers not only help reducing the mesh size of the 3D models but also maintaining the visual realism of the
models. It is particularly important to meet the demanding computation requirement of real-time interaction in VR program. Results have also shown that bevel
modifiers with a few segments can enhance the visual effects compare with the loop
cut modifier. However, this feature will change the mesh size of the model. The
smooth shading modifiers not only maintain the complexity of the models but also
enhanced the visual realism significantly. The mesh editing and shading modifiers
can also be applied based on the requirement of the models in VR program.
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Chapter 6

3D Solid Reconstruction from
2D Orthographic Views
Long Hoang

Abstract
Three-dimensional computer-aided design (CAD) models are widely used by
designers because of their useful applications in the areas of CAD/CAM/CAE/CAQ.
A desirous trend to create this model, which has long been studied by scientists around
the world, is a 3D model reconstruction from 2D orthographic views. With this
method, it is easy to enter geometric information as well as use 2D drawings that have
already existed. Most of the previous works used three views, but many of the
mechanical parts needed only two views. An advanced 3D solid reconstruction system
using only two orthographic views is the subject of this chapter. The proposed method
has been implemented and verified reliability by an ObjectARX program plugged into
AutoCAD 2018. The 3D models have been checked for their compatibility with 3D
CAD/CAM systems. This chapter presents principles, algorithms, databases, programming for the advanced reconstruction system, and some of its technical applications.
Keywords: 2D, 3D, reconstruction, orthographic views, drawing

1. Introduction
Currently, in the industry, there are two main types of geometric design: 2D
designing shown in a multi-view drawing, which is a popular and traditional technical document, and 3D designing, which exists in the computer-aided design
(CAD) and CAM systems such as Inventor, Catia, and Solidwork.
The 3D designing has many advanced applications, such as dynamic and static
simulation, digital machining, visual observation, etc., and is required when we
operate a CAM/CAE system. This approach has been hugely successful, initially
appearing from 1990 with AutoCAD R12 and getting better and almost perfect now.
Still, besides its advantages, designers should have the skills to read and understand
technical drawings as well as proficiently use the 3D CAD systems, which is inconvenient for long-time engineers who are familiar with the traditional design only.
Also, these 3D solid files have poor compatibility between 3D CAD software even
with the same software but different versions (due to commerciality). Besides,
modifying a 3D CAD file is much more complicated than editing a 2D CAD File.
Additionally, the training for old engineers to get used to using 3D CAD systems
instead of using 2D drawing consumes a long time. Even after having a 30-hour
training course, they feel that creating two views is easier and faster than creating a
3D model, which usually uses auxiliary objects such as work plane, work axis, work
point (e.g., in Inventor), etc.
With 2D designing, the designer only needs to create 2D technical drawings,
which are comfortable and very familiar to the engineers. Compatibility between 2D
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CAD versions is also perfect (the higher version will read the file of the lower version
and can convert files of the newer version to the older version form). Besides, most of
the current products have been being produced and stored by technical drawings.
Both types of design mentioned above need the CAD system can convert from
one to another automatically. From 3D to 2D, the conversion process is very simple,
but the reverse process (i.e., 2D to 3D that is also called reconstruction) is so
complex that up to now, there is still not any software that can do it as thoroughly as
we have been expecting. That is why the reconstruction problem has been studied
since the first 1970s, and a large number of works can be found in the scientific
literature. These can be classified into two significant categories: B-rep-oriented
approach [1–14] and CSG-oriented approach [15–18].
The survey of these works allows for the following assessments: recently, the Brep-based reconstruction approach is more appreciated than the CSG-based
approach. That is mainly because CSG-based methods are less suitable for complex
shapes and structures (especially when basic blocks interact, which will be difficult
to identify them) and often require more user interaction than the B-rep-based
method. However, there are still some limitations that exist in the B-rep-based
approach as follows:
Some methods are only appropriate and proposed for polyhedral subjects. In
contrast, the other authors have expanded the polyhedral approach for the objects
formed by curved faces but have not yet dealt with complex intersections and interactive structures of basic blocks containing curved surfaces. Most of the reconstruction methods require the input of three views, while the technical drawings usually
use only two views to describe the common machine parts. The elimination of all the
invalid candidate objects is often incomplete and has not used line-type information
on the views, leading to the need for more views to remove these invalid objects.
There has not been a single work that has achieved all three main advantages:
reconstructing a 3D solid object formed by revolving surfaces, from two views, and
giving enough solutions of the 3D solid compatible with CAD/CAM systems.
This chapter presents in detail our 3D solid reconstruction system without the
limitations above; that means the following have been applied:
• Using only two given views.
• Employing B-rep approach instead of the CGS.
• Extending the object domain into the solids formed by planes, cylinders, and
cones.
• Outputting all solutions of the 3D solid while reducing the consumed time.
• Creating the 3D solid compatible with CAD/CAM/CAE systems.

2. Elaborating an advanced 3D solid reconstruction system
2.1 Approach
2.1.1 Typical traditional B-rep-based approach
The following synthetic reconstruction method [6] combines and develops
polyhedron reconstruction methods of Wesley and Yan with Sakurai’s reconstruction method of objects with curved faces. Let f be a mapping function from an
object O to its view Ps, set Ps = f(O). The 3D model reconstruction is to find a
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reverse mapping f�1 such that O* = f�1(Ps), where O* is the 3D solid object model of
object O. f�1 can be analyzed in the following five main functions:
f �1 ðPsÞ ¼ fSLð fBLð fFAð fEDð fVRðPsÞÞÞÞÞ

(1)

where fVR is the mapping function from 2D vertices in Ps to 3D vertices, fED is
the mapping function from 3D vertices to 3D edges, f FA is the mapping function
from 3D edges to faces, f BL is the mapping function from the faces to the candidate
blocks, and fSL is the mapping function from blocks to a solid model.
In each mapping function, rules, along with some constraints, are applied to
low-level objects to create higher-level objects and eliminate “ghost” elements.
Figure 1 shows the steps of a typical B-rep-based 3D model automatic reconstruction method. The method consists of eight steps. The main steps are candidate
vertex formation, candidate edge formation, candidate face creation, candidate
block creation, and decision-making. These steps correspond to the mapping functions in Eq. (1). When two edges intersect, they are divided into four edges in the
edge segmentation step. If the two faces intersect, they are also divided into four
faces in the cutting edge insertion step.
2.1.2 The author’s advanced approach
* The following are the definitions in 2D view (see Figure 2).
• Lines are divided into line segments by intersecting points.
• A node is an endpoint of a line segment.
• A curved line containing extreme points should be divided into two segments
(e.g., a circle should be divided into two arcs).
• A view is a set of nodes and line segments.
* Definitions in 3D object (see Figure 2).

Figure 1.
Block diagram of a typical B-rep-based 3D model reconstruction method.
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Figure 2.
Definitions in 2D view and 3D object [14].

• A solid is a body occupying a range in the three-dimensional space enclosed by
several surfaces.
• A face is a segment of surface which constitutes a boundary between the solid
and the exterior space.
• An edge line is an intersection of two different faces. If we desire to distinguish
the line added for the identity of a curved surface from the others, the added
line is called an auxiliary edge line.
• A vertex is an intersecting point of more than three edge lines.
The reconstruction problem (see Figure 3) is that from the front view and top
view to find out the solid object O considered as a set {{V}; {E}; {F}} satisfying the
two groups of conditions below.
• The projection conditions:
O1  Front View
O2  Top View

(2)
(3)

• Topology conditions of a solid:
An edge forms boundary of to precisely two faces

(4)

Two faces do not intersect at any edge except their boundary edge

(5)

A range is inside of projection boundaries of an even number of faces

(6)

Where: {V} is the set of vertices; {E} is the set of edges; {F} is the set of faces;
O1 is the projection of the object onto the front plane; O2 is the projection of the
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Figure 3.
Block diagram of the reconstruction system.

object onto the top plane; front view and top view are given on the 2D engineering
drawing.
A general way to solve the problem consists of two main phases:
• From front view and top view, to find out a set of candidate objects (vertices,
edges, faces—these objects satisfy only the condition of projection).
• To find out a subset in the set of candidate objects to meet two groups of
conditions above, which means some false candidate objects must be removed.
The growing problems are:
• The algorithm to create the candidate objects should be in general for many
types of surfaces such as plane, cylinder, cone, and sphere.
• The algorithm for removing false candidate elements can be against the
increase in the number of the candidate. So, we need to use an efficient
strategy for browsing the combination of assumed values by using the rule for
the propagation of attributes (true and false) of elements, satisfying the
projection and topology conditions, avoiding the combination of all.
2.2 Database and algorithms of the advanced approach
2.2.1 Specify candidate vertices
From the original database of two given views in AutoCAD that follows the DXF
code, create the database as follows:
Node1[] and Node2[] are two matrices of the type ADS-POINT (used for
ObjectARX programming in Microsoft Visual Studio 2015).
From database Node1[] and Node2[] above, find out any pair i, j satisfying the
condition as:
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∣ Node1½i�½X � � Node2½ j�½X � ∣ < ﻉ

(7)

where  ﻉis the small value depending on the user’s input.
The pair i, j specifies a candidate vertex k. The algorithm for recognition of all
candidate vertices is shown in Figure 4.
It is not difficult to specify X, Y, and Z coordinates of the 3D vertex k from its
two views, which belong to the descriptive geometry as follows:
Set Y0 = min{Node1[][Y]}, which means we choose the lowest point on the
given front view as the projection of the origin point of the coordinate system; then
create the database Ver3D[] that is a matrix of ADS_3D POINT:
�ver3D½k�½Z � ¼ Node1½i�½Y �–Y0

(8)

�ver3D½k�½Y � ¼ Node2½ j�½Y �

(10)

�ver3D½k�½X � ¼ Node2½ j�½X �

(9)

2.2.2 Specify candidate edges
From the original database of the front view, create the database as follows:
• Matrix lineseg1 [100, 2]: lineseg1[k] [1] and lineseg1[k] [2] show two
endpoints of line segment k.

Figure 4.
The algorithm for recognition of all candidate vertices.
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• Matrix line1[100][20]: line1[m][] contains endpoints of line segments that
belong to a unique line.
It is similar to create lineseg2[][] and line2[][] from the top view.
From the database above, find out any pair of vertices k, m satisfying the
conditions as follows:
There is a member of line1½�½� that includes ver½k� ½1� and ver½m� ½1�

There is a member of line2½�½� that includes ver½k� ½2� and ver½m� ½2�

(11)
(12)

The pair k, m specifies two endpoints (vertex) of a candidate edge. The set of the
found edges should be stored in the matrix Ed [100, 4] (100 and 4 are dimensions
of the matrix).
Ed[] [1] and Ed[] [2] show two vertices k and m.
Ed[] [3] and Ed[] [4] show the members of line1[][] and line2[][] (i.e., Ed[] [3]
and Ed[] [4] show front view and top view of the edge).
The conditions (11) and (12) are used for recognition of any regular edge.
If ver[k] [1] = ver[m] [1] and they satisfy condition (12), then the pair k, m
specifies two vertices of a frontal projecting edge (the edge is perpendicular to the
frontal plane of projection).
If ver[k] [2] = ver[m] [2] and they satisfy condition (11), then the pair k, m
specifies two vertices of a horizontal projecting edge (the edge is perpendicular to
the horizontal plane of projection).
Note: for each edge, check for the possible existence of intermediate vertices.
If an intermediate vertex is found, the vertex causes the creation of two new edges
(unless one of them already exists).
2.2.3 Specify candidate faces
i. Projecting face (the face is perpendicular to the plane of projection)
For each member j of the matrix line1[][], find out all of the edges i as follows:
fronted ¼ ed:½i� ½3�; begin ¼ ed:½i� ½1�; end ¼ ed:½i� ½2�; frontbegin ¼ ver½begin� ½1�;
frontend ¼ ver½end� ½1�:

If frontbegin is equal to frontend and they belong to line1½j�½�,

then the edge i is a frontal projecting edge that belongs to the surface

(13)

j ðthat has front view as the line corresponding to line1½j�½�Þ:
If frontbegin is not equal to frontend but fronted is equal to j,
then edge i belongs to the surface j

(14)

From the set of edges on the frontal projecting surface j, find out all minimal
closed loops of edges, they specify a new candidate face. The algorithm for
recognition of frontal projecting faces is shown in Figure 5. It is similar to
recognizing horizontal projecting faces. The candidate faces should be stored in the
database as follows:
Faceed[100][30]: faceed[k][0] shows the number of edges that belong to the
face k; faceed[k][i] shows edge i of face k, faceed[k][29] equal to j mentioned above
that specify geometry information of the face k (100 and 30 are dimensions of the
matrix).
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ii. Cylinder. The cylinders mentioned here are projecting cylinders so that in
any view, one projection of the cylinder becomes a circle. The circle should be
divided into two arcs. The cylinder is divided into two half projecting
cylinders; the algorithm for recognition of these half cylinders is the same as
the algorithm above.
iii. Cone. The axis of the cone mentioned here is perpendicular to the plane of
projections so that in any view, one projection of the cone becomes two circles
(one of them may be a point). The two circles were divided into four arcs,
which mean the cone is divided into two half cones.
2.2.4 Removing false elements
A searching tree removes false candidate elements by checking conditions (5),
(6), and (7). The purpose of this traversal process is to eliminate false assumptions
due to dissatisfaction with topological conditions. To counteract the increase in
browsing time on assumption binary tree, the duration of this process is exponentially increased: 2n, where n is the number of assumed faces. Status management
and browse planning aim at selecting the face for the next step with the highest
priority (the priority is assessed by its amount of information, for example, the face

Figure 5.
Algorithm for recognition of projecting faces.
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contains many edges, and the face will see a high level of priority). Conflicts are
found during the browsing process. If it meets any conflict, the next step will be
backtracked.
2.2.5 Solid creation
Based on the condition (5), the algorithm to create the solid is described as
follows: for each range, the faces are numbered in height order; the primitive solid
is generated from first to second, third to fourth, etc. The outcome solid is a union
of all such primitive solids (see Figure 7b).
2.3 Implementation and verification results
The proposed reconstruction method has verified reliability by a program
written in Visual Studio (see Figure 6). The program was compiled and then built
an Objectarx file to run in AutoCAD. After downloading the Objectarx file,
AutoCAD has an extended command to rebuild the 3D solid model from its two
views (see Figure 7). The 3D solid model has been exported as the SAT file that PTC
Creo Parametric 3.0 (CAM software package) can use. The tool paths generated in
PTC Creo (see Figure 7c) have been compiled into the specific codes needed for the
HS Super MC500 CNC machine to mill the surfaces. The machined part was then
3D scanned. The 3D comparison result generated by Geomagic software is shown in
Figure 7(d). The machining accuracy in Figure 7(d) indicates that the 3D solid
model reconstructed from its two views is compatible and usable for CAD/CAM/
CAQ/CNC systems. The proposed method is limited to perfect input drawings that
contain only lines, circles, and arcs. However, an engineering drawing is often a
mixture of geometric representations and annotations, and it's challenging to
ensure that engineering drawings are absolutely accurate. Therefore, techniques
to reconstruct the 3D solid model from real drawings should consider these
imperfections [6].

Figure 6.
Extracting of ObjectARX program in Microsoft visual studio 2015.
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Figure 7.
(a) Two given views; (b) solid creating automatically; (c) tool path generation; (d) 3D comparison between
the CAD model and the part machined by CNC.

3. Conclusions
The 3D solid models are extremely useful in techniques. An excellent way to
create the 3D solid is an automatic reconstruction from its views. The 3D solid
automatic reconstruction system presented in this chapter has advanced features as
follows:
• Using only two given views.
• Outputting all solutions of the 3D solid while reducing the consumed time.
• Creating the 3D solid compatible with CAD/CAM/CAE systems.
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Chapter 7

Blockchain-Based Data Integrity
for Collaborative CAD
Samir Lemeš

Abstract
Distributed and collaborative computer-aided design (CAD) environments
include building information modeling (BIM) and geographical information
systems (GISs) in civil engineering and architecture, or product data management/
product life cycle management (PDM/PLM) in mechanical engineering. It is essential
to keep the data integrity in these computer applications as it contributes to building
users’ confidence in CAD/BIM/PDM data. Blockchain technology, the core foundation of cryptocurrencies, is increasingly being used for other purposes and could
solve the data integrity issue in collaborative CAD environments. However, it has
some disadvantages such as the transparency of data and the slowness of storing
data in the blockchain due to distributed consensus. Increasing demand by the
Industry 4.0, IoT, Smart Cities, and other initiatives could foster the best what
blockchain has to offer: data integrity, reliability, and traceability. This chapter
explains how blockchain works, how can it be utilized in distributed CAD environments, what are the major challenges for implementation, and how CAD vendors
could use it to increase CAD data integrity.
Keywords: blockchain, CAD, BIM, PDM/PLM, data integrity

1. Introduction
The increasing complexity of modern engineering products requires new paradigms and leveraging any available technology to keep in pace with the competition.
Increasing market demands such as environmentally friendly products, sustainable
buildings, dynamic global supply chains, cost reduction requirements, and workforce mobility have changed most steps in the product life cycle process (designmanufacturing-control-utilization-decommissioning). Even the most individual
creative tasks such as product design now require teamwork to deliver products
on time. It is not unusual to have globally distributed teams working on any single
engineering task. These teams use the advantages of cloud computing to collaborate
and share skills and resources. Simultaneously, the software vendors keep shifting
their products from computer workstations to cloud computing resources, thus
enabling globally distributed teamwork, but introducing the new challenges.
The use of cloud computing in computer-aided design (CAD) is still not mature
enough to prevail over desktop computing. Computer-aided engineering (CAE)
applications do make use of cloud computing to overcome the computing power
limitation of computer workstations to perform resource-demanding simulation
tasks. Collaborative CAD environments such as building information modeling
(BIM) and product data management/product life cycle management (PDM/PLM)
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have already embraced the advantages of cloud computing, which brought another
issue—the problem of information security. This issue could be resolved by using
emerging technologies such as blockchain.
Although several top-tier software providers offer blockchain-based solutions:
Microsoft Azure Blockchain service, SAP Leonardo Blockchain, Amazon Blockchain
as a Service, IBM Blockchain Platform, and Oracle Blockchain Cloud Service; the
major CAD software vendors still hesitate to leverage blockchain in their BIM/
PDM/PLM solutions, and they are still waiting for what small start-ups will have to
offer in a near future [1].
London-based engineering consultant company, ARUP, has been studying
blockchain since 2013. Their research indicates that early adoption within the
architecture/engineering/construction (AEC) industry might not begin before 2025
[2]. An American international technical professional services company, Jacobs
Engineering Group, cofounded the Integrated Engineering Blockchain Consortium
(IEBC), which launched its CoEngineers Blockchain in 2018 [3]. The first integrated
BIM and blockchain application is still under development in the Spanish technological research and development project, DELFOS [4].
A French start-up technology company, Lutecium, started to develop a blockchainbased software, BIMChain, aimed to accelerate the BIM for the construction
industry [5, 6]. Their solution, based on an Ethereum-based platform, integrates
BIM ecosystem through dedicated plugins for Revit or ArchiCAD. It increases BIM
data quality through accountability and incentive mechanisms, transforms BIM into
a collaborative and legally binding process, and provides traceability. The project is
supported by the Autodesk and the French task group Plan Transition Numérique
dans le Bâtiment. An early beta version of the software was launched at the beginning
of 2019. Their ambition is to create a collaborative process bridging the gap between
3D CAD models and legally binding paper-based formal processes related to project
management, building maintenance and control, and insurance and payment. They
aim to link validated proofs of contributions to 3D CAD models with a form of
smart contract, thus making BIM data contractual.

2. Collaborative CAD environments
The National Institute of Standards and Technology (NIST) defines cloud
computing as “a model for enabling ubiquitous, convenient, on-demand network
access to a shared pool of configurable computing resources that can be rapidly provisioned and released with minimal management effort or service provider interaction” [7]. These resources include computer networks, servers, storage, applications,
and services. In other words, cloud computing is shifting the computing power,
data, and management from the local computers and workstations to a globally
accessible network of computer resources. This technology helped users to make the
data and software globally accessible and enabled teamwork and collaboration in
any computer-aided task.
CAD only recently started to use the advantages of cloud computing. Figure 1
shows how engineering design collaboration evolved from traditional paper-based
documentation to modern cloud computing solutions. Personal computers did
leverage the expansion of CAD into every engineering office but initially lacked
the collaboration features. They were introduced gradually, first over the local file
sharing, then using internet servers, gradually increasing the ratio of data and
software stored online, converging toward completely cloud-based solutions.
Cloud computing is increasingly making web-based synchronous CAD commercially available. Multiple designers are now able to simultaneously modify a
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Figure 1.
The development phases of CAD.

model from their workstations. CAD platforms now offer benefits like synchronous access, cost-effectiveness, higher utilization of resources, and enhanced
security, while still having unresolved issues related to usability, security, and
computational performance [8].
Another CAD-related technology, computer-aided manufacturing (CAM), was
limited for decades to using CAD files to generate code for machining, and it was
boosted recently by the rapid expansion of 3D printing (sometimes referred to as
additive manufacturing) technology. As a vast number of digital models ready for
3D printing are available in cloud-based repositories, there is a risk of intellectual
property (IP) infringements by enabling cheap manufacturing of counterfeit
products or simply of altering these files. Open issues could be solved by integration of the blockchain in additive manufacturing supply chains, provided that the
technology is available and affordable [9].
2.1 PDM/PLM
Product data management (PDM) is a specialized information system developed
primarily to manage CAD design files and CAE simulation results. It represents the
extension of 3D CAD models to a specialized design environment that manages a set
of CAD files in hierarchically distributed files.
The product life cycle management (PLM) concept emerged from PDM by
providing services to extend the product design data to manufacturing and operations [10]. PLM manages the complete product life cycle, usually in a networked
or, more recently, cloud environment. In PLM, multiple users have access to CAD
models stored in the database rather than in individual files stored locally or on
91

Mixed Reality and Three-Dimensional Computer Graphics

dedicated servers. CAD files in the PLM database are only one of the set of attributes describing a machine part, machine assembly, or entire construction. PLM
systems connect intangible to physical asset information managed by enterprise
resource planning (ERP) and customer relationship management (CRM).
An analysis presented in [10] suggests that PLM is based upon the three fundamental concepts. According to [10], these concepts enable (1) product definition
and related information being used and managed universally and securely; (2)
product definition and related information being maintained throughout the entire
product life; and (3) business processes being managed and maintained, enabling
creating, managing, communicating, and using the product and related information. The product information can thus be shared to all stakeholders in the product
life cycle, from design, manufacturing, assembling, quality control, sale, operation,
and disposal or decommission at the end of its useful life.
Most CAD/CAE software vendors also have the PDM/PLM solutions, such as
Siemens Teamcenter (Figure 2), Autodesk Fusion Lifecycle, Dassault Systems
Enovia, Aras Innovator, PTC Windchill, and SAP. Despite that, not more than one
third of CAD users use PDM/PLM to create Bill of Materials for their CAD drawings.
Most users still use spreadsheets to create Bill of Materials. It can be concluded that
this technology is rather emerging than mature [1].
The deployment of PLM platforms, used for handling the product data
exchange, is quite costly, and very often, small companies cannot afford them.
When such companies become part of larger original equipment manufacturers’
(OEMs) networks, the PLM platforms used typically belong to an OEM and the
transparency of the information contained is limited. Besides, these platforms
represent the possible attack pints compromising the security of the PLM. Security
and transparency could be increased by using the blockchain technology [11].
2.2 BIM
As PLM is used in the mechanical engineering sector, such as automotive and
aerospace, BIM is used by the architecture/engineering/construction industry to
collaboratively manage a virtual representation of the physical facilities. The difference between PLM and BIM is in the fact that the mechanical engineering sector is
more globalized and consolidated industry; by contrast, a majority of construction

Figure 2.
Siemens Teamcenter (source: www.plm.automation.siemens.com).
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Figure 3.
Autodesk Revit (source: www.autodesk.com).

projects remain rooted in local contexts [10]. The level of automation is also different in two sectors, and BIM is generally characterized by the low level of information technology (IT) implementation. The main perception of the construction
industry relative to BIM implementation challenges focuses on answering many of
the same data exchange, business process and policy phasing problems that have
faced PLM deployment [10].
Both PLM and BIM emphasize open communication and information
exchange, collaborative decision-making, early participation and contribution of
knowledge and expertise by downstream stakeholders (contractors and suppliers),
and greater levels of risk sharing [10]. However, BIM has not yet solved issues of
trust, reliability, and transparency [12].
BIM platforms, such as Autodesk Revit (Figure 3), originally or through
external plug-ins, can be used to simulate the real-world conditions of the building,
including geography, seismic data, weather conditions, sun position, and lighting.
They also tend to integrate more advanced tools such as structural analysis, energy
audit, seismic behavior, etc. The review presented in [13] suggests that BIM could
be developed in a near future in such a way that all design and analysis tools are
contained in a single software platform, most probably in the cloud computing
environment.
This technology is emerging, and basic definitions are being upgraded and
updated [1]. The main purpose of BIM 3D, based on the 3D CAD geometry, is
visualization. The next generation BIM 4D adds time-related data and facilitates
programming. When costs are included, it is considered as BIM 5D. BIM 6D adds
product operation and facilities management to 3D CAD objects, enabling the
monitoring of the product sustainability (sometimes referred to as BIM 7D) and
product performance. BIM 7D (or BIM 8D) embeds the safety and emergency
plans to prevent security issues.

3. Blockchain
Blockchain is a digital, replicated ledger of transactions that are secured against
alterations once the peer-to-peer network has validated and added the transaction
to all instances of the ledger [2], allowing traceability and accountability.
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Blockchain will likely affect most business processes requiring a trusted digital
environment. The term was coined in 2008 by “Satoshi Nakamoto” (it is still unclear
whether it is a person or an alias for a group of persons). Initially, it was meant
to act as the public transaction ledger used by the cryptocurrency, Bitcoin. New
applications of that system keep arising. Blockchain can be described as a simple
distributed and decentralized database of transactions or contracts, chronologically
stored across a wide computer network, without centralized management and a
single managing authority [1].
Technically, blockchain relies on three well-known IT concepts: peer-to-peer
networks, public key cryptography, and distributed consensus based on the resolution of a random mathematical challenge. The combination of these concepts allows
a breakthrough in computing.
Blockchain creates fixed-size blocks of information using so-called hash functions. These blocks are then added to an array called a blockchain. Each new block is
encrypted irreversibly using a hash function and then shortened to make the fixedsize output. The chain of blocks thus contains the encrypted version of the complete
history of changes of all blocks. The blockchain information is prone to changes, as
any change in any data transfer phase would irreversibly alter the final output. One
can say that blockchain disables the famous “undo” function.
The blockchain relies on cryptographic hash functions. They are mathematical
functions creating the fixed-size bit-string output (hash). It is nearly impossible to
guess the length of the hash if someone tries to decrypt the blockchain. The hash
algorithm produces a unique output and it is a one-way function. A Bitcoin and
Ethereum blockchain both use SHA-256 (secure hash algorithm), developed in 2001
by the National Security Agency (NSA) in the USA.
The family of cryptographic hash functions include [1] the following: 224–512-bit
BLAKE (BLAKE2, BLAKE3), Merkle tree-based 128–512-bit message digest algorithm
(MD5, MD6), 128–320-bit RACE Integrity Primitives Evaluation Message Digest
(RIPEMD), 224–512-bit secure hashing algorithm (SHA-2 also known as SHA-256
or SHA-512, SHA-3), Russian 256, 512-bit Streebog, etc. These hash functions are
implemented in programming languages as classes, which can contain more different
algorithms. These hash functions differ slightly in the way they create output from a
given input data and in the length of a produced output (number of bits). Figure 4
shows an example of a hashed filename. If only one letter in the file name is changed,
the MD5 hash function gives an entirely different hash digest. The same is valid for
any other information, but the hash digest always has the fixed 128-bit size
(32 characters in hexadecimal notation).
Information stored in the blockchain cannot be altered or lost. It replicates
into the same number of copies as there are nodes in the network. The blockchain
stores the complete history of all previous states of information stored. In that
way, anyone could check the final state validity simply by using the same hashing
algorithm to all information from the beginning to the end. The blockchain uses
hash functions to encrypt information and to digitally sign the information from all
previous steps. Hash functions are much older than blockchain, and they were used

Figure 4.
Using MD5 hash function for irreversible data encryption.
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to encrypt data for decades. A good hash function has some main characteristics as
follows: (1) The hash value is fully determined by the input data and gives unique
result for any input, (2) Even though the output has fixed length, the hash function
uses all input data, (3) The hash function “uniformly” distributes the data across
the entire set of possible hash values, (4) The hash outputs of similar strings are
very different, (5) The hash function is computationally efficient, and (6) The hash
does not reveal any information about the input.
3.1 How does blockchain technology works?
Blockchain (with a capital B) was originally defined as the electronic ledger for
Bitcoin. Today, blockchain (lowercase, as in blockchain technology) is most easily
defined by an example [14] as follows:
• Some data is stored in a Microsoft Excel workbook. This file can be shared
with collaborators as an e-mail attachment. Any change made by collaborators
needs to be returned by e-mail and then merged with the original document. If
there are more collaborators, this makes the process cumbersome and increases
chances of error.
• Cloud-based sharing services such as Microsoft Office365 or Google Sheets
can be used to overcome this problem. Collaborators do not receive an e-mail
attachment but only a link to the online file. More collaborators can update
the spreadsheet simultaneously, and there is a version history showing what
changes are made by whom and when. This sounds much better from a collaborative point of view, but there is still a chance that any user with enough
credentials can erase or alter the file in the cloud. A blockchain can provide a
solution to this problem.
Blockchain is also the cloud-stored shared information but is duplicated thousands
of times across a network of computers, which has been designed to regularly update
this sheet. Information held on a blockchain exists as a shared and continually reconciled database (i.e., once every 10 min). Each group of transactions in the database is
referred to as a block which cannot be altered once added to the chain.
Blockchain security relies on encryption, based on the public and private keys.
The keys are long, randomly generated strings of numbers. The public key represents
a user’s ID on the blockchain, and the private key, which must be safeguarded, is
used to digitally sign the transaction, providing for data traceability and integrity.
Figure 5 shows how each block in the blockchain contains the cryptographic
hash of the previous block, which cannot be changed. Each next block strengthens

Figure 5.
The sequence of the hash value in the blockchain.
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the verification of the previous block and the blockchain’s security. Adding new
blocks increases the reliability of the blockchain.
The blocks contain public data, such as product ID, user manuals, disposal, and
recycling guidelines, and transaction data, such as CAD files, technical and material
specifications, mechanical properties, assembly instructions, requisition orders,
signatures, and cryptography keys [11].
The blockchain consists of linear sequence blocks, which are added to chain with
the regular intervals [15]. The information in the blocks depends on the blockchain
network, but the timestamp, transaction, and hash exist in all the blockchain variants.
The blockchain relies on several specific mechanisms such as PoW, PoS, PBFT, and
delegated proof-of-stake (DPoS) [16, 17].
The proof-of-work (PoW) mechanism works by determining the node that
writes a block on ledgers. The nodes in the network compete to solve a mathematical
puzzle (generally a computationally complex but easily verifiable pattern) to record
a transaction. After the puzzle is solved, other nodes in the network reach consensus
by broadcasting the solution. The two most popular blockchain systems, Bitcoin and
Ethereum, operate on the PoW mechanism, involving extensive computing power
and cumbersome mining processes to create new blocks.
The proof-of-stake (PoS) mechanism chooses the creator of the block in a deterministic method. It requires the credibility of data, denoted by proof of ownership.
This method operates solely on transaction fees.
The practical Byzantine fault tolerance (PBFT) algorithm, used by Hyperledger
Fabric, is a consensus method that can tolerate a maximum of 1/3 malicious byzantine replicas. A primary is selected in each round and is responsible for ordering the
transaction. PBFT requires each node to query other nodes.
The delegated proof-of-stake (DPoS) algorithm lets stakeholders elect representatives to validate blocks. Since this mechanism features a smaller number of nodes,
the transaction processing is faster.
Figure 6 illustrates the processes of signing and verification of blocks in the
blockchain. The process is based on the private/public key cryptography. Each
transaction is verified by the previous block owner’s public key and signed by his
private key. The hash function ensures data integrity as it is irreversible.
Common uses of blockchain now include financial services (payments, money
transfer, customer benchmarking, and full trade life cycle management), supply

Figure 6.
The signing and verification in the blockchain.
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chain (traceability of product components, electronic compliance records, patentpending, quality control data, and non-repudiation of IoT sensor data), public sector
(government-managed personal data records, import/export customs and taxes,
regulatory certifications, and digital citizen identity), and health care (personal
health records, credentials of service providers, and clinical data). This list is likely
to expand, and new applications appear daily. This makes blockchain a “solution
seeking for problems that need to be solved.”

4. Utilizing blockchain in distributed CAD environments
As more available resources and stakeholders are involved during the product
life cycle, the exchange and management of product-related information become a
challenging task, affecting significantly the intellectual property protection process
as well as the distinction of roles among stakeholders [11].
In a modern engineering environment, projects rely on teamwork, where team
members with the same or different experience, skills, and function have to collaborate intensively. Very often, team members do not share the same office space,
and sometimes they are globally distributed. This increases the need for reliable and
traceable data. Traceability, in this case, means that each change in an engineering
project can easily be attributed to a team member who made it and who “owns” the
process step. All team members have to have their digital signature. Using cryptographic hash functions to encrypt data and blockchain to make it change-proof
keeps the complete supply chain transparent, reliable, and traceable.
If there is a centralized authority providing traceability and reliability of data,
this would make the information vulnerable to external attacks. As blockchain is
decentralized and distributed, it becomes very secure, traceable, and reliable.
Figure 7 shows an example of how blockchain can be used to enable data
integrity in the product development process. Each block consists of public data and
encrypted transaction data. Both data is hashed and stored in encrypted form, the
signature contains the timestamp, nonce, and each block contains the hash from
the previous block. The term nonce is used to describe an arbitrary number called
“number used once” or “number once,” which is used with the timestamp to add
another level of difficulty [18]. If any unauthorized data alteration is made within
the process, the resulting blockchain is compromised and the owner is aware that
changes have been made. The blocks are distributed within the network of users,
thus eliminating the need for a single verification authority.

Figure 7.
The blockchain primer for CAD-based development process.
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Some potential uses of blockchain in construction are mentioned in [19]:
storing sensor data from buildings in a trustworthy and distributed way, maintaining records of digital property, timestamping acts or transactions, automated
dispute resolution and smart cities, and in real estate investment. The same
authors suggest using blockchain on the construction site to improve logbooks’
reliability and to monitor workers’ performance and material balance in a more
reliable way. They also suggest using blockchain in the maintenance phase when
sensors are used to collect sensitive data and blockchain has the potential to store
the data securely, thus improving data privacy. However, they don’t see any use of
blockchain in the initial phases, when architectural design and Bill of Materials
are created.
Other potential applications of blockchain in construction engineering management suggested in [20] are: notarization-related applications to eliminate the
verification time of documents’ authenticity, transaction-related applications to
facilitate automated procurement and payment, and provenance-related applications to improve the transparency and traceability of construction supply chains.
More potential applications of blockchain in the preconstruction stage, where
the use of BIM is at its maximum, are suggested in [21]. Blockchain can enhance
stakeholder confidence by enabling change tracking, establishing clear liabilities,
providing visual evidence of information ownership, and reducing disputes over
information authenticity. A distributed database avoids concentration of ownership and eliminates misuse and corruption of information, making it suitable for
legal proofs.
During the design phase, any information exchange could be managed using
blockchain to ensure that consensus is reached among all stakeholders. During the
construction phase, invoicing and payments could be managed by blockchainverified transactions. During operation, blockchain can be used to ensure that
data collected by IoT sensors are validated and reliable, making, that is, HVAC
installers and contractors accountable for sustainability targets declared during the
design phase.
Blockchain is a technology that can help reduce confusion and the resulting
litigation between a large number of parties involved in engineering projects.
Blockchain may be part of the automation process, helping people make more
things, better things, with less effort; more and better in terms of increasing efficiency, performance, quality, and innovation; and less in terms of time, resources,
and negative impacts (e.g., social, environmental).

5. The major implementation challenges
The main disadvantages of the blockchain identified in [15] are: the high
energy consumption, due to high demand for computing power used for the
calculation process, and the balance between the number of nodes and the
favorable user costs.
The key advantages of blockchain identified in [22] include decentralization,
persistency, non-repudiation, anonymity, and auditability. Some of the most
common vulnerabilities are end point vulnerabilities, public and private key
security, blockchain integration platforms, untested at full scale, lack of standards
and regulation, and untested code and vulnerabilities on smart contracts.
Turk and Klinc [19] observed that BIM files are usually huge, making the implementation of blockchain too demanding. They suggest that proper position for the
integration of blockchain could be between the transaction-processing component
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of the BIM server and its storage functionality, adding signed fingerprints to any
information interchange. The biggest advantage blockchain technology provides is
in using smart contracts to negotiate editing privileges and storing an immutable
public record of all modifications to the model [20].

6. CAD data integrity
6.1 Information security
Information security consists of three components: confidentiality, integrity,
and accessibility. Confidentiality protects against unauthorized disclosure of information. Integrity involves protection from unauthorized modifications of data—
preventing adding, deleting, or changing the stored digital records. Availability
means that data are fully available to authorized users when needed.
The integrity of the information means that the user’s data cannot be changed
without permission or that the information must be correct and complete.
Confidential information must be protected from unauthorized changes, especially in a system such as financial institutions, health-care institutions, energy
systems, etc., because the intentional or unintentional ordering of integrity can
have catastrophic consequences. Preserving the integrity of information ensures
this accuracy and correctness. The most important aspect of maintaining integrity
is user authentication or identity verification to ensure that only authorized people
can modify data in the system. The information must not be changed by accident
or by the mistake of the user or the system. When handling confidential information, it is necessary to provide a strictly confidential environment that reduces the
possibility of both intentional and accidental changes.
6.2 Data integrity threats
Trust is the key feature of blockchain technology [20]. If the construction
activities are supported by the blockchain system, participants rely on blockchain
to establish the trust relationship. Also, blockchain technology makes every participant a custodian of all the information flowing through the project’s life cycle. Thus,
blockchain creates an opportunity from the vulnerability; although the information
is public, distributed, and unprotected, the traceability provided by blockchain
ensures that any information stored in a blockchain is safe and cannot be altered.

Figure 8.
Any change in a single blockchain step is traceable in a final digest [1].
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Figure 8 shows how blockchain can be implemented in an engineering environment consisting of 3D CAD modeling and computer simulation (i.e., static
structural analysis). A random string “0” serves as a cryptographic public key
and is used to confirm the authenticity of the final output. The CAD model “1” is
combined with a random string “0,” and transformed into a fixed-size hash—block
“A,” using a common hash algorithm (i.e., MD5). CAE model “2” is a mathematical
representation of a CAD model “1” accompanied by the material properties, constraints, forces, finite element mesh, and solver options. It is combined with hashed
signature of the block “A” from the previous step and transformed to create the
block “B.” After the simulation is performed, the simulation result “3” is combined
with the hashed signature of the block “B” from the previous step and transformed
to create the block “C.”
In case that any of the data in any step are corrupted or altered by an unauthorized
team member, the changes are reflected to the blocks which were created after that
step. If, for example, someone changed the material properties for the CAE model
“2,” block “A” is unchanged, but blocks “B” and “C” become completely different,
revealing that data alteration occurred in the CAE model “2.” As no changes occurred
in the block “A,” the process owner knows that 3D CAD geometry was not changed.
In this example, the data integrity is provided through the identification of changes in
the final digest “C,” and data traceability means that blockchain reveals the source of
data alteration in the CAE model “2.”
A similar process can be applied in any phase of product’s lifetime—information
about the material properties of any element of the construction can be traced by
blockchain along the entire supply chain [23]. This could prevent accidents caused
by fire, earthquake, flooding, and other natural disasters, as weak spots cannot be
hidden and the designers, suppliers, transporters, builders, and maintainers would
easily be identified and traced for any flaw in the process. Being aware that information is transparent, they would surely do their best to provide the maximum
quality of their performance. The product’s owner would have high confidence
in the quality, health, and safety standards applied. Procurement process would
then be more transparent, yet keeping a certain amount of privacy, to provide
fair market conditions, while enhancing the efficiency and trust within the entire
supply chain.

7. Blockchain in mixed reality
Mixed reality (MR) combines physical and digital data by visually and interactively mixing digital graphical objects into the real environment in real time.
Computers are used to generate 3D graphical objects, to map and integrate them
into the real-world environment, and to represent their combination in computer
displays.
Mixed reality is based on augmented reality (AR) [24], which is interactive,
processed in real time, registered in three dimensions, and combines real with virtual
space. Enabled by the progress and development in computer graphics hardware and
software, MR can be one of the building blocks of cyber-physical manufacturing and
Industry 4.0. The mixed reality concept relies on heavy data interchange between
humans, environment, and computers. BIM and PDM/PLM also connect the physical
built environment and its digital “shadow,” stored in a dedicated database. In the design
phase, MR can be used to visually represent the 3D CAD models or their simulated
variations (i.e., structures deformed under the load) blended with the existing physical
environment. It can also be used to assist the manufacturing, assembling, repairing,
and maintaining of complex machinery.
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Instead of using printed labels for machine or building parts, which can be
altered, destroyed, or removed, MR can “project” the labels containing metadata
about the products directly on the AR display (Figure 9). The labels thus become
dynamic as they are connected to the database, acting similarly to a widely used face
recognition software. Label data alteration can be protected by a blockchain.
Collaborative CAD is a digital representation of the entire engineering process.
This process is vulnerable to attacks and errors and requires a lot of paper transactions and integrity checks to build trust between the stakeholders. Smart contracts
are a digital implementation of trust-building components. Each step in the process
is subjected to time-consuming and redundant checks before a relationship is
established, and blockchain thus makes every decision logged and traceable, and,
most importantly, irreversible and change-proof. This makes the entire BIM system
highly reliable, open, yet confidential, eliminating any disputes between the process
participants.
As all steps in the product’s lifetime are tracked and stored in a blockchain,
and a combined source of trust is being built among the stakeholders. Figure 10

Figure 9.
Dynamic labeling of components utilizing MR.

Figure 10.
Blockchain builds a fortress of Ts around BIM.
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Figure 11.
The operation model of blockchain-enabled collaborative CAD.

illustrates how blockchain fortifies the BIM process by building sort of a fortress
of terms containing letter “T”: fortified data integrity, immutable accountability,
mutual trust between stakeholders, improved teamwork, traceability of all information, transparency of all transactions, improved reliability, and high overall
quality.
Figure 11, modified from the model presented in [23], describes the operation
model of two similar blockchain-enabled collaborative CAD environments: BIM for
the construction and civil engineering and PDM/PLM for mechanical engineering.
Some stakeholders and data sources are present in both environments, and some
are application-specific. All payment transactions are performed through smart
contracts stored in a blockchain, which occur only when both parties involved in
transaction mutually agree that conditions are all met (quality of service, time of
delivery, and agreed prices are satisfactory for both sides).
Interoperability between different software components of BIM or PDM/PLM
can be provided through a set of APIs (application programming interfaces).

8. Conclusion
Despite the great potential of blockchain technology in a collaborative CAD
environment, the advantages of this technology are still in an early adoption stage
in the BIM/PDM/PLM market. As blockchain eliminates any possibility of fraud, it
increases mutual trust between the designers, contractors, suppliers, and surveyors.
Payment transactions can be automated and the data from any step in the process is
completely traceable and protected from unauthorized changes, making the process
strong and resilient.
Other sectors already recognized the advantages of blockchain, especially
the financial and supply chain services. It is questionable how much financial
and banking sector belongs to mixed reality, as the nature of currencies is more
digital than natural, especially when it comes to strictly digital cryptocurrencies.
Supply chain, on the other side, is the genuine example of mixed reality, where
physical goods are purchased, transported, and delivered, and the entire process is
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supported by digital services such as eCommerce, eProcurement, GPS tracking, and
eBanking. They both utilize the advantages of blockchain to make the process more
efficient.
The disadvantages, such as the transparency of data and the slowness of storing
data in the blockchain, are not key factors in delaying this technology implementation. The collaborative CAD can easily afford delays in a scale of minutes or hours,
and they do not need real-time data. The transparency would be a problem when
the intellectual property rights are threatened to be jeopardized, but blockchain
keeps track of all transactions and any breach of copyright can be easily tracked and
identified, even accompanied by the automated monetary transaction.
Another disadvantage is the high cost of blockchain maintenance, as block
verification demands a significant amount of computing power, thus spending a
lot of energy. Quantum computing could be one of the possible solutions for this
computing resource demand.
Blockchain for collaborative CAD is still available only as an add-on technology
provided by small vendors, while leading CAD software providers hesitate, either
due to lack of awareness or just due to an opportunistic attitude.
Increasing demand by the Industry 4.0, Cyber-Physical Systems, IoT, Smart
Cities, and other initiatives could foster the change in their approach to use the best
what blockchain has to offer: data integrity, reliability, and traceability.
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Chapter 8

Mixed Reality in the Presentation
of Industrial Heritage
Development
Vladimír Hain and Roman Hajtmanek

Abstract
The chapter ‘Mixed reality in the presentation of industrial heritage development’
is aimed at exploring opportunities for collaboration between theoretical research,
monument preservation, virtual reality and architectural practice. It deals with
the identified key factors that conditionally affect the quality and efficiency of
architectural design process of architects within the cooperation in the conservation
process of industrial heritage as well as the opportunities of transfer the research
results from futuristic disciplines. For this purpose, the chapter examines the case
study ‘the reconstruction of Old Power Plant in city Piešťany’ and describes possible
solutions on the basis of the Mixed reality (MR). The opportunity to experience the
industrial object with multiple senses (sight, hearing, smell, touch) in MR delivered
a unique personalized experience and immersive memories about lost heritage.
Keywords: mixed reality, virtual reality, industrial heritage, virtual reality,
industrial heritage, Old Power Plant in Piešťany, education

1. Introduction
Industrial heritage provides one of the most important records of urban development and progress of human civilization in the last two centuries. Monumental
industrial buildings reflect the extraordinary technical and economical development and the progress in science and technology. Even after the termination of their
original function, industrial heritage buildings and equipment with their architecture are still significantly participating in the character of each city. A global
problem is the decreasing interest of young people in studying natural sciences and
engineering, which is a prerequisite for further technological progress and socioeconomic development of the life of inhabitants. This lack of interest is justified by
the high abstraction and lack of clarity in the scientific and technical fields which
are separated from people’s everyday lives. Therefore the current trend nowadays
is developing an interactive mixed reality model of presentations—those are able
to make more attractive inspirational use of this rich source of knowledge and
experiences [1].
The interdisciplinary research team at the Faculty of Architecture STU BA
systematically focuses its work on applications of mixed reality by merging different sensorial inputs from real and virtual environment. This chapter aimed to
explore opportunities for collaboration between theoretical research, monument
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preservation, virtual reality and architectural practice. It deals with the identified
key factors that conditionally affect the quality and efficiency of architectural
design and mixed reality process. For this purpose, the chapter examines case
studies and describes possible applications on the basis of the operational research
model so-called ‘Educational Polygon’ [2]. This model is used as a tool for identification of industrial heritage potential and it also serves as an effective communication and educational instrument throughout the active development process.
Effectiveness of used procedures of the system Educational Polygon (EP) has been
verified within the research KEGA and in the main case study reconstruction of Old
Power Plant in city Piešťany and in the education and design process in Bratislava.

2. Theoretical scope
Industrial heritage consists of the remains of industrial culture that are of
historical, technological, social, architectural or scientific value. These remains consist of buildings and machinery, workshops, mills and factories, mines and sites
for processing and refining, warehouses and stores, places where energy is generated, transmitted and used, transport and its entire infrastructure [3]. Industrial
heritage represents a considerable qualitative and quantitative economic potential
for future development. In this context an architectural profession often finds itself
in the role of mediator between investors, government, municipality, scientific
community and general public.
This happens during the whole process of industrial heritage restoration, when
in the given circumstances architects requires Mixed Reality to present the design
changes of industrial heritage to the public.
In order to clarify terms in this article, Mixed Reality is a term used to cover all
concepts of reality as shown in the classification of MR technologies in the Figure 1.
For the presentation of industrial heritage in the case studies, augmented reality
(AR) and virtual reality (VR) were used mainly. Displayed types of realities differ
according to degree of reality, on the left side there is real reality with the highest degree of reality. On the other side of the scope is placed VR, which could be
understood as complete absence of real world.
The crucial difference between AR and VR is that AR in contrast to VR does not
abstract completely from the physical world; virtual objects interact with the physical world and are placed into the context of real world. Furthermore, AR represents
a less invasive concept as it is based on real physical laws, which does not have to
be the case with VR. Technological progress erases the borders between reality and
virtual reality. Perception of the world can be manipulated through the technology.

Figure 1.
Order of reality concepts ranging from reality to virtuality (Schnabel et al., 2008) [4].
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Various illusions can be fabricated in real world through the physical installations
or in mixed reality. New mixed reality devices are coming to the commercial market
and enable more dynamic and realistic perception of the computer-designed world.
The possibility to create photo-realistic scenes in game engines plays important
advance in design of projects and applications in virtual and mixed reality in the
presentation of industrial heritage [5].
This research is based on Steed’s revisiting of virtual continuum by extending
the notions of virtual and real environment, building on Milgram’s and Kishino’s
diagram. Steed explained that even within a ‘standard’ VR, there are links to the real
world, and what one sees in the virtual environment might reflect some aspects of
the current state of the real world. This situation could be observed by using body
avatars or real object’s representations in the virtual environment.
This blend between real and virtual has long been objective of studies by the
real-time graphics communities. In 1994, Milgram and Kishino created a diagram,
which has framed these concepts and provided the description for virtuality
continuum (Figure 2). ‘Milgram and Kishino have placed real environments and
virtual environments at the opposite ends of a spectrum that includes various levels
of “mixing” of realities, hence the generic term mixed reality (MR). This is a rough
description that shows that one can add virtual elements to a real scene to create an
“augmented reality” (AR), or real elements to a virtual environment to create an
“augmented virtuality” (AV). Some authors just use the term AR, without using the
term augmented virtuality’ [6].
The taxonomy of Milgram and Kishino provides a way of contrasting different types of mixed reality. Complementing their taxonomy, Steed introduces two
further considerations that distinguish between different systems: primary environment and immediacy of representation. The primary environment is always one of
three things: a pure virtual environment, the local real environment or a remote real
environment. Immediacy of representation is a simple concept, which refers to the
age of the represented content in the mixed reality and thus its veracity [6]. Steed
is describing those terms mainly on visual situations and examples. Besides mixing
of visual elements from real and virtual, the experimental work described in this
chapter is focused also on various fusions of other different sensorial inputs from
real world such as touch, smell and hearing with virtual environment.
Didactic theory confirms that the senses are portals of information. One learns
by hearing, sight or by activity (Figure 3). We all use these methods and each of us
prefers a different way of teaching. The use of the senses and their combinations is
typical for mixing learning styles.
With every sense, we receive a different percentage of information and we
remember it differently. A distinction needs to be made between receiving and
remembering information. We receive most information visually and less by hearing. We remember 20% of what we hear, 30% of what we see in visual form and
90% of what we are actively doing [7].

Figure 2.
Virtuality continuum diagram by Milgram and Kishino [6].
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Figure 3.
Graph of sensory reception and picture of Senzulor (Scheme: Ganobjak and Hain, 2017) [8].

Mixed reality also actively uses the first two senses through which we receive the
most information, sight and hearing. Kinesthetic style uses activity and engages all
(other) senses without preference. It is proven that the greatest learning effectiveness is the way of learning through a combination of learning styles. In this way, one
can remember up to 80–90% of what one hears, sees and does at once. Although
the representation of other senses versus sight and hearing is negligible in receiving
information, it appears that combinations of activating multiple senses are highly
effective. The sensory overlap with which the information was captured, creates
stronger links between them for remembering, which is absent in the case of selective perceptions.
Among us, there are several cases of people with visual, hearing or other disabilities that should not be forgotten. In such a situation, one or more of the senses
are lacking and are therefore replaced, represented and compensated by another.
Each is unique and different, it would be appropriate to pay special attention to each
person with regard to its properties. However, it is not possible to set up a specific
exposure for each, either spatially or financially. Here, universal design rules are
offered, as if they are the opposite of barrier-free design. It is not a design for a
narrowly specified group, but rather for the widest possible range of users. All you
have to do is create one quality exposure that is universal for everyone. One solution
to achieve such a balanced state is to create an exposure and at the same time every
single exhibit perceived by multiple senses simultaneously. Thus, anyone will be
provided with full information. Moreover, such a Mixed Reality exposition allows
the situation to be better, more clearly, imagined, understood and remembered not
only for children but also for people with limited abilities.
When we create an exposition, it is necessary to focus not only on the collection
of objects that can be seen, but also to make the exhibits available in a non-visual
way for universal design. Such an exhibition focused on other senses than sight, will
bring a new experience, allowing visitors to get to know nature often from another
side. An inseparable part is also a fun factor. The fun factor is always pleasant
refreshment in the amount of testimonial information that seeks our attention.
The sensor image (Figure 4) shows the reach of our senses. At the same time, it
shows the radius of information that we are able to take in that sense. While our eyes
catch most of the information, we are also saturated with visual information, so it is
possible to use the way of inverse engagement of the senses. Not many educational
exhibitions are conceived in taste, tact, smell or acoustically. Just as we perceive the
stimulus closer to the body, it may leave a larger memory footprint.
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Figure 4.
Inverse sensory orientation of exposure. Combinations of sensory perception affect the overall impression
(scheme: Ganobjak and Hain, 2017) [8].

One subconsciously favours those impulses and stimuli from the environment
that act closer to the surface of the body. This proximity gives rise to an approximatively defined sequence of its sensory zones from the tactile zone to the thermal
zone, the olfactory zone, the acoustical zone, to the human dominant visual zone.
The irritation of our receptors affects the perception of the surroundings, the
orientation and behaviour in space and the overall relation to the environment. By
the centre of gravity are activated sensory organs determine to the size and nature
of individual spatial frames of human zones. This dependency is expressed by
the sensor.
The sensory organs provide the brain with information about the specificities of
the external environment. Different organized sensory organs, with different sensitivity and complexity, can either receive one and the same information or multiple
information at the same time. These combinations of sensory perception affect the
overall impression, feeling or condition of a person in a variety of situations. These
phenomena are positively or negatively manifested especially in the perception of
the exhibition and therefore it is important to address them also when designing
Mixed Reality.
Based on the results of the FA STU research and the KEGA grant [8], an industrial heritage visitor will best understand the information with a logical structure
where the individual themes and exhibits are linked to one another. Therefore,
when designing Mixed Reality, it is crucial to organize the exposure with the
exhibits into a system with a logical (semantic) structure that clearly implies
what is primary, principal, essential, and secondary, complementary, which are
the main and secondary elements of the exposure and what are the relationships
between them.
The average person remembers approximately:
• 10% of what he/she reads,
• 20% of what he/she hears,
• 30% of what he/she sees in visual form,
• 70% of what he/she sees and hears at the same time,
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• 80% of what he/she sees, hears and speaks at the same time,
• 90% of what he/she is actively doing.
It follows from the above that it is important to include and combine the perception of multiple senses during exposure, to change the senses several times during
the exhibit and to repeat the new stimuli [8].
The fluency/continuity of the exposure is achieved by its spatial and thematic
continuity. This can be done by linearly designing the exposure, by its loop, or
by multiple looping. Linearity means: ‘A loop allowing the linearity and sequence
of exposure to be maintained, giving the possibility of returning to the previous
point where the rest zone can be situated’. Combining exposure helps achieve
spatial compactness. On the smallest scale, a single room can also be a loop. It
is not advisable to create blind offshoots of exposure with longer and deeper
spaces, after which visitors must go back in the same way as in virtual reality
(Figure 5).
This augmentation of virtual by senses is related to the understanding of virtuality and its perception. As Calleja indicates, media can create the phenomenon
described by the notions of presence and immersion in them [9]. This phenomenon
could be seen as degree of ‘realness’ of medium. In the heritage presentations and
architectural design, we can presume that building plans have different degree of
immersion as the physical and digital models. The immersion rises with quantity
and nature of information received by the user. By involving various sensory
stimuli, the information stream is widened and thus it is easier to compare user
experience to the real situation [10], which is closer to our innate learning by experience, and to gather relevant data about the users. These data are used as feedback
from the users, which could improve future designs of the next presentations and
environments.
For this purpose, there are several techniques of how to process spatial information. It is possible to 3D scan the space or measure it with routine techniques and to
compare it with suitable historical documentation. Then to model it accordingly in
form of a digital mesh model, individual characteristic surfaces need to be photographed to create textures with appropriate qualities such as colour, reflections,
structure etc. For unpreserved surfaces, it is possible to use retouched techniques or
replace them with equivalent textures from similar spaces.

Figure 5.
Rounding the exposure helps to achieve spatial compactness and prevent muscular fatigue syndrome (scheme:
Ganobjak and Hain, 2017) [8].
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3. Methodology
The choice of theme, exhibits, choice of methods of mixed reality presentation,
organizational forms and material means should be guided by didactic principles.
3.1 Didactic principles
1. The principle of creating optimal conditions for the observation and educational process of exposure
2. The principle of adequacy of exposure to target groups and individual treatment of visitors
3. Principle of science
4. The principle of connection of scientific exhibits with life, theory and practice
5. Principle of illustration
6. The principle of motivation, awareness and activity
7. Principle of continuity and sequence of teaching
8. Principle of durability and operability of the educational process of exposure
3.2 Modern type of exposure in the form of mixed reality
Its essence is that the knowledge and skills of users should be the result of their
own thinking. All modern concepts agree that the visitor should be motivated and
active in getting to know museums or expositions of industrial heritage. To do this,
a clear and comprehensive specification of exposure and education objectives is
needed, and the following principles serve to create a mixed reality design.
Mixed reality is an interesting option for representation of objects within
heritage conservation. Objects are exhibited in augmented or virtual reality and
aspect of interactivity produces greater immersion for users. Representation of
objects within heritage conservation through mixed reality creates an opportunity
to rediscover history in new and exciting way. However, it is a complex scheme of
organized design process (Figure 6) with key educational elements of Educational
Polygon, which is divided into several phases:
1. Defining the target user of mixed reality: for the needs of the Educational
Polygon, we can basically divide all participants of the process into five main
groups of stakeholders: 1. architect, 2. investor, 3. municipality, 4. professional community and 5. general public—NGOs, people living in the neighbourhood, former employees and important stakeholders in local development—potential users (Figure 6).
2. Key elements for definition of optimization problem of mixed reality:
a. accessibility: 1. personal, 2. local, 3. regional, 4. continental and
5. worldwide.
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b. aspects that represent creation of the mixed reality model—6 limits (6E)
which represent legitimate requests for creation of the mixed reality model:
economic, 2. ecological, 3. ethical, 4. effective, 5. aesthetic and 6. educational.
c. the target we want to optimize by mixed reality—this objective must be
measurable (max/min): maximize the potential of the industrial heritage
presentation; and minimize the loss in value of industrial heritage.
d.the period for which is designated the result of presentation: 1. past, 2.
present and 3. future (short term, medium term and long term).
The scheme includes criteria and aspects generating ‘matrix of externalities’ [11].
The matrix of externalities reflects a combination of all possible decisions. By
the interaction of all these elements, an educational benefit for all subjects could be
received.
Using the principles of Educational Polygon ensures a certain flexibility, crosschecking feedback as well as analysis of the results (Figure 7), which is a prerequisite for setting qualitative conversion process of industrial heritage [12].

Figure 6.
Scheme of organized design process with key educational elements and interdisciplinary cooperation (scheme:
Hain, 2014) [2].

Figure 7.
Educational Polygon-managing team in dynamic model in the process of industrial heritage maintenance and
presentation. Various relations emerge between the subjects by the presentation of the different time periods of
the project [13] (scheme and photo of Educational Polygon: Hain).
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The case study ‘the reconstruction of Old Power Plant in city Piešťany’ is an
example of how to organize work in interdisciplinary partnership in order to integrate and implement Educational Polygon into practice within the existing structure of the restoration process. In addition, the study shows how it is possible to
learn and discover new values and possibilities for designing architectures through
the Operational research [14] and Mixed mediated reality [15] (Figure 8).

4. Case studies
4.1 Presentation by mixed reality in Old Power Plant Piešťany
The first case study described in this chapter is representative by implementation of mentioned methodology from the previous sections. Additionally the
research is focused on the use of Mixed reality as an analytical tool of design. This
way, the exploration of the new simulation techniques and educational qualities of
industrial spaces is connected to the gathering information about users.
The power plant for heavy oil burning in Piešťany was built in 1906 as one of
the first of its kind in the former Austro-Hungarian Empire. Later, the plant only
provided distribution and energy transformation till the 1990s. The original engine
equipment was sold off and the main hall became empty [16] (Figure 9).
After conversion, the building is now used as a technical science museum, which
interactively educates about the energy and electricity sector. The machinery hall,

Figure 8.
Educational Polygon and Operations research in practice—case study ‘Reconstruction of Old Power Plant
Piešťany 2014’ (scheme: Hain [2]).

Figure 9.
Picture of the virtual machinery hall with machine equipment—at the first stage of the power plant in 1906
and the machinery hall in 2014 (Archival images: Hain).
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which originally had six diesel engines and generators, is now a multifunctional
room for exhibitions, scientific devices and social events. Retained documents
about the original state of the machinery hall allowed the exact appearance to be
replicated through VR (Figure 10).
In the Mixed reality, the part of real world represents the old industrial building
and the virtual part digital objects of original engine equipment that are already
gone. Thanks to that, the building itself can be used for multifunctional cultural purposes and at the same time the visitors could find out a lot of interesting additional
information about the history of electricity. The exhibition is a hybrid of augmented
reality, virtual reality, 3D models and physical industrial artefacts and creates ‘mediated reality’ about industrial heritage. The presentation of a hypothetical reconstruction by VR can serve to bring the history, culture and technology closer to the public.
After creating a spatial scheme of exposure and optimizing the distribution of
individual exhibits according to the above-mentioned didactic principles, it was
decided within the interdisciplinary team of experts in what form of Mixed Reality
the individual parts will be presented. A realistic 3D model was then created for VR
(Figure 11).
Model solutions are defined according to the restoration value of the monument [17].
The materials, proportions and details have been derived from preserved and functional
historic diesel engines from the Technical Museum in Vienna through 3D scanning.
Photogrammetric processes took 3 days. A 3D remodel of the historic 1906 engine was
then created. Based on the interdisciplinary cooperation of STU experts and the analysis
of historical documents, the historic appearance and hypothetical scene of the power
plant machinery hall was hypothesized, presented via VR and later fully animated.
The movie was accompanied by sound taken from similar diesel engines
recorded at the Technical Museum in Vienna (permission granted 2014). The sound
was recorded using a camera Canon Eos 20D and Nikon D7000 with microphone
(after permission was granted in 2014) and then optimized and purified via Adobe
Premiere Pro and Agisoft.
This model serves as a 1:1 reference from which it was possible to analogically
capture the proportions of the details (Figure 12) and draw them in new precise 3D
model. Based on the archival research and the measurements in situ, we sought to
find out whether the initial building was built according to plan in 1906. The next
research identified all periods of the building’s construction additions and removals and various stages of the finished look (1920–1945). For this case study, it was
decided to visualize the first and oldest period from 1906 [16].
The digital 3D model of the building was created in accordance with the current
measurements and compared with historical plans and identified construction phases.
Some standard components of the models (Industry Props Pack, Handyman Tool
Pack) are from UE marketplace & Turbosquid (screws, watering-can), and graphic
works have been carried out with texturing, UV mapping (UV Layout), animation and
programming (Textured: Quixel NDO, DDO, Substance Painter & Designer).

Figure 10.
Typological power plant and archival documents of the building, changes from the National Archive in Trnava
from 1906 to 1938 (Archival images: Hain).
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Figure 11.
The spatial scheme and final results of reconstructed building with realistic virtual presentation—output of
Unreal Engine 4 by O. Virág (Archival images: Hain) [16].

Figure 12.
Historical diesel engine from Vienna Technical Museum and Photogrammetry via software Reality Capture
and Agisoft by O. Virág. (Archival images: Hain) [16].

The final application runs via the Unreal Engine (Figure 13). Initially the scene
was tested with Oculus Rift, which had delays in the synchronization of head movements and caused dizziness of VR users. Finally the new more developed version is
compatible with HTC Vive as well [16].
At this point, a user can see an atmosphere of characteristic historical design of
space in the original, photo-realistic quality, along with animations and sounds in
real time. The 3D model and VR objects were prepared in Unreal Engine 4, which
provides photo-realistic images with high-quality textures and lighting. Outcomes
are suitable for all these chosen devices: Oculus Rift, HTC Vive, Cyberith, etc. [1].
The VR scene for the Old Power Plant created in 1906 (Figure 13) is designed for
the visual communication of technical information, but it also ties in with the diversity of the educational and multisensory exhibition, which is more universal (e.g.,
for people with disabilities). The target audience represents all the visitors to the
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Figure 13.
Final VR 3D model of the virtual presentation was presented by VR headset Oculus Rift in the Power Plant
Piešťany, where it was possible to compare the current and historical status on-site—an overlay of physical and
virtual reality (Archival images: Hain [16]).

hands-on science centre EP (Elektrárňa Piešťany—Power Plant Piešťany), who can
not only be entertained but also educated by an exhibition created in this way. The
project target group consists of professionals and the general public. Primary school
pupils can gain additional educational support from the exhibition. Animators,
tutors, lecturers, heritage methodologists, curators, artists and culture administrators can present new findings from the interactive history in practice, in addition to
mediating facts from the world of science and technology history.
The created VR 3D model of the machinery hall seeks to eliminate the extreme
situations of negative emotions of the space; it is ‘phobia free’. VR respects the
senses and aims to eliminate negative emotions, thereby becoming universally
appropriate. VR evokes feelings from this environment supplemented by authentic
sounds of diesel engines that invoke an industrial atmosphere. At the event that
took place on Friday 13 May 2016, the virtual reality project was presented for the
first time in the Old Power Plant Piešťany through Oculus glasses (https://www.
youtube.com/watch?v=Pk-8gCx03WM&feature=youtu.be).
The presentation in animated Virtual Reality with the possibility of synchronized movement in space is interactive and creates a subjective experience. It
uses an audiovisual design, and in the original Old Power Plant hall it is sensually
complemented by the historically present smell of black oil (unrefined diesel). This
affects the imagination of the observer. It allows him to better immerse, so-called
‘deep-rooted’ and the potential for long-term information storage. At the same time,
the presentation of the premises through the VR is a more interesting form for a
wider audience of different ages and for people with some forms of disability.
The VR is able to appeal to an age-wide and professional audience, thus ensuring
the transmission of the legacy of the non-preserved cultural values of the buildings
of the past. Virtual reality has proven to be a suitable tool for commemorating the
extinct heritage and reinterpreting its significance for the present (Figure 14).
The virtual machinery hall was tested at the European Researchers’ Night
in Bratislava, where it was explored by tracked visitors. The motivation, which
induced natural behaviour was taking photos of subjectively interesting motives.
Supportive reward system with the impact on the real was publishing of their photos and motions on the second screen. Additionally, the users’ photos were valuable
feedback information describing the most attractive exhibition places and motives.
After the visit, users were asked to fill short questionnaires about the exhibition’s
quality and feelings in VR [18].
118

Mixed Reality in the Presentation of Industrial Heritage Development
DOI: http://dx.doi.org/10.5772/intechopen.92645

Figure 14.
VR application testing at the Researchers’ Night 2019 in Bratislava and testing by students of the University of
the Third Age of the Faculty of Architecture in Bratislava (photo: Hain).

Mixed reality a presentation is suitable for people with various disabilities—the
possibility of virtual movement without physical movement for people in wheelchairs, for the deaf a visual scene, for the visually impaired an intensive contrast of
colours and brightness, and for the blind, a sound experience.
The exhibition itself allows arbitrary graphical design, expression dynamics while
saving space and adaptability. Authentic unavailable spaces shall be made available to
the public and the diagrams shall explain the operation of the cooling water and fuel
pipes to the generators in the engine room. The original equipment is complemented
by LCD touch panels with educational presentation schemes in different languages
explaining their function and operation during operation, as well as other options for
generating electricity. Complemented reality is utilized on an example of an interactive timeline of electricity milestones. The individual points of the axis are traceable
via tablets bound to a specific power plant background (wall or floor) by visitors
independently. The exhibition space is complemented by an impressive Tesla coil,
which is suspended on steel ropes and throws lightning over the heads of visitors. At
the bottom of the turret room is a Van der Graaf generator in the form of a stainlesssteel ball that bristles the hair of the person who touches it (Figure 15).

Figure 15.
Mixed reality exhibition in the Old Power Plant Piešťany with augmented reality, virtual reality and of
original engine equipment (mixed reality design: Hain, Ganobjak).
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The absence of a virtual avatar body in the VR as reported by visitors was a
strange experience with feelings of disorientation and confusion, although it is disputable if the presence of an avatar body in VR would have avoided those feelings.
Augmented reality, accompanied with the use of physical reality as an anchor for
position and navigation, appears to be a further tool for effective education, with
the brain effectively distinguishing the essence of a variety of information at a real
place. Virtual reality has also shown in this case study to be useful for presentations
at several events outside the industrial heritage site.
The Mixed reality visit of the industrial space teleports the viewer into a virtual
scene where it is also still possible to look around in a traditional manner. Virtual
reality allows the handicapped to perform virtual movements without physical
effort to places/through place where it would otherwise be impossible to go.
In this case, Oculus was more useful than HTC Vive (depending on the mobility
of physically impaired persons). The same virtual scene is perceptible from the perspective of a pedestrian. The perception of users and feeling of size could be changed
(the visitor is like a giant and the scene is only a scaled model, or vice versa).
The opportunity to experience a future, fictional world, to take a walk in the
past or virtually teleport to other points of interest is opened up through VR presentations. Visual perception is supported with realistic materials and textures.
Experience in a VR scene installed in the original Machinery Hall is supported by the
real in situ scent of heavy oil that is still possible to smell in the existing premises.
Virtual reality with synchronized movement enables the visitors to view the exhibition from anywhere, even from outside Piešťany, it is possible to walk in the historic
yet nonexisting interior of the Machinery Hall of 1906. Synchronized movement in
virtual and physical reality is compelling and confirms the meaningful use of Mixed
reality as a vehicle for presenting the defunct cultural (industrial) heritage against the
backdrop of a direct comparison of the contemporary and the original state [18].
4.2 Presenting in situ Bratislava: sense of sight, smell and hearing
The further studies show other attempts to present the revitalization of heritage
and future architectural designs by mixed reality. The subsequent study has compared mixed reality by combination of virtual environment, sound and smell of real
exterior environment. The presentation was an outcome of the interdisciplinary
cooperation of FA STU, Pixel Federation and Eurosense. For that study, three students’ projects have been prepared for different types of virtual reality: Oculus Rift,
Google Cardboard and HTC Vive in Unity Engine. The presented projects included
the proposals for revitalization of Danube River bank and old industrial bridge, near
the forested site in Bratislava. In the study, the involvement of the visitors, their willingness to discuss and their ability to link the projects with the real site were observed.
The visitors participated when the projects were presented in situ, near the forest and in the university building, away from the real site. When presenting in situ,
the primary environment was the local real environment, but when the presentation
took place in the university, the primary environment was the remote real environment (Figure 16). The projects were presented in situ with Oculus Rift and Google
Cardboard. Away from site, the projects were presented with included sounds from site
by these technologies and with HTC Vive, which allowed users to move more naturally.
The three projects were similar in the means of orientation; the main dominants
(main building, old industrial bridge and Bratislava Castle) were on the same places
with the same visual and road connections, but the projects differentiated in the
way of displaying and architectural form. One of the projects was displayed monoscopically (both eyes had the same image), the other two projects were displayed
stereoscopically. All the projects were included in one exhibition application used
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Figure 16.
Left—Presenting the projects in situ. Right—Presenting in the university (photo: Hajtmanek, 2016).

on all mentioned VR technologies, so every user could visit all projects successively.
One of the stereoscopically displayed projects had fluid architectural form, without
recognizable architectural elements as columns, windows and doors. The other
projects had more usual form with recognizable architectural elements. The summarized projects with their properties are shown in Figure 17.
The study showed that users did not notice that the one of the projects was presented monoscopically; but in this project and in the project without recognizable
architectural elements, the users had problems with orientation. On the other hand,
the problems with the orientation were lesser while presenting in situ. The comparison of the users’ ability to orient in the projects is summarized in the Table 1.
The ability to see, smell and hear the sounds from the local real environment
helped to better blend and understand the proposals with the reality. The visitors of
in situ presentation were also more attracted and open to discussion by the proposals as they could directly compare it to the real situation.
Used different technologies of VR for such a presentation showed that they did not
have the effect on the orientation, but they influenced natural behaviour of the users.
The HTC Vive was shown to be most suitable tool for similar presentations, because it
allowed the users to move more freely in real and virtual space simultaneously.
4.3 Augmented physical model: sense of sight and touch
The Mixed connection between virtual and real was shown to be a proper tool to
present the future proposals of new use of other historical heritage. The subsequent
study examined the presentation in scaled physical model by augmenting it with the
virtual layer, thus combining touch and visual senses. The combination of visual
senses from real and virtual to improve the perception of scale and proportions
on physical model of the designed environment has a long history. One of the first

Figure 17.
Presented projects. Left—Project with recognizable architectural elements, presented monoscopically. Middle
and right—Projects presented stereoscopically, the project on the right was the one with fluid form (Archival
images: Hajtmanek).
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Presented in situ

Presented in the
remote environment

Project with familiar architectural elements,
monoscopically presented

Lesser problems with
orientation

Problems with
orientation

Project with familiar architectural elements,
stereoscopically presented

No problems with
orientation

Lesser problems with
orientation

Project without familiar architectural elements,
stereoscopically presented

Lesser problems with
orientation

Problems with
orientation

Table 1.
Comparison of the projects with different ways of presentation by users’ ability to orient in them (author:
Hajtmanek).

attempts to achieve the correct perception of scale of the physical model was filming it by special camera simulating the first-person movement [19]. The setup for
this filming is shown in Figure 18.
Today, it is possible to merge the virtual and real by using the tools for augmented reality and augmented virtuality. In cooperation with Studio Hani Rashid,
University of Applied Arts in Vienna the augmented model of speculative proposal for Museum of Futures on Heldenplatz was made and presented on Vienna
Speculative Futures Exhibition. The virtual layer was mapped on the physical model
by tablet and Vuforia for Unity. The system precisely showed kinetic and programmatic capabilities of the building (Figure 19).

Figure 18.
Laboratory for model simulation FA STU in Bratislava (Kardoš, 1999) [19].

Figure 19.
Augmented model of Museum of Future on Heldenplatz. Left—Setup of the exhibition with the marker.
Right—Running of the application on tablet in the exhibition without any markers (Archival images:
Hajtmanek).
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This way of presenting showed its weaknesses, when it was compared to the
mixing of the visual senses from virtual reality with local real surrounding environment. The interaction with the augumented reality model can be observed
and interacted by more users together. However, the scale was not understood
completely in the comparison to the visiting the model through the augmented
virtuality. On the other hand, visitors comprehended the bigger picture of the
building’s program and its surroundings. Nevertheless, this way of presentation
attracted the attention of visitors and showed potential for detailly presenting
the smaller objects in product design and building context with its surroundings
in architectural design.

5. Spatial evaluation and predictions of users in situ
Inviting the observers to visit the old and future spaces in augmented virtuality
proved that they behaved very similar to the real situations, because they intuitively
related the virtual environment to the real one. This relation between the real and
virtual was further explored to use the user’s behaviour as feedback for designing
the new presentations and future spaces. In one of the studies of Old Power Plant
Piešťany, the users’ movements and gaze were recorded to predict their behaviour in
new exhibitions by machine learning model [18].
Similar approach was applied to evaluation of co-working offices of Hub Hub in
Bratislava. The digital representation of offices was modelled, prepared for VR and
presented in the real offices. It was visited and evaluated by the local co-workers,
who had the best knowledge of the real space, which they were using (Figure 20).
The users had the task to choose the best place in the spaces and subjectively
evaluate its openness, height, contact with exterior and illumination. The evaluation was recorded via gradient spots, creating heat maps in the plan of the
building. The evaluation was expressed by white colour—nevertheless the spot
was, the evaluation was more positive. In the virtual model, the same evaluated
properties of space (openness, height contact with exterior and illumination)
were precisely measured in every position from the grid in module of 60 by
60 cm. This information was noted via RGB channels to small textures—samples
of size 16 by 16 pixels (Figure 21).
This way, every position in the grid had the values of subjective evaluation
and measured properties of the space. On these data, the artificial neural network
(ANN) was trained by supervised learning. ANN learned on data from small offices
and terrace and then it was tested on the space in the middle. The comparison
between the original and the predicted evaluation on the testing space proved that

Figure 20.
Left—Virtual model of the offices. Right—Evaluating of the space in situ (3D model and photo: Hajtmanek,
2019) [20].
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Figure 21.
Left—Users’ evaluation of the space. Right—Measured parameters of the space noted via small textures
(Hajtmanek, 2019) [20].

Figure 22.
Comparison of original and predicted evaluation of the openness of the tested space. Evaluations are
coloured (blue—positive evaluation, black—negative evaluation) and blurred to blend sampling
(Hajtmanek, 2019) [20].

the final model could predict the evaluation of the users from new given spatial
parameters. The evaluation of the openness was most effectively predicted with
accuracy of 90, 25% (Figure 22).
The study showed that the relation in between the simultaneous perception of
virtual and real by all senses is possible to learn by machine learning model and use
it as evaluation tool in architectural design of future spaces, which are similar to the
evaluated one in the study. This feedback loop between the designer and users could
bring the more effective and better suited future environment.

6. Discussion
In the multiple studies, the relation between virtual and real was explored by
combining different sensorial stimuli. Combination of the senses of smelling, hearing and touching the real environment with the visual sense of virtual environment
showed that viewers behaved more usually, because they easily related the virtual
environment to the real one.
In such presentations, they realized and perceived the scale and proportions of
the presented objects more properly as seeing on the plans, scaled physical models
or screens. On the other hand, combining of touch and visual stimuli from real
environment and visual stimulus from virtual environment on the scaled physical
model showed that perception of scale was not trivial.
To provide the better idea of scale in this combination of stimuli from real and
virtual, it would be better to see the physical model, choose the position and then
visit it from the first-person view in virtual reality or by the camera, which implies
that in these studies, the use of augmented virtuality could be suited better than
application of augmented reality.
The research raises questions about VR’s usefulness, relevance, controversy and
entertaining applications. Numerous psychologists also suggest that inappropriately
applied VR may constitute a risk: being cut-off from the real world and creating a
brain fallacy by optical illusion is unnatural and in the long-term risky. In this case
study, VR as a practical tool enables the public to learn about by-gone heritage. Even
with the numerous controversial VR uses, this example of VR could be considered
meaningful and beneficial in practice [21].
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7. Conclusion
Mixed reality (MR) in the presentation of industrial heritage requires thorough
knowledge and evaluation of the subject, causality—with a strong theoretical
background and a target-oriented assessment perspective of the presentation and
education level.
The principle of interdisciplinary cooperation is not only synergistic element in
a complex scheme of organized design process, but also a key educational element
in mixed reality.
The case study through MR has reinterpreted the history of the cultural industrial heritage, which was not possible to recover in physical reality, and has brought
it to a contemporary audience. Through this practical interactive tool, the general
public can learn about lost heritage. Interactive virtual parts can be embedded in
conventional channels and animations controlled by focusing on specific objects.
User tracking and the whole principle of interdisciplinary cooperation is not only a
synergistic element in a complex organized design process, but also a key educational
element in the protection of the local industrial heritage for involved participants.
However, each case of heritage management requires a specific and detailed
study of the subject. Therefore, the study aims to serve as an initial model for further studies on the application of Mixed reality in the preservation and educational
management of industrial and cultural heritage.
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Chapter 9

Stereoscopy and Autostereoscopy
Wallen Mphepo

Abstract
For a seamless Mixed Reality visual experience the display device needs to be
versatile enough to enable both 2D as well as 3D Stereoscopic and Autostereoscopic
see through information display. The ability to enable single viewer 3D stereoscopic
information display is now relatively mature and easier to accomplish but is still a
challenge for multiple concurrent users. In addition, the ability to enable virtual
reality information display for single viewer is now also relatively mature.
However, the ability to enable seamless augmented reality information onto a 3D
world is relatively more challenging. It is orders of magnitude, more challenging to
have a mixed reality display approach that includes all these capabilities. This
chapter will provide a treatise on the stringent requirements for autostereoscopic
information display as well as switchable 2D-3D autostereoscopic information displays as a guide for designing better mixed reality displays. It will then conclude by
providing an alternative approach for a switchable 2D-3D see through Mixed
Reality information display.
Keywords: autostereoscopic 3D information display, see through AR display,
switchable 2D/3D display, 3D display mathematics

1. Introduction
Binocular stereoscopic depth cues are what underpin the main focus of the 3D
stereoscopic and autosterescopic aspect of the chapter. Therefore, a brief introduction into the relevant more stringent requirements for auto stereoscopic 3D theory
is critical. The theory introduction entails the relevant physics, psychophysics and
mathematical treatise.
To begin, it is self-evident that closing one eye does not immediately render the
world completely two dimensional and flat [1]. This is because it is possible to use
monocular and oculomotor depth cues in order to judge a scene’s depth as in
conventional 2D displays. Research shows that combining these cues with binocular
stereoscopic cues provides better depth sensations [1, 2]. The ability to perceive
depth and extracting 3D information from a scene relies significantly on the binocular disparity that results from two eyes each receiving a slightly different perspective of the same 3D scene [1, 3, 4, 5]. The brain then processes this disparity to
produce a sense of depth and stereopsis.

2. Autostereoscopic 3D display theory
The horopter is the set of points that are perceived to be on the same depth level
as the fixation point F by the left eye L and right eye R. While on the other hand the
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Figure 1.
Illustrating the various facets of binocular stereoscopic depth perception.

Panum’s fusion is a range in which all the objects are perceived as fused single
images [1, 3, 4–6]. See Figure 1.
The fixation point F projects to the same location on the retina of the left and
right eye resulting in no binocular disparity. However, points in front or behind the
fixation point F project onto different locations on the retina of the left eye and the
retina of the right eye thereby resulting in binocular disparity [1]. The brain then
processes this binocular disparity to produce the sensation of stereoscopic depth [1].
Suppose the angle LBR was designated to be b, angle LFR be f, angle LAR be a and
angle LCR be c. This then enables the definition of disparity in terms of its angular
aspect, which is commonly referred to as angular disparity in display physics [1, 3,
4–6]. The formal definition for angular disparity α is the difference between the
vergence angle at the fixation point f and the vergence angle at the desired point.
Thus for point A and B their angular disparities would be:
αa ¼ f � a
αb ¼ f � b

(1)
(2)

Stereo acuity, usually denoted by the symbol delta δ, is defined as the smallest
perceivable change in angular disparity between two objects [1]. In humans the
average stereo acuity is considered to be 20 arc seconds [7]. Suppose in Figure 1
point A and C are separated by the lowest limit of distance that their difference in
depth can be perceived, then it also means that is also the separation where their
angular disparity can just be perceived. Thus, it follows that:
δ¼a�c

(3)

2.1 Mathematics of autostereoscopic 3D displays
Earlier research showed that it was possible to produce stereoscopic depth sensations by supplying each eye with a 2D image of the same scene but from slightly
different angular perspectives [7]. This slight difference then created the angular
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Figure 2.
Showing an illustration of the parameters used in designing a glasses-free 3D lenticular lens display (image
credit: [1]).

disparity which when viewed the brain would process and produce the sensation of
corresponding depth based on the given disparity. It has to be noted however that
this is in essence an image disparity which produces a retinal disparity which is
similar to the natural disparity when viewing a real world scene but it is not identical
to the retinal disparity produced by the real world scene [7]. For lenticular lens
based glasses-free 3D displays the left and right eye pixel projection’s basic configuration is illustrated in Figure 2 below [1].
The optimal viewing distance z can be derived from congruent triangles in
Figure 2 as below.
i
e
¼
f z�f

(4)

Therefore
z¼f



eþi
i



(5)

As in parallax barriers, the viewing distance is restricted by the pixel pitch of the
underlying 2D display as well as the interocular separation. Also similarly in order to
derive the expression for the lenticular lens pitch l, congruent triangles are
employed as follows [1, 3].
l
2i
¼
z�f
z

(6)



z�f
l ¼ 2i
z

(7)

Thus,
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A glasses-free 3D TV for one viewer as in the above derivations while interesting
it is not very practical. However for the purpose of a single wearer mixed reality’s
3D display device aspect it does suffice. On the other hand if in the future we were
interested in advanced version that enables multiple views or multiple simultaneous
users of the same glasses-free 3D display, then slight modifications would have to be
incorporated into the design [1].
Using vertical parallax barrier and using vertical lenticular lenses to achieve
autosterescopic 3D as above is considered relatively simple. However, there are
numerous drawbacks that affect the perceivable 3D image quality from such displays [8–10]. Thus, usually slanted parallax barrier or slanted lenticular lenses are
employed to lower some of the drawbacks.
2.2 Mathematics of slanted lenticular/barrier 3D displays
In current conventional LCD display [11] the pixel is comprised of three
subpixels of the three primary colors red, green and blue. Also typically the pixel is
roughly a square thus requiring that the three subpixels adopt rectangular shapes.
Their sides are approximately one unit in height and one third of the unit length.
Each subpixel is then dedicated to a specific 3D view. The view numbers are shown
inside each subpixel in the Figure 3 above which is illustrating a seven-view glassesfree lenticular lens 3D display [12]. The subpixels with the same number all
belonging to the same view.
This configuration reduces some of the drawbacks of the vertically oriented
lenticular lens 3D displays. However, it adds a layer of complexity to the subpixel
algorithmic mapping for rendering the 3D image accurately [12, 13]. Figure 4
suffices to illustrate the various components of the derivations.
From Figure 4, let Pμ be the conventional lenticular lens pitch and α the lenticular lens sheet slant angle. In order to find the view number of any arbitrary
subpixel located at an arbitrary point (x, y) on the 2D display plane shown in
Figure 4 it requires knowing the offset in the horizontal direction, which is termed
the X-off-set of that subpixel as shown in Figure 4. Then from Figure 4 the
lenticular lens pitch along the horizontal x-direction is given by [12].
Horizontal_Pitch ¼

Pμ
Cos½α�

(8)

In order to determine the projection of this pitch onto the display from the
viewing point as the origin it is necessary to take magnification of the lenticular lens
into account. If m is the magnification of the lenticular lens, then it can be expressed
in terms of the viewing distance z and the focal length f of the lenticular [12] as
follows:
m þ 1 ¼ fz

(9)

Thus, the projection of the horizontal pitch onto the display plane which we shall
term the horizontally projected pitch PμH is given by the following expression.
P μH ¼



mþ1
Pμ
Cos½α�
m

(10)

Therefore the desired X-offset of an arbitrarily positioned pixel at (x, y) then
becomes [12]
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mþ1
Pμ
X offset ¼ ðx � y ∗ Tan½α�Þ ∗ mod
Cos½α�
m

(11)

However, if the horizontally projected lenticular lens pitch in Eq. (10) is divided
by the pixel pitch Ph a particularly important number is obtained. This number is
actually the number of views in one row per lenticular lens, which shall be denoted
as X as in Eq. (12) below.


mþ1
Pμ
X¼
Ph Cos½α�
m

(12)

As an important and practicality side note, this above expression by itself it does
not seem to mean much as it masks some rather important detail. However looking
closely at Figure 3 reveals something that becomes apparent only after designing
several lenticular lens-based glasses-free 3D displays. That is the number of views
(along a horizontal line) per lenticular lens is always half the total number of views

Figure 3.
Showing the conventional 2D display subpixels behind a slanted lenticular lens sheet configuration of a typical
slanted lenticular lens glasses-free 3D display system (image credit: [12]).
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Figure 4.
Showing the various components and notations relevant for the derivations of the expressions for the design of a
basic slanted lenticular lens glasses-free 3D display (image credit: [12]).

Ntotal of the whole 3D display. Thus, the above expression can be re-written as the
expression.


N total m þ 1
Pμ
¼
2
Ph Cos½α�
m

(13)

This unassuming and uncelebrated expression is of great use to any would be
slanted lenticular lens 3D display designers. This is because it connects the parameters that are essential to the actual lenticular lens glasses-free 3D display design
process. The above expression computes how big should the slanted lenticular lens
pitch Pμ be if one would like to have a 3D display with a desired number of views
Ntotal and at what slant angle alpha of the lenticular lens, given that the LCD pixel
pitch is Ph. Re-arranging the expression tells pretty much all that is needed as can be
seen in Eq. (14).
Pμ ¼




N total
m
ðPh Cos½α�Þ
mþ1
2

(14)

In practice, usually the client or 3D display manufacturer provides the 3D display designer with the LCD pixel pitch and the number of views needed. The
designer then fixes a convenient slant angle, normally 9.4623 degrees. Why 9.4623
degrees one could ask, and why so specific? The reason is Cosine of 9.4623 degrees
is �0.99, which for the sake of computation can be approximated to be 1 without
loss of generality on the display macro scale in real world practice. Next the 3D
display designer will then choose a lenticular lens magnification usually of 0.5. Why
0.5 one could ask? All shall soon be revealed, but in short it suffices to say these are
well chosen values. They drastically simplify the design process of the lenticular
lens sheet needed to accommodate the client’s requirements and produce the wizardry that is high quality glasses-free 3D. In essence this is because mathematically
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these well-chosen values simplify the expression for the lenticular lens pitch
needed. It boils it down to half the total number of the display’s views, times a third
of the pixel’s pitch as in Eq. (15).
Pμ ¼

 
N total Ph
2
3

(15)

2.3 Pixel mapping for lenticular Lens 3D display
With regards to the pixel mapping onto the display to enable 3D image rendering, a general expression can be derived. This can be done by starting with a
conventional LCD display with pixels arranged in an orthogonal array of red, green
and blue subpixels whose coordinates are in the x, y plane of the display. These x, y
coordinates can then be expressed in terms of the pixel indices usually denoted as k,
l and the horizontal pixel pitch Ph as follows [12, 13].
x ¼ kPh

y ¼ 3lPh

(16)
(17)

If the expression for X-offset above is divided by the expression for the
projected horizontal lenticular pitch and multiplied by Ntotal, then substituting the
variables for x and y with their equivalent in terms of the indices, the following
expression is obtained for the view number VN for each arbitrary pixel k, l [12, 13].
V Nðk,lÞ




k þ koffset � 3l ∗ Tan½α� mod½X �
∗ N total
¼
X

(18)

From
V N ðk,lÞ ¼

ðx � y ∗ Tan½α�Þ
∗ N total
PμH

(19)

Substituting k, l gives
V N ðk,lÞ




k þ koffset � 3l ∗ Tan½α�
¼
∗ N total
PμH

(20)

Eq. (20) tells which view number corresponds to each pixel on the display plane
and thus enables assigning of the correct 3D image data to the appropriate pixel for
correct 3D image rendering. The koffset factor is there to take into account any
horizontal shift of the lenticular lens sheet relative to the underlying LCD display.
2.4 Enabling 2D/3D switchable display
There are many ways to achieve a switchable 2D/3D information display. This
section is centered on how to achieve a low cost dual prism film conversion module
that can enable the same pixels to be projected to both eyes of the user (2D mode)
when offset by half the prism pitch. As well as separating the different pixels that go
to one eye from those that are projected to the other (3D mode) when the prisms
from sheets are aligned. The module is simply an assembly of two sheets with
vertical prisms on one face and a smooth surface on the other face. The concept was
simulated in LightTools 2010 Version 7.1 software by Synopsis (LightTools). See
Figures 5 and 6.
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Figure 5.
Showing a slightly zoomed out image of the light tools simulation results of the stacked dual prism layers in 3D
mode.

Figure 6.
Showing a zoomed in image of the light tools simulation results of the stacked dual prism layers in 2D mode.

The prisms were aligned. Simulations then confirmed the ability of the prism
sheets to project left and right eye designated pixels of interlaced images to their
respective eyes.
The prisms were then offset. Simulations also confirmed the ability to revert
back to 2D display mode. Sample prism sheets were then constructed and tested to
verify the concept. The two types polyethylene terephthalate (PET) prism sheets
had prism height of 1.732 mm and base of 2 mm and the other sheets were with
0.1732 mm prism height and base of 0.2 mm. The test display’s native resolution was
VGA but the resulting 3D resolution was half the native resolution. The resulting
viewing angle was a very restricted 45 degrees of effective viewing angle. The
crosstalk at the viewing distance was 3%. Preferably viewing angle should be high.
However, for a single 2D/3D viewer it suffices. While optical prism sheets were
employed in this research, lenticular lens sheets would also work the same way
using the same principle. Thus produce switchable 2D/3D lenticular lens auto
stereoscopic displays [4, 5, 14].
2.5 Combining the concepts into a switchable 2D/3D AR/VR device
Combining the desirable characteristic of the various concepts covered in this
chapter could lead to a more versatile switchable 2D/3D AR/VR device as illustrated
in Figure 7. In the illustrated configuration in Figure 7, the interlaced data from the
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Figure 7.
Showing an alternative configuration for a switchable 2D/3D AR/VR device component. By covering the lenses
with material of different transmittance the device can operate in different modes.

organic light emitting diode (OLED) display can be split into left and right eye
pixels. These pixels are then superimposed onto the real world through the translucent eyeglass lenses as desired. This would be more desirable as it have the advantage of requiring only a single small display while still providing binocular stereo
and autostereoscopic 3D information display. Of which would reduce cost. The
system’s ability to switch from 3D mode to 2D mode is another advantage that
enables the system to dynamically switch between modes as needed for different
applications. The system is also a see through display thus the real world view is not
mediated for the user and it is directly merged with synthetic data in a calibrated
way using the sensors for tracking the user’s head location as well as the user’s head
orientation similar to other mixed reality systems.
2.6 Mixed reality immersion experience discussion
There are many currently available approaches to realizing headset type mixed
reality information display just as there are also multiple approaches to realizing
unbounded mixed reality information display.
With regards to headset types category they can be divided into subcategories
that can be described as fully immersive, optical see through and video see through
displays as illustrated in Figure 8.
In general, fully immersive devices tend to be mostly for immersive virtual
reality experiences. Their displays tend to be stereoscopic displays that are then
combined with sensors that can track the user’s head position as well as orientation.
Optical components are used to project left and right eye pixels to their respective

Figure 8.
Showing some of the different types of head mounted mixed reality device systems (image credit [15]).
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eye locations depending on the head position and orientation. This projection can be
realized either through directly displaying synchronized pairs of images with the
desired image disparity to create appropriate feeling of depth sensation using two
separate near-to-eye displays. One for each eye, having two displays however tends
to also increase the cost. Another way is to use optical components that effectively
extracts interlaced left and right pixels from a single display and projects them to
their respective eyes.
In video see through type of mixed reality devices, cameras first capture the real
world surroundings. Then computer generated data is combined or superimposed
on the cameras captured world before being projected into the viewers’ eyes in a
calibrated way. In-built sensors help with the tracking and the calibration. When
done correctly with fewer errors the users can feel the sensation of seemingly
unmediated world perspective that just happens to be augmented with synthetic
data. However, eliminating all errors and artifacts is a significant challenge.
Optical see through devices mitigate the above camera artifacts’ challenge by
eliminating it from mediating the viewers’ optical path to the real world. Thus, in
optical see through devices, the users see the actual real world around them. Then
sensors in the devices track the head location and orientation in order to overlay
correctly calibrated synthetic data onto this real world. There are multiple
approaches to realizing these types of mixed reality devices. The proposed configuration illustrated in Figure 7 is one such binocular autostereoscopic example.
Unbounded mixed reality systems are also a category that enables viewers to
experience immersive sensations without necessarily wearing headsets or any other
devices. These devices can be for a single user or multiple concurrent users. They
are designed so as to provide autostereoscopic information display and sometimes
interaction as well. In order to enable multiple simultaneous users to experience
autostereoscopic 3D sensation some of the displays employ the concepts covered in
Sections 2–2.3. However, all stereoscopic and autostereoscopic information displays
make use of the concepts in the human visual system covered in Section 2 as they
are the basis for human 3D and depth perception.
Some of the examples of common unbounded mixed reality displays include
Walls, Caves and Domes (Figure 9).
Walls mixed reality displays can be comprised of multiple flat panel or curved
displays that are tiled together to create an immersive experience. This immersive
experience can also be in the form of autostereoscopic sensations using the various
multi-views autostereoscopic approaches including the lenticular and parallax barrier systems introduced in this chapter. Another approach used for achieving wall

Figure 9.
Showing an illustration of a curved wall mixed reality system with multiple concurrent users (image credit [15]).
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type mixed reality displays is through projections onto the walls. These could be
front projections, rear projections or both depending on the application.
Caves mixed reality systems are in general multi-sided immersive environments
that offer notably stronger sensations of immersion than one-sided standing walls
mixed reality systems. This sense of immersion is sometimes enhanced with the
addition of viewer surrounding autostereoscopic 3D display walls that give the
viewers a greater sense of depth. Similar to walls mixed reality systems, flat panel or
curved displays can be used as well as rear and front projection displays to produce
the cave system.
Domes are a variation of caves mixed reality systems whereby usually the interior hemispherical domed surfaces that completely enclose a space are used as the
image projection display surfaces. This configuration thereby creates a seamless 360
degree horizontal and 180 degree vertical immersive experience for the viewers.
Coupling these systems with autostereoscopic 3D information display capability
results in highly immersive and interactive mixed reality systems that are superior
to most. The fact that these strongly immersive experiences can be enjoyed by
multiple users simultaneously makes domes particularly popular in multiple industries and research fields.

3. Conclusion
It is not unusual to encounter mixed reality devices and systems that only can
provide 2D information to the viewers in attempts to induce the sense of immersion. Systems that can only do so are limited to certain types of applications and
they can perform those functions particularly well. The applications that they perform best are in scenarios where 2D information is the most optimal, for example in
certain see through display based real world objects labeling. However, such limited
systems might not be ideal for unbounded device applications that would require
experiencing immersive autostereoscopic 3D depth. In such applications employing
the stringent autostereoscopic 3D information display concepts elaborated in this
chapter would greatly enhance the immersive experience. This is because autostereoscopic displays can also display 2D information just as well as 2D displays. While
on the other hand 2D mode displays cannot always display autostereoscopic 3D
depth information with equal facility, if at all.
Hence, in this chapter the basic treatise of stereoscopic, autostereoscopic as well
as switchable 2D/3D information displays were introduced. The chapter then proposed a possible basic configuration for a more versatile switchable 2D/3D Mixed
Reality device employing concepts similar to the lenticular prism sheets illustrated
in Figure 5. The concepts in this system while they were used to illustrate a head
mounted display for a mixed reality device their 3D autostereoscopic concepts plus
switchable 2D/3D modes are also applicable to high performance unbounded
autostereoscopic 3D mixed reality systems.
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Chapter 10

Mixed Reality: A Known
Unknown
Branislav Sobota, Štefan Korečko, Marián Hudák
and Martin Sivý

Abstract
Mixed reality (MR) is an area of computer research dealing with the
combination of real-world and computer-generated data (virtual reality), where
computer-generated graphical objects are visually mixed into the real environment
and vice versa in real time. This chapter contains an introduction to this modern
technology. Mixed reality combines real and virtual and is interactive, real-time
processed, and registered in three dimensions. We can create mixed reality by using
at least one of the following technologies: augmented reality and augmented virtuality. The mixed reality system can be considered as the ultimate immersive system.
MR systems are usually constructed as optical see-through systems (usually by
using transparent displays) or video see-through. Implementation of MR systems is
as marker systems (real scene will be added with special markers. These will be
recognized during runtime and replaced with virtual objects) or (semi) markerless
systems (processing and inserting of virtual objects is without exact markers.
Additional information is usually needed, for example, image and face recognition,
GPS coordinates, etc.). The chapter contains also a description of mixed reality as an
advanced computer user interface and the newest collaborative mixed reality.
Keywords: virtual reality, mixed reality, augmented reality, augmented virtuality,
optical see-through systems, video see-through systems, mixed reality interface,
collaborative mixed reality

1. Introduction
Mixed reality (MR) is the most advanced technology of today’s virtual reality
(VR) systems. It is the area of computer research dealing with a combination of
real-world and computer-generated data. Computer-generated graphic objects are
mixed into the real environment and vice versa in real time. Mixed reality, based on
Azuma [1]:
• Combines real and virtual space
• Is interactive
• Is processed in real time
• Is registered in three dimensions
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Mixed reality represents a combination of real and virtual worlds, where virtual
data are inserted into the real environment or vice versa. The main function of
mixed reality system is computer-based harmonization of real and virtual scene
coordination systems and overlap of virtual and real images.
The virtual fixtures were the first mixed reality platform developed in 1992 at
the Armstrong Laboratories of the USAF [2]. This project allowed virtual objects to
overlap with the real environment in a direct user view. At present, mixed reality
can arise using at least one of the following technologies: augmented reality (AR)
and/or augmented virtuality (AV).
Mixed reality technologies give to users the chance to get a new experience. This
solution, as already mentioned in classic VR systems, is particularly suitable for the
presentation of design, urban, and architectural studies. It is a preview of a new
form of visualization of real-world objects enhanced with virtual complementary
information. A model can be created using 3D modeling tools, respectively, using
direct export from, e.g., CAD tools, and they put into the real scene. The subsequent
resulting scene of mixed reality can be created using some of the AR systems
(marker or markerless). The correct placement of virtual objects in the scene is used
either by markers or by other positional reference devices (e.g., GPS). Virtual
objects together with the view of the real world create a mixed environment. They
form a solution that brings a totally new form of computing resources usage overall
in human-computer interfaces (HCI). In Figure 1 a principle of the system of
relations between the two areas/subjects is shown, and it cannot exist only on a
computer but also on any device/system. For example, a TV remote controller has a
user interface. This concept is valid also for mixed reality systems, but in this case
(MR), it must be more natural and more interactive (one subject is human). Thus,
MR can also be a good example of improving the interface for people with disabilities or for their therapy (see also Figure 23). A very nice example is a study
described in the chapter “Using Augmented Reality Technology to Construct a
Wood Furniture Sampling Platform for Designers and Sample makers to Narrow
the Gap between Judgment and Prototype.” The 3D printing output was included
into mixed environment, and so limitations have appeared here. The form and state
of sampling through innovative experimental methods were simulated. MR system
design, aiming to quantify the objective data on furniture sampling on the shape,
was presented, but because the size of the 3D printing was much smaller than the
actual sampling size, the difference between the visual judgment of MR system
users and the spatial shape was affected. This demonstrates the importance of the
coordinate systems of the MR system components’ coordination in terms of the
interface’s naturalness (see also Figure 6).

Figure 1.
Mixed reality as user interface concept.
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The AR environment contains both real-world objects and virtual (synthesized)
objects. For example, a user working with an AR system uses a display device (e.g.,
transparent display glasses or head-mounted display (HMD), monitor+camera
combination), and he can see the real world combined with computer-generated
(synthesized) objects displayed “as” on the surface of this world.
Augmented virtuality is similar to AR. Unlike AR, AV is the opposite approach.
With AV systems, most of the displayed scene is virtual, and real objects are
inserted into the scene. When a user is embedded in a scene, it is, like embedded,
real objects, dynamically integrated into the AV system. It is possible to manipulate
both, virtual and real objects in the scene, all in real time.
Both of these systems are quite similar, and both fall, as already mentioned,
under the concept of mixed reality. Mixed reality includes both augmented reality
and augmented virtuality. It is a system that attempts to combine the real world and
the virtual world into a new environment and display, where physically existing
objects and virtual (synthesized) objects coexist and interact with each other in real
time. The relationship among mixed reality, augmented reality, augmented virtuality, and the real world is shown in Figure 2. An extended continuum by using of
terms such as real reality, amplified reality, mediated reality, or virtualized reality (see
chapter “Mixed reality in the presentation of industrial heritage development,”
Figure 1. Order of reality concepts ranging from reality to virtuality) is based on
Milgram’s continuum. Mediated reality is also included in Mann’s classification.
In Mann’s classification (Figure 3), the classification space is extended by
mediality [4]. It means mediality in the form of mediation. The mediation in terms of
this technology is an extended term encompassing certain objects of transferring
visibility (visualization) to another format, i.e., transforming objects into a “media”
form. And so, the mediation is understood as a process of transferring (transforming)

Figure 2.
Milgram’s continuum between reality and virtuality [3].

Figure 3.
Mann’s classification of mixed reality systems (mediated reality continuum) [4].
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data within the object creation or movement, including a set of transformations
which allowed the transport of data for visibility (visualization). Overall, mediality is
understood as an interactive interface, i.e. the environment of different worlds contact. It is, therefore, a measure of the possible interconnection between heterogeneous worlds using different forms of mediation (visibility, visualization).
Depending on how the user sees the mixed reality, these systems can be divided
into two types:
• Optical see-through systems—the user can see the real world (reality) directly with
the computer-generated (virtual) objects added (Figure 4a). These systems
typically work with HMDs with transparent displays. Then, in Figure 6 the R
connection is not realized, and the real scene view is directly through this display.
• Video see-through systems—the real-world scene complemented by virtual
objects is displayed to the user in a mediated manner, e.g., using the cameradisplay combination (Figure 4b).
There are two MR systems used to coupling virtual objects with the real world:
• Marker systems—special markers are placed in the real scene that are
recognized and replaced by virtual objects during the runtime. QR codes or
EAN codes can be used as markers, in addition to specialized markers.
• Markerless (semi-markerless) systems—systems without (special) markers—contrary
to the marker AR, there is no need to have special markers in the real scene. GPS

Figure 4.
Schematic representation of a mixed reality system optical see-through (a) and a video see-through systems (b).
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Figure 5.
Extended (a) and enhanced (b) mixed reality systems.

coordinates, Wi-Fi signal, camera output analysis (e.g. image recognition) and
other means are used to place a virtual object into the real scene. In semi-markerless
systems, real-world objects, naturally placed in the scene (e.g. a TV remote control,
a cup or a book), are used as markers.
Depending on the area where the MR system is operated, MR systems are
divided into:
• Interior MR systems
• Exterior MR systems
• Combined MR systems (both interior and exterior)
Depending on the geometric relation between the real world and virtual objects,
MR systems can be divided into:
• Extended (enriched) MR systems—without direct geometric relationships of
virtual objects with real world (Figure 5a, (discontinued Google glass are used
only as an example))
• Enhanced MR systems—with geometric relationships of virtual objects with
real world (Figure 5b)
Starting with Figure 5b, the examples presented in this chapter are results of the
LIRKIS laboratory at the home institution of the authors (Department of Computers
and Informatics, Faculty of Electrical Engineering and Informatics, Technical
University of Košice).

2. MR system function
A standard virtual reality system attempts to fully immerse the user in a
computer-generated environment. This environment is maintained by a system
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whose displaying part is provided by a computing system with the virtual world
rendering graphical system. In order for the immersion to be effective, the user’s
mind and sometimes his body must identify with the visualized environment. This
requires that the changes and movements made by the user in the real world
correspond to the appropriate changes/movements in the provided virtual world.
Because the user is looking at the virtual world, there is no natural connection
between these two worlds, and therefore the connection (interface) must be
established. The mixed reality system can be considered as a definitive immersive
system. The user cannot be any more immersed in the real world. The goal is to bind
the virtual image with the user view. This linkage is most critical for AR systems
because we are (people) much more sensitive for visual inaccuracies than standard
virtual reality systems. Figure 6 shows the combination of displayed areas (coordinating systems) that must be realized in the mixed reality systems.
The camera realizes a perspective projection of the real 3D world into the 2D
projection plane. The internal (focal length and lens curvature) and external (position, viewing direction, or other settings) of the device accurately determine what is
displayed on the display. Virtual image generation is realized using a standard
computer graphics system (e.g., based on OpenGL). Virtual objects are displayed in

Figure 6.
The combination of displayed areas (coordinating systems) in the mixed reality systems.

Figure 7.
Schematic diagram of control/data flow in mixed reality systems.
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a derived projection plane (screen). The graphics system requires information/data
about the real scene image to render synthetic objects correctly. These information/
data are applied to control of the virtual camera (computation of the inverse projection matrix) used to generate an image of virtual objects in the scene. This image
is then merged with the real scene image to produce a mixed reality output image
on the output display device.
The overall schematic way of implementing the MR system at the control and
data flow level (Figure 7) is derived from the implementation of conventional VR
systems. The biggest differences are at the input and output subsystem levels. This
is mainly determined by the use of some special devices, e.g., transparent displays
or gesture sensors. The abovementioned calculations of the inverse projection
matrix, parts of image composition/combination, or image and possible marker
recognition extend also the MR system kernel. In this case, the tracking subsystem
is very important as described in the chapter “An interactive VR system for anatomy training” (Figure 1, Conceptual Diagram (Tracking module)).

3. Implementation of MR system with markers
Several stages are required in the process of implementation of AR technologies
[5]. The first one concerns the preparation of virtual objects as 3D models. However, this can be performed by various technologies and principles. Therefore, the
creation of 3D objects is possible through the following:
• 3D modeling tools and applications (for instance, a Trimble Sketchup).
• Utilization of 3D scanners.
• Modification of the existing 3D model.
In the second stage, the whole model is verified and performed to the required
output format (OBJ, 3DS, GLTF, VRML, FBX, etc.). The type of output format
depends on the engine and graphics library, which utilizes the AR application. The
third stage contains the preparation of markers that are used for model placement
into a physical environment. The fourth stage focuses on marker detection when
the AR application is running. Then the proper visual output of the virtual object is
performed. Detection of AR markers is conducted in real time by runtime processes
that are responsible for visual output handling. Concerning the markerless MR
system, the third and fourth stages are omitted and replaced by technology able to
merge the real environment with included virtual objects.
The preparation of scenes purposed for mixed reality usage takes different
technological scopes than AR. Even though the basis of AR is utilizing markers,
there are still situations when some of them are out of detection range. In that case,
the detection failure occurs. Unlike AR, mixed reality is more powerful and userfriendly which increase its usability for common usage. Utilizing depth-sensing to
scan the surrounding physical environment is more effective in producing more
enhanced visual content. All the virtual objects behave more naturally when they
are placed in physical surroundings. Mixed reality devices also utilize depth-sensing
to provide gestural interfaces for natural interaction. Mixing virtual objects and
user’s hands immerses human perception to manipulate virtual content more naturally. Figure 8 contains a complete description of the whole process of creation MR
scene as well as shows the basic structure of own created applications. Some steps
are similar as in the case of a semi-markerless system (Figure 12).
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Figure 8.
Marked mixed reality creation process.

One of the problems of marker-based MR systems is marker design and size. The
most important factors of correct recognition are marker complexity, camera resolution, scene lighting conditions and the distance between the camera and the
marker. A bigger marker improves chances for recognition. It is advisable to
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Figure 9.
Runtime process of marked mixed reality system.

use markers that contain combinations of larger areas with high contrast
between them.
On top of already mentioned criteria, there are additional ones that have an
effect on correct recognition of marker—the whole marker needs to be in the field
of view of a camera; there is a problem with recognition if part of the marker is
covered. Difficulties occur as well under low light conditions and when marker
orientation toward the camera is not ideal. Too bright light source brings an additional set of problems as well as bright spots and reflections from the surface of the
marker. The marker does not necessarily need to be printed on paper or sticker and
surfaces with better contrast, and antireflective coating can be used. Another way to
tackle problems with recognition is to print a marker visible under UV light, etc.
The most used marked MR system is based on older ARToolKit software library
(Software library for building AR applications created by Human Interface Technology Laboratory: http://www.hitl.washington.edu/artoolkit/), and schematic diagram of runtime process based on this library is shown in Figure 9. The one
example of a typical AR Toolkit usage is presented also in the chapter “Augmented
Reality as a new and innovative learning platform for the medical area” (see
Figure 1. Image of a two-dimensional (2D) human heart placed in front of a camera
where typical ARToolKit marker is used).

4. Mobile mixed reality implementation
Mobile mixed reality introduces an intelligent interface accessible for mobile
devices. This technology originated outside the primary interest, for which the MR
was invented [5]. Mobile MR can be performed by utilizing these technologies and
services:
• Global positioning.
• Wireless communication.
• Location-based calculations.
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• Location-based services.
• Mobile devices.
Each of the mentioned services and technologies provides localization of virtual
objects and performs their proper visual output. Concerning mobile data services,
the virtual object can be placed globally around the world without the limitation of
geographical distances. The biggest challenge in mobile augmented reality is tracking and registration. Mixed reality applications include two separate components,
which cover a whole process from setting markers and 3D models to producing
visual output. The first component introduces a standalone application. Its main
objective is to combine markers and 3D models into “datasets” and upload them to a
server or networked storage. The second component contains a mobile application,
which obtains datasets from the network and then renders whole 3D content. The
overall design and functionality are described in Figure 10.
The standalone application can be written in C#. The mobile application (e.g.,
android app), however, is more complex. Usually, a software library support is
needed. Two libraries working together can be used: Vuforia and min3d or a similar
one. The first one (main part), Qualcomm AR/Vuforia (http://www.qualcomm.
com/solutions/augmented-reality), is a library developed by Qualcomm Inc. company, especially for mobile devices. This library is meant for marker detection and
simple 3D model rendering. The second one is meant to be a simple 3D engine, but
in this case, it can be used solely only for 3D model rendering. Also, another library/
framework can be used. The output is combined similar to Figure 6.
Because of the limited 3D model capabilities Vuforia has, the library will be
modified so that it does no rendering at all, only marker recognition in the camera
output. All rendering will be done by the 3D rendering library (min3d) based on the
data it receives from Vuforia. The main disadvantage Vuforia library is the way to
build markers for augmented reality. These markers must be made on the official
site of the library.

Figure 10.
Mobile mixed reality application architecture.
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Figure 11.
Examples of the “augmented reality screen” on mobile (android) platform.

Then the augmented reality screen is the most important part of the application. It
creates an augmented reality based on the dataset users choose. The resulting
application is fully capable of creating an augmented reality, with the output
displayed in Figure 11.

5. Implementation of markerless (semi-markerless) MR system
As it was already mentioned, it is more difficult to implement MR systems
without exact markers (so-called semi-markerless and markerless systems). The
whole process then uses objects that occur in the environment normally instead of
artificial markers. It also utilizes other means, such as recognition of images, gestures or faces, depth cameras, 3D scanners, and GPS or Wi-Fi signal strength.
This technology can be divided into three types, which differ in the way the
position and orientation of the inserted graphical entity are obtained:
1. By recognizing observed objects in the real environment, e.g., detection of
points, edges, lines, etc.
2. By recognizing planar surfaces, e.g., texture recognition (semi-markerless
systems)
3. Using information from another source, e.g. GPS
Regarding the first type, to be able to add a virtual object to a real environment
(image), captured by a camera, we need to know the exact position of the virtual
object. But the position changes when the camera is moved. In practice, this means
that the virtual object remains fixed in the real image in the real environment and
the look on it changes with the camera. The key part of this technology is environment tracking (scanning). This means that the system is always checking the position and orientation of the camera as well as detecting certain natural
environmental clues (points, edges, etc.). Using these clues, we can add more
graphical information to the image. And we know the position and orientation of
the inserted virtual object. It is a computationally demanding process, considering
that it should be computed in real time. It is appropriate to apply parallelization
when implementing it.
The second type uses planar surface recognition. The planar surface may be a
painting, a book cover, a photograph, a face, and so on. This technology is similar to
the marker-based MR. However, it uses a specific rectangular planar surface
(painting, photo, etc.) instead of an artificial marker. Various filters, as well as
methods to identify significant points in the image, are used to recognize a texture
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Figure 12.
The architecture of the semi-markerless system.

in the image. In this case, however, the computational demands of the application
significantly increase, especially when detecting recognized shapes. How an MR
system of this type works is shown in Figure 12. In this type of system, a learning
phase is required. The learning phase involves scanning the environment for examples of objects we need to recognize and acquiring templates of these objects, e.g., in
the form of their photographs.
The third type is used primarily in smartphones (see previous subchapter
“Mobile MR implementation”). It uses the phone camera, which scans the place
where the user is looking. Using GPS, the system will detect where the user is
and which points he has in his surroundings. The digital compass of the smartphone
is used to determine the direction in which he is looking. The use of these features of
the smartphone (camera, digital compass, GPS) allows creating MR applications.
The principle of creating an MR without exact markers is similar to creating an
MR with exact markers (Figures 8 and 9). However, there is a significant difference
in the method of recognizing the original and positioning it in the real scene image.
How markerless (semi-markerless) MR works can be, on the basis of Figure 12,
described by the following steps:
1. After initialization, the camera constantly captures the real scene and sends the
video to the computing system for processing.
2. The software processes the captured image by frame and searches for the
pattern(s)/object(s) in the image using the selected detection method.
3. The position and orientation of the object/s (pattern) are computed after it is
recognized (computer vision area).
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4. After the position and orientation are known, the virtual object model is placed
at the position.
5. The user sees the real scene, as captured by the camera (video see-through
systems) or as seen through the transparent display (optical see-through systems),
with the virtual object added.
Steps 2 and 3 are essential and the most demanding ones. The most
commonly used methods for image recognition are based on SIFT and SURF
algorithms.
• SIFT means scale invariant feature transform. It is named after the principle it
uses—it transforms images to coordinates independent from the scale. It is one
of the more recent methods for significant point detection. In [6], David G.
Lowe says that the points found do not depend on scale, rotation, affine
deformations, noise, and illumination changes.
• SURF (speeded-up robust features) is a more recent method, inspired by SIFT.
The description of an image, generated by this method [7], is invariant to
image rotation and distance between the camera and the described object.
SURF is used in many computer vision applications, for example, 2D and
3D scene reconstruction, image classification, and fast image description
creation.
The implementation of semi-(markerless) mixed reality consists of four main
components: initialization, tracking and recognition, pose estimation, and MR scene
[8]. The architecture of the semi-markerless mixed reality system is shown in
Figure 12. The implementation of this system required two additional platformdependent software packages. The first one was NyARToolkit (https://nyatla.jp/nya
rtoolkit/wp/) with the core of the mixed reality construction and also an implementation of mathematical calculations used for determination of the pattern/
object position. The second one was the Emgu.CV software library (http://www.
emgu.com), which provides the already mentioned SURF method implementation
for the detection of patterns/objects in the image.
The component initialization sets some parameters of the camera, pattern/
object, and 3D object.
The component tracking and recognition recognizes the pattern/object from the
image captured by the camera. This step can use the SURF method, e.g., from the
software library Emgu.CV. This method describes the image by using descriptors.
The description with the descriptors generated by this method is invariant to rotation and camera distance from the object being described. Interest points obtained
by this method are shown in Figure 14. 3D scanning technology and followed
recognition can be used also in this component. However, a detailed description of
this method goes beyond the scope of this chapter.
The component pose estimation calculates the transformation matrix, for the
establishment of the three-dimension coordinates on the pattern/object. For the
calculation (based on [9]) itself, it is necessary to know the projection matrix,
which is obtained by camera calibration. The most important part of the calculation
is to obtain a transformation matrix that determines the location of the 3D virtual
graphic object into 3D space. Placing the virtual model into the real world is needed
to determine the parameters of the transformation matrix. In case we have a pattern
(square/rectangle) as shown in Figure 13, determination of the transformation
matrix parameters is as follows (1) and (2):
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Tcm (transformation from pattern coordinates to camera coordinates) is
obtained by analyzing the input image. This transformation matrix consists of the
rotation matrix (V3�3) and the translation matrix (W3�3). Two parallel patterns
edges (margins) are reflected in the image. Coordinates of these edges correspond
to the equations of lines (3):
l1 : a1 x þ b1 y þ c1 ¼ 0

l2 : a2 x þ b2 y þ c2 ¼ 0

(3)

The determination of the line parameters can be calculated in several ways. One
of them is a calculation of parameters, if we know at least two points that lie on this
line. Because pattern/object has a square or rectangle shape, we can obtain coordinates of its four vertices in the screen coordinate system. These coordinates are
obtained using the SURF method after pattern/object recognition in the video
image. Denote the pattern as a rectangle ABCD (Figure 14). Edges AB and CD are
parallel. Corresponding equations for these edges are equations of lines l1 and l2 (3).
Also, the edges BC and DA are parallel and their equations are l3 and l4.

Figure 13.
The relationship between pattern coordinates and the camera coordinates.
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Figure 14.
Rectangle ABCD and interest points obtained by SURF method.

Figure 15.
Semi-markerless augmented system. The virtual model is displayed in the real world.

Determination of line parameters l1:
1. Finding of direction vector line
!

u ¼ jABj, A½a1 , a2 �, B½b1 , b2 �:

2. u1 ¼ b1 � a1 ; u2 ¼ b2 � a2 .
!

3. u ¼ ðu1 , u2 Þ.
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!

4. Determination of the vector that is perpendicular to it: n ¼ ðu2 , �u1 Þ.
5. Substitution of the values into the general equation of the line ax þ by þ c ¼ 0:
u2 x � u1 y þ c ¼ 0:
6. Substitution of the values x and y for the point that lies on a line such as
coordinates of point B and computation of the parameter c.
In a similar way, the general equations of lines l2, l3, and l4 are obtained. The
next procedure is to calculate the rotation and translation part of the transformation
matrix.
The last component MR scene displays the virtual model in the real world. To
view mixed reality, an appropriate rendering core can be used. The example result
is shown in Figure 15.

6. Mixed reality as user interface and gesture recognition
Gestural interfaces offer various features to provide hand tracking for nonverbal
interaction [10]. In the mixed reality, hands are the most effective tools that can be
used for natural hand-object manipulation. Unlike touch interfaces, there is an
opportunity to work with a variety of gestures and transform their semantics to
specific commands. Gesture-based interfaces give users the freedom to interact
without any limitation than using contact VR controllers.
Considering human-computer interaction (HCI), gesture recognition is
performed by a digital system that senses users’ handshapes and responds to them
[11]. Handshapes are equal to visual patterns, which are recognizable in real time.
Nowadays, there are several technologies that can provide full hand tracking.
The Microsoft HoloLens (MS HoloLens) introduces an all-in-one head-mounted
display, which supports the complete head and hand tracking. In contrast to other
MR systems, the MS HoloLens can provide two-handed gestures to ensure more
intuitive interaction [12]. The gesture recognition utilizes an infrared depth camera
which senses the reflection of the user’s hands [13].
The similar technology as MS HoloLens is Microsoft Kinect (MS Kinect), which
provides motion sensing of the human’s rigid body and hands [14]. The gesture
recognition and body tracking utilize the same principles based on the depth sensor
including an infrared laser projector. In contrast to MS HoloLens, the MS Kinect can
sense multiple persons concurrently, who can interact together [15].
In general, mixed reality focuses on gesture recognition to intent powerful and
natural HCI. The utilization of IR sensors proves excellent results in development and
research [16]. One of the specific systems is VirtualTouch. The system supports
human-object interaction [17], where virtual objects are merged into physical ones.
The user operates with a physically based object which is wrapped by its virtual entity.
In mixed reality, gestures can be utilized to perform a single event or continual
activity. The majority of gesture recognition considers two categories that consider
gestures duration:
• Static gestures (considered as events executed in the shortest time intervals,
Figure 16)
• Dynamic gestures (considered as an activity with longer time duration, Figure 17)
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Figure 16.
Clicking on hologram, static gesture utilization.

Figure 17.
Continuous hologram manipulation by a hand, dynamic gesture utilization.

6.1 Static gestures
The recognition of static hand gestures (Figure 18) in mixed reality uses the
identification of hand poses in a stream of image frames [18]. The static gesture
represents an event executed in the shortest time intervals [19].
Gestural interfaces based on static gesture recognition include several stages to
process gesture inputs. The first stage concerns hand tracking technology able to
sense human hand in real time. This is usually supported by depth sensors or
infrared cameras. In the second stage, the image sequence is performed. The hand
detection obtains a hand posture from the image sequence. Using a variety of
detection techniques [20] can filter different hand poses. In the third stage, the
image segmentation preprocessing is provided. Then all of the detected hand
regions are filled by contrasting colors and sharpened on boundaries. The final hand
boundary representation is necessary for gesture recognition [21]. In the fifth stage,
the obtained gesture is compared with records from gesture datasets. If the
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Figure 18.
Detection of static hand gesture interaction in real time.

classification of detected gesture is similar to its dataset record, then recognition is
successful. In the final stage, the gesture is executed into the output command.
The advantage of static gesture recognition concerns the storage of gestural dataset
records in simple readable structures such as images and text files. On the other hand,
the preparation of new gestures requires the preparation of large dataset records.
6.2 Dynamic gestures
Continuous dynamic gestures (Figure 19) represent the activity sensed over a
long time during which the movement of the human hand or limb is carried on [22].
The reason for utilizing continuous gestures in mixed reality refers to the interaction based on continuous manipulation of a virtual object. In contrast to static
gestures, the preparation of dynamic gestures utilizes diverse principles in tracking
[23]. While static gestures contain detection of hand posture, dynamic gestures
equip motion tracking. The motion tracking performs real-time detection of the
user’s hands and limbs concurrently.
Most mixed reality systems support dynamic gestures to provide natural interaction. During the continual activity, the user can pick up virtual objects and
manipulates them. This activity is triggered by static gestures that manage the
beginning and terminating of dynamic gestures. As shown in Figure 20, before the

Figure 19.
Performing continuous dynamic gesture recognition.
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Figure 20.
Performing continuous dynamic gesture recognition.

activity starts, the trigger gesture is obtained. The whole activity (dynamic gesture)
can last over a long time, while the user interacts with virtual content. After the
activity fulfills, the ending gesture terminates the action.

7. Mixed reality speech recognition
The human speech represents the most common form of everyday communication [24]. In terms of human communication, extending mixed reality with speech
recognition has an effective approach to provide multimodal interfaces. Through
voice commands, the user can naturally communicate with the system [25]. This
kind of interface frees the user from the touch or haptics interaction. Speech commands can be helpful in situations when users perform activities that engage their
hands. The uniformity of speech recognition interfaces results in excellent usage on
different platforms. Nowadays, mixed reality applications are utilizing speech
interfaces in fields of education, research, medicine, and industry (Figure 21).
The whole process of speech recognition includes four stages which concern the
following [26]:
• Analysis of speech inputs
• Feature extraction

Figure 21.
Performing speech recognition.
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• Speech recognition
• Decoding output command
7.1 Analysis of speech inputs
In the first stage, the system obtains speech inputs. The speech input can include
one or even several words. After the speech input is recorded, it is important to
convert its representation into the analog signal.
7.2 Feature extraction
The speech input can contain surrounding noise that affects the purity of speaking voice. This step focuses on extracting two waveforms from the input, the whole
speech, and environmental sounds. The speech input is purified using various
techniques based on spoken context, pitch and variation, duration, and frequency
of speaking. Most of the mixed reality systems utilize the artificial intelligence
components that provide automated feature extraction in short time intervals.
7.3 Speech recognition
This stage concerns the modeling techniques by using the acoustic and language
model [27] to identify words in the speech input. The acoustic model works with
audio records and process statistics of every spoken word to recognize syntax. The
language model recognizes the semantics resulted from the speech input and detects
the language in which the word is spoken. After performing speech identification,
the final words are formed.
7.4 Decoding output commands
After finishing word recognition, the output command is performed. Each of the
commands can perform various functions according to final use. Their functionality
is fully unlimited. The speech recognition in mixed reality commonly prefers
shorter speech inputs that are more effective than sentences. One-word commands
are more specific and user-friendly.

8. Collaborative mixed reality
Mixed reality increases users’ experiences utilizing gestural and speech recognition. This feature becomes useful for providing collaborative environments with
multiuser interaction. Unlike other collaboration systems, collaborative mixed reality (CMR) offers a virtual and physical environment, where members can interact
together. In fact, there are many systems designed for CMR purposes.
The CoVAR [28] introduces a remote collaborative system supporting VR and
MR technologies. Participants can collaborate within the same local real-world
environment or remotely. In the locally based collaboration, the MR user captures
the surrounding physical space and shares its 3D model with other VR users. The
remote collaboration utilizes the same principles but also a network to share a
collaborative environment over long distances. The whole system primarily utilizes
MS HoloLens for MR and HTC Vive for VR usage. In the case of interaction, the
system inputs are formed to support head gaze, eye gaze, and hand gestures. The
head gaze equips technologies included in VR and MR devices concerning the
162

Mixed Reality: A Known Unknown
DOI: http://dx.doi.org/10.5772/intechopen.92827

Figure 22.
An example of virtual collaborative environment with multiple avatars.

spatial mapping and head tracking movement. The eye gaze is supported by the
Pupil Labs system, which tracks eye movement to ensure eye to object interaction.
Gesture input is supported by hand tracking, for which MS HoloLens (in MR usage)
and LeapMotion (in VR usage) are responsible.
The next of CMR systems called Vishnu [29] is concerning the mediation of
virtual and real environments for remote guiding on a global scale. The system
prepares separate visual outputs for MR and VR platforms. The whole collaboration
focuses only on the objects that are captured by the MR side. The MR creates a realtime 3D scan and shares it with the VR side. The VR participant is able to manipulate a 3D scan and also can work together with the MR participant. The technological scope of the Vishnu includes hand tracking (OptiTrack and Kinect) and videosee mode through Oculus Rift stereo cameras for MR usage.
Another system [30] related to remote guiding through collaborative mixed
reality utilizes 3D point cloud data. Two collaborators, the local worker, and remote
helper can operate in a commonly shared environment. Both are using the same
head-mounted technology (Oculus Rift DK2). The local worker captures his
workspace through Oculus stereo cameras and distributes real-time visual output to
the remote helper. The hands of the remote helper are captured by a depth sensor
continuously. Their 3D point cloud overlays the visual output of the local worker
even if it necessary to guide him.
The next point cloud collaboration [31] focuses on remote Telepresence where
MR and VR are used to engage physically presented (on-site users) and remotely
shared users (remote users) in one shared space. The on-site users are physically
available in the same physical environment, while the remote users are connected
over the network and presented by their 3D point clouds. The system affords
interaction between all participants through high-res point clouds that include
realistic bodies. All point clouds are captured by depth-sensing through Kinect V1
and V2. The interaction is performed by a gestural interface equipped with freehand tracking through MS HoloLens and Leap Motion.
The LIRKIS G-CVE [32] introduces global collaborative virtual environments
that are fully compatible with mixed reality usage (Figure 22). Unlike other collaborative mixed reality software and systems, the LIRKIS G-CVE is accessible through
web browsers that ensure cross-platform support for a variety of VR, MR, and AR
devices. All collaborative environments are distributed over the network. The system includes several interfaces, which enhance user interaction. There are gesture
recognition, haptic interaction, and voice commands. The haptic interaction utilizes
VR controllers equipped with three and six degrees of freedom. These immerse
participants to interact more naturally and improve object manipulation. Gesture
interface offers an intuitive object manipulation through MS HoloLens as grabbing,
pulling, throwing, and stretching 3D object. These are currently limited to using
only one hand than both. LIRIS project used MR and MS HoloLens for rehabilitation
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Figure 23.
An example of a patient’s view in rehabilitation process using MR.

of patients after stroke, and training of movement of their hand is also very important. A patient uses MS HoloLens, and he can see real hand and also phantom virtual
hand with appropriate movement. Then he can try to perform the suggested movements. An example of a patient’s view is illustrated in the Figure 23.
The voice commands perform multimodal user inputs when utilizing other
interaction techniques. Interacting through voice is limited to simple commands
that are responsible for simple operations (enable and disable functions, hiding and
showing 3D objects).

9. Mixed reality and SMART environment simulation
Building a SMART household without testing and implementing it into real operation is complicated and can be very costly. Therefore, simulators are created. The
study [33] identified areas in which smart intelligence simulation research is being
conducted. The study [33] shows an overview of some simulation tools analyzed for
the SMART household. Figure 24 shows the view from a created simulator of a
SMART environment using freeware technologies such as Blender, Python, and
JavaScript. The program serves to visualize smart home simulation with few basic
appliances, which are used to present the way the simulator works. These appliances
can be controlled using the control panel or with a direct approach using clicks and
context menu. The control panel sets the profiles for appliances’ statuses. It is possible
to move freely in the household and interact with the appliances.

Figure 24.
Simulation model of SMART household (left) and real SMART household user interface control (right).
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The user interface consists of a scene containing the model itself with appliances
and other functional and nonfunctional object models. This simulation model and
its smart appliances can be visualized as part of the mixed reality, using Microsoft
HoloLens or other data helmets that can run a web browser. In this mode, the user
can freely move and control appliances, such as turning on/off the television, lights,
sunblind, etc. Users can also choose or modify one of the existing presets. Choosing
presets, all appliances will set appropriate states based on the selected profile. For
example, choosing “away from home” will turn off lights and TV and lock the
doors. In such simulated environment, more users can collaborate because all
requests and responses are done on the backend server and all users have actual data
about simulated appliances states. This interface is also suitable for controlling
households with handicapped people.

10. Conclusion
Mixed reality research is progressing quite well, although it requires significant
financial resources. On the other hand, this technology offers a very immersive
experience for its users. Mixed reality allows to bring gaming, education, training,
and presentation of various kinds of designs up to an entirely new level. It represents a new form of visualization of real objects, extended with virtual information.
Models can be created using 3D modeling tools, including CAD software, and
inserted to a real scene. A mixed reality scene can be then created using one of the
available augmented reality systems. The correct placement of virtual models inside
a scene is ensured either by markers or by a combination of recognizable objects
from the real environment and additional information from other sources, such as
positioning systems. Together they create a solution that brings a new form of
computing resource utilization.
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Mixed reality is an area of computer research that deals with the combination of realworld and computer-generated data, where computer-generated objects are visually
mixed into the real environment and vice versa in real time. It is the newest virtual
reality technology. It usually uses 3D computer graphics technologies for visual
presentation of the virtual world. The mixed reality can be created using the following
technologies: augmented reality and augmented virtuality. Mixed and virtual reality,
their applications, 3D computer graphics and related technologies in their actual stage
are the content of this book. 3D-modeling in virtual reality, a stereoscopy, and 3D
solids reconstruction are presented in the first part. The second part contains examples
of the applications of these technologies, in industrial, medical, and educational areas.
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