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Preface

Smart Cities - Their Framework and Applications provides the overall concepts as 
well as the application of the technology for developing smart cities. This book 
will provide the platform for researchers, academics, scientists, policymakers, and 
governments to design, develop, analyze, evaluate, and implement smart systems 
in the smart cities’ development process. Smart cities consist of various smart 
systems that will be integrated to develop the interlinkage between these smart 
systems. Smart systems are possible due to changes in the telecommunication 
world, which the ubiquitous mobile internet is advancing on a worldwide basis. The 
usage of the 5G telecommunication system changes the behavior of every sector in 
this world, such as education, healthcare, energy, transportation, etc. In addition, 
the development of cutting-edge sensing technology within telecommunication 
systems that communicate with each other by applying the Internet of Things (IoT) 
concept to smart cities will provide a great boost in advancing smart systems. 

The four sections in this book demonstrate the capability of smart systems in smart 
cities to solve scientific and engineering problems of varying degrees of complexity. 
The first section introduces various frameworks for developing smart cities, including 
a new business model for developing smart cities. The contribution of smart cities 
to the country’s overall urbanization also will be discussed. 

Section 2 focuses on smart building and architecture where the model approach 
for institutional buildings is explained. In addition, the universal methodology for 
elevator design, including the necessary calculations and simulations beneficial in 
the development of smart cities, is described scientifically.

Section 3 focuses on smart energy in the development of smart cities. Energy 
management and optimal power scheduling are also discussed, with an emphasis on 
uncertain conditions. This section also discusses the compression of data strategies 
used in advanced metering infrastructure networks to manage the great amounts 
of smart meter data deployed in smart cities. The cognitive dynamic system for 
AC state estimation and cyber-attack detection in the smart grid also will be 
 modeled and discussed comprehensively. 

Section 4 details the integration of smart mobility and transportation systems in 
the development of smart cities. This chapter also discusses the architecture of a 
telemonitoring system as a component of the smart city supported by Internet of 
Things technology to improve the mobility of those in wheelchairs. Section 4 also 
reviews smart growth and transit-oriented developments for new urbanization, 
including finance and execution models necessary to develop a smart city in India. 
The transportation planning pursuit of more sustainable, economical, congestion-
free, and pollution-free cities requires new designs in urbanization modeling. 
In addition, this section includes estimation and efficiency indices for operating 
vertical transportation systems and ensuring the safety of children using public 
transportation.
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Chapter 1

Application of Advanced
Framework Technology in Smart
Cities to Improve Resource
Utilization
Kai-Chun Chu, Kuo-Chi Chang, Hsiao-Chuan Wang,
Fu-Hsiang Chang, Yuh-Chung Lin and Tsui-Lien Hsu

Abstract

Nowadays, the application technology and demand are growth; there have been
millions of solutions for user communication in smart cities. However, the quality of the
autonomy of handheld devices and the information exchange of applications are func-
tions of requesting services or participating in communications. Therefore, it is very
difficult and tedious to implement resource management and control in such an envi-
ronment. This study here proposes distributed cyber-physical systems (CPS) for agent-
based middleware framework (AMF) using to achieve technology, thereby improving
the reliability of environmental communication in smart cities. The technical solution
has the characteristics of avoiding the problem of data source interruption because of
the proxy technology of the linear calculation model. The aforementioned agents are
independent and autonomous of each other in terms of providing seamless resource
sharing and response scheduling, and have nothing to dowith communication time and
request queries. In this study, the architecture mainly uses the best linear calculation
model to classify overlapping agents, and then allocates non-overlapping resources, and
finally analyzes the overall architecture operation performance by responding to
processed queries, storage utilization and resource usage, pause time and response.

Keywords: smart city, resource allocation, cyber physical system,
linear optimization, agent technology

1. Introduction

1.1 Smart city development

Currently the most famous smart city development organization in the world is
Intelligent Community Forum (ICF), Since 1999, the most representative smart
cities in the world have been selected for awards and publicity every year. ICF is the
American World Teleport Association it belongs to a non-business policy research
organization with members from more than 40 advanced regions and countries,
including the United Kingdom, France, the United States, Russia, Canada,
Singapore, Belgium, etc. Headquartered in the United States, it aims to study job
creation and economic development in the broadband economy. It has research and
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promotion targets regardless of the size of cities, developing or developed countries.
ICF believes that the broadband economy creates a whole new industry, which
enables small companies to become global exporters. Including exports of skills and
knowledge that have never been transported between borders, It can ensure that
remote areas and internal schools have access to the latest information tools and
reference materials. By improving the economy and society of the community,
broadband can reduce the aggressive, ICF also assesses whether the city has three
major success factors [1, 2]:

1.Collaboration: focus on the mutual cooperation among industry, government,
academia, and research.

2.Leadership: partnership with industry, government, academy, research and
construction, and has a focus on improving the social economy and society.

Vienna University of Technology developed an assessment tool for evaluating
European medium-sized cities in 2007; Rank the medium-sized cities according to
the Smart city model built by this study. The model results show that smart cities
are cities that perform well in key areas of urban development. It is based on the
“Smart” combination of self-government, independence and knowledgeable
citizens and assignment and behavior [3, 4].

The ranking is determined based on 6 characteristics and their respective
components Table 1.

1.2 Smart manufacturing

The industrial revolution is represented by the technological and scientific
breakthroughs in which automatic machinery replaces labor, and production and
operation in the factory are replaced by manual labor production lines. An impor-
tant evolution in the structure of the industrial economy that can allow personnel
production can change the overall economic dimension. Figure 1 shows the
evolution from Industry 1.0 to Industry 4.0 [5].

The development of intelligent manufacturing technology revolution is to inte-
grate CPS into fiercely competitive technologies, including physical phenomena, to

Item Description

Smart mobility It generally includes technical content such as international/national accessibility,
sustainability of transportation systems, local transportation systems, and
information and communication technology infrastructure.

Smart
economy

The content includes important parts such as international integration,
entrepreneurship, innovation, growth, city image and labor market.

Smart people Including lifelong learning, education, open minded and racial diversity.

Smart
environment

Including air quality, sustainable resource management and eco-environmental
awareness.

Smart
governance

Including efficient and transparent administrative management, political and
democratic consciousness, public management and social services, etc.

Smart living Including personal safety, environmental sanitation conditions, tourism planning,
hotel room quality, educational facilities, social solidarity and cohesion, historical
culture and leisure sports facilities.

Table 1.
Six characteristics of smart cities.
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digitize physical (virtual) technology, Internet of Things (IoT), etc., and to develop
necessary adaptability, resource integration efficiency and ergonomics The smart
factory learned can also contact industry professionals in the manufacturing process
and commercial value manufacturing process, innovative products, and customer-
specific supply service functions.

There are five main levels of intelligent manufacturing automation including
field level, programmable logic controller (PLC), supervisory control and data
acquisition (SCADA/HMI) and mechanical equipment preventive sensing function
manufacturing execution system (MES), enterprise resources planning (ERP) has
become an optimized and integrated smart factory in the cloud [6, 7].

To build a smart factory based on the production process, the production
machines must be intelligently optimized to improve efficiency, and the smart
optimized system must be strengthened to assist in the deployment and application
as shown in Table 2.

Figure 1.
Industry 1.0 to industry 4.0 evolution.

1 Sensor has many types and a wide range of applications

2 Data information collection framework (such as Web SCADA)

3 Communication protocol (MQTT or Ethercat)

4 Mechanical robot (flexible serial connection with production machine interface)

5 Bidirectional IoT/M2M (communication between production goods and processing equipment)

6 MES machinery and equipment preventive sensing function (inspecting the health of production
machinery and equipment and process units; process scheduling procedures)

7 Scheduling items and process management of the production line.

8 Big data (big data analysis efficiency production and industrial to smart manufacturing).

9 MES/ERP serial connection and integration.

Table 2.
Intelligent automated systems.
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1.3 CPSs and IoT

Two important production line manufacturing process environments for Indus-
try 4.0 are machine-to-machine (M2M) communication and IoT. Strengthening
CPS is the main key skill to integrate manufacturing and service value chains.

CPS is a collective model for evaluating the calculation process. These mass
communication platforms that use collectives are absorbed as independent individ-
uals. From miniature sensors in the environment to large data storage physical
systems to detect the input process. Through various communication and informa-
tion technologies, CPS provides users with security application access and support,
service and data sharing privileges [8–10].

CPS will serially connect different physical evaluation computing facilities and
processing components in a distributed environment, which can confirm the direc-
tion of user-centric applications and forward data and analysis to share. In addition
to processing and execution capabilities, CPS can provide the best communication
performance to support services, thereby supporting the sharing of information and
data between users and facilities in different locations. In accordance with the use of
mutual controllability, the properties and stability can be stretched and shortened to
improve the reliability, service and performance of user applications, the CPS that
evaluates and calculates tightness has been deployed in a large environment. In the
CPS system, the physical network platform collected by the best method can be
used to implement the resource co-allocation and communication security sharing
in the production system and manufacturing, smart city transportation system and
e-commerce. The current situation of smart cities is to provide people with the most
practical and preferential sharing and communication services anytime, anywhere.
The smart living environment integrates ICT and people as a whole [11–13].

For the smart city database environment with large amounts of data, it is neces-
sary to immediately query various resources and execute processing to share
aspects. These aspects require the use of many well-known technical capabilities to
operate and manage. The CPS collection and synthesis in the smart city living
environment enhances optimized user management to obtain applications and
resources through distributed operation processing. Through the distribution of
various resources from the distributed intelligent living environment, to meet the
needs of users of different classes. Distributed living environments include multiple
technologies, such as mobile edge computing, fog, and Internet of Things (IoT)
clouds. These are examples of physical technologies. The CPS in the smart city has
been deployed to inherit various technologies and resources. In the shared manual
and resource allocation, it is a distributed smart environment to improve the reli-
ability of applications and services. A process of multi-agent sharing and resource
distribution is proposed. The agency skills in resource distribution and sharing have
been widely used in various processes to reduce time and complexity [14, 15].

Provide distributed and combined execution for the structure and system of the
agent to enhance the reliability of the system. For the agent’s architecture and
system to provide distributed and combined execution processing to enhance the
system’s reliable program. As described above, the complex processing and distrib-
uted purchase model implemented by CPS are used to process various resources
sharing, distribution, and adjustment between users. In order to meet the increasing
consulting needs of users and the requirements of facility setting density, it is
necessary to perform optimal distribution and adjustment of data in a distributed
smart living environment. CPS is based on the distribution of distribution storage
resources and evaluation calculations from the distributed intelligent living envi-
ronment, relying on sending and combining processing to provide services for user
consultation and immediate response. The overall service provider level of resource
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reflection and collaborative perception, request execution, access control and
adjustment levels are all stored in CPS. Distributed computing is jointly used by
CPS, virtualized, and shared the best advantages of inspection and physical sensing
to meet user requirements. In this kind of smart environment, the degree of
resource distribution and adjustment is for the use of a dedicated operation process
to build a purchase model to execute a management service platform [16, 17].

Reduce errors in the data sharing of smart telecommunication networks; it is
necessary to provide a message transmission and playback classification framework.
The use of collection and synthesis networks and telecommunication networks
reduces the failure of data distribution and sending applications. Certain scholars
developed a diagnostic system (FDDS) and model-free fault detection, used in a
large number of cyber- physical systems. This communication isolation can be
enhanced by performing autonomous learning on the temporal and spatial reasons
of CPS. Elshenawy et al. research and develop the collection and synthesis of
intelligent transportation systems used in smart cities and assist in adjusting the
support structure. This architecture uses speech knowledge to display, establish a
model for the collection and synthesis service operation and collection and synthesis
service planning, and use the operation traffic adjustment degree and service
demand in this in-vehicle application. Liu et al. in CPS, an event-driven tree model
is adopted to improve faults [18–20].

In the distributed intelligent environment, the fault problem is handled
according to the sorting process. The purpose of this study is to extend the hesita-
tion model and the Internet network series model. The prevention evaluation cal-
culation has been used for mitigation resolution and fault handling detection. This
method can improve the accuracy of detecting the fault range. Past introduced a
distributed computing model (DCMSP) for shared processing. Identifying the dis-
tribution task and estimating the terminal are the most important tasks of this
operational model. According to the terminal’s efficiency, it assists in dispatching
and dispatching tasks [18–20].

Past research use CPS low-power wide area network (LPWAN) to manage radio
resources. The analysis of the transmission model, according to the needs of a large
number of CPS, executes the distribution of resources. Distributed CPS can effectively
support two-way operation data conversion between LPWAN and extended cloud.
The assimilation platform and related technologies perform the forwarding, exchange
and processing of user codes. The scheduling model is used in the actual status control
roles defined by the priority level. This model is suitable for pre-measurement of the
model and online monitoring visits to establish a framework to solve scheduling and
execution issues. The evaluation model closes the gap between physics and the net-
work space to optimize the integration level of the estimation process. With bilateral
directional quantification and network analysis, the performance of the network sys-
tem can be counted. Past introduces a system (UPES-CPS) that applies a unified
process to execute CPS to solve the work flow in actual data processing. The imported
system can communicate, exchange and select through collection and synthesis ser-
vices, and perform various texture operations with reliability. The virtual machine
scheduling (QVMS), use promotion cloud system to assist CPS performance [21–24].

2. Methodology and study procedure

2.1 Smart cities physical system framework of agent-based cyber

The agency CPS is specifically designed to allow smart city resources to share
and provide seamless services. Through CPS, users’ applications and seamlessly

7
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integrated services are shared. Through the agent efficiency technology, it is
endowed with the functional requirements of the synchronization of the smart city
and the resource management of the user decentralization. It is proposed that for
the agency CPS architecture, distributed task distribution and data resources can be
used to manage efficiency. In the next section, you need to understand first, first
explain this architecture. The agent-oriented architecture has been developed as an
intermediate component between the platform layer and the application program,
which can provide better interoperability. The intermediate component is com-
posed of various agents, for example, the degree of adjustment of the visit control
machine, the program of the resource management processor, etc. An agent is an
integrated or mini program of applicable rules. This agent obtains the hardware and
software of the facility that must be connected to the decision. In this architecture,
the agents described above must be considered to solve the function of sharing and
distributing the service resources of the data source together. Therefore, the inter-
mediate component research and development concentric CPS specializes in serv-
ing in the smart city living environment. The CPS architecture of the agent is shown
in Figure 2 [9, 25, 26].

For intermediate components, the protection agent repository collects and gen-
erates agent processes, can provide reliable services to respond and can operate the
application level to handle users. The agent is a context sensor developed with
multiple functions to execute the model building. The multi-functional R&D design
allows consulting agents to execute consultations and respond to actual cases in
different time. But it can only pass when the agent needs to be released from the
distribution process. Distribute to responding agents and consulting operations to
exchange with the RM platform level. Therefore, the exchange of agents is of
different levels, but it also handles multiple interruptions in the services of the
user’s smart city living environment. Agency performance technology assists in the
implementation of multiple consultations on re-downloading functions and distri-
bution methods. Unlike the conventional consulting execution system, this archi-
tecture focuses on the degree of adjustment and resource distribution. Since the
agency operates in a combined delivery and distribution method, this process is
already optimized for joint [27–32].

Figure 2.
CPS of agent-based.
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2.2 Problem formation

The command ρi,j represents the probability that user i has been assigned agent
j, then

ρij ¼
1, if ith user is assigned with jth resource

0, otherwise:

8<
:

such that

f xð Þ ¼ min t ∪ qd
� �

, ∀ρa i,jð Þ ¼ 1

9>>>>>>>=
>>>>>>>;

(1)

In the formula (1), f(x) represents a linear combination, which represents t is
delay and qd drops. If ρij = 1, let qd and dq become the maximum in the time
interval Δt. The problem of using a proxy is an important goal, the definition is like
below.

P
a∈Aρ

a
i,j

Aj j < ρi,j ≤
X
a∈A

ρai,j, ∀i∈user and j∈ resource and a connects i with j (2)

The meaning representative is that if the user’s consultation is executed by the
agent a ∈ A, then the user is used to distribute the resources. On the contrary, in a
single process, an agent is distributed to the user to prevent the same agent from
overloading the load, defined as like below.

X
i

ρaij ≤ 1∀j∈R&a∈A (3)

Let R represent the distribution and distribution of the ith user’s valuable
resource through the RM agent.

2.3 Resource allocation

The distribution of resources in the distributed intelligent environment is
performed by the source of the database that does not require complicated execu-
tion and the largest connection. The commands Pt and Δc represent the processing
execution time and the connection of R resources and the demand for first-in-first-
out distribution. The execution time of processing of Δc and R are suitable for
equation evaluation calculation. Formula (4) is show in below.

Pt ¼ ρi,j
P
n

ta � tsð Þ

Δc ¼ σn
∣n∣

9>=
>;

(4)

The main σn is the activity consultation that can be noticed at ta, and at (ta-ts) is
the time to search for services and acceptance. The service time is to search for the
response through the distribution and distribution resources. The enhancement of
resource distribution and distribution rate optimizes resource utilization. On the
contrary, the search response will be affected by both qd and t. If qd is high, it will
continue to destroy resources and increase downtime. The reduced quantity
estimate is calculated as like below.
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qd ¼ 1� Δc
Sr

� �
þ ra

Δc
Sr

� ts
t

� �
(5)

The ra is the search consultation arrival rate. The combined optimization uses a
separate method to separate the linear display patterns classified into t and qd.
Linear model display of qd show like below.

S oð Þ ¼ �f xð Þqd þ Pt:
Δc
Sr

∀
i∈ quires and

j∈R
(6)

The sequence of the formula (6) Relatively the system output S(o) is promoted
and developed as like below.

S oð Þ ¼ �

qd11 qd12 … qd1j
qd21

⋮

qd22 …

⋮
qd2j

qdi1 qdi2 … qdij

2
666664

3
777775
þ

Pt1

Pt2

⋮

Pti

2
6664

3
7775

1
Sr

Δc1
Δc2
⋮

Δci

2
6664

3
7775

∀
Pt

ta � tsð Þ ≤ ρij:Sr (7)

In the formula (7), the linear display of S(o) is simply 1
Sr
PtiΔci � qdij. As stated

earlier, in the formula (2) and (3) will allow users to control the load download of
the limited agent when they are in different processes. This means that

qd11, qd22, … qdij
n o

is the only collection of non-load downloads, show in below.

S oð Þ ¼

�qdij þ
PtiΔci
Sr

, ∀
Pt

ta � tsð Þ < ρij:Sr⅋i ¼ j

�qdiþ1j þ
PtiΔci
Sr

�qdijþ1 þ
PtiΔci
Sr

9>>=
>>;
, ∀

Pt

ta � tsð Þ < ρij:Sr⅋i 6¼ j⅋Sr ¼ Sr þ 1

8>>>>>>><
>>>>>>>:

(8)

From formula (7), it is shown that Δci_i and Pti are available in the Sr and Sr þ 1
slots of R. Through the largest slot in Sr of, the R resource management component
agent will connect to other information, intermediate component of CPS. Commu-
nication must be executed in R before it can be executed Pt

ta�tsð Þ > ρij:Sr

i. You can use R to reduce the waiting time for exchange search.

ii. The new R must meet the requirements in the balance formula (2) and (3)
are to prevent overload downloading.

In the formula, the information distribution process of the above two cases. (7)
is shown in Figure 3(a) and (b).

In response to the request of the access mark to identify the overload
downloading agent process to obtain the overflow, it is necessary to perform the
verification and verification of the information distribution process. The structure
shown in Figures 2 and 3 analyzes this information distribution and distribution. In
Figure 4(a) and (b), the progress process overload download has been divided into
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separate categories to prevent qd. If resource distribution is not seamless, qd cannot
be restricted by control. Relative to t, the system output is linearized, for example in
the formula (9)

S oð Þ ¼ Sr
ta � tsð Þ þ

ρij:a
t

(9)

Such as formula (10) is the expansion in the below.

S oð Þ ¼ Sr

1
ta1 � ts1

1
ta2 � ts2

⋮
1

tai � tsi

2
6666666664

3
7777777775

þ ρij

a1

⋮
a2
⋮

ai

0
BBBBBB@

1
CCCCCCA

1
t11

1
t12

1
tij

1
t21
⋮

1
t22
⋮

1
t2j

⋮
1
ti1

1
ti2

1
tij

2
66666666664

3
77777777775

(10)

Figure 3.
(a). i = j condition (w.r.t qdij). (b). i 6¼ j condition (w.r.t qdij).
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As mentioned earlier, new resources are distributed and distributed to the
overloaded downloading agents.

S oð Þ ¼

Sr
tai � tsið Þ þ ρij:

ai
tij

, if i ¼ j

Sr
tai � tsiþ1

� �þ ρij:
ai

Pt þ tij
, if i 6¼ j

8>>><
>>>:

(11)

The output from the formula (11), the optimization requirements in the formula
(1) If the classification reflects the conditions of t and qd for i = j and i 6¼ j
condition, then formula (2) and (3) are met. The illustration of S oð Þ for t and
tai � tsið Þ is shown in Figures 1 and 2, as shown in Figure 5(a) and (b).

From this point of view, the equations solved can be used to check and verify the
conditions for optimal distribution in formula (8) and (11),

PtiΔci
Sr

� qdij
¼ Sr

tai � tsið Þ þ ρij:
ai
tij

, if∀i ¼ j

PtiΔci
Sr

� qdijþ1
¼ Sr þ 1

tai � tsiþ1

� �þ ρij:
aiP

PtR þ tij
, ∀if i 6¼ j

9>>>=
>>>;

(12)

In the formula (12), the first condition meets the non-loaded download search,
and the second condition shows the loaded download search. The search and

Figure 4.
(a). Average resource utilization vs. queries. (b). Average resource utilization vs. time.
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distribution under heavy load will have new a∈A and R, which will gradually
increase Sr. The same via ts (through combined sending execution, PtR ¼ ts,
therefore,

P
PtR þ tij ¼

P
ts þ tijP

ts þ ta � tsð Þ n� kð Þts � ta

�
(13)

It is the time to perform k searches for overload download. By identifying qd to
maximize the feasible and available R in ta, the downtime can be reduced. The
downtime observed in the proposed architecture will be compared with the current
job execution in Figure 6(a) and (b).

2.4 Scheduling of query response

RM and AC are responsible for resource information management through
distribution. The other item, AC and adjustment level is the response to the user
scheduling search consultation. The model for CPS has been established as inter-
mediate component architecture, so the response will be provided as needed. The
agent will complete the task and continue to release it to enable users to search and

Figure 5.
(a). i = j condition (w.r.tPt). (b). i 6¼ j condition (w.r.tPt).
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distribute intelligent resources. Under the response, storage management is a chal-
lenging process, because the response can be used to obtain different large and small
data messages. The optimized method is to use storage to help limit the response
beyond the limit and prolong the hesitation. Therefore, the joint combination of AC
and SR has been designed and developed to respond with an optimized method that
uses available storage to distribute and distribute.

The adjustment level of this setting is different from the conventional first-in
first-out process, because the searched ta and Pt will vary with the user. From this
time on, the agent will enhance the utilization efficiency of t storage. For all n
requirements for distribution, the response waiting time is evaluated as t þ Pt
(minimum value) and t þ n� kð Þts � ta½ � (maximum value). The criteria in formula
(1) need to be considered; you can evaluate and calculate the maximum value
response waiting time. Seamless is the resource information supply, through the Sr
or Sr þ 1 slot to distribute and distribute t þ Pt or t þ nþ kð Þts � ta½ ]. The final
evaluation calculation Search execution. The successful completion of the frame-
work is evaluated and calculated based on the response time and storage utilization
efficiency. Storage is a linear, first-in-go, first-out search system, where the first
entry (response message) is based on the verification time tvð Þ for confirmation.
Therefore, storage must first conform to the tv ¼ t þ Pt∀i ¼ j and tv ¼ t þ
n� kð Þts � ta½ Þ∀i 6¼ j of the agent distribution. Therefore, the linear model for t in

Figure 6.
(a). Queries vs. down time. (b). Time vs. down time.
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formula (9)–(11) must be considered to optimize storage utilization efficiency. Let
Ss display put into 0m0 fan-shaped area to use the storage size and quantity of storage
utilization efficiency is affected, causing response time delay. To deal with this
problem, the response adjustment degree and storage utilization efficiency are
modeled for the least amount of free time. In this architecture, regular idle time
scheduling is not used. To meet the purpose of formula (1), the repeated stacking
time is analyzed on the basis of the interval, and the equation of the model is
established under the coordination of ta and ts, and the model is established for the
idle time tsi . A comparison will be made in Figures 1 and 2 for different search and
time scenarios. See Figure 7(a) and (b) respectively.

Use formula (14) to evaluate and calculate the response schedule time tdisð Þ like
below.

Figure 7.
(a). Storage utilization vs. queries. (b). Storage utilization vs. time.
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tdis ¼ Pt � ta,∀i ¼ j and i 6¼ j (14)

When using Sr and Sr þ 1 to reflect the search query to R, the scheduling time
will be different. The sub-categories consulted for ta and k� ta have been identified
as formula (15) that provides a linear distribution τtað Þ.

τta ¼
1
Sr

ðk

0

raPtdtþ
ðn

k

ra Pt þ tð Þdt
2
4

3
5 (15)

Among them, one level
Ð k
0 raPtdt provides services through the available Sr time

gap, so t þ Pt ≤ tv. On the contrary, the second level
Ð n
k ra Pt þ tð Þdt cannot meet the

requirements of tv, so the classification must be able to have a better degree of
adjustment. Within the time of k� tað Þ, the second-level derivative of τta should be
activated, and Pt n� kð Þ þP twill be regarded as prolonged hesitation. In this case,
it can be confirmed that at least n� kð Þ storage space Ss can be used to receive
information responses, and the capacity in the storage space can be considered. If it
is to perform virtualization/replication n� kð Þ, the distributed nature of CPS will
provide more information than that. For the estimated time, the information in Pt
used to analyze the allocated demand in ta can be applied. Therefore, the linear
form of formula (8) with i 6¼ j has been modified to

α

Sr
� Δ ¼ Sr þ 1

tai � tsiþ1

� �þ ρijaiP
PtR þ tij

where, α ¼ PtiΔci and Δ ¼ qdijþ1

9>=
>;

(16)

From formula (15) and (16) the linear class is only given to the second class,
such that

1
Sr

τta α,Δð Þ ¼ 1
Sr

ðn

k

ra Pt þ tð Þdt

τta α,Δð Þ ¼ Ð
n

k
ra Pt þ tð Þdt

9>>>>>=
>>>>>;

(17)

As mentioned above, as in formula (13), Pt and t need to be used instead like
below.

τta α,Δð Þ ¼
ðn

k

ra n� kð Þts � ta þ ta � ts½ � dt (18)

¼
ðn

k

ra ts n� k� 1ð Þ½ �dt (19)

The time obtained from formula (19) is the maximum response to prolong
hesitation, so that Pt þ tð Þ≤ α,Δð Þ< n� kð Þts � ta½ � þ t. All the executed second-
level consultation searches must meet this requirement. Therefore, tdis ¼
ts � ta � ta ¼ ts � 2ta is the execution time of the second level of the opening
action. Therefore, the degree of adjustment is outside the time n� k½ Þts �
ta� ts � 2tað Þ and is processed in time, which can reduce the waiting time for users to
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reserve when responding to inquiries. In the end, the overall proposal will be
compared with the current situation discussed in the previous section for the overall
proposal for the perceived waiting time in the agent structure, and the consultation
search and time have been changed (see Figure 8(a) and (b)) . Comparison and
analysis have represented the proposed architecture by limiting the response time
control to ts � 2tað Þ, and set aside to extend the delay n� kð Þts � ta½ � þ t has been
limited.

Through the deployment of smart cities at different levels, users (in terms of
application categories) are used to analyze the performance of the proxy CPS
architecture using the OPNET simulator. The application scenarios need to include
voice, multimedia, database and Http harsh users. The size and capacity of the
application varies from 100Kb to 5 Mb, and it executes requests from users in the
form of consulting queries. CPS has been deployed as an intermediate component
that utilizes cloud and various other communication performance technologies. In
Table 3, a detailed explanation and analysis of the settings and their values in the
experiment are presented.

As mentioned in the foregoing, we have compared the downtime, resource
utilization efficiency, storage utilization efficiency and response time of the

Figure 8.
(a). Response time vs. queries. (b). Response time vs. queries.
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proposed architecture to measure the degree of execution. In the comparison
performed, it has been considered that the current way DCPSM, UPES-CPS and
QVMS are regarded as indicators. In Tables 4 and 5, the results of comparative
analysis for various different queries and time have been listed.

3. Conclusion and suggestion

This content manuscript mainly introduces the structure of the CPS intermedi-
ate component agency in the smart living city service. The operation process of
resource information distribution and service provision is controlled and managed
with the assistance of CPS and agency performance technology. A separate agent
has already distributed and used for consulting query execution and resource infor-
mation distribution and distribution without causing overload downloads. In addi-
tion to the task of solving and responding, the agent of the intermediate component

Experimental parameters Values

Users 180

Application Type Constant Bit Rate

CPS Middleware 8

AR Capacity 25

Application Rate 100Kb-5 Mb

Query Requests 30/sec

Storage Size 100 Mb

Slots/Storage 20

Table 3.
Experimental parameters and values.

Metrics DCP-SM UPES-CPS QVMS AMF-CPS

Down Time (s) 46.32 36.25 32.14 20.25

Resource Utilization 0.59 0.63 0.782 0.81

Avg. Storage Utilization 220.32 250.12 325.4 380.25

Avg. Response Delay (s) 9.62 8.96 6.25 5.12

Table 4.
Comparison and analysis of various query searches.

Metrics DCP-SM UPES-CPS QVMS AMF-CPS

Down Time (s) 36.14 33.22 30.21 28.14

Resource Utilization 0.45 0.53 0.61 0.763

Avg. Storage Utilization 174.2 195.24 358.41 452.32

Avg. Response Delay (s) 8.22 6.01 4.96 4.26

Table 5.
Different time comparison analysis.
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can also handle the classification and time scheduling of the consultation query to
reduce the downtime caused by the failure of the available resources. In the dis-
tributed CPS, the linear evaluation and calculation model is used to solve the
problem of prolonged delay and loss. The improvement is transformed into a
minimized joint optimization, which can respond to processing delays in the fastest
time and improve resource utilization.
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Chapter 2

Orchestrating Smart Cities, New 
Disruptive Business Models and 
Informal Enterprises
Ben Mkalama and Bitange Ndemo

Abstract

As the fourth industrial revolutions technologies intensify, cities are becoming 
smarter, new business models are emerging and informal enterprises are formalizing 
by default. Research demonstrates that the future of our world is decided by the 
quality of its future cities. As cities invest in information and communication tech-
nologies (ICTs) and embrace the Fourth Industrial Revolution (4IR) technologies to 
make life easier and solve many of the problems we face today, employment oppor-
tunities expand and citizens enjoy better lifestyle. This chapter will examine how the 
concept of smart cities is disrupting existing business models and creating new ones 
that have positively impacting Africa’s informal enterprise sector. The chapter lever-
ages abundance theory to explain the emerging phenomenon in the nexus between 
smart cities, new business models and informal enterprises in Sub-Saharan Africa. 
The study finds that indeed the concept of smart cities is indeed facilitating new 
business models that are formalizing the informal sector.

Keywords: smart cities, digital innovation, informal economies, gig economies, 
Africa

1. Introduction

A global phenomenon that is currently not in dispute is rapid urbanization 
with estimates suggesting that by 2030, over 60 per cent of the global population 
will be living in cities, increasingly concentrated in Africa, Asia and Latin America 
[1]. This inevitably places social and economic strain on the existing urban 
infrastructure. These strains are placed on physical factors such as deteriorating 
conditions in the environment, transport efficiency, utilities such as water and 
energy, as well as economic factors such as unemployment. As a result of this, 
there is an emerging informal sector, which though unproductive and lacking 
employee protections, continues to be the place where bulging African youth 
population finds its livelihood [2].

Digital technologies and internet connectivity are playing a major role in making 
better cities that they are now considered as a panacea for solving Africa’s chronic 
unemployment [3] and other associated challenges. As a result of this thinking, and 
to address these and emerging challenges, the smart city concept offers unusual 
opportunities for diverse countries [4]. Intensified digitization is increasingly 
becoming integral part of everyday life, more data is being collected and as a result 
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leading to the accumulation of large amounts of data which is in most cases used in 
several beneficial application domains. Effective analytics of these data and utiliza-
tion of the same is a critical factor for success in emerging business and service 
domains, as well as the smart city domain [5].

The emerging digital phenomenon is disrupting and transforming the 
informal sector that what seemed impossible a few years back could be possible. 
Studies [6] from Nigeria, confirm that majority of the informal enterprises 
could be easily formalized. This chapter is guided by the question: Taking into 
consideration that connectivity is growing across the continent, could digitaliza-
tion end the curse of informal enterprises in Africa? The chapter will seek to 
address the questions: Will the new business models address disrupt and destroy 
livelihoods?

We attempt to explain the emerging phenomenon of technology, new 
business models and disruption of informal enterprises through the theory of 
abundance. That what is happening with technology in SSA is an opportunity 
for different combinations of existing problems that can be solved with new 
entrepreneurial openings as countries gear up to develop smarter cities. The 
chapter therefore makes a number of contributions. First a research that is 
looking at how informal enterprises can be formalized (something that has 
troubled policymakers for ages). Second, is theorizing abundance. The basic 
premise is that the world is big out there with opportunities for everybody such 
that if you are willing to achieve your goals, simply learn and polish the disci-
pline of your craft [7].

2. Literature review

2.1 Demystifying smart cities

There is no standardized commonly accepted definition of or set of terminolo-
gies for a smart city [4, 8]. Numerous scholars have defined the smart city concept 
differently, but these conceptual definitions however converge around three broad 
dimensions namely technology, people and institutions [9]. The three however 
have a nuanced effect on smartness of the cities. To have an impact, the policy 
directions and goals of a smart city should be ambitious and transformational 
[5–7, 10–16]. The focus of the city is to achieve an enriched quality of life for its 
citizenry whilst deliver tangible benefits by prudently employing the city’s natural 
resources and technology. The chapter adopts the dimensions of a smart city as 
articulated by Deloitte [4] and is shown in Figure 1.

According to Deloitte [4], there are five layers that make up a smart city 
namely infrastructure, interconnected city systems, ecosystem, people and goals, 
aspirations and quality of life. In addition to this, according to UNDP [8], digital 
infrastructure is considered in the form of different supporting digital layers which 
create different opportunities, as follows:

a. Urban Utilization: The layer where physical and digital infrastructures meet. 
Examples include smart buildings, smart mobility, smart grids (for utilities 
such as water, electricity and gas) and smart waste management systems.

b. Sensor: This layer includes smart devices that measure and monitor different 
parameters of the city and its environment. This could include measurements 
in pollution in air or water.
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c. Connectivity: This layer involves the transport of data and information from 
the sensor level to storage and to data aggregators for further analysis. This is 
supported by appropriate bandwidth and fiber networks.

d. Data analytics: This layer involves the analysis of data collected by different smart 
infrastructure systems, to help predict some events. This includes examples 
such as traffic congestion. It also includes digital health, whereby a programme 
determines on the basis of pre-determined symptoms on what the basic illness is 
likely to be and prescribes medicine.

e. Automation: The digital enabling interface layer that enables automation and 
scalability for a large number of devices across multiple domains and verticals.

Establishing a smart city is a continuously interactive process that entails a 
robust, reliable and affordable broadband network coupled with an efficient 
ecosystem for the internet of things (IoT) and the capacity to utilize the big data 
that will be generated. Governance and leadership support are very crucial also as 
they allow harnessing and tapping into the local innovation system [10]; Leadership 
can also support open data and open science models that would have less reliance on 
proprietary technology models and prop research collaborations and create further 
opportunities for innovation [17].

2.2 Disruptive business models

Disruption of business takes place when the traditional business models face 
a challenger who changes the game by offering greater value to the customer in a 
manner that existing firms are not able to match the offer or be able to compete. 
In other words, “detonation of the status quo” [11]. Technology has enabled 

Figure 1. 
Dimensions of a Smart City. Source: Deloitte [4].
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unprecedented development of new business models that have brought greater 
value as well as increased productivity. For example, the entry of mobile money 
in Africa had changed business models, brought greater value and enhance 
efficiency.

Digital disruption in form of platforms has started changing the very nature of 
what it means to be informal or formal. Digital platforms enable firms with basic 
business services so that they can concentrate on their core competence. These basic 
services range from offer advice on how to set prices, customer service training, 
accounting, sales data, and even collection of sales taxes. Similarly, platforms can 
handle customer service, payments and returns.

2.3 Informal Enterprises in Africa

Informal enterprises refer to micro or small firms in the informal economy 
(unregistered with government, are mostly unregulated, employees have no formal 
contract and no safety net and pay no taxes to authorities). The informal economy 
is by far the principle source of employment in Africa and accounts for more than 
70 per cent of employment in Sub-Saharan Africa [2, 12]. A large informal economy 
makes it harder to measure the economic performance hence the reason why many 
governments want to formalize the sector. In the hope of achieving greater value 
and efficiency, informal enterprises have widely adopted technology. The informal 
economy is complex and to paraphrase Dungy and Ndofor (2019) [18], is the, “…
the utopian and the dystopian, the connected and disjointed, structure and chaos, 
legitimate yet illegal, legal yet illegitimate all residing together in one big tent…”. 
Furthermore, informal work brings freedom, flexibility, precarity and vulnerability 
into the lives of African gig workers [3].

2.4 The state of digital readiness in Africa

2.4.1 ICT indicators

Globally, there has been an eightfold growth in the number of individuals 
using internet over a period of less than twenty years from 495 million to over 4 
billion people [19, 20]. This portends well for additional value add products and 
positioning of technological growth in the continent. Sub-Saharan Africa (SSA) 
has not been left behind and has seen rapid growth in internet penetration and 
related technology investment. The International Telecommunications Union 
(ITU) estimates that sub-Saharan Africans’ individual internet usage increased 
from 2.7% in 2005 to 28.2% in 2019. The trends for the key ICT indicators are 
shown below in Figure 2.

As observed from Figure 2, the penetration rate of all ICT indicators has seen 
positive growth. The increase in internet usage has been accompanied by increased 
investments in data storage, processing power and innovation ecosystems. In spite 
this, there are still further opportunities in terms of the population that is not 
digitized. This has resulted in many large multinational information technology 
firms viewing Africa as their next frontier of growth [4].

Since 2009, Sub-Saharan Africa (SSA) has witnessed massive investment in 
digital development and creating enabling conditions but there is still work to be 
done. With several (TEAMS, SEACOM, EASSy and LION) high-capacity undersea 
fiber optic connectivity into the continent and boosting capacity to more than 36 
Terabits per second, SSA has made tremendous strides. Prior to 2009, the entire 
continent used a mere 1 Giga Byte per second from satellite. The challenge now lies 
with last mile coverage.
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2.4.2 Improving access through 4G digital technologies

The last mile coverage especially in advanced systems like fourth generation 
(4G) network is a major strength of access to digital technologies. 4G network is 
an advanced network to replace 2G and 3G systems that were used for communica-
tion across the world. Its introduction was celebrated as important in SSA because 
many people first accessed the internet on their mobile phones. As such, 4G with its 
higher download speeds, sometimes as fast as high-speed fixed broadband, greatly 
improved user experience. Its introduction has helped to improve productivity. 
Investments in 4G have largely been in urban areas with much of the rural areas using 
the older generations. To unlock Africa’s digital potential to stimulate enterprise, each 
country must work toward improving access and affordability.

2.4.3 Broadband affordability for improved access to digital technologies

Affordable broadband improves access to digital technologies and facilitates 
economic growth. Recent research however, questions if the internet has any effect 
on economic development. A study by McKinsey Global Institute (2011, p.7) [13] 
noted that “much of the impact of the internet and the way that it contributes to 
growth and raising standards of living have gone unmeasured”. Follow up stud-
ies like Vanags and Grāvelis, 2015 [16], indicated that investment in broadband 
positively impacted on GDP gain as well as employment. The investment in 4G for 
example, was meant to improve broadband penetration but comparison between 
4G coverage and broadband penetration revealed that without affordability, access 
alone had no impact. For example, 4G rollout in Rwanda is almost 100% compared 
to Kenya’s 53% but Rwanda’s broadband penetration (11.3%) is less than half of 
Kenya’s (47.8%). The difference is explained by affordability, access to devices and 
human development index.

2.5 Technology-enabled business models

Technology has created a range of new opportunities in the gig economy, a 
demand-driven independent, short-term or a task-by-task economic activities that 

Figure 2. 
Sub Saharan Africa key ICT indicator penetration rate (2013–2019). Source: ITU 2019 [20].
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payment is received upon the completion of the assignment. The opportunities are 
available to anyone in the world and provided for anyone who demands them [3]. 
The operating models of the online gig platforms can be divided into ‘on-demand’ 
work like ride hailing drivers like Uber taxis for instance and ‘crowd-work’ which 
includes for instance a Kenyan online gig worker, providing translation services 
for a client based anywhere in the world through Upwork. These platforms may 
also include homestay hosts like Airbnb, e-commerce logistics like LoriSytems, 
e-commerce sellers like Jumia, and business-to-business marketplace platform like 
Twiga Foods. These enterprises would not be possible without investment in ICT 
infrastructure.

Digital progression enables informal businesses to successfully make the pro-
gressive transition from start-up to formal enterprise making each step at less cost 
and lesser risk [2]. This is exhibited in Figure 3.

As observed in Figure 3, an informal economy gradually gets used to mobile 
money and other additional steps. Unlike the Digital business progression model, 
the ascent in the traditional business progression model is very steep. The use of 
mobile money has enabled improved financial inclusion in the informal economies 
[1]. Indeed, according to GSMA [19], Sub Saharan Africa leads in the uptake of 
mobile money across the globe. This is shown in Figure 4.

The growth of mobile money in Sub Saharan Africa has been phenomenal 
thereby creating massive opportunities for integration. In due course, the firms get 

Figure 4. 
Evolution of the global Mobile money landscape, 2001–2019. Source: GSMA (2019) [19].

Figure 3. 
Digital vs. traditional formalization process. Source: Ng’weno and Porteous (2018) [2].
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absorbed into the formal economy, paying taxes as required amongst other formal 
activities. This creates massive opportunities for the formalization of the national 
economies. In Kenya for example, a study by Genesis Analytics Limited [21] 
suggested that the total size of the online Kenyan gig economy as at 2019 was $109 
million and employed more than 36,000 workers and was projected to grow by over 
33% over the next 5 years. Additionally, an estimated 4.8 million African workers 
reported having derived an income from online gig work in seven surveyed coun-
tries namely Ghana, Kenya, Nigeria, Rwanda, South Africa, Tanzania and Uganda 
[22]. These digital labour markets have a potential for future growth [1]. In addition 
to this, Smit, Johnson, Hunter, Dunn and van Vuuren (2019) [23] established that 
the growth of platform launches across Africa has been steady and this is shown in 
Figure 5.

In spite all this, there have been challenges that are associated with working 
conditions in platforms and online gigs [2, 3, 21, 24]. These challenges range from 
low remuneration, social isolation as a result of having to work alone, working 
unsocial and irregular hours to meet strict deadlines, overwork, sleep deprivation 
and exhaustion as a result of the gig workers having to balance the gigs and their 
normal responsibilities [24].

Innovation hubs create various pan-sectoral initiatives that promote beneficial 
ecosystems where entrepreneurs and other stakeholders can collaborate and promote 
their ideas. To a large extent, these are mostly driven by technology. Hubs charac-
teristically provide in-kind support that includes trainings, advice and facilities as 
well as financial support programmes. The number of identified tech-hubs in Africa, 
have seen a phenomenal growth from 314 in 2016 to 643 in 2019. This is represented 
by Figure 6.

According to the survey by Briter Bridges and Afrilabs, as shown in Figures 6, 
41% of the tech-hub facilities are incubators, 24% are innovation hubs, 14% are 
accelerators and 39% offer coworking space [25].

2.6 Digitization of informal settlements and inclusivity

The use of information and communication technologies (ICT) and geographic 
information systems (GIS) to map informal settlements, and by openly providing 
spatial maps, has led to improved conditions for the poor people living in slums. 

Figure 5. 
Platform launches across eight African countries. Source: Smit et al. (2019) [23].
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Furthermore, ICTs and GIS has forced policymakers to apply much-needed changes of 
urban renewal, by beginning to pay attention to the plight of the poor in slums to not 
only identify their slum assets but become but of the growing e-commerce that has 
brought greater inclusivity improving both livelihood and security. Whereas those liv-
ing in slums have complex situations, increased transparency through open mapping 
has provided a platform for sustainable renewal and created new enterprises [15].

3. Methods

In this chapter, we study the impact of smart cities on the creation of new 
business models and informal enterprises in Sub-Saharan Africa (SSA). SSA 
provides the best environment to conduct such a study since digitisation is under 
way, the informal economy is large and the emerging technologies are enabling 
disruptive business models. Over a period of three years we developed an inno-
vative, inductive method of identifying policymakers from some of the most 
progressive countries in information and Communications Technologies (ICTs) 
in the continent for qualitative interviews. We eventually interviewed 18 policy-
makers as respondents at conferences and more notably at the Transform Africa 
Summit, 2019 that was held in Kigali, Rwanda. These were qualitative interviews 
with the key respondents. In addition to this, secondary data, where appropriate 
was used in the analysis. The findings have been discussed based on the thematic 
dimensions identified by Deloitte [4].

Figure 6. 
Tech hubs in Africa, 2019. Source: Afrilabs and Briter Bridges (2019) [25].
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4. Findings and discussions

Based on observations and interviews, we found many responses to be largely 
positive in terms of attitude toward technology and what it can do to facilitate 
economic development in the continent. Almost all the respondents used the term 
leapfrog at least five times through the interview. There is a can-do attitude even in 
countries that have not developed sufficient human resource capacity. It confirmed 
the abundance theory that is keeping policymakers hopeful that it will guide 
Africa’s competitiveness. Psychologists suggest that this theory explains a world 
in which any person “with the correct attitude, training, or spiritual alignment 
can acquire personal abundance which should lead to material abundance: wealth 
regardless of economic or social circumstances.”

“With many young people in Africa and the spread of ICTs, nothing will stop Africa 
from leapfrogging. I have noted that Rwanda has attracted top learning institutions 
from across the world offering Africa the opportunity to develop global standard labour 
force…” a senior African Union Official said in the opening ceremonies of Transform 
Africa in Kigali).

4.1 Building the infrastructure

All of the participants were aware that building of the ICT infrastructure to 
support smart cities is critical but expensive and as such they are creating new 
embracing new models of infrastructure development, To build especially the 
hard infrastructure such as building and space; transport and utilities network; 
information and communication network they need to leverage public private 
partnerships (PPPs). Indeed, virtually all of the countries that had started major 
infrastructure development of new smart cities, leveraged on PPPs. Infrastructure 
has always been a major problem in Africa but the continent has extensively dealt 
with it. The current state of infrastructural requirements especially the undersea 
cables is in place. However, only a handful of countries that have developed or are in 
the process of developing smart cities (see Table below) as infrastructural bases for 
smart development.

The African transport infrastructure performance quality which has over time 
dropped in quality can be replaced with smart urban transport systems that combine 
and integrate the use of big data, AI and other multiple technologies. Apart from this, 
other infrastructural requirements can also be applied in areas of energy production 
and distribution through smart grids. Smart public and private health management 
systems through AI, blockchain and big data analysis can also be developed and 
devise innovative and efficient ways for disaster management. The use of additive 
manufacturing brings affordability and efficiency in production. Subsequently, 
smart cities leverage on e-commerce platforms to formalize the commercial entities. 
and education.

Many of these new cities are envisaged to create thousands of new employment 
opportunities in the emerging technology sector in the continent. Some of the cities 
at the advanced stages of development are seen in Table 1.

The soft requirements of infrastructure fall in the second category and include 
governance and leadership; community organizations and innovation forums. This 
can easily be the weakest link because technology is incessantly being developed 
and “…we love tech so much (that) it inhibits our ability to judge its pros and cons…” 
[26]. There is a need for public policy framework that enables the infrastructural 
base to provide an integrated support to the other dimensions of the smart city 
[27]. This will require leveraging on the regional pan-country like the Smart Africa 
Initiative [27] as well as other in country initiatives.
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“If Africa is to succeed in the digital economy, there will be need to develop a single 
digital market that will support scalability of local innovations across the continent. 
Small markets find it difficult to compete with such nations as China, United States of 
America and India. There is also need to create a technology-monitoring mechanism 
to understand changes in technology, future workforce demands and developing the 
necessary capacities to remain informed of the different varieties of opportunities for 
the future of work. For example, Africa must be ready for the emerging 4th industrial 
revolution and its technologies in order to remain competitive…” United Nations 
Economic Commission for Africa executive noted.

4.2 Considerations for the future smart cities in Africa

The fourth industrial revolution (4IR) describes the ongoing global conversion 
of labour-intensive processes to the use of information technology. It is not only 
ubiquitous but is also happening dramatically. Some of the pillars of 4IR include 
robotics, artificial intelligence (AI), internet of things (IoT), big data, customer 
service personalization, cloud computing, and other forms of digital innovation. 
The resulting shifts and disruptions imply that we live in a time of both great 
promise and great peril. As the 4IR technologies intensify, cities are becoming 
smarter, new business models are emerging and informal enterprises are continu-
ally under disruption. Experts have argued that 4IR has the potential to rejuvenate 
Africa’s economy, enhance its productivity and improve its global competitiveness 
[27]. As a result of this, emerging technologies support the development of smart 
cities. As shown in Figure 1, the dimensions of a smart city require an interactive 
process between people, ecosystems, interconnected systems, and responsive 
infrastructure.

4.2.1 Goals, aspiration and quality of life

African cities are uniquely advantaged to have a competitive edge for the 
future. Some of these advantages include limited legacy drawbacks; youthful 
consumer population; urbanization; entrepreneurial culture; connectivity; 
overarching government leadership strategically positioning ICT as an enabler 
[4]. Furthermore, the rise of the gig economy has created employment opportuni-
ties that has impacted upon poverty reduction in the emerging economies [1, 28] 

Name Location Financing model

True Wakanda Ethiopia USD 3 billion project in partnership with private developer.

Hope City Ghana $10 billion public private partnership

Konza Silicon 
Savanah City

Kenya $10 billion in public-private partnership, with national government 
providing 10% of the total funding (mainly in infrastructure).

Ebène Cybercity Mauritius Loans guaranteed by the Indian government.

Eko Atlantic Nigeria $6 billion public private partnership

Kigali Innovation 
City

Rwanda USD 2 billion project funded by the Rwandese Government and 
Africa50

Waterfalls South 
Africa

$1.2billion Private sector funding expected to be completed in 2025.

Source: Compiled by Authors from Secondary Data.

Table 1. 
Financing model of African smart cities.
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thereby improving on the quality of lives. With a population that has increasingly 
been well educated and exposed to different cultures and lifestyles, the goals, 
aspiration and quality of life for the urban individuals has improved over time.

Lifestyle is a key driver for smart cities. The broad areas of concern in the 
individual’s lifestyle include government efficiency, employment, transport, 
education, healthcare, energy, environment and public security and safety. As a 
result of the adapted lifestyle, individuals are ambitious to have freedom to choose 
without compromising on their feeling of independence. Furthermore, the same 
individuals are desirous of being in control and feeling safe and secure. To meet 
these objectives, the individuals need to have opportunities for creation of wealth 
and sustenance of their lifestyles.

4.2.2 People

The dimension of people relates to the nexus between the opportunity seekers 
who double up as the innovators, the residents who desire the quality of life, the 
employers who utilize the opportunities and visitors of the urban areas. A smart 
city makes use of the pragmatic ideas by creative people to provide smart scientific 
solutions that address the lifestyle concerns around the city. As a result of the solu-
tions, the residents of the smart cities have access to a number of features that range 
from smart homes, smart buildings, smart offices and larger smart ensembles like 
airports, shopping malls hospitals or university campuses which are fitted with a 
multitude of mobile terminals and embedded devices as well as connected sensors 
that are monitored and programmed for certain decisions. In addition to these, 
there are a whole range of interconnected logistical support and services through 
various platforms that provide background support to the lifestyle solutions. These 
functionalities are enabled through technology by IoT and robotics.

“The deployment of sensors across the city of Nairobi has lessened crime especially 
carjacking that was rampant prior to installation of ICT infrastructure to monitor 
transport….” a Kenyan delegate told the conference.

“Our endgame with ICTs in Kigali is to see smart services especially Smart city 
tourism that will be enhanced through Smart ticketing, Smart-security services, 
intelligent crown management, improved transport services, virtual reality, linguistic 
services or even smart city bots to guide visitors around. Through IoT, additional 
features can be availed to the discerning tourist on the basis of their smart phones. 
These services would require the local city’s residents to be adequately skilled to be 
able to perform the back ground support tasks…” a Rwandan official noted while 
explaining their future plans for Kigali.

Already employers are leveraging on a smart city infrastructure and have many 
routine tasks accomplished at decentralized locations. This sets a basis for online 
gig and platforms. A challenge that however that subsists is that whereas online 
platforms will not always have individual workers’ interest as their priority, there 
is increased agitation for increased regulation of this sector. Secondly, by its very 
definition, online gig tasks can be carried out in a borderless fashion with minimum 
regard for local regulation on working conditions.

4.2.3 Building future ecosystems

Digital technologies have enabled inclusion, efficiency and innovation of 
opportunities. A smart ecosystem is a conceptual extension of smart space from 
the personal context to the larger community and the entire city. It straddles the 
public and private sector and the broader community. It encompasses policies, 
laws, regulations and processes that are weaved together to obtain a desired smart 
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outcome. An enabling ecosystem is based on a skilled and equally aspirational 
citizenry as well as transformational leadership. To enable continuous innova-
tion, smart cities proactively encourage innovation programmes that include labs, 
training, skills development and partnerships with different academic, vocational 
and research institutions. A Smart city ecosystem facilitates the integration of 
data and information. This is done by initiatives that support open data, analytical 
services as well as monetization framework. The ecosystem needs to encourage data 
sharing whilst protecting privacy and what and how data is generated. Herein lies 
the digital age paradox, where transnational firms have comprehensive information 
on individuals’ lives and can trade it in the global marketplace, whereas individual 
citizens struggle to get rudimentary information on growth in income and wealth 
at a macro level [1].

4.2.4 Interconnected systems

The world is more connected than ever [19, 20, 28]. Similarly, as shown in 
Figure 1, a smart city has interconnected systems that cover different facets of the 
city’s activities. Smart cities strive to make strategic choices that attain transforma-
tional leaps in the quality of life within its region of operation. There are many ways 
in which technology connectivity can be used in pursuit of urban management. 
For example, through the use of IoT, roads can be equipped with LED street lamps 
that sense pedestrian movement, and consequently dimming and brightening in 
accordance with the movement. These IoT enabled gadgets also sense and collect 
pollution data in the air, and send this information to a data base. Additionally, the 
IoT gadgets can detect humidity and weather conditions in an area and advised to 
the consumers of this information.

Furthermore, IoT can be used to analyze the traffic on roads and adjust parking  
metre fees accordingly. This feeds to an automated urban traffic management 
system. IoT can also identify weak infrastructure like potholes on roads thus 
helping authorities prioritize their budget for urgent repairs. Remotely monitored 
close circuit cameras, will take pictures of an accident scene and send it to some 
database, but machine learning and AI would be required to translate this data into 
actionable information that can trigger emergency services to save lives. Finally, the 
IoT enabled street lamps can also act as free WiFi routers to nearby citizens.

Such interconnected systems allow the smart cities to remove inefficiencies that 
come about as a result of manual monitoring and intervention. The role of human 
intervention would now be directed to higher skilled tasks. This calls for a re-think 
into our skills development in the continent by facilitating creation of mechanisms 
supporting school-to-work transition in each country by (i) developing content 
around career choices and investing in counselors to help students navigate the transi-
tion (ii) revamping TVET institutions to meet the new demand for jobs (iii) changing 
the negative perception of TVETs and (iv) collaborating with the private sector to 
provide internship to graduating students as part of the transition process.

5. Conclusion

Smart cities allow the leveraging of digital transformation in a shift to abandon 
traditional paradigms and create a novel globally entangled experience and life-
style. As the cities become smart, formalization of the informal sector improves. 
New digital businesses are forcing the shift into formalization which benefits the 
economy by making it possible to measure the economy and better worker safety. 
Through the use of technology, and the democratization of information, smart 
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cities enable transnational innovation processes that would be targeted at universal, 
grand challenges. Our contention is that the absence of legacy systems and the 
advent of affordable broadband has set SSA on a roller-coaster of change that may 
see the formalization of informal enterprises by new business models offering 
better value. The combination of informality, technology and disruptive business 
models brings a new territory of change and discovery [14]. However, not every 
country in SSA has had the chance of seeing change and discovery. Several other 
factors stand in the despite the fact that SSA has the necessary infrastructure to 
enable greater productivity through technology.

6. Policy recommendations

Not every African country that has embarked on making cities smart. As such 
each country needs some policy interventions starting from building a national 
vision that is dedicated to national level commitments to developing smart infra-
structure. This also will spell out the commitment to funding through PPPs and 
collaborating with institutions of higher learning to do studies on the impact of the 
changes. Smart cities require an urgent development of localized relevant skilled 
capacity as they can easily result in gigs being performed from remote locations 
thereby not actually addressing the local issues of unemployment. For better 
outcome, it is imperative that governments embrace Research and Development as 
well as education. Hold regular hackathons on innovation and competition in order 
to build the future infrastructure to support the smart cities.
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Appendices and Nomenclature

AI Artificial Intelligence
4IR Fourth Industrial Revolution
ICTs Information and Communication Technologies
IoT Internet of Things
ITU International Telecommunications Union
PPP Public Private Partnerships
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Chapter 3

Does Smart City Development 
Promote Urbanization in India?
Sabyasachi Tripathi

Abstract

The recent explosion of urbanization is mainly driven by the developing  countries 
in the world. Therefore, urban planners in less developed countries face huge pres-
sure to create planned urbanization which includes the higher provision of infra-
structure and basic public services. The part of this planned urbanization ‘smart city’ 
development is one of the important initiatives taken by many countries and India is 
one of them. In terms of the size of the urban population through India ranked the 
second position in the world but in terms of the percentage of the urban population, 
it ranks very low. Therefore, to promote the urbanization Government of India (GoI) 
has taken ‘Smart Cities Mission’ initiatives for 100 cities in 2015. In this context, the 
present chapter quantitatively assesses the impact of smart city development on the 
urbanization in India. Urbanization is measured by the size, density, and growth 
rate of the population of the smart cities. On the other hand, we use factor analysis 
to create infrastructure index by considering city level total road length, number 
of latrines, water supply capacities, number of electricity connections, hospitals, 
schools, colleges, universities, banks, and credit societies. OLS regression analysis 
suggests that infrastructure has a strong positive effect on urbanization. Therefore, 
the smart city mission is very much essential for the promotion of urbanization in 
India. Finally, we suggest that we need to have more smart cities in the future so that 
a higher rate of urbanization promotes higher and sustainable economic growth.

Keywords: urbanization, infrastructure, smart city mission, India

1. Introduction

The United Nations World Urbanization Prospects shows that in 2017, 4.1 billion 
people were living in urban areas. This indicates that more than half the world 
population (55%) lived in urban areas. In this context, India’s urbanization is much 
slower than many developing countries and even its peers such as China, Brazil, 
and Russia. The latest Census data shows that the percentage of India’s urbanization 
was 31.15% in 2011. On the other hand, China (or Brazil or Russia) has experienced 
about 49.2% (or 84.3% or 73.7%) urbanization rate in 2010. The reluctant urban-
ization in India can be because of a lack of governmental supportive policies or 
challenges in managing the urban dynamics [1]. On the other hand, China’s urban 
policies are focused on integrated urban and rural development, the creation of city 
clusters to spread the benefits of urbanization, and the promotion of sustainable 
urban development. Though China’s urbanization is more policy-induced, India’s 
urbanization is more market-determined. Therefore, appropriate urban policies in 
India are required for proper design and implementation.
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No country has ever reached middle-income status without a significant increase 
in urbanization [2]. Urbanization has contributed not only to higher income but 
also it has improved people’s lives [3, 4]. Therefore, the promotion of urbanization 
is very important for many developing countries such as India. Currently, India is 
facing numerous challenges as a result of enormous urban dwellers. India has now 
two challenges; first, it has to speed up the urbanization rate, and secondly, it has to 
make proper or planned urbanization so that the maximum benefits of urbaniza-
tion are achievable. Urbanization use resources such as excess labor and land more 
productively and becomes the engine of economic growth.

To achieve planned urbanization for higher and sustainable economic growth 
Government of India (GoI) has taken Smart Cities Mission initiatives. In June 
2015, the Ministry of Urban Development (MoUD) released a mission statement 
and guidelines for the Smart Cities Mission. This program replaced the previous 
major central government’s flagship program Jawaharlal Nehru National Urban 
Renewal Mission (JNNURM) and wanted to move India’s cities forward under 
Prime Minister Narendra Modi’s leadership. Under the guidelines, several strate-
gies are sketched by which an applicant entity can apply to achieve smart city 
 designation [5].

Though there is no universally accepted definition of ‘smart city’, India’s smart 
city development mission is meant to invest more on the core infrastructure ele-
ments such as water, electricity, sanitation, solid waste management, public trans-
port, e-governance, etc. GoI also has proposed eight features of comprehensive 
development for smart cities. This includes promotion of mixed land use, housing 
and inclusiveness, creation of walkable localities, preservation and development of 
open spaces, promotion a variety of transport options, making governance citizen-
friendly and cost effective, giving an identity to the city, applying Smart Solutions 
to infrastructure and services in area-based development to make them better.

In this context, the present chapter assesses the impact of higher infrastructure 
availability on the population size of the smart cities in India. For the analysis, we 
consider only 85 smart cities in India that have populations more than 1 lakh (class 
I cities). The relevance for consideration of these cities that the class I cities accom-
modate about 70.2% of the total urban population in 2011. This indicates that India’s 
urbanization is concentrated in and around the class I cities. Therefore, it is impor-
tant to investigate whether a further increase in the infrastructure of class I cities 
escalate population or not. It is very important to increase urbanization in India as it 
is having a slower rate of urbanization.

2. Review of literature

There are very few following studies which explore the impact, structure, and 
implementation strategies of smart cities program in India. Russell et al. [6] argued 
that the Smart Cities Mission marks a continued shift for urban development policy 
in India away from direct government intervention. They argued that the cities 
nominated for the Smart Cities Mission have adequate levels of public services, a 
lower percentage of slums, and are bigger. Therefore, providing basic infrastructure 
to these cities is against the smart city ideas and concepts.

Praharaj et al. [7] indicated that Indian cities need synergy across urban policies 
for better results. They also stated that smart city plans lack integration and have 
a conflict with statutory master plans. Praharaj et al. [8] explored the relationship 
between active civic engagement and the availability of basic digital infrastructure 
and socio-economic standards in Indian cities. They provide important lessons for 
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building future smart and connected cities as well as promoting healthy urban rela-
tionships and welfare, in the emerging economies of the world. Aijaz and Hoelscher 
[9] argued that to make the ‘smart city mission’ more equitable and sustainable the 
fair engagement of citizens and all stakeholders need to involve. Praharaj and Han 
[10] stated that the Indian smarty city discourse predominantly corporate-driven 
and technology-focused. Therefore, smart cities should engage with sustainability 
and community issues. Randhawa and Kumar [11] argued that smart city develop-
ment policies lack concerns towards the natural environment which is an important 
dimension of sustainable development of a city.

Rana et al. [1] found that that ‘Governance’ is the most significant category of 
barriers for smart city development followed by ‘Economic; ‘Technology’; ‘Social’; 
‘Environmental’ and ‘Legal and Ethical’ in India. Hoelscher [12] stated that the 
smart cities agenda in India appears to be characterized by a failure to conceptual-
ize and develop an integrated set of policies, and while a clearer (yet contested) 
concept is emerging, the prospects for success are uncertain. Praharaj and Han 
[13] found that the vast disparities remain across India’s urban centers, located 
in different geographical regions, in terms of access to social capital and physical 
infrastructure. Their analysis suggests that education, health, and social services 
are important drivers in the urban typology building process. The small to medium 
sized cities in India are missing basic community infrastructure. This implies that 
smart city development strategy which considers one-size-fits-all by assuming 
importance of foundational infrastructure has the shortcomings. Tripathi [14] 
argued that smart cities in India should ensure smart distribution of benefits of 
urban economic growth to the poorer section of urban dwellers for future  
development of urban India.

Adapa [15] presents a comprehensive review of the existing smart city frame-
works and cleaner production initiatives in the Indian context. Aijaz [16] argued 
that the negative effect of India’s urbanization includes informal-growth of peri-
urban areas, escalating water crises, social exclusions, an extension of slums, and 
mismanagement of solid waste. The author argued that the success of smart city 
development only possible if civic institutions correctly understand the city’s social, 
economic, and physical requirements and its diversity. At the same time, citizens 
should show a greater sense of civic responsibility.

The brief review of the literature mainly suggests that how smart city develop-
ment initiatives can be more effective if properly implemented. In other words, 
what are the important dimensions of India’s urbanization that have to be consid-
ered for the successful implementation of smart city development strategies which 
will lead to successful urban development in India? However, these studies have 
missed important dimensions of India’s urban development policy which is how 
to increase the urbanization rate which is essential for economic development. 
Therefore, the present study attempts to fulfill this gape for better urban  
development in the future.

3. Empirical analysis

To estimate the impact of infrastructure on smart cities we consider the following 
econometric model:

  Infrastructure
10

0
1

i i i
i

Urbanization eα β
=

= + +∑   (1)
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where ie represents well-behaved error term and 0α stands as constant. Ordinary 
least squares (OLS) method is used to analyze the impact of infrastructure on 
urbanization in India. Based on Tripathi [17, 18] city population size, city popula-
tion density, and city population growth rate are considered to measure the urban-
ization in this paper. On the other hand, city-level availability of infrastructure is 
measured by considering city level total road length, number of latrines, water 
supply capacities, number of electricity connections, hospitals, schools, colleges, 
universities, banks, and credit societies.

In the context of the positive impact of infrastructure on urbanization, Tiebout 
[19] indicated that accessibility and superiority of public facilities such as park-
ing facilities, police protection, roads, parks, and municipal golf courses are very 
important for choosing a municipality. Therefore, consumer voters would migrate to 
a city that satisfied their demand for infrastructure. Harris and Todaro’s [20] model 
explained that rural to urban migration depends on expected rural–urban income 
differential rather than rural–urban wages. This indicates that urban condition is 
better with higher infrastructure facilities which attract more rural people [18].

In the context of India, several studies (e.g., [21–24]) argued that India’s urban 
areas lack adequate infrastructure which requires urgent attention. Pradhan [25] 
investigated the impact of infrastructure on urbanization in India, using a compos-
ite infrastructure development index based on three sub-indexes: physical infra-
structure, social infrastructure, and financial infrastructure. Using multivariate 
principal component analysis, the study confirmed that infrastructure has a signifi-
cant positive impact on urbanization in India. On the contrast, Tripathi [18] argued 
that the improvement of infrastructure in large cities may not increase population 
concentration, but it will improve the living conditions and business activities that 
increase economic growth potential. Based on these studies we expect a positive or 
negative effect of infrastructure on urbanization driven by smart city development.

Details about the variable measurement and data sources are provided in 
Appendix A. Table 1 presents the summary statistics of each variable used in the 
analysis. The coefficient of variation (CV) measures the dispersions of data points 
in a data series. Log of the city population, city population density, and city-wise 
total number of colleges have lower values of a coefficient of variation (CV) which 
indicates that there are little differences in their means, implying a more symmetri-
cal distribution. However, it is not the case for the city-wise total number of credit 
societies, city-wise total water supply capacity, the city-wise total number of banks, 
and the city-wise total number of latrines.

Table 2 shows the raw correlation of the variables. The results show that the log 
of the city population is positively associated with all the infrastructure variables. 
Most importantly, the log of city population highly correlated with city-wise road 
length, the city-wise total number of latrines, city-wise total number of electricity 
connection, and city wise total number of schools. On the other hand, the correla-
tion between city population densities and infrastructure variables is not strong. 
Similar results are obtained for the correlation between city population growth rate 
and infrastructure variables.

We now investigate the impact of infrastructure on the urbanization. Based on 
Tripathi [17, 18], we consider the city population, density, and growth rate for the 
measurement of urbanization. We consider a total of 10 variables to measure the 
infrastructure and stand as interdependent variables. Table 1 shows that there are 
considerable variations between the minimum and maximum values of the vari-
ables. The correlation coefficients show that data are more correlated as the values 
increase. Hence, factor analysis is considered to reduce the number of independent 
variables to obtain appropriate estimation.
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To ensure the validity of data, Kaiser-Meyer-Olkin (KMO) and Bartlett’s Test of 
Sphericity are used. The KMO test is performed by using STATA version 14.1. The 
estimated results in Table 3 show that factor analysis is highly recommended as the 
KMO value is 0.851. The probability of Bartlett’s test of Sphericity is very significant 
(0.000 < 0.01). Thus, factor analysis is desirable.

The initial eigenvalues (i.e., a variance of the factor) are presented in Table 4. 
The most variance is presented by the first factor, the next maximum amount of 
variance is considered by the second factor, and so on. The negative eigenvalues 
indicate that the matrix is not full rank suggesting six factors for the analysis can be 
considered at most. On the other hand, the KMO criterion recommends that factors 
with Eigenvalues ≥1 should be considered for the analyses. Therefore, the only first 
factor is relevant for the study that accounts for about 86% of the variance in the 
solution.

The factor loadings (pattern matrix) according to the uniqueness i.e., a variance 
is exclusive to the variable and not contributed by other variables is presented in 
Table 5. The bigger values of uniqueness indicate that variables are not properly 
explained by the factors. For instance, 93.3% of the variance in ‘total credit society’ 

Variable Mean Standard 
deviation

Minimum Maximum Coefficient 
of variation

Log of city 
population (v1)

13.52 0.91 11.59 15.96 6.75

City population growth 
rate (v2)

19.02 22.54 −60.00 111.00 118.46

City population 
density (v3)

9084.07 5974.53 679 32622.00 65.77

City-wise total road 
length (v4)

1160.34 1536.60 9.00 11812.00 132.43

City-wise total number 
of latrines (v5)

198560.00 300578.80 1114 2063946.00 151.38

City wise total water 
supply capacity 
(kilo liter) (v6)

115657.90 231942.40 0.00 1200000.00 200.54

City wise total 
number of electricity 
connection (v7)

330136.00 449066.80 25500.00 2700000.00 136.02

City-wise total number 
of hospital (v8)

198.67 310.98 5.00 1706.00 156.53

City-wise total number 
of schools (v9)

859.68 1174.64 9.00 8397.00 136.64

City-wise total number 
of colleges (v10)

67.98 75.29 1.00 532.00 110.76

City-wise total number 
of universities (v11)

2.18 3.10 0.00 18.00 142.35

City-wise total number 
of banks (v12)

185.51 366.68 2.00 2247.00 197.66

City-wise total number 
of credit societies (v13)

272.95 806.75 0.00 5193.00 295.56

Note: calculations are based on 85 observations. Source: Author.

Table 1. 
Description of data used for the analysis.
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is not contributed by the other variables in the overall factor model. On the con-
trary, the ‘total number of latrines’ that has very low variance (14.6%) is not shared 
by other variables. As the values of factor loading for approximately all variables are 
higher (>0.3), we can conclude that factor 1 is defined by all six variables that are 
considered to produce an infrastructure index. Quite importantly, factor1 is mostly 

KMO measure of sampling adequacy 0.851

Bartlett’s test of sphericity Approximate chi-square 707.040

Df 45

Sig. 0.000

KMO, Kaiser-Meyer-Olkin. Source: Author’s calculation.

Table 3. 
KMO and Bartlett’s test.

Factor Eigenvalue Difference Proportion Cumulative

Factor1 5.61362 5.01985 0.8569 0.8569

Factor2 0.59377 0.23801 0.0906 0.9475

Factor3 0.35576 0.14509 0.0543 1.0019

Factor4 0.21067 0.11021 0.0322 1.034

Factor5 0.10046 0.03567 0.0153 1.0493

Factor6 0.0648 0.09602 0.0099 1.0592

Factor7 −0.03122 0.03265 −0.0048 1.0545

Factor8 −0.06387 0.06123 −0.0097 1.0447

Factor9 −0.1251 0.04279 −0.0191 1.0256

Factor10 −0.16789 . −0.0256 1

Source: Author’s calculation.

Table 4. 
Explanation of total variance.

Variable Factor1 Uniqueness

Total road length 0.8937 0.2013

Total number of latrines 0.9241 0.146

Total water supply 0.5232 0.7263

Total number of electricity connections 0.9179 0.1575

Total number of schools 0.923 0.1481

Total number of hospital 0.3619 0.869

Total number of colleges 0.8166 0.3332

Total number of universities 0.721 0.4802

Total number of banks 0.7801 0.3914

Total number of credit societies 0.2583 0.9333

Source: Author’s calculation.

Table 5. 
Factor loadings (pattern matrix) and unique variances for one factor model.
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related to the city-wise number of electricity connections and city-wise number 
of latrines. It is also important to note that as we are using one factor only, factor 
rotation which helps to see the underlying dimensions (scales) more clearly is not 
suitable as there’s nothing to rotate.

The linear regression analysis is used to investigate the impact of infrastructure 
on urbanization in India. Table 6 presents the results of the regression analysis. 
The factor score values for the one selected factor is considered as the independent 
variable. Regression models 1–5 present the estimated results for three dependents 
variables i.e., size, growth, and density of city populations. To control the het-
eroscedasticity problem we estimate the robust standard errors.

Regression 1 shows that the infrastructure index has a positive and statistically 
significant effect on the smart city population in 2011. A 10% increase in infrastruc-
ture index increases the smart city population by 7.1%. This indicates that higher 
infrastructure investment increases the population of smart cities. On the other 
hand, a higher level of infrastructure also increases the population density of the 
smart cities in regression 4. The coefficient 0.123 indicates that a 10% increase in 
infrastructure index increases smart city density by 1.2%. However, infrastructure 
may not increase the growth rate of the city population as it has a statistically 
insignificant effect on it in regression 5. This is quite evident as most of the large 
cities considered for smart city development experienced a negative growth rate. 
For example, Thiruvananthapuram experienced a 14% negative population growth 
rate from the period of 2001 to 2011. Therefore, smart city development does not 
increase the population growth rate of smart cities.

To estimate the robustness of the results we consider smart city population 
data for 2020 and 2025 from World Urbanization Prospects (WUP): The 2018 
Revision [26]. The WUP provides a data population of urban agglomerations 
with 300,000 inhabitants or more in 2018. On the other hand, though 11% of 
the total proposed work under the smart city mission completed in 2019, still 
we have to wait for 2021 (i.e., next Census data) for the evaluation of the impact 
of infrastructure on the population of smart cities. As some of the smart cities 
that are considered for our survey have a population less than 3 lakh we could 
 collect data only 77 smart cities. The regression results 2 and 3 show that available 

Dependent variable

Log of city 
population 

2011

Log of city 
population 

2020

Log of city 
population 

2025

Log of city 
population 

density
2011

Log of city 
population 
growth rate

2011

(1) (2) (3) (4) (5)

Infrastructure index 0.711***

(0.165)
0.628***

(0.147)
0.632***

(0.145)
0.123*

(0.074)
0.218

(0.183)

Constant 13.516***

(0.064)
7.142***

(0.079)
7.256***

(0.079)
8.961***

(0.065)
2.987***

(0.096)

F Statistics 18.44*** 18.33*** 18.95*** 2.80* 1.42

R2 0.5886 0.4656 0.4648 0.0415 0.0343

Observations 85 77 77 83 67

Robust standard errors in parentheses. Source: Estimated using Eq. (1).
*p < 0.1.
***p < 0.01.

Table 6. 
Results of regression analysis.
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infrastructure in 2011 has a positive and statistically significant effect on the log 
of the smart city population in 2020 and 2025. This indicates that infrastructure 
has a big role in the promotion of urbanization in India and smart city mission is 
very important for that.

4. Conclusions

The present chapter assesses the impact of infrastructure on the urbanization by 
smart cities in India. Smart city urbanization is measured by population, density, 
and growth rate of the population of the 85 smart cities in India. On the other hand, 
smart city-wise availability of infrastructure is measured by the considering city 
level total road length, number of latrines, water supply capacities, number of 
electricity connections, hospitals, schools, colleges, universities, banks, and credit 
societies.

The factor analysis is used to create an infrastructure index by considering all 
the infrastructure variables. The OLS regression analysis is used to measure the 
impact of infrastructure on urbanization. The OLS regression results suggest that 
the availability of infrastructure has a positive and statistically significant effect 
on the urbanization measured by the smart city population and densities of the 
smart city population. This indicates that the smart city mission promotes India’s 
urbanization.

India’s cities and towns are having a serious lack of adequate infrastructure 
facilities. The Report on Indian Urban Infrastructure and Services [21] urged that 
urban India severely faces deficiency in the provision of urban public services such 
as street lights, solid waste management, roads, sewerage, and drinking water. 
The report estimated that Rs 39.2 lakh crores at 2009–10 prices are required over 
a 20-year period to achieve this growth. The outlay on urban roads accounts for 
Rs 17.3 lakh crore (or 44%) of this amount. In this perspective, the smart cities 
mission is appropriate for the promotion of urbanization in India by huge invest-
ment in infrastructure. It is very much important to indicate that India had a total 
of 7935 cities and towns in 2011. Therefore, smart cities initiatives only for 100 
cities may not fulfill the urbanization dream for India. In the coming years, India 
should have more smart cities to explore the benefits of urbanization for higher 
economic growth.

Appendix A: Measurement of variables and data sources

City population, density and growth: City population data is collected from 
Census of India, 2011. Website: https://www.census2011.co.in/urbanagglom-
eration.php

Total road length: Both Kachcha road length and Pucca road length are consid-
ered for the measurement of total road length of a city. Source: Town amenities, 
District Census Hand Book, Census of India 2011. Website: http://censusindia.gov.
in/2011census/dchb/DCHB.

Number of Latrines: Total number of pit, flush/pour, services, and other 
latrines. Source: Town amenities, District Census Hand Book, Census of India 2011.

Total water supply: Total protected water supply in city. Source: Town ameni-
ties, District Census Hand Book, Census of India 2011.

Electricity connection: Total number of electricity connections in domestic, 
industrial, commercial, road lighting, electricity, and other connections. Source: 
Town amenities, District Census Hand Book, Census of India 2011.
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Chapter 4

Smart Buildings: A Model 
Approach for Institutional 
Buildings
Kumar Avinash Chandra

Abstract

Smart Buildings should be seen from a multi-industrial standpoint, involving the 
right combination of architecture, structure, information technology, automation, 
environment and energy, services and facility management such as to minimize 
life-cycle costs, maximize comfort and adapt properly to cultural stimuli. Intelligent 
architecture concerns with intelligent design to meet cultural and contextual require-
ments, with proper use of IT and smart technology, as well as with optimal building 
exploitation and cost-effective maintenance over its life-time. This might also include 
intelligent and responsive facades. Facility management looks for the best financial 
management for maintenance, rebuild and renovation, for the best space utilization, 
for the best daily operational services and for maximizing user satisfaction.

Keywords: internet of things, sensors, smart city, smart buildings, smart governance, 
testbed, urban development, sensor networks

1. Introduction

Today, like the pattern in developing nations across the globe there is major shift of 
the population for rural to urban areas. As per a survey, our nation India, also per-
ceives brisk for population shifting in urban areas by huge figures. The accumulating 
trend of swerving populace to civic living been discerned. The group of researchers 
stated that approximately 55% percent of population across the globe resides in the 
urban area, and is believed the percentage to hike up to 70% by the year 2050 [1]. The 
facts states that 31.2% (approximately 377 millions) of increase in urban population 
in 2011, the result also predict the numbers to rise to 40% by the year 2030 and up to 
60% of the country’s total population would move to the urban living in the nation.

The nimble relocation of populace in civic is usually confronted by service 
delivery and infrastructure management, are most asserted among all others 
challenges offered due to population explosion. The local management responsible 
for urban management should always have the smarter means for the cop-up with 
any confrontations and any related affairs due to emerging population relocation 
as in health care management, congestion in traffic management, infrastructure 
development, waste management, energy demand, pollution, etc. The concept for 
smart city engages for sophisticated civic modus, which within self has various 
sophisticated system fir daily requirements and challenges faced by the habitat of a 
area. The concept of Smart City coined being a blueprint for tackling with all these 
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challenges mentioned. An intelligent and smart game plan for, manages compo-
nents as in for all the challenges is provided in within Smart City.

With the growth and expansion in the city , new agile, shrewd and ingenious 
approach is required for the advancement in operational competence, enhancing 
productivity and as well as diminishing the managerial expenses [2]. Gradually, 
there has been increase in the IoT appliances such as smart boxes, TV sets, etc. by 
the dwellers. Even in the sectors of chattels real the appositeness of akin gadgets 
has upturned as in for Smart locks, thermostats, smart alarms, intelligent voice 
assistant and many more such gadgets. The neoteric augmentation in the field of 
digital automation has made the smart cities slicker than antecedent version of self. 
A smart or intelligent metropolis is rigged with the sensors as in for commutation, 
state-of-the-art cameras on the streets for influx management on the streets and 
for the purpose of cognizance as well, sensors at parking for monitoring the vacant 
slots (if any), etc.The eloquent amelioration in the permissive appliances tech, as 
in NFC, ingrained actuators, RFID tags, etc. Alongside materialization pertinent 
utility and appliances the IoT been lauded as abut dominating development to the 
contemporary hooked and ambulatory hobnob infrastructure. The recent prognosis 
as envisages that IoT would be imperative chunk of FI, as its akin appliances might 
surmount the total numbers of mobile and computer devices been accessed by the 
individuals. For such sequential events unfurls in the impending time frame, deduc-
tion of the schema and architecture delineation of FI be dependent on the staunchly 
be swayed by stipulation of IoT.

A framework of connectivity is catered by the recent turmoil in FI by which 
plebeians, society can annex with each other and as well as the devices as well. A 
study conducted which states, the total number of gadgets which are annexed with 
each other is much greater in number than total of humans on the planet [3]. The 
technical advancements and elucidations for scientific know-how for conceiving 
Smart Cities are sprouting and are surfacing up. Figure 1 shows the inter-linkage 
of individual commodity as in terms of IoT. Multifarious facets of an entity can be 
stirred by IoT as in healthiness, commutation salvation etc. As in for governance 
it could play vital job as in to provide better efficiency, policy making, close and 
obscure monitoring, energy policy, pollution measurements, etc.

Figure 1. 
Main aspects of smart city and inter-linkages based on IoT.
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2. Indian perspective of smart cities

Government of India (GoI), in its’ election manifesto for 2014 proposed devel-
opment of 100 smart cities, which in later stage transformed to brown city from 
green city. In other words, GoI which earlier planning for developing 100 new cities 
as Smart Cities later planned to develop the existing cities into smart cities. And 
for this purpose, SCM and AMRUT a completely different wing under Ministry of 
Urban Development (MoUD) was setup, which was considered a compelling stride 
for encyclopedic enactment for Smart Cities (Figures 2 and 3). The implementation 

Figure 2. 
Smart cities: Available technologies (right) and challenges (left).

Figure 3. 
Example of prevailing smart building technologies (Image source: https://thegibraltarmagazine.com).
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of SCM be annexed as the contingency plan to knuckle down to defiance of securing 
the intent of urbanization as per nationwide domestic development plan. Sectors 
where SCM needs to cynosure are:

i. Development of competent infrastructure for Civic Establishments and provincial 
governments.

ii. Development of competent Civic Administrative Organization.

iii. Enacting upon decentralization policy.

iv. Curtailing disagreement in civic domain.

v. Developing permissive plight for decent and broad urbanization.

The clamant materialization for gestating of Smart Cities along Indian lexicon 
be enunciated as adhere to:

i. A civic is obligated to be viable and imperishable.

ii. Fundamentals for the reliable administration be cherished.

iii. Abiding foresight, technology, strength of the governance and supportive administra-
tion and schema.

iv. Adequacy of the Civic administration to enact the above.

v. The nation is required to erect its own allusion for ontogenesis of Smart Cities.

Smart City be defined as in Indian lexicon as “A Smart City would be the one 
which plans judiciously to meet its aspirations and challenges in a sustainable 
manner while fostering principles of good governance. These are achieved in a 
Smart City by utilizing the enhanced power of technology, engaging with a more 
aware and informed citizenry and creating a more competent and capacitated set of 
people working within an accountable framework.”

The schema for regional area augmentation has been designed by SCM and 
MoUD with intent to revamping fiscal development and aspect of living. The 
schema has basically trilateral factors [4]: a) Area – Based Development (ABD) 
responsible for uplifting of the regional extant inclusive of the blighted areas into 
advanced and planned ones; b) Green – field Projects which would develop new 
provinces into state-of-the-art centre so as to facilitate the exploding  populace; c) 
Pan –city Development (PAN) which shall anticipate the appositeness of the elicited 
smart and intelligent elucidation to prolonging city framework.

3. Technologies for Smart Cities

The hefty fortification of IoT is playing pivotal guise in the administering of 
Smart City ventures. The constant advancements in the technology are enabling 
facilitating Smart Cities across the globe. The commodity by individuals be in 
service on routine basis are rigged with digital and computerized gears, mechanism 
and covenants so as to make them pertinent and associated with other linked and 
connected devices with Internet Protocol. The competence of surveillance and 
supervise of obscure and secluded area as well is ease with help of IoT. Apart from 
that one could administer remotely. The important physiognomy of the Smart City 
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is the enormous heterogeneous data from the various sensors and devices deployed 
within for administrative purposes. The super meteoric accretion of smart cities 
and the IoT coaxed various challenges for all researchers and industries as well for 
designing of a conducive and impeccable smart city.

With the use of Standard Web Protocols for communication [5, 6], IoT enact as 
Broadband Network having Internet at its concenter. For the employment of IoT 
demand for the communication standards that operates placidly amidst the numerous 
commodity whichever be computed, implicated and can hatch variance in purlieus. 
Among all the technologies pertinent to IoT are confabulated in brief as follows:

3.1 RFID

The arrangement comprises of a chip or a tag along a chip to read the tag. This 
advancement in technology can be used for registering any individual or an object 
for the intent to self recognized by the system. Each of the interlinked objects or 
gadgets accredited with diacritic identity [7].

3.2 Addressing

The prevailing fad in the fields of IoT could facilitate kinship of the individual 
associated gadgets and equipments so as to entrench smart and intelligent purlieus. 
The individual identity of the associated gadgets and equipments is must for in IoT.

3.3 Wireless sensor networks (WSNs)

With the help of WSNs data from different sources be collected easily and then 
be used in for various sectors as in Traffic Management, wellness program, pollu-
tion control, etc. It could also be tagged with some other sensors as in RFID to infer 
much accurate details about the individual object (Table 1).

4. Smart buildings

About 30–40% of total power usage and discharge of CO2 is occurring at edifice 
[8]. The government is trying to clinch to reduce the energy consumption in new 
and as well as extant infrastructure as well so as to secure sustainability of the envi-
ronment. Government through its stake holders, real-estate developers, land owner, 
proprietors, tenants and customers is trying to reforms in the sector to reducing the 

Network 
type

NFC WPAN WPAN WPAN WLAN WLAN

Year 2011 2002/2005 2003 2007 2012 2009

Network 
Size

— 7 245 65,535 30

Bit Rate 424 Kbps 3Mbps 55Mbps 250Kbps > 7Gbps 248Mbps

Frequency 13.56 MHz 2.4 GHz 2.4 GHz 868–
915 MHz/

2.4GHz

2.4/5/60 GHz 2.4/5 GHz

Range 0.2 m 100 m 100 m 75 m 5 m 50 m

Table 1. 
Important communication standards within IoT.
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carbon emission in the buildings. The further energy effectualness can be abated to 
achieve the objective set by IPCC [9]. Many researchers and industries are working 
in this regard making the building smart so as to minimize the consumption of 
energy within the infra-structure.

Over last few decades, there has been rigorous research and advancement in 
the over Smart Intelligent buildings. Though theoretically, in disquisitions and 
also in technical communiqué the phrase ‘Smart’ is being cited more often in last 
few years. With the advancement in new and boost in the technologies, the smart 
buildings have secured much enthusiasm from researchers and industries as well 
[10]. Computerization and automation has been so much part of modern days living 
standard required to chasten our living. Nowadays, everyone is longing to manage 
and administer the gadgets and devices installed remotely and effortlessly.

The buildings are elementary and fundamental fragment of the society. The build-
ings in-houses the inhabitancy, plaza, emporiums, office area, deli, residentiary and 
market complexes, etc. Designing the smart city is intrinsic stride for the ontogenesis 
towards the Smart City. The Smart Buildings or Intelligent buildings, in defiance 
of diversified interpretation of the IB from the various Industrials, researchers be 
observed from the perspective of industrial and technical crux, implicating amalgam 
construction design, framework, power, utility, technological advancements, envi-
ronment and amenity administration in a manner so as to aggrandize the assuages and 
also to curtail the circuition price [11, 12], by means of aid from advanced state-of-
the-art technology and information technology advancements. The Smart Intelligent 
Buildings are also well efficient of curtailing the intramural energy dilapidation.

The ambit of automation and modern IT industry, the modern Smart Intelligent 
Buildings be confabulated based on technical elegance and assimilation in assorted 
multitudinous folds [13]. Facilities like control over aegis, avenue, luminosity, eleva-
tors, data, Infobahn etc. falls as in basal or crux of the folds of the Smart Buildings. 
The assimilation of various functionality of the basal fold forms the next in hierarchy 
of the layers. Assimilated communication system forms the next in line. The com-
prehensive grid structure of all the Smart buildings forms the apogee for the folds 
or layers of assimilation. The advancement in IT sector administers the crucial and 
omphalic aspect here in Smart Buildings, explicitly in cognizance of the subsequent:

• Imposing for energy and policies codes and protocols, Building bylaws.

• Assimilating with the nearby power/smart grids

• Self guided and intelligent uninterrupted building responds.

• Visualization of diminishing carbon emission and energy savings.

5. System architecture

The new modern advancement in wireless system and sensor grid network 
can provide provides convenience in structuring for the Smart Buildings as in to 
administer the smart and complaisant abutment for the occupants. The continu-
ous and unceasing monitoring and administering of the various factors in and out 
of a building is the necessity to diminish the energy consumption of a building. 
Sensors and actuators installed at the proper locations and also be attainable at any 
moment over the grid, is very important for the same purpose of conducive man-
agement and automation. As there been development in IoT technology and Smart 
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buildings in recent years, the dominion protocols, building acts and standards for 
industrial regulations is also been changes accordingly with due course of time, 
as in Consumer Electronic Bus (CEBus), Local Control Network (LCN). Suite of 
Internet Protocol (IP) turned to be new and paramount inclination for amalgama-
tion of various services. Smart modern gateways are deployed at the network edge 
which then equipped with the access to protocols based on IP. The technology based 
on IEEE 802.154.4 helps in sending IPv6 packets efficiently through 6LoWPAN 
technique for header compression [14]. The following figure (Figure 4) depicts the 
rough architecture for the system.

The various sensors and actuators installed in a building combine to be the elemen-
tary or fundamental cause for data or information procreation. The initial level or 
Level one for the system be the raw data acquired from the sensor nodule, which then 
by communication service act upon farther processing of the data acquired. The archi-
tecture for the Smart Building is described with as mentioned principles of design.

• Information Assemblage. At the primary stage at this level, the raw data from 
the various sensors and actuators implanted at the building is collected and is 
stored for processing at later stage.

• Dossier Processing. Here at this level, all the data or information compiled 
in the previous stage is put together and processed so as all the data is stored 
in common format as in Resource Description Framework (RDF). Resource 
Description Framework (RDF) is most trivial approach for data castling over 
the web. Pre-refined data at this level will then be used for morphological 
knowledge and ambivalent inference at the preceding level.

• Dossier Assimilation and Inference. The exploitation of domain dependent 
distinct data is allowed through morphological web technology. Here all the 
information from the previous level is assorted and classified in as classes. 
Later the data collected is categorized into two base Data or Object Property 
and association of all the data is to defined with the either of two property 
based on Web Ontology Language (OWL).

SPARQL is a query language subsidiary of RDF which is adopted to salvage 
and beguile the records hoarded in the RDF form. This stage galvanize towards 
amalgamation of low-level database.

• Gadget Control and Admonition. All the data processed in the previous stage 
of the architectural hierarchy is now ready to be used by various applications 
installed for smart activity and administration to ease of human.

Figure 4. 
Architecture for administrating and controlling over the system.
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6. System application in buildings

To many individuals in the field of building automation continuance praxis, 
IoT plugging might look alike a jargon for gray wont. Might be that be total untrue. 
The coronation of sensors and imbrute praxis, angling to comprehend benediction 
associated with it as in crouched obligation to continuance of the building and 
viable competence with ameliorated superintendency and crouched corps outlay. 
The appositeness of IoT overture aggrandized prospects as in worth, viable efficacy, 
affinity through enhanced valise and liquidity management [15].

6.1 Architectonics

Apprehending the statistics on real time basis and cloud dependent dossier 
capacitate the enterprises in optimization of potency and curb operational squeezes 
as well. Annexation of the machinery and heirloom appurtenances could large 
amount of extra debts. Monitoring of those appurtenances installed do provides 
inestimable insights for the management for lapse, delinquency and to reckon 
regime bent as well [16–19].

6.2 Surveillance

Modern art-of-the-state designed IoT dossier with agitation apprehension sen-
sors are the next generation system which could be wireless and also be quite setup 
for temporary setup as well, easily manageable remotely. These monitoring systems 
are battery operated and unlike conventional CCTV setup compared to are cost 
effective as well [20].

The present-day advanced system can also be used for securing the electric 
panels, which could trigger an effective alarm which when detects any unplanned 
apprehension in the proximity. If GPS be attached for advanced feature can also be 
triggered to activate with the alarm so as to manage theft if in case it occurs.

IoT based hazard control alarm system could prove very effective in the case of 
emergency. Fire or smoke alarm which when connected with the cloud dossier can 
automatically contact nearby fire station and police in case of any emergency. This 
could curtail ample amount of man hour for maintenance of the alarm and time-
honored gratuitous auditing of the system.

6.3 Automation management

The system equipped modern sensors could be instated easily and effectively to 
manage the equipment as in light power, HVAC, fire, security, etc. and cloud-based 
dossier helps in supervise and oversight easily and efficiently [21–23]. Parameters as 
in temperature, automated door operation, humidity, air quality and pressure, etc. 
Apart from managing machinery as lift, escalators they also be prognosticate in case 
of disruption and be prompted for abrupt alleviative alacrity.

The system equipped with sensors once triggered could easily transfer statistics 
to cloud for further processing and record. It helps in control and optimization 
and also eliminate the long man-hour for data collection as well also increase the 
effectiveness with cost diminishing.

7. Conclusion

In years to come the art-of-the-state real estate development can be visualized 
globally. The trend of IoT, be then conceptualized in practical manner by next 
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few years. The assemblage of IoT and updated sensors certainly do aggrandize the 
efficacy, performance, wherewithal, unlimitedness and also curb the outlay over the 
building. Buildings are the one large power consumer, fact to the government across 
the globe have their focus now on them, regulations and mandates are updated 
regarding buildings are updated regularly for carbon footprint mandate.

Apart from management of power the IoT controlled system helps in diminish-
ing carbon emission. With technicality point of view the development of such 
buildings with proper architecture and standardized codes would not only interop-
erability be salubrious but cost amiable as well. The bottom-line discussion of this 
paper is modern sensor based IoT equipped buildings be a necessity in coming years 
for a healthy and future-secured environment and be cost effective at the same time 
when making our life a lot simpler and easier.
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Standard Elevator Information 
Schema: Its Origins, Features and 
Example Applications
Jonathan Beebe and Ahmad Hammoudeh

Abstract

A generational change is taking place in building transportation systems as 
manufacturers and maintenance companies begin to integrate their products and 
services with the technologies of smart buildings and smart cities. Frequently this 
integration relies on the Internet of Things and cloud services. The diverse and 
heterogeneous nature of such collaborations requires a common shared semantic 
understanding of the complex and dense information that may be generated by 
transportation systems in buildings. The Standard Elevator Information Schema 
(SEIS) provides this in a format which is both machine and human readable. The 
role of the schema is to provide the ‘vocabulary’ for these collaborations. At the 
same time the schema specifies the properties, relationships and validation rules 
that define the information model, which could form the foundation upon which 
all elements of building transportation control and monitoring functions are 
constructed. SEIS is published under the Collective Commons licence and is free 
to download and incorporate into any product with the objective of reaching the 
broadest audience. This chapter discusses the origins and features of SEIS and pro-
vides a varied set of example applications. Consideration is also given to the issues 
of cyber security and data protection.

Keywords: lift, elevator, XML, XSD, schema, information model, IoT, REST

1. Introduction

The end of the second decade of the twenty-first century has witnessed a 
growing diversity of devices and information processing which smart buildings and 
cities are introducing into vertical (now also ‘two-dimensional’, c.f. thyssenkrupp 
elevator MULTI [1], and maybe ‘three-dimensional’ in the future [2]) building 
transportation systems. A new generation of lift systems has been developed 
offering increased levels of personal response particularly as a result of supporting 
destination call registration. This has been accompanied by increasing sophistica-
tion and variety of human interfaces, for users in many roles. Also there has been 
a rapid expansion of cloud-based analysis services, using Artificial Intelligence, 
that are capable of managing and processing vast amounts of data. The Internet of 
Things (IoT) is a key enabler of this technology evolution, so a section is included 
providing an overview of the IoT with the further objective of clarifying this 
somewhat misused appellation.
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The variety of information domains and related equipment and service suppliers 
involved in these developments makes it increasingly important to conform to an 
agreed standard vocabulary and associated set of rules for interchange of infor-
mation – a schema – that is specific to the application domain i.e. transportation 
systems in buildings.

Indeed the design and configuration of such systems would be enhanced 
considerably if such a schema was to be implemented internally as a founda-
tion information model as well as for external communications. The continuing 
practice adopted by manufacturers of implementing proprietary communica-
tions, while promoting vendor lock-in, is no longer viable when travellers, 
administrators, owners, technicians, etc. experience many points of contact with 
such a variety of systems from disparate suppliers – For example, users cannot 
be expected to select the application of the lift manufacturer or maintenance 
company in whose lifts they wish to travel to register a call from their personal 
mobile device! However, the need for a common shared information model 
extends far beyond this trivial example and is relevant to most aspects of the 
operation of building transportation systems, particularly when machines are 
communicating directly with other machines without human interpretation of 
the exchanged information.

The Standard Elevator Information Schema (and complimentary Escalator 
Schema) which defines the information model is a formal declaration of the ele-
ments, their properties, interrelationships and validation rules and is directly 
meaningful to both humans and machines (‘things’).

2.  Lift system communications: current status and potential 
developments

The richness of information and the potential diversity of interactions with exter-
nal systems is much greater for passenger lift systems than for escalators and walkways 
and so this section refers mainly to lifts. However, a truly smart building will integrate 
communications with all transportation systems wherever practicable – probably 
a subset of what is possible for the lifts. In this section we look at what is currently 
available (discussed in greater detail in CIBSE Guide-D [3]) whilst casting an eye to 
potential developments that are within sight.

2.1 Current state of development

At the time of writing, a new generation of lift technology is appearing that 
embodies capabilities to communicate beyond the lift motor room through an 
expanding range of applications and interfaces.1 Previously the lift system user 
interface has been specifically aimed at the primary users, i.e. the passengers, via 
simple electrical devices such as call buttons, floor position indicators, hall direc-
tion indicators and gongs, etc. The introduction of computer technology and net-
worked communication between devices has lead to an increasing complexity of the 
hardware of lift control equipment and also its associated passenger controls (e.g. 
destination call stations). At the same time, the new technology has promoted more 
sophisticated software in the form of control algorithms as well as a  proliferation 

1 Inclusion (or omission) of references to manufacturers’ products is purely for example and does not 
represent endorsement (nor rejection) of those products.
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of external systems which collect, process and distribute the resulting complex and 
rich information.

Lift manufacturers [4–8] and third-party suppliers [9–14], sometimes in 
collaboration with major companies providing software and services (such as 
Microsoft and IBM), are developing new products and services which interconnect 
many lift installations concurrently thereby considerably extending the types of 
user that can interact in some way with a lift installation. The following subsections 
briefly discuss the different classes of internal and external systems that may be 
interconnected, identify the user roles that could benefit as a result and outline how 
these benefits might be delivered to those users.

2.2 Data logging

Data logging is in essence the capability to create and record a stream of data 
describing the activity of the lifts and their current status. As such, it should not 
be considered independently of external applications which then analyse and 
present the data. From the earliest days of data logging, and particularly since it 
became viable to install logging as a permanent feature rather than a commitment 
of expensive equipment only justifiable for a few days, it was acknowledged that the 
volume and diversity of the logged data necessitated a repeatable and automated 
(i.e. software-based) analysis.

Most modern lift control systems include some form of data logging, although 
this is usually in a proprietary format and available only to the staff of the 
manufacturer for the purposes of test, installation and maintenance. For older 
installations, a number of generic gateway devices are available from independent 
suppliers, which sample commonly available electrical signals and buses and in 
some cases additional sensor devices (e.g. accelerometer) to generate a stream of 
logged data, but again in a proprietary format. However, as building owners are 
increasingly demanding access to logged data of their lift activity (since they are 
in any case the designated owners of that data under Data Protection legislation) 
it is becoming common practice to include a requirement in the specification of 
new installations and refurbishments for some form of gateway that allows the 
connection of third-party logging systems [15] where the owner specifies the 
data format.

Data logging operates at several different levels, where access is restricted to 
persons possessing different skill sets and purposes:

Maintenance staff on site – to interrogate and alter system parameters and sys-
tems technicians able to update software and trouble-shoot. This data might include 
door timing, parking and priority floors and zone definitions, etc. More recently, 
device-specific operational ‘signatures’ (e.g. temperature, vibration, door opera-
tion counts, etc.) have been logged, which are used to identify abnormalities and 
drift due to wear and failure in specific components. There is an emerging trend of 
linking to advanced on-line web services that offer automated analysis and ‘learning 
by example’, enabling lift manufacturers to evolve their service offering and to drive 
preemptive maintenance scheduling. This analysis is of particular benefit to central-
ised maintenance managers and technicians who arrive on site better informed and 
provisioned with spares.

Owners/operators – to access performance data allowing analysis of how well 
the lift installation is managing the passenger demands, and duration of periods 
when lifts are unavailable etc. This data might include the number of stops, number 
of landing calls and their origins, car calls, system response times and an analysis 
of the demand patterns in terms of landing calls. Interest is growing in monitoring 
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and reporting the energy consumption of building transportation systems. Remote 
display (possibly in the lobby or building manager’s office of the relevant building) 
of centrally held information is often also offered.

Maintenance management off-site – to review the operation of the lift, check 
any irregular behaviour and to plan a service schedule matching the duty cycle 
of each lift. Also to provide a ‘forensic record’, helping to establish the reason for 
a lift failure. Such data would include: fault and warning indications such as the 
safety circuit being interrupted prematurely, doors failing to open, abnormal 
journey duration, excessive re-levelling operations, door lock failures, machine and 
machine-space temperatures, etc. A number of major manufacturers [5–8] and a 
growing number of independent suppliers [9–14] offer remote monitoring services 
and display of lift status with real-time visual display of car and door activity plus 
registered calls.

Architects, transportation system designers and researchers – may use logged 
data to specify new installations or refurbishments for planning and subsequent 
assessment of traffic handling capacity and suitability of control policies match-
ing the particular demands of a building. The data to support this would include 
the number and timing of landing calls (particularly in the case of destination 
calls), car calls, floor position, direction commitments and door operations of lifts, 
passenger loading, the allocation of lifts to respond to calls, etc. If data collection is 
fully comprehensive, it may be possible to replay lift operation into a traffic simula-
tion program, closing the loop between traffic simulation for planning and what is 
happening in the actual installation [16]. A less data-intensive approach is discussed 
later in this chapter (Section 7, Example 4).

2.3 Remote control

Remote control concerns a very carefully controlled flow of data in the opposite 
direction to data-logging (i.e. from the external environment to the lift controllers 
and associated displays). The safety of passengers must first be thoroughly assessed 
for risks in the context in which the control is to be used – for example simply 
including a remote control to return all lifts to an entry floor of a hospital might put 
patient lives at risk.

Maintenance management off-site – A car or landing call may be entered to 
check that a lift is in service. No form of direct remote control, other than that 
available locally to passengers, is allowed as this could jeopardise passenger safety, 
for example if the security of the system were to be compromised through a 
cyber attack.

Intending passengers – With the increasing use of destination control traffic 
control systems a more personalised lift service may be provided to passengers. 
Call-stations are no longer restricted to lobby locations. For example, applications 
have been developed to allow calls to be registered from personal mobile devices 
enabling improved planning of call allocations and reducing queues for call regis-
tration, these are often linked to building access control [17, 18]. Requests need not 
be limited to human passenger traffic – a recent press-release [19] announced the 
development of a robot delivery agent that could distribute supplies and accompany 
visitors within a building (e.g. hospital, hotel, office), which is able to register calls 
for lift travel between floors.

Travelling passengers – Public information displays and announcements may 
be provided to passengers [20–22] notifying both waiting and travelling passen-
gers of the services, facilities and events on the floors which they may select as a 
destination, or to which they are already travelling. A second type of user interface 
may be required which provides a management system allowing both general and 
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targeted information (e.g. based on destination floors, etc.) to be prepared and 
updated before presentation to one or more groups of users (e.g. in a multi-tenanted 
building).

Machine to machine – In future it is likely that remote applications will be able 
to update, within strictly defined limits, a limited range of high-level parameters 
(e.g. parking and priority floors, zones, energy consumption targets, etc.) in the lift 
controllers thereby linking smart cities and buildings to influence lift performance. 
Such remote applications would use artificial intelligence to ‘learn’ the optimal 
parameter settings based on external conditions (e.g. weather, calendar, traffic, 
etc.). It is even possible that other more general sources (e.g. anonymised social 
media discussions) could be interpreted automatically, enabling members of the 
public freely to provide information which could lead to modification of the opera-
tion of the services that they use, though probably without the deliberate intention 
of doing so.

3. Overview of IoT

Similar to many booming computer technologies, the concept of the Internet 
of Things (IoT) has attracted a lot of hype and when it comes to what IoT is, 
stakeholders have a variety of interpretations. Such interpretations often are biased 
towards the interests of those stakeholders who wish to emphasise their own assets 
of IoT [23]. In the same vein, lift manufacturers are announcing products which 
claim to use IoT technology. However, IoT is more than a network of internet-con-
nected devices. It entails compliance with a set of essential features. So what is IoT?

The International Telecommunication Union [24] defined IoT as:
‘A global infrastructure for the information society, enabling advanced services 

by interconnecting (physical and virtual) things based on existing and evolving 
interoperable information and communication technologies’.

For a general overview, Atzori et al. [25] groups the defining features of IoT into 
three main categories called ‘visions’. IoT is the intersection of those three visions:

• ‘Things-oriented’ vision – focuses on the things’ identity and functionality

• ‘Internet-oriented’ vision – emphasises the role of the network infrastructure

• ‘Semantics-oriented’ vision – focuses on systematic approaches towards 
representing, organising and storing, searching and exchanging the things-
generated information.

Taking a slightly more abstract approach and distancing the network infrastruc-
ture, Raggett [26] of the W3C organisation looks at the challenges and the risk of 
fragmentation of the IoT and proposes a ‘Web of Things’

• Things standing for physical and abstract entities

• Applications decoupled from underlying protocols

• Shared semantics and rich metadata

The ‘Applications’ here will be specific to a business domain or discipline and 
the ‘Shared Semantics’ need to be described by a formal definition, such as a UML 
domain model [27].
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In a detailed discussion of IoT in the building transportation industry [28], 
the key conclusion was that the successful integration of building transportation 
systems (particularly lifts) into the IoT requires a standard definition of the seman-
tics of any information exchanged between inter-operating devices (the ‘things’). It 
is the third, ‘Semantics-oriented’ vision where the greatest value can be added that 
is specific to the domain of lift operation because doing so is key to fulfilling the 
requirement of the IoT in ‘enabling advanced services’.

We can conclude that integrating lifts into the IoT is not simply a matter of estab-
lishing communications between devices over the internet, nor is it achieved just by 
using Internet messaging protocols. It is both of these characteristics plus the ability 
to run applications that exchange information in a way that is meaningful to all the 
things involved in the exchange i.e. there is a shared definition of the semantics.

A feature of the current ‘human Internet’, which is now taken for granted and 
which needs to be replicated for the IoT, is that of search and discovery facilities. In 
support of this, services in the IoT must be discoverable so that devices which have 
never communicated with them before can use these services and vice-versa that 
services can discover devices. The significance of this ability is illustrated by imagin-
ing the ensuing disruption if it were necessary, when installing a new lift system, 
to make manual updates to all the systems with which the lifts might eventually 
communicate.

4. Standards

4.1 Generic standards

Successful interoperation of systems from different suppliers is dependent on 
the faithful adherence to standards at all levels. In particular, the IoT relies on many 
standards and standard services e.g. Wi-Fi, IPv6 addressing (required to address 
every individual connected thing uniquely), http and web-service protocols, time-
of-day services, load-balancing, cloud computing, etc.

As ETSI says on its website [29].
‘Smart objects produce large volumes of data. This data needs to be managed, 

processed, transferred and stored securely.
The use of standards

• ensures interoperable and cost-effective solutions

• opens up opportunities in new areas

• allows the market to reach its full potential

The more things are connected, the greater the security risk. So security stan-
dards are also needed to protect the individuals, businesses and governments which 
will use the IoT’.

4.2 Domain-specific standards

Interoperating applications that are specific to a business domain must be able 
to understand the domain-specific information contained in any data that is shared 
via the network. This is because there is a machine (rather than a human who can 
make inferences and interpretations) in both the generating and consuming roles. A 
lexicon or dictionary of the relevant terms and the rules for their use, usually in the 
form of a schema, is required to support such applications.
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4.2.1 Existing standards specific to the lift systems domain

Some standards specific to lift systems do exist, and continue to be enhanced, 
describe –

the active state of the dynamic components of a group of lifts:

- CANopen-Lift [30] and

- BACnet, although at least two different implementations of this exist:

1) BSR/ASHRAE 2016 [31] and

2) National Standards Committee of the People’s Republic of China [15].

and the component parts:

- BIM (proposed, not published)

However, there is a real need for an agreed and adopted formal schema to 
describe the day-to-day operational characteristics of a system of lifts, which is 
independent of the underlying electrical connectivity and network protocols. Such 
independence is a key requirement for successful integration of lifts into the IoT.

4.2.2 Standard elevator information schema

The Standard Elevator Information Schema (SEIS) [32] (and complimentary 
Escalator schema) was developed in 2003 [33], from earlier work, and uses standard 
software development tools and methods to model the information and operation of 
a lift system. Whilst it certainly describes the data normally associated with remote 
monitoring (car and landing call registration and cancellation, car movement, floor-
position, and door state, etc.) the SEIS is much more comprehensive, including ele-
ments of processed information such as demand profiles, car journey plans and energy 
consumption. This level of detail enables the development of sophisticated applications 
and services, against a common standard, which therefore do not have to concern 
themselves with, for example, the intricacies of individual car control. The current state 
of development of IoT applications for lifts makes it thoroughly appropriate that such a 
standard should now be widely adopted throughout the Building Services industry.

5. Origins and features of the standard elevator information schema

5.1 Origins

The origins of SEIS can be traced back to a refurbishment project in 1980 of 
several groups of lifts in a classical (11 storey) building in central London – Bush 
House. The traffic demand was non-standard and continued throughout 24 hours of 
every day of the week. At the time there were virtually no computer controlled lifts 
anywhere in the world, and this provided the opportunity to design computer soft-
ware from first principles for both individual car and group supervisory controllers.

5.1.1 Interface abstraction

Working from the available published literature [34], the Bush House central 
controller design was developed around an abstract model of the primary elements 
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of information that are essential to the control of a group of lifts. Each control ele-
ment is linked to its external environment – electrical sensors, relays, indicators and 
other control computers – through an interface software layer which communicates 
via very short (less than 6 characters) textual event messages. Even delay timers 
are implemented as messages that the controller sends to itself, which are held for a 
specified period before being delivered. This architecture has a number of signifi-
cant advantages:

1. The interface messages are directly intelligible to both humans and computers.

2. It was very easy to simulate messages in order to test the operation of the cen-
tral control software thoroughly before it was installed with real equipment.

3. External devices such as a dynamic graphical status display and systems 
for performance monitoring, problem detection and data-logging could be 
driven directly from the interface messages which were exactly the events 
the controller itself was seeing. The project delivered all of these external 
devices.

The great benefit of the interface abstraction layer is that the controller is not 
predicated on a specific configuration of equipment nor a set of electrical con-
nections to the hardware of the lifts. The design made it very straight forward 
to port the controller to a different building where components from other lift 
manufacturers might be used. An example of this abstraction is the use of a 64-bit 
absolute position encoder providing sub-millimetre resolution of the lift position 
in the shaft. From the point of view of the lift drive control, it is important to 
know very accurately the position of landing levels, slow-down points, etc., the 
thousands of positions in between however, are ignored. On the other hand, from 
the perspective of the logical control element of the lift, it is most important to 
know the floor position of the lift, including when the lift is travelling between 
floors and taking into account the direction of travel when a slow-down point is 
reached – hence the ‘Next Possible Stopping Floor’ of the lift was defined (now 
<CarDynamicData><Floor> in SEIS).

5.1.2 Event driven

A controller only receives a message when a change of state occurs, so it is truly 
‘event driven’ and it interprets each received event in the context of the source of 
the event message and the current state of other known information. The source 
of the message needs to know nothing about the functionality that lies behind 
the interface, allowing great flexibility for the controller designers to evolve and 
improve their design. This ‘encapsulation’ is a fundamental characteristic of the 
object orientated programming paradigm [35].

5.2 Publication of a standard schema

However, it was not until the introduction of functionality into Internet web 
pages, supported by tools and technologies based on XML, that it became practi-
cable to publish a formal statement of the full set of terms and relationships neces-
sary to define lift operation. The format of this publication is a single XML schema 
file written in XML Schema Definition (XSD) language that is at once readable by 
humans and a wide range of computer operating environments. It contains specifi-
cations of:
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• simple types, which can include validation rules for permissible numeric value 
ranges and text formatting

• complex types as heterogeneous collections of simple types

• aggregation relationships with optionality and multiplicity restriction rules,
and every definition can be elaborated with textual documentation for the 

benefit of human readers.

So it was that in 2003 the knowledge from the earlier work was translated into 
an XSD – the Standard Elevator Information Schema – by Beebe and made publicly 
available [32] under the Collective Commons licence. It is hoped that through this 
mode of publication, discussion of the relative merits of any alternative schemas, 
should they be developed, would be limited to technical concerns thereby avoiding 
commercial and proprietorial considerations. The reference works of the day [36, 
37] were analysed to identify significant nouns and their definitions that might 
form the atomic elements of the schema to ensure a wide-reaching scope. At the 
same time terms that were not directly relevant to lift operation were carefully 
excluded in order to avoid duplication or conflicts with schemas for other domains, 
currently available or potentially in the future. Based on the foundation elements 
and a more general survey of research across the field of lift traffic analysis, moni-
toring and simulation, further useful complex elements were identified and added 
to the schema e.g. demand profile, travel plan, door cycle, etc.

Two possible interaction modes were envisaged for SEIS at its inception (though 
a further mode was introduced with the application of REST transactions and more 
may be discovered as experience is gained):

• Aggregated –all the currently known information that is held under a specific 
node is communicated in a single instance message as an aggregation of ele-
ments. For example, this mode is used to drive a simple graphical status display 
example in this chapter (Section 7, Example 1).

• Event – only information which has changed is communicated as a time-
stamped event message. This mode is appropriate when it is preferable to use 
communication bandwidth economically and the current state is maintained 
by the recipient of the message – see Event Data Log Example on the SEIS 
website [38].

This was the starting point for the root element types in the schema:2

5.3 Aggregated information

Aggregated information is subdivided, again to improve the efficiency of com-
munications, into:

• StaticData – describing the unchanging parametric information of the lift 
systems.

• DynamicData – describing the current state of operational lifts.

2 NB the text of the following subsections is graphically illustrated on the SEIS website – SEIS element 
names are in Courier New typeface [39]
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5.3.1 Static data

For a lift car (CarStaticData) – the list of floors served by the specific lift, 
the number of car decks and door operators, the reference speed profile(s), door 
timing and energy profile(s).

For a group (GroupStaticData) – information such as the floors served by 
the group, named floors, pre designated priority floors, floors included in fixed 
zones plus a selected dispatcher algorithm name. Additionally, the group static data 
contains the collection of car static data for the lifts in that group.

For a building (LocationStaticData) – the location name along with the 
collection of group static data and/or car static data for the groups and any single 
cars at the location.

5.3.2 Dynamic data

DynamicData describes the current state of individual lifts and each group as 
a whole. The root element of each aggregation of dynamic data elements is time-
stamped to specify the instant that it is valid in order to avoid inaccuracies due to 
possible communication delays. It should be noted that many of the dynamic data 
elements are specified as optional (multiplicity 0…1) to provide as much flex-
ibility as possible to accommodate different installation configurations. Again, the 
dynamic data is separated into car-specific, group-specific and location-specific 
aggregations of elements of information:

CarDynamicData – includes floor position, committed (or next) direction 
of travel, door state, load, registered car and allocated landing calls. An optional 
additional element defines the Route which the car will follow in responding to its 
list of currently registered calls, which can be used for example to drive passenger 
information displays or to assist development and test activities.

GroupDynamicData – includes registered passenger landing calls (directional 
and/or destination) plus the collection of car dynamic data for the lifts in that 
group. Additionally, an optional DemandProfile for the group covering a number 
of data collection periods.

LocationDynamicData – is currently, simply the location name along with 
the collection of group dynamic data and/or car dynamic data for the groups and 
any single cars at the location. Additionally, an optional DemandProfile for the 
location covering a number of data collection periods.

5.4 Event information

Every event is time-stamped and includes the identifiers of the lift and/or group 
which generated the event. Optionally, the event may also include a destination 
identity which specifies the target object of the event (i.e. rather than the destina-
tion of the event message). Events may be communicated individually as a stream 
of updates or batched, providing flexible and efficient options for the design of data 
logging and status reporting systems. The time-stamp ensures that the sequence 
of events and the time they occurred are retained even if a communication link is 
temporarily lost or deliberately terminated.

A predefined set of event types, discovered from a thorough review of avail-
able literature plus experience of designing controller and management systems, is 
included in SEIS and this set may be enhanced as further experience is gained. It is 
therefore a requirement of SEIS that it is backwards compatible. Each predefined 
event type may have special properties, derived from SEIS type definitions, which 
are specific to that event.
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ExceptionEventType – (describing a specific event instance) may contain 
other events thereby creating a context for the root event. This may represent the 
occurrence of an error, warning or simply some noteworthy information.

Recent developments of applications, which enable pre-emptive or predictive 
maintenance, use operating ‘signatures’ of devices to identify deviations from 
normal behaviour as an early indication of potential failure. Currently, the addition 
of an optional Signature property to the LogEventType is under consideration. 
Such a Signature data-type would need to be flexible and include the possibility 
of textual representation of a sequence of binary or analogue data values and an 
associated sampling interval.

5.5 Message formats

We have already noted that SEIS is written in XML Schema Definition lan-
guage (XSD) so XML might seem a logical choice for formatting messages that 
conform to the schema. The benefit of this is that received XML messages can be 
validated automatically against the schema using a number of third-party librar-
ies and there are several editor tools that can generate validation classes directly 
from the schema in a variety of programming languages. Such tools and libraries 
can relieve software developers from the burden of significant code development 
and continuing maintenance effort.

However, an XML message format is not a requirement and similar auto-gen-
eration of validation code can be found for other formats, for example JSON. The 
advantage of JSON is that it is a much more efficient representation and removes a 
great deal of the bulk of tags that are required for XML. Even if XML is used, more 
compact messages can be achieved by translating SEIS’s long tag names into short 
acronyms. This could even be achieved in real time by using an XSL style-sheet (this 
is illustrated in Section 7. Example 3).

5.6 REST

SEIS is a schema that defines an information model – it does not include any 
specification of functionality and so there are no supporting function calls specific 
to the operation of passenger lifts. Instead, the same set of standard generic func-
tions can be requested from any supported node of the model and these functions 
are not at all related to building transportation systems. Thus every supported node 
in the model must offer the same four functions:

• GET

• PUT

• POST

• DELETE

which might be implemented, for example, as a ‘RESTful’ [40] interface in a vari-
ety of programming technologies, or as a relational database with stored procedures, 
or similar. This underlines the technology-independent nature of SEIS. Nodes which 
have a multiplicity greater than 1 (i.e. lists) must support queries using the properties 
and referenced links of the node (this is illustrated in Section 7. Example 3). SEIS is 
independent of any network topology (e.g. proxies, gateways, firewalls, etc) so is 
scalable, which is another characteristic of REST.
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6. Security

Threats to networked and other inter-connected systems are continually evolv-
ing. The adoption and growth of the IoT throughout the building services domain 
serves to increase the vulnerability of autonomous networked devices to attack 
from external hazards and malign enterprises. To ensure that remote systems and 
applications continue to be updated with protection against new threats as they 
appear and with minimum risk of introducing vulnerabilities, security measures 
should adhere to published standards and be developed using third-party tools, 
which are developed and maintained by experts. The SEIS schema itself does not 
include cyber-security measures, which is correct since it is concerned only with 
describing building transportation systems.

Connection to any external network or communication channel, whether 
confined to the building perimeter or extending beyond it raises critical cyber 
security issues and potential data-protection concerns, which are discussed in 
CIBSE Guide-D [3].

Securing the integrity of systems from both

• outside interference or control by unauthorised external agents and

• unauthorised access to information gathered and/or held by the system and the 
proprietary software code of the system itself

should be addressed directly and must be continually reviewed against newly 
emerging threats. This responsibility extends throughout all roles in a business and 
all its processes (i.e. staff induction, in-service training and departure; product 
design philosophy, customer/client interaction, service procedures, etc., etc.). It 
cannot simply be addressed by technology-based solutions.

7. Examples of potential SEIS applications

7.1 Example 1: dynamic graphical status display

A lift group controller supplies a SEIS conformant XML document, on demand, 
to a standard web browser. The browser invokes a locally held XML Style-sheet 
(XSL) transform to render the raw XML as an HTML graphical representation of 
the current status of the group (so, if desirable, the presentation might be rendered 
differently in each browser instance):

A static version of the display can be accessed from the SEIS website [41]. The 
displayed graphic (i.e. right-hand panel of Figure 1) is interactive so that car and 
landing calls may be registered by clicking on the ‘button’ images where calls are 
not currently registered (hovering over the button normally displays the text of the 
request that would be generated in the browser’s status bar).

This example demonstrates how SEIS supports and promotes the Model-View-
Controller (MVC) [42] software design pattern – SEIS defines the Model. The 
lift data is made independent of its presentation, so it is the choice of the client 
application (in this case a simple web browser) as to how to represent the data. If 
the client is a data logger then it may be that no transform is needed. The example 
graphic display is very crude and not easy to read, but a more sophisticated trans-
form might produce a very attractive result. Of course, it is not necessary to display 
the XML source and XSL Stylesheet frames as they are simply there to illustrate this 
example.
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7.2 Example 2: auto validation

This example shows how simply by referencing the SEIS schema (Figure 2, line 
3 highlighted), an XML document [43] is validated. An error has been introduced 
(Figure 2, line 107 highlighted) into the document, assigning an invalid value to 
the Direction of Car 1’s CarDynamicData, which is only valid if selected from 
the enumeration defined in the schema. The error is generated by the common class 
libraries that support XML. It has then been picked up and displayed to the user 
(Figure 2, bottom left circled), by the XML editor program in which the XML is 
being viewed. The resulting action will differ depending on the type of application 
which is receiving the erroneous XML, but the error detection is common.

Figure 2. 
XML document containing enumeration value error fails validation against SEIS schema.

Figure 1. 
XML source (left) is transformed by XSL (centre) renders HTML dynamic graphic status display (right).
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This example demonstrates the support, which the schema provides for its own 
inevitable updates and enhancements that may be introduced over the lifetime of 
an application which depends on it. Maintaining the application validation software 
is greatly simplified (so is much less costly) because it is unlikely that each installed 
instance of the application will need to be upgraded on site.

7.3 Example 3: dispatcher interface

This example illustrates a group dispatcher published as a RESTful interface, 
conforming to SEIS and supporting the ‘publish and subscribe’ mode of interaction. 
The role of a dispatcher is to allocate passenger calls to the optimal lift in a group, as 
evaluated by an internal algorithm. The published interface is independent of the 
algorithm and it is the intention of the design that the dispatcher interface may be 
implemented in any installation configuration.

The aim of the example is to demonstrate how, by reference to a schema (i.e. 
SEIS) the dispatcher can operate simply through queries to and updates of the 
information without the need for a specific ‘allocate this call’ function. The benefits 
of this approach are that:

1. No assumption is made about the type of algorithm used by the dispatcher 
and therefore the inevitable debate is avoided about which parameters must be 
passed in such a call. The interface is compatible with any algorithm technique 
from dynamic sectoring to neural networks based on cost functions. In REST 
this is referred to as ‘separation of concerns’.

2. Furthermore, a simple ‘allocate’ function call is not appropriate in this appli-
cation because any resulting allocation(s) must be communicated to several 
subscribed agents/devices, not just the initiator of the call. In fact there is not 
even a restriction on the number of dispatchers which may be operating con-
currently for the same group of lifts.

Because the computing power and network bandwidth available to such an 
application, probably running in the lift motor room, are likely to be ‘constrained’ 
this example was implemented for the CoAP [44] protocol, which is specifically 
designed to minimise processing and communication demands. CoAP messages 
have a similar format to HTTP messages used by web-browsers to access a web 
server – each request includes:

• an ‘address’ (URI) which identifies the exact location of a particular resource 
that is the object of the request,

• optionally a ‘query’ string which acts as a filter for the data of the resource and

• optionally a data ‘payload’ which can carry data to or from the requested 
resource.

CoAP devices (endpoints) include a standard address ‘.well-known’ which 
responds to a GET request by listing all the resources that the device supports 
so that, in this example, any lift can discover what nodes of the SEIS informa-
tion model are supported by the dispatcher under the <GroupDynamicData> 
node as well as information on the algorithm and the group configuration under 
<GroupStaticData>. In this example we concentrate on the <RegisteredC
alls><LandingCalls> sub-nodes within both the <GroupDynamicData> 
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and <CarDynamicData> nodes of a SEIS-conformant information model – these 
are published as CoAP resources.

Subscribing to a node is equivalent to making a GET request (with an ‘Observe’ 
flag) where the response containing the requested information is delayed until a 
change of state occurs in the node, and a response is re-sent with every subsequent 
change. Call stations (and mobile devices, etc. via secured apps on the Internet) 
subscribe to the <GroupDynamicData><RegisteredCalls><LandingCa
lls> node. Lift car controllers subscribe to the same node.

In this example messages are formatted in JSON, replacing the long XML 
element tag-names with short two-letter acronyms, to reduce message size. So for 
example LandingCallType data is represented as:

the query – {"Fr=01","Dr="UP""} and
the payload:
{"Ss":0,"Df":0,"St":0.0,"Dn":0.0,"Ct":0.0,"Rk":0,"La":0,

"Id":12345678}
where:
FloorFr; DirectionDr; StatusSs; DestinationDf; StartTimeSt; 

DurationDn; AssignedToLa; CallIDId; etc.
The transformation to JSON and auto-validation (as shown in Example 2) 

can still be achieved using standard software development tools to generate code 
automatically, by making reference to a schema definition.

The following sequence describes the process of allocating landing calls to lifts:

1. When a passenger registers a landing call, a POST message containing <Call-
Registration> data is directed to the <GroupDynamicData><Register
edCalls><LandingCalls> node (Figure 3):

 Address of node:"GroupDynamicData/RegisteredCalls/
LandingCall"
Node query:{["Fr=01","Dr="UP""]}
 Payload:{"Ss":0,"Df":10,"St":0.0,"Dn":0.0,"Ct":0.0,"Rk":0, 
"La":0}

2. The dispatcher responds simply with a positive acknowledgement (ACK) to 
show that the POST request has been accepted. The response includes a unique 
reference (CallID - Figure 3 dashed ellipse), so that the new data can be 
accessed in future, and which will be used to cross-reference future events as-
sociated with this landing call:

 Response:Code=2.01, Type=ACK, MID=142, Token=03: 
{"Content-Format":"text/plain"} Payload: 8 Bytes 34350805

3. The dispatcher then performs what it is uniquely designed to do – finding the 
optimal lift to allocate to unallocated landing calls, at the same time possibly 

Figure 3. 
<GroupDynamicData><RegisteredCalls><LandingCall>.
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re-allocating other calls. The resulting allocations will be updated in the  
<GroupDynamicData><RegisteredCalls><LandingCalls> node.

4. The update will trigger the dispatcher interface to issue GET response 
 CallAssignment messages to any car that has subscribed to the node and 
also to the subscribed call stations (possibly via a cloud-based app in the case 
of a mobile device). The message includes the CallID reference so that if 
necessary the call station can be notified to inform the passenger that their call 
has been registered (“Ss”:1) and, in the case of a destination call, which lift 
has been allocated to their call:

 Response payload:{"Ss":1,"Df":10,"St":40578.6,"Dn":0.0, 
"Ct":0.0,"Rk":0, "La":2,"Id":34350805}

At the same time the resulting allocation will be notified to any subscribed lift and 
the allocated lift car will update its own <CarDynamicData><RegisteredCalls>
<LandingCalls> node, which signals acceptance of the allocation (see Figure 4).

5. When the allocated lift arrives, to cancel the call it sends a 
 CallCancellation (“Ss”:2) UPDATE message to the dispatcher interface 
(in this case the system response time – Dn – was 20.5 s):

Address of node:"GroupDynamicData/RegisteredCalls/LandingCall"

Node query:["“Fr=01","Dr="UP"","Id=34350805"]

Payload: {"Ss":2,"Df":10,"St":40578.6,"Dn":20.5,"La":2,"
Id":34350805”}
This process works either with direction calls or destination calls and in fact sup-

ports configurations where both types of landing call station are used concurrently.
This example is discussed in more detail in a separate publication [45].

7.4 Example 4: modelling and recording demand profiles

An architect designing a 10 storey office building wishes to simulate the opera-
tion of the lifts, particularly with respect to the expected traffic to and from the 
restaurant on the top floor during the lunch period of a working day. The building 

Figure 4. 
<CarDynamicData><RegisteredCalls><LandingCalls>.
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has two entry/exit floors at the lowest levels – garage (floor 1) and a main terminal 
lobby (floor 2) for pedestrian entry/exit. The CIBSE Office lunch peak traffic 
template [46] is selected to define the traffic demand profile to drive the evaluation 
simulation. This template describes traffic in each of 12 five-minute intervals over 
the lunch hour in terms of the travelling population (actually the number of pas-
senger arrivals) during the interval as a percentage of the total building population. 
The travelling population is divided by percentage into each of three categories – 
Incoming, Outgoing and Interfloor.

7.4.1 Selection of suitable traffic template

Even for a building with just a single main terminal floor, the lunch time tem-
plate is considered to be very intense since it presents the features of both start and 
end of day peak flows, but in the presence of concurrent interfloor traffic. However, 
the building which is the subject of this design is not simple since it has two entry/
exit levels. For the purposes of lift traffic analysis it is assumed that there is no 
resident population on the garage and lobby floors and furthermore, since the staff 
of the restaurant are not expected to travel during the busy lunch period, all three 
floors can be treated as if they are exits/entries of the building.

So, the specification by the template of traffic in terms of ‘incoming’ and ‘outgo-
ing’ flows is convenient, as this example demonstrates, because the restaurant can 
be treated as a pseudo entry/exit floor. Consequently, for the building in question 
‘outgoing’ traffic involves both up and down travelling passengers, and similarly for 
‘incoming’ traffic.

During the lunch hour, the busiest period for the restaurant floor in this exam-
ple, it is assumed that the “outgoing/incoming” traffic will be split 50% to/from 
the restaurant and 50% through the two real entry/exit floors where 10% passes 
through the garage and the remaining 40% via the lobby.

7.4.2 Populating the SEIS DemandProfile

With the parameters of the traffic template established, it is now possible to calcu-
late the arrival rates, for each 5-minute interval, of passengers at the populated floors 
heading for an exit floor (outgoing) and similarly the arrival rates at the entry floors 
heading for the populated floors (incoming), lastly between populated floors (inter-
floor). We also have the means of estimating the destination floor of each arriving 
passenger and so the number of passengers arriving at a floor and sharing a destina-
tion floor is derived according to the above percentages for each type of traffic flow.

The result is a three-dimensional matrix of per-interval arrival and destina-
tion rates that is most easily generated via the passenger data editor of a lift traffic 
simulator [47], which then will be responsible for generating individual passenger 
journeys, based on its own internal statistical formula. Several simulation runs 
should be generated to ensure a valid sample size. Subsequently, the passenger 
data matrix should be loaded into a spreadsheet for easier manipulation. The 
matrix is most concisely and consistently expressed as a SEIS DemandProfile, 
(see Figure 5), which provides a crucial mechanism for linking the building under 
design with the reality of its operation.

The data in the spreadsheet can then be exported as XML in the form a 
DemandProfile as a permanent record of the design and analysis that has been 
conducted. A key element of the DemandProfile is the ResponseQuality 
(red ellipse in Figure 5), which links demand rate to response, thereby capturing a 
measure of the quality of service during the sample period. The particular value of 
this link is illustrated in this example.
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7.4.3 Using demand profiles throughout the lifecycle of the building

During the building design phase the demand profile can be used to configure a 
lift traffic simulation, where the simulator will be responsible for generating individ-
ual passenger journeys, based on its own internal statistical formula, over each period 
of the demand profile. These simulations can then be used to assess the suitability of 
the proposed lift system – its handling capacity and its anticipated quality of service.

After the building is constructed and inhabited by the user population, data log-
ging should be set up to record the real DemandProfiles as they occur, which should 
be compared with those of the design phase to ensure that a good match has been 
achieved. A match of design against recorded is more readily achieved for destination 
calls than for direction calls (where some interpretation of the data is required) but 
the demand profile is compatible with both (even a mix of) call types. Many demand 
profiles should be recorded to ensure a statistically valid set of results is used and the 
records should continue over the lifetime of the building to ensure that the character-
istics of passenger demand have not changed and the ability of lifts to satisfy it has not 
deteriorated. If the match is not demonstrated the recorded results should be used to 
generate further simulations where the parameters of the lift system may be adjusted 
in the search for a more appropriate configuration. All demand profiles (planned and 
recorded) should be referenced and co-located in the Building Information Model 
(BIM level-3) [48] – once it has become standard practice to maintain such a resource 
for the management of a building and its assets throughout its operational lifecycle.

8. Conclusion

The origins and features of SEIS have been discussed in relation to the increas-
ing interconnection and interaction of building transportation systems with 

Figure 5. 
Definition of a SEIS DemandProfile element.
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the buildings and cities which they support. The importance of conforming to a 
standard definition of the operation of building transportation systems cannot be 
overstressed and SEIS provides this in an open and accessible format while being 
compatible with a properly secured environment, allowing commercial confidence 
and intellectual property to be protected. The examples presented have illustrated 
how wide and varied is the range of potential applications for SEIS in this domain. 
In particular the example of a group dispatcher indicates the role that SEIS could 
play in supporting the interoperation of devices (potentially the ‘things’ in the 
Internet of Things) where different autonomous elements, which may not have 
interacted previously, must collaborate.
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Chapter 6

A Universal Methodology for
Generating Elevator Passenger
Origin-Destination Pairs for
Calculation and Simulation
Lutfi Al-Sharif

Abstract

The origin-destination matrix is a two-dimensional matrix that describes the
probability of a passenger travelling from one floor in the building to another. It is a
two-dimensional square matrix. The row index denotes the origin floor and the row
index denotes the destination floor for the passenger journey. A previous chapter
described the methodology for constructing the origin-destination matrix (OD
matrix) from the user requirements. However, that chapter placed the restriction
that any floor must either be assigned as an entrance floor or an occupant floor, but
not both. This chapter relaxes this restriction and shows a method for developing
the origin-destination matrix that allows any floor to either be an entrance floor; an
occupant floor; or both. The origin destination matrix can be compiled using three
sets of parameters: the mix of traffic (incoming traffic, outgoing traffic, inter-floor
traffic; and inter-entrance traffic); the floor populations; and the entrance percent-
age bias (i.e., the relative strength of the arrivals at the entrance floors). The origin-
destination matrix can be used for the generation of random passenger origin-
destination pairs (which is necessary when using the Monte Carlo Simulation
(MCS) method to calculate the round-trip time or in elevator traffic software).

Keywords: elevator, lift, round trip time, incoming traffic, outgoing traffic,
inter-floor traffic, inter-entrance traffic, general traffic conditions, Monte Carlo
simulation, origin-destination matrix

1. Introduction

In an elevator traffic system within a building, the origin-destination matrix is a
compact-concise tool that is used to clearly describe the probability of a passenger
travelling from one floor in the building to another. It is a two-dimensional square
matrix. The diagonal elements of the matrix are equal to zero, since rational pas-
senger behaviour is assumed (i.e. no passengers will travel from a floor to the same
floor). Moreover, the sum of all the elements within the matrix is equal to one
(representing the universal set in probability). The row index of the matrix denotes
the origin floor of the passenger’s journey, whilst the column row denotes the
destination floor of the passenger’s journey.
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It is worth noting that all the events in the OD matrix are mutually exclusive
(i.e., if one of them takes place in a round trip, the others cannot take place in the
same round trip). As an example, if a passenger chooses to go from the third floor to
the seventh floor in a round trip, he/she cannot also go from the eighth floor to the
second floor in the same round trip.

The general format for an OD matrix is shown below. All the diagonal elements
are equal to zero, as it is assumed that passengers are rational and would not travel
from a floor to the same floor.

ODadj ¼

0 p1�2 :: :: p1�N�1 p1�N
p2�1 0 :: :: p2�N�1 p2�N
:: :: :: :: :: ::

:: :: :: :: :: ::

pN�1�1 pN�1�2 :: :: 0 pN�1�N
pN�1 pN�2 :: :: pN�N�1 0

2
666666664

3
777777775

The origin-destination matrix is critical for the elevator traffic design process,
specifically for the following two functions:

1.The origin-destination matrix is used to generate passengers with origin and
destination pairs to be used in finding the round-trip time using Monte Carlo
simulation. This can be done for both calculation and simulation [1].

2.The origin–destination matrix can also be used to derive the probabilities of
any type of event taking place in a round trip (e.g., the probability of a journey
taking place between the third and sixth floors without stopping at the fourth
and fifth floors). Deriving these probabilities is critical to deriving equations
for evaluating the round-trip time.

The final origin-destination matrix must obey a number of rules, listed below:

1.The sum of all the elements in the OD matrix should add up to 1.

2.All the elements of the diagonal of the matrix should be equal to 0.

It is worth noting that work has been carried out in trying to estimate the origin-
destination traffic from elevator movements in the building [2–5]. The outcome can
be used in a number of ways, including generating virtual passenger traffic [6] or
deciding on the suitable group control algorithm to adopt during that period of
time [7].

Previous work has shown how the origin destination matrix can be derived
[8, 9]. However, those two pieces of work have assumed that any floor must either
be an entrance floor or an occupant floor, but not both. The work presented in this
paper relaxes this requirement and allows any floor to be both an entrance floor and
an occupant floor.

Examples of traffic mix conditions that are believed to be representative of the
lunch-time peak traffic conditions in many modern office buildings include:
40%:40%:20% [10]; 45%:45%:10% [11]; 42%, 42%, 16% [12]; incoming, outgoing
and inter-floor traffic, respectively.

In addition, it is possible to calculate the round-trip time for general traffic
conditions under the Poisson arrival process assumption [13, 14] or the plentiful-
passenger-supply assumption [15, 16].
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This framework can then be combined with other design methodologies in order
to be used as a comprehensive universal elevator traffic system design tool,
whereby the average passenger waiting time and the average passenger travelling
times can also be added as user requirements, and outputs such as the car capacity,
the elevator speeds can be provided as outputs of the design.

Existing software packages [17] employ a slightly different method for generat-
ing passenger origin-destination pairs, which leads to marginally different results.

Section 2 describes the two types of floors. Section 3 describes the possible modes
of traffic in a building. Section 4 describes how the traffic can be described in a
building. Section 5 shows how the universal origin destination matrix can be derived.
A numerical example is given in Section 6. Section 7 discusses the issue of verification
to ensure the correctness of the final OD matrix. Conclusions are drawn in Section 8.

2. Types of floors

This section looks at the classification of floors. Any floor in a building can either
be described as an entrance floor or an occupant floor (or both as presented in this
paper). An entrance floor (referred to in short as ent floor) is a floor through which
passengers can either enter or exit the building. An entrance floor can also be referred
to an entrance/exit floor, as it becomes an exit floor when the traffic is out-going.

An occupant floor is a floor through which passengers cannot enter or exit the
building, but where they will reside during their stay in the building (referred to in
short as an occ floor). Based on the assumption above, all floors in the building
would be denoted as either entrance floors or occupant floors (or both as is allowed
in this paper). In some buildings, a floor could simultaneously be an entrance floor
and an occupant floor (e.g., ground floor that has a population on it).

An example of a building that is represented in this form is shown below in
Table 1. Each floor is either an entrance/exit floor or an occupant floor, although
one floor is designated with both functions (entrance and occupant) which is the
ground floor. The percentage of passengers entering the building via an entrance
floor is denoted as the percentage arrival rate [Prarr(i)]. The population of a floor
expressed as a percentage of the total building population is denoted as the
percentage population [(U(i)/U)].

Where a floor is an entrance floor, it has a nonzero value for its percentage
arrival rate and a zero-percentage population. Where a floor is an occupant floor, it
has a nonzero percentage population but a zero-percentage arrival rate. Where it
has mixed designation, it can have both.

Floor notation Floor name Percentage arrival rate Population Population percentage

N L5 0 50 0.10

N-1 L4 0 50 0.10

... L3 0 75 0.15

... L2 0 75 0.15

... L1 0 100 0.20

3 G 0.7 150 0.30

2 B1 0.2 0 0.00

1 B2 0.1 0 0.00

Table 1.
Representation of traffic in a building.
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It is customary for the entrance floors to be contiguous and for the occupant
floors to be contiguous, but this is not necessary. An example of a noncontiguous
floor is where a restaurant is located on the top floor of a building and is classified as
an entrance/exit floor (as it is functionally external to the building albeit not phys-
ically external). The design methodology presented later in this paper can cope with
the general case where the entrance floors are noncontiguous and the occupant
floors are noncontiguous.

Table 1 shows a building with three entrances with unequal percentage arrival
rates (0.7 ground floor denoted as G; 0.2 from the basement denoted as B1; 0.1 from
the basement denoted as B2). There are six occupant floors (G and L1 to L5). They
have unequal population percentages.

The lowest floor in the building is denoted as floor 1 and the topmost floor as
floor N. The following convention is followed in describing the values of arrival
percentages and populations for the floors:

Prarr(i) is used to denote the arrival percentage of the ith floor, where i runs from
1 to N.

U(i)/U is used to denote the percentage population of the ith floor, where i runs
from 1 to N, where U(i) is the population of the ith floor and U is the total building
population.

The representation of traffic in a building as shown in Table 1 is the default
format and represents pure incoming traffic into the building. Under such a traffic
condition, all passengers would be entering the building form the entrance floors
and heading to the occupant floors.

A general format for representing the traffic in a building is shown in Table 2
below. As a generalisation, the term arrival can be extended to arrival/departure to
cover both passengers entering the building under incoming traffic conditions and
passengers leaving the building under out-going traffic conditions. By setting a
population percentage for a floor to zero, it is an indication that it is an entrance
floor; by setting an arrival percentage for a floor to zero, it is an indication that it is
an occupant floor. By setting a value to the population percentage and a value to the
percentage arrival rate, it is an indication that it has dual function.

It is worth noting that the summation of the percentage arrival/departure rates is
1 and the summation of all the building percentage populations is 1 as shown in
Eqs. (1) and (2) below.

XN
i¼1

Prarr ið Þ ¼ 1 (1)

Floor Percentage arrival/Departure Percentage population

N Prarr(N) (U(N)/U)

N-1 Prarr(N-1) (U(N-1)/U)

… … …

… … …

… … …

2 Prarr(2) (U(2)/U)

1 Prarr(1) (U(1)/U)

Table 2.
General representation format for a building.

90

Smart Cities - Their Framework and Applications



XN
i¼1

U ið Þ
U

� �
¼ 1 (2)

Two row vectors (arrays) can be developed based on the arrival percentages and
the floor population percentages, as shown below. The first row vector is the
percentage arrivals, denoted as Prarr:

Prarr ¼ Prarr 1ð Þ Prarr 2ð Þ … … … Prarr N � 1ð Þ Prarr Nð Þ½ � (3)

The convention that will be used in this paper is that the indexing will start from
the lowest floor in the building and increase upwards. The percentage population
can be also be organised into a row vector:

Unor ¼ U 1ð Þ=U U 2ð Þ=U … … … U N � 1ð Þ=U U Nð Þ=U½ � (4)

The “nor” subscript stands for “normalised”.

3. Types of traffic

This section classifies the possible types of journeys and thus the possible types
of traffic. Every passenger journey must logically have an origin and a destination.
Considering that any floor can either be an entrance/exit floor or an occupant floor,
there can exist in theory four types of journeys depending on the classification of
the origin and destination floors for each journey.

A journey that starts from an entrance/exit floor and terminates at an occupant
floor is denoted as an incoming traffic journey. A journey that starts from an
occupant floor and terminates at an entrance/exit floor is denoted as an outgoing
traffic journey. A journey that starts from an occupant floor and terminates at an
occupant floor is denoted as an inter-floor journey. A journey that starts from
an entrance/exit floor and terminates at an entrance/exit floor is denoted as an
inter-entrance journey. These four types of traffic are listed in Table 3 below.

4. Description of the traffic in a building

It has become customary to describe the prevailing traffic in a building at any
one point in time as a mixture of the four types of traffic described in the previous
section.

Start floor
(origin)

End floor
(destination)

Type of traffic Description

Entrance/exit Occupant Incoming traffic Passengers arriving at the building

Occupant Entrance/exit Outgoing traffic Passengers leaving the building

Occupant Occupant Inter-floor traffic Passengers moving within the building
(restaurants, meeting rooms)

Entrance/exit Entrance/exit Inter-entrance traffic Usually very small

Table 3.
Types of traffic.
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The percentage of the traffic that is incoming at any one point in time is denoted
as ic; the percentage of the traffic that is outgoing at any one point in time is
denoted as og; and the traffic that is inter-floor at any one point in time is denoted as
if; and the traffic that is inter-entrance is denoted as ie. The combination of these
four numbers can be used to describe the traffic mix as shown below (where any of
these parameters can vary between 0 and 1):

ic : og : if : ie

As expected, the sum of all four numbers should add up to 1 as shown in Eq. (5)
below. Thus, assigning values for three of these numbers automatically sets the
value of the fourth parameter.

icþ og þ if þ ie ¼ 1 (5)

As an example, one suggested composition of the lunchtime traffic conditions
can be described by the following representation [11]:

ic : og : if : ie as 0:45 : 0:45 : 0:10 : 0:0 respectively:

5. The origin-destination (OD) matrix

At the end of Section 2, the percentage floor populations were compiled in a
concise normalised format in the shape of a row vector denoted as Unor. In addition,
the percentage arrivals were compiled in a concise format in the shape of a row
vector denoted as Prarr.

In order to compile the overall final origin destination, it is first necessary to
develop the four origin-destination matrices that contain the contribution from the
four types of traffic (incoming, outgoing, inter-floor and inter-entrance). Once
these four matrices have been fully developed, the final overall origin-destination
matrix is found by adding these four matrices.

5.1 Finding the initial values of the four OD matrices

The first matrix (the incoming traffic matrix) is obtained by multiplying the
transpose of the percentage arrival vector (Prarr) by the normalised population
vector (Unor). As the dimensions of the percentage arrival row vector is 1 by N,
when it is transposed, it dimensions become N by 1. The dimensions of the popula-
tion normalised row vector is 1 by N. When an N by 1 vector is multiplied by a 1 by
N vector, this results in an N by N matrix.

ODic_ini ¼ PrarrT ∙Unor (6)

The second matrix (the outgoing traffic matrix) is obtained by multiplying the
transpose of the normalised population vector (Unor) by the percentage arrival
vector (Prarr) as shown in Eq. (7) below.

ODog_ini ¼ Unor
T ∙Prarr (7)

The third matrix (the inter-floor traffic matrix) is obtained by multiplying the
transpose of the normalised population vector (Unor) by the normalised population
vector (Unor) as shown in Eq. (8) below.
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ODif_ini ¼ Unor
T ∙Unor (8)

The fourth matrix (the inter-entrance traffic matrix) is obtained by multiplying
the transpose of the percentage arrival vector (Prarr) by the percentage arrival
vector (Prarr) as shown in Eq. (7) below.

ODie_ini ¼ PrarrT ∙Prarr (9)

where the subscript T denotes the transpose of a matrix.
It is worth noting that each of these matrices that result from the multiplication

have a total sum of all the elements that is equal to 1.

5.2 Adjusting the four OD matrices

Once the four initial Origin-Destination matrices have been produced by multi-
plying the relevant vectors, the next step is to remove the irrational traffic (travel-
ling from a floor back to the same floor). This is done in three steps as discussed
below:

a. Finding the value of the adjusting factor, M, for each matrix. The value of M
is necessary in order to re-adjust the sum of the matrix back to 1, later on. M is
calculated as shown below:

M ¼ 1�
XN
i¼1

prii
� �

 !
(10)

b. The second step is to zero all the diagonal elements of the four matrices. This
removes the irrational behaviour of a passenger going from a floor back to the
same floor.

pii ¼ 0 for i ¼ j (11)

c. But as the diagonal items have been zeroed, the sum of all the elements in the
matrix no longer adds up to 1. Thus, the third step is to re-adjust the
remaining nonzero elements of the matrices in order to restore the sum of all
elements in the matrix back to 1. This is done by dividing each element in the
matrix by the value of M, found in Eq. (10) above.

Once these three steps have been carried out, the resulting four OD matrices
become the final matrices.

ODic_fin,ODog_fin,ODif_fin,ODie_fin

5.3 Finding the final OD matrix from the four OD matrices

The final origin–destination matrix can now be calculated by adding the
weighted sum of the four final matrices. Each one is multiplied by the percentage of
the traffic that is represents. This is shown in Eq. (12) below.

ODfin ¼ ic ∙ODic_fin þ og ∙ODog_fin þ if ∙ODif_fin þ ie ∙ODiefin (12)
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This matrix can also be referred to as the “normalised origin-destination matrix”.
It is referred to as normalised as it only depends on the arrival percentages of the
floors, the population percentages of the floors and the mix of traffic. It does not
depend on the passenger arrival intensity. The matrix in this form can now be used
in order to generate random passenger origin–destination pairs for evaluating the
round-trip time using the Monte Carlo Simulation (MCS) method. It can also be
used to evaluate the round-trip time using formula by calculation. The sum of all the
elements of the matrix is equal to 1. The diagonal element of the matrix must be
equal to zero.

6. Numerical example on evaluating the universal origin-destination
matrix and generating passenger origin-destination pairs from it

This section presents a practical numerical example on developing the universal
original-destination matrix.

6.1 The arrangement

A building has three entrance floors (B2, B1 and G) and six occupant floors (G,
L1, L2, L3, L4 and L5). The ground floor (G) has a dual function, hence that is why
is appears in both lists. The percentage arrival rates from the three entrances are 0.1,
0.2 and 0.7 from B2, B1 and G respectively. The percentage populations of the
occupant floors are: 30%, 20%, 15%, 15%, 10% and 10% for the occupant floors G,
L1, L2, L3, L4 and L5, respectively. All the building details are shown in Table 4. It
is required that the overall origin–destination matrix be developed based on a traffic
mix of 40%:30%:20%:10% of incoming, outgoing, inter-floor and inter-entrance
traffic, respectively.

It is worth noting that the ground floor in this case is a dual function floor: it is an
entrance floor and an occupant floor simultaneously. This is the sort of example that
requires a universal OD matrix, whereby any floor can be an entrance and an
occupant floor at the same time.

The next step is to create the initial values of the four distinct matrices: the
incoming traffic matrix, the outgoing traffic matrix, the inter-floor matrix and the
inter-entrance. These are shown below:

# Percentage arrival Population Percentage population

L5 0 50 0.10

L4 0 50 0.10

L3 0 75 0.15

L2 0 75 0.15

L1 0 100 0.2

G 0.7 150 0.3

B1 0.2 0 0

B2 0.1 0 0

Table 4.
Generalised representation of traffic for a building depending on the traffic mix.
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6.2 The incoming traffic matrix

The first matrix to be developed is the incoming traffic matrix, as shown below.
ODic_ini

0 0 0.3 0.2 0.15 0.15 0.1 0.1

B2 B1 G L1 L2 L3 L4 L5

0.1 B2 0 0 0.03 0.02 0.015 0.015 0.01 0.01

0.2 B1 0 0 0.06 0.04 0.03 0.03 0.02 0.02

0.7 G 0 0 0.21 0.14 0.105 0.105 0.07 0.07

0 L1 0 0 0 0 0 0 0 0

0 L2 0 0 0 0 0 0 0 0

0 L3 0 0 0 0 0 0 0 0

0 L4 0 0 0 0 0 0 0 0

0 L5 0 0 0 0 0 0 0 0

The value of M for the incoming traffic matrix is calculated as shown below:

M ¼ 1�
XN
i¼1

prii
� � !

¼ 0:79 (13)

Zeroing the diagonal and then dividing all the elements by M gives the final
incoming traffic matrix, shown below.

ODic_fin

0 B2 B1 G L1 L2 L3 L4 L5

B2 0 0 0.01519 0.010127 0.007595 0.007595 0.005063 0.005063

B1 0 0 0.03038 0.020253 0.01519 0.01519 0.010127 0.010127

G 0 0 0 0.070886 0.053165 0.053165 0.035443 0.035443

L1 0 0 0 0 0 0 0 0

L2 0 0 0 0 0 0 0 0

L3 0 0 0 0 0 0 0 0

L4 0 0 0 0 0 0 0 0

L5 0 0 0 0 0 0 0 0

6.3 The outgoing traffic matrix

The same process is applied in order to calculate outgoing traffic matrix.
ODog_ini

0 0 0.3 0.2 0.15 0.15 0.1 0.1

B2 B1 G L1 L2 L3 L4 L5

0.1 B2 0 0 0 0 0 0 0 0
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0.2 B1 0 0 0 0 0 0 0 0

0.7 G 0.03 0.06 0.21 0 0 0 0 0

0 L1 0.02 0.04 0.14 0 0 0 0 0

0 L2 0.015 0.03 0.105 0 0 0 0 0

0 L3 0.015 0.03 0.105 0 0 0 0 0

0 L4 0.01 0.02 0.07 0 0 0 0 0

0 L5 0.01 0.02 0.07 0 0 0 0 0

The value of M for the incoming traffic matrix is calculated as shown below:

M ¼ 1�
XN
i¼1

prii
� �

 !
¼ 0:79 (14)

Zeroing the diagonal and then dividing all the elements by M gives the final
incoming traffic matrix, shown below.

ODog_fin

0 B2 B1 G L1 L2 L3 L4 L5

B2 0 0 0 0 0 0 0 0

B1 0 0 0 0 0 0 0 0

G 0.011392405 0.02278481 0 0 0 0 0 0

L1 0.007594937 0.015189873 0.053164557 0 0 0 0 0

L2 0.005696203 0.011392405 0.039873418 0 0 0 0 0

L3 0.005696203 0.011392405 0.039873418 0 0 0 0 0

L4 0.003797468 0.007594937 0.026582278 0 0 0 0 0

L5 0.003797468 0.007594937 0.026582278 0 0 0 0 0

6.4 The inter-floor traffic matrix

The same process is applied in order to calculate inter-floor traffic matrix.
ODif_ini

0 0 0.3 0.2 0.15 0.15 0.1 0.1

B2 B1 G L1 L2 L3 L4 L5

0.1 B2 0 0 0 0 0 0 0 0

0.2 B1 0 0 0 0 0 0 0 0

0.7 G 0 0 0.09 0.06 0.045 0.045 0.03 0.03

0 L1 0 0 0.06 0.04 0.03 0.03 0.02 0.02

0 L2 0 0 0.045 0.03 0.0225 0.0225 0.015 0.015

0 L3 0 0 0.045 0.03 0.0225 0.0225 0.015 0.015

0 L4 0 0 0.03 0.02 0.015 0.015 0.01 0.01

0 L5 0 0 0.03 0.02 0.015 0.015 0.01 0.01
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The value of M for the incoming traffic matrix is calculated as shown below:

M ¼ 1�
XN
i¼1

prii
� � !

¼ 0:805 (15)

Zeroing the diagonal and then dividing all the elements by M gives the final
incoming traffic matrix, shown below.

ODif_fin

0 B2 B1 G L1 L2 L3 L4 L5

B2 0 0 0 0 0 0 0 0

B1 0 0 0 0 0 0 0 0

G 0 0 0 0.014907 0.01118 0.01118 0.007453 0.007453

L1 0 0 0.014907 0 0.007453 0.007453 0.004969 0.004969

L2 0 0 0.01118 0.007453 0 0.00559 0.003727 0.003727

L3 0 0 0.01118 0.007453 0.00559 0 0.003727 0.003727

L4 0 0 0.007453 0.004969 0.003727 0.003727 0 0.002484

L5 0 0 0.007453 0.004969 0.003727 0.003727 0.002484 0

6.5 The inter-entrance traffic matrix

The same process is applied in order to calculate inter-entrance traffic matrix.
ODif_ini

0 0 0.3 0.2 0.15 0.15 0.1 0.1

B2 B1 G L1 L2 L3 L4 L5

0.1 B2 0.01 0.02 0.07 0 0 0 0 0

0.2 B1 0.02 0.04 0.14 0 0 0 0 0

0.7 G 0.07 0.14 0.49 0 0 0 0 0

0 L1 0 0 0 0 0 0 0 0

0 L2 0 0 0 0 0 0 0 0

0 L3 0 0 0 0 0 0 0 0

0 L4 0 0 0 0 0 0 0 0

0 L5 0 0 0 0 0 0 0 0

The value of M for the incoming traffic matrix is calculated as shown below:

M ¼ 1�
XN
i¼1

prii
� � !

¼ 0:46 (16)

Zeroing the diagonal and then dividing all the elements by M gives the final
incoming traffic matrix, shown below.
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ODif_fin

0 B2 B1 G L1 L2 L3 L4 L5

B2 0 0.00434783 0.015217 0 0 0 0 0

B1 0.004348 0 0.030435 0 0 0 0 0

G 0.015217 0.03043478 0 0 0 0 0 0

L1 0 0 0 0 0 0 0 0

L2 0 0 0 0 0 0 0 0

L3 0 0 0 0 0 0 0 0

L4 0 0 0 0 0 0 0 0

L5 0 0 0 0 0 0 0 0

6.6 Finding the final overall OD matrix

The final step is to combine all the four matrices by multiplying each matrix by
the associated traffic percentage mix and adding them up. This gives the final OD
matrix shown below.

ODfin

B2 B1 G L1 L2 L3 L4 L5

B2 0 0.004348 0.030407 0.010127 0.007595 0.007595 0.005063 0.005063

B1 0.004348 0 0.060815 0.020253 0.01519 0.01519 0.010127 0.010127

G 0.02661 0.05322 0 0.085793 0.064345 0.064345 0.042896 0.042896

L1 0.007595 0.01519 0.068071 0 0.007453 0.007453 0.004969 0.004969

L2 0.005696 0.011392 0.051054 0.007453 0 0.00559 0.003727 0.003727

L3 0.005696 0.011392 0.051054 0.007453 0.00559 0 0.003727 0.003727

L4 0.003797 0.007595 0.034036 0.004969 0.003727 0.003727 0 0.002484

L5 0.003797 0.007595 0.034036 0.004969 0.003727 0.003727 0.002484 0

As expected, the diagonal of the matrix has zero elements and the sum of all the
elements in the matrix is 1.

6.7 Converting the PDF to a CDF

The probability density function (PDF) is then converter to a cumulative distri-
bution function (CDF) by integration. The integration order is run along the row,
then the second row, then the third row, etc. As expected, the first element of the
CDF array is zero and the last two elements are equal to 1. This is in recognition of
the fact that the diagonal elements in the PDF are always zeros.

B2 B1 G L1 L2 L3 L4 L5

B2 0 0.004348 0.034755 0.044882 0.052477 0.060072 0.065135 0.070198

B1 0.074546 0.074546 0.135361 0.155614 0.170804 0.185994 0.196121 0.206248

G 0.232858 0.286078 0.286078 0.371871 0.436216 0.500561 0.543457 0.586353

L1 0.593948 0.609138 0.677209 0.677209 0.684662 0.692115 0.697084 0.702053
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L2 0.707749 0.719141 0.770195 0.777648 0.777648 0.783238 0.786965 0.790692

L3 0.796388 0.80778 0.858834 0.866287 0.871877 0.871877 0.875604 0.879331

L4 0.883128 0.890723 0.924759 0.929728 0.933455 0.937182 0.937182 0.939666

L5 0.943463 0.951058 0.985094 0.990063 0.99379 0.997517 1 1

6.8 Generating a number of passenger origin-destination pairs from the CDF

In this sub-section, five examples on the random sampling of passenger origin-
destination pairs.

This is carried out by generating a random number uniformly distributed
between 0 and 1. In the examples shown below, they are shown with 3 decimal
places for simplicity. In each case, the number is to find the first number in the CDF
that is larger than the random number generated. Once this is found, the row of the
element represents the origin floor of the passenger origin-destination pair, and the
column index represents the destination floor.

Five examples:

• Random number: 0.772; next smallest number in the table larger than this
number is: 0.777648, which has a row index of L2 and a column index of L1. So,
the origin–destination pair is L2 to L1.

• Random number: 0.591; next smallest number in the table larger than this
number is: 0.593948, which has a row index of L1 and a column index of B2. So,
the origin–destination pair is L1 to B2.

• Random number: 0.001; next smallest number in the table larger than this
number is: 0.004348, which has a row index of B2 and a column index of B1.
So, the origin–destination pair is B2 to B1.

• Random number: 0.998; next smallest number in the table larger than this
number is: 1, which has a row index of L5 and a column index of L4. So, the
origin–destination pair is L5 to L4.

• Random number: 0.862; next smallest number in the table larger than this
number is: 0.866287, which has a row index of L3 and a column index of L1. So,
the origin–destination pair is L3 to L1.

7. Verification

In order to check the correctness of the final origin destination matrix, it is
possible to carry out a validation process as presented in the steps discussed below:

1.The OD matrix is set up with dimensions of N by N and set to 0.

2.The number of trials is set to a large number (e.g., 100,000 trials).

3.The trial numbers are split into four groups in proportion to the percentage
mix of traffic. For example, if the traffic mix is 0.4:0.3:0.2:0.1 for incoming,
outgoing, inter-floor and inter-entrance traffic, then 40,000 trials are set aside
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for incoming traffic passenger, 30,000 for outgoing traffic passengers, 20,000
for inter-floor passengers and 10,000 for inter-entrance passengers.

4.Starting with the 40,000 passenger trials (representing incoming traffic),
random sampling is carried out on the origin floor for the passenger by using
Prarr, and random sampling is carried out on the destination floor using Unor.
This gives an origin-destination pair: the corresponding entry in the ODmatrix
is incremented. If the origin floor and destination floors are equal the result is
discarded, and the process repeated.

5.For the 30,000 passenger trials (representing outgoing traffic), random
sampling is carried out on the origin floor for the passenger by using Unor and
random sampling is carried out on the destination floor for the passenger by
using Prarr. This gives an origin-destination pair: the corresponding entry in
the OD matrix is incremented. If the origin floor and destination floors are
equal the result is discarded, and the process repeated.

6.For the 20,000 passenger trials (representing inter-floor traffic), random
sampling is carried out on the origin floor for the passenger by using Unor and
random sampling is carried out on the destination floor for the passenger by
using Unor. This gives an origin-destination pair: the corresponding entry in
the OD matrix is incremented. If the origin floor and destination floors are
equal the result is discarded, and the process repeated.

7.For the 10,000 passenger trials (representing inter-entrance traffic), random
sampling is carried out on the origin floor for the passenger by using Prarr and
random sampling is carried out on the destination floor for the passenger by
using Prarr. This gives an origin–destination pair: the corresponding entry in
the OD matrix is incremented. If the origin floor and destination floors are
equal the result is discarded, and the process repeated.

8.At the end of the 100,000 trials, the OD matrix is divided by the number of
trials (100000). The result should match the OD final overall matrix derived
as shown in sections 5 and 6.

The source code in MATLAB that can be used to create the probability density
function array, convert it to a cumulative distribution function and then generate
random passenger origin destination pairs is listed in Appendix A. It comprises the
main module and three functions.

8. Conclusions

This paper has presented a systematic methodology for converting the user
requirement specification into an origin-destination matrix.

It converts the traffic conditions (i.e., traffic mix) and the floor percentages (the
floor percentage arrivals and the floor percentage populations) into an origin desti-
nation matrix. The conversion process takes into consideration that irrational pas-
senger behaviour must be disallowed (e.g., one passenger’s journey cannot originate
and terminate at the same floor). Thus, the diagonal of the matrix must be zeroed.

The origin destination matrix is a compact concise form for expressing the
passenger movements within the building. It has been used for generating random
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passenger destinations for calculating the round-trip time using the Monte Carlo
simulation method of within elevator traffic simulation software, an example of
which is shown at the end of the paper.

Nomenclature

ic percentage of incoming traffic under the traffic mix
if the percentage of inter-floor traffic under the traffic mix
ie the percentage of inter-entrance traffic under the traffic mix
N the total number of floors in the building
og the percentage of outgoing traffic under the traffic mix
Parr(i) the percentage arrival from the ith floor
pij the passenger transition probability from the ith floor to the jth floor
U the total building population
U(i) the building population on the ith floor

A. Appendix A. Source Code in MATLAB

Generate_P_Passengers.m.
Generate Passenger Origin Destination Pairs Randomly ...................................... 1
Set the Parameters ................................................................................................... 1
shuffle the seed to set it to a specific value ............................................................ 1
Create the PDF (probability density function)...................................................... 1
Convert the PDF to a CDF ...................................................................................... 2
Generate P passenger origin destination pairs using the CDF ..............................3

1.Generate Passenger Origin Destination Pairs Randomly

Author: Lutfi Al-Sharif Date: 27th April 2020 version: 1.0

% this MATLAB script generates passenger origin–destination pairs randomly
% based on three main parameters:
% the floor populations
% the entrance floors bias ratios
% the mix of traffic.

2.Set the Parameters

This building has 10 floors The floor index runs from 1 to 10. floors 1, 2 and 10
are entrance floors floor 10 is probably a restaurant.

% set the entrance bias
EB = [0.3 0.3 0 0 0 0 0 0 0 0.4];
% set the population on each floor
U = [0160160160100100100100100 20];
% set the traffic mix as percentages adding up to 1
% [i/c o/g i/f i/e]
% incoming: outgloing: interfloor: interentrance
Traffic = [0.45 0.45 0.1 0];
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% set the number of required passengers
P = 12;

3.shuffle the seed to set it to a specific value

% in order to get the same sequence every run, set the seed to a specific
% value (e.g., 0 in this case).
sd = 0; % value of the seed
rng(sd)

% in order to get a different sequence everytime the programme runs, shuffle
the seed
rng(‘shuffle’);

4.Create the PDF (probability density function)

call Create_PDF to create the PDF array.

PDF = Create_PDF(EB, U, Traffic).

PDF =

Columns 1 through 7

0 0.0229 0.0229 0.0229 0.0143 0.0143 0.0143
0.0229 0 0.0258 0.0258 0.0161 0.0161 0.0161
0.0229 0.0258 0 0.0029 0.0018 0.0018 0.0018
0.0229 0.0258 0.0029 0 0.0018 0.0018 0.0018
0.0143 0.0161 0.0018 0.0018 0 0.0011 0.0011
0.0143 0.0161 0.0018 0.0018 0.0011 0 0.0011
0.0143 0.0161 0.0018 0.0018 0.0011 0.0011 0
0.0143 0.0161 0.0018 0.0018 0.0011 0.0011 0.0011
0.0143 0.0161 0.0018 0.0018 0.0011 0.0011 0.0011
0.0029 0.0337 0.0309 0.0309 0.0193 0.0193 0.0193

Columns 8 through 10

0.0143 0.0143 0.0029
0.0161 0.0161 0.0337
0.0018 0.0018 0.0309
0.0018 0.0018 0.0309
0.0011 0.0011 0.0193
0.0011 0.0011 0.0193
0.0011 0.0011 0.0193

0 0.0011 0.0193
0.0011 0 0.0193
0.0193 0.0193 0

5.Convert the PDF to a CDF

CDF: Cumulative Distribution Function The CDF is ideal to use for the random
sampling in order to randomly generate passenger origin–destination pairs.
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CDF = PDF2CDF(PDF).

CDF =

Columns 1 through 7

0 0.0229 0.0458 0.0686 0.0829 0.0972 0.1115
0.1659 0.1659 0.1917 0.2175 0.2337 0.2498 0.2659
0.3548 0.3806 0.3806 0.3836 0.3854 0.3872 0.3891
0.4465 0.4723 0.4752 0.4752 0.4771 0.4789 0.4807
0.5296 0.5457 0.5475 0.5494 0.5494 0.5505 0.5517
0.5875 0.6037 0.6055 0.6073 0.6085 0.6085 0.6096
0.6455 0.6617 0.6635 0.6653 0.6665 0.6676 0.6676
0.7035 0.7196 0.7215 0.7233 0.7245 0.7256 0.7267
0.7615 0.7776 0.7795 0.7813 0.7824 0.7836 0.7847
0.8080 0.8418 0.8726 0.9035 0.9228 0.9421 0.9614

Columns 8 through 10

0.1258 0.1401 0.1430
0.2821 0.2982 0.3319
0.3909 0.3927 0.4236
0.4826 0.4844 0.5153
0.5528 0.5539 0.5732
0.6108 0.6119 0.6312
0.6688 0.6699 0.6892
0.7267 0.7279 0.7472
0.7859 0.7859 0.8052
0.9807 1.0000 1.0000

6.Generate P passenger origin destination pairs using the CDF

call GenPass to generate P passenger origin–destination pairs usnig the CDF.

POD = GenPass(P,CDF)

% The resultant array POD is a two dimensional array that has dimensions of
% 2 rows by P columns. The first row contains the passenger origin floor;
% the second row contains the passenger destination floors.
% each column pertains to one passenger (a passenger origin–destination
% pair).
% the floor indexing runs from 1 to N.

% End.

POD =

1 10 1 10 4 7 1 6 2 2 10 4
7 8 4 3 8 2 9 10 3 8 9 2.

______________________________________________________________________.
Create_PDF.m.
Background Theory and References....................................................................... 1
extract the total number of floors and traffic mix from the variable Traffic.......2
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Generate the PDF ....................................................................................................2
produce the first draft arrays for the four traffic modes....................................... 2
process them to make them ready for the final PDF.............................................3
find the value of the PDF as the weighted sum of all the four traffic mode

arrays .............................................................................................................................3

function [PDF] = Create_PDF(EB, U, Traffic).

%This module, Create_PDF compiles the probability density function (PDF)
%for generating passenger origin–destination pairs.

% Author: Lutfi Al-Sharif
% Date: 27th April 2020% this function creates a square array that is referred
to as a PDF
% PDF stands for probability density function (PDF).
% it is a square array that has dimensions of N rows by N columns
% where N is the total number of floors in the building.

% it is used in order to generate random passneger origin–destination-pairs.
% it depends on two important parameters: the relative percentages of the
% floor populations of the occupant floors, the relative entrance bias of
% entrance floors; and the mix of traffic (the percentage incoming traffic,
% outgoing traffic, interfloor traffic and interentrance traffic).

1.Background Theory and References

the methodology presented here in this function is based on a method of pro-
ducing the origin destination matrix in the following papers.

% Al-Sharif L and Abu Alqumsan A M. An Integrated Framework for Elevator
% Traffic Design under General Traffic Conditions Using Origin Destination
% Matrices, Virtual Interval and the Monte Carlo Simulation Method.
% Building Services Engineering Research and Technology 2015; 36(6):
% 728–750.

%Al-Sharif L and Abu Alqumsan A M. Generating the Elevator
% Origin–Destination Matrix from the User Requirements Specification under
% General Traffic Conditions. Elevator Technology 2016; 21: 1–13.
% Proceedings of Elevcon 2016. Madrid/Spain: The International Association
% of Elevator Engineers.

%Al-Sharif L. Building the Origin–Destination
% Matrix under General Traffic Conditions and Using it to Generate
% Passenger Origin–Destination Pairs (METE XII). Lift Report 2016;
% 42(3):24–33.

% This paper introduces the methodology by which any floor could
% simultaneously be an entrance floor and an occupant floor

% Al-Sharif L. The Universal Origin–Destination-Matrix with Dual
% Designation Floors as Entrances and Occupant Floors. Lift Report 2018;
% 44(2):36–45.
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2.extract the total number of floors and traffic mix from the variable Traffic

N = length(U);

% The variable Traffic is a one dimensional array, of size 1x4% the four
variables inside Traffic represent the ratio of incoming,
% outgoing, interfloor and interentrance respectively.
% they should all be less than or equal to 1% the sum of the four values must
add up to 1%
% the first element is the incoming traffic
% extract it and assign it to the variable i_c
i_c = Traffic(1);
% the second element is the outgoing traffic
% extract it and assign it to the variable o_g
o_g = Traffic(2);
% the third element variable is the interfloor traffic
% extract it and assign it to the variable i_f
i_f = Traffic(3);
% the fourth element in the Traffic Array element variable is the interfloor
traffic
% extract it and assign it to the variable i_f
i_e = Traffic(4);
Error using Create_PDF (line 49)
Not enough input arguments.

3.Generate the PDF

the next step is to prepare the probability density function (PDF)
square array.

% find the total population U which is the sum of the individual floor
% populations
Utotal = sum(U);
% normalise it by dividing each element of the array by the total
% population.
% this will result in an array that has a total sum of 1
Unor = U/Utotal;

4.produce the first draft arrays for the four traffic modes

% the transpose of an array A is A’
% the tanspose is used here in order to produce a square array
% by multiplying the transpose of a row vector by another row vector of the
% same size.
% A square array is produced.

i_c_array = (EB’*Unor);
o_g_array = (Unor’*EB);
i_f_array = (Unor’*Unor);
i_e_array = (EB’*EB);
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5.process them to make them ready for the final PDF

% zero the diagonals
% this assumes rational passenger behaviour whereby a passenger cannot
% travel from a floor back to the same floor.

for i = 1:N
i_c_array(i,i) = 0;
o_g_array(i,i) = 0;
i_f_array(i,i) = 0;
i_e_array(i,i) = 0;

end
% re-adjust to compensate for the loss of the value of the diagonal elements

% find the adjusting factors for all four arrays (which are the current sum
% of all the elements in the array (expected to be smaller than 1 due to
% teh fact that the diagonal was zeroed.

Mi_c = sum(sum(i_c_array)); % sum up all the elements of ic
Mo_g = sum(sum(o_g_array)); % sum up all the elements in og
Mi_f = sum(sum(i_f_array)); % sum up all the elements in if
Mi_e = sum(sum(i_e_array)); % sum up all the elements in ie

% then divide the array by the adjusting factor in order to restore the sum
% of its elements to 1
if Mi_c � = 0
i_c_array = i_c_array/Mi_c;
end

if Mo_g � = 0
o_g_array = o_g_array/Mo_g;
end

if Mi_f � = 0
i_f_array = i_f_array/Mi_f;
end

if Mi_e � = 0
i_e_array = i_e_array/Mi_e;
end

% Each of the four arrays now must sum up to 1.
% this can be checked by using the instruction sum(sum(A))

6.find the value of the PDF as the weighted sum of all the four traffic mode arrays

% now find the value fo the final PDF by doing a weight sum of the four
% arrays, multiplying each by its strength from the traffic array.

PDF = i_c*i_c_array+ o_g*o_g_array + i_f*i_f_array + i_e*i_e_array;

% the sum of all the element of the final PDF should also sum up to 1.
end
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_____________________________________________________________________.
PDF2CDF.m.
Extract the number of floors from the dimensions of the input argument, PDF

and set to N ................................................................................................................... 1
Convert the PDF to a CDF ...................................................................................... 1

function [CDFfromPDF] = PDF2CDF(PDF).
%This function converts the PDF to a CDF
% Author: Lutfi Al-Sharif
% Date: 27th April 2020

1.Extract the number of floors from the dimensions of the input argument, PDF
and set to N

N=size(PDF,1); % as this is a square matrix, it does not matter if we take the
number of rows or the number of columns.

Error using PDF2CDF (line 7)
Not enough input arguments.

2.Convert the PDF to a CDF

the pdf is the probability density function. The cdf is the cumulative distribution
function by integrating the PDF we can obtain the CDF.

CDFtemp = 0; % initialise a temporary variable that is hold a temporary value
during the conversion process.
CDF(N, N) = 0; % initialise all the values in the CDF to zero

for i = 1:N % run through the array one row at a time, so finish a complete row
then move to the next row and complete it.
% (i.e., rather than one column at a time).
for j = 1:N % move through column entres in the row being processed

CDFtemp = CDFtemp+PDF(i,j); % keep track of the running sum in CDFtemp
CDF(i,j) = CDFtemp;

end
end
% note that this CDF will always end with a 1, but might not start with a
% zero.
% it is important to be aware of this when carrying out random sampling on
% this CDF matrix.

CDFfromPDF=CDF;
end

_______________________________________________________________________.

GenPass.m.
Generate Passenger origin–destination pairs for P passengers ............................. 1
Set up a Counter and apply it to the CDF to find the origin–destination pair ..... 1

function [ POD ] = GenPass(P,CDF)

1.Generate Passenger origin–destination pairs for P passengers
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Author: Lutfi Al-Sharif Date: 27th April 2020

% this function will generate a number of passenger origin–destination
% pairs.
% The number of passengers is passed as a parameter P
% and the CDF (cumulative distribution function) is also passed to the
% function.
% it applies the principle of random sampling in order to find the
% origin–destination pair for a certain passenger.
% A random number that is uniformly distributed between 0 and 1 is
% generated using the function rand()
% this random number is then checked to see where it falls within the CDF
% array. Its position within the array decides the origin (the row) and
% the destination (the column) in the array.

% the output set of origin–destination pairs is compiled in the array
% called POD. it has dimensions of 2 x P.
% the first row contains the origins of the P passengers.
% the second row contains the correspinding destinations for these
% passengers.

2.Set up a Counter and apply it to the CDF to find the origin–destination pair

% the results will be placed in the POD with is a 2 by P array that
% contains all the passenger origins (in the first row) and their
% destinations (in the second row).
POD = 0; % zero the POD array.

% first set up a counter for the P passengers, using k as an index
for k = 1:P
% the ODfound is a Boolean variable that indicates that the value of
% the random variables has been matched to its position inside the CDF
% matrix.
% initialise it to false so that it can be set to true one found.

ODfound = false; % the origin destination for this passenger has not been
found yet.

tempCDF = 0; % tempCDF will hold that las indexed value of the elements in
the CDF.

temp = rand();
%now run through the rows of the CDF one row at a time
for i = 1:length(CDF)
%now run through the elements of the row one column at a time
for j = 1:length(CDF)
% check if the random number is between two consecutive elements
% of the CDF array.
if ((temp>tempCDF) && (temp<=CDF(i,j)) && (ODfound == false))

ODfound = true; % if found, then set temporary flag to indicate this
POD(1,k) = i; % the row index is the origin for this kth passenger.
POD(2,k) = j; % the column index is the destination for this kth

passenger
% the found origin and destination are placed in the kth column
% of the POD array. The origin in the first row and the
% destination in the second row.
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end
end
end
end.

Error using GenPass (line 33)
Not enough input arguments.

end
_______________________________________________________________________.
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Chapter 7

Data Compression Strategies for
Use in Advanced Metering
Infrastructure Networks
Chih-Wei Hsu and Sun-Yuan Hsieh

Abstract

Internet of Things technology has advanced rapidly. For example, numerous
sensors can be deployed in a city to collect a variety of data, and such data can be
used to monitor the city’s situation. A possible application of such data is smart
metering implemented by power suppliers for their consumers; smart metering
involves installing a multiplicity of smart meters that, in conjunction with data
centers, form a smart grid. Because a smart gird must collect and send data auto-
matically, the establishment of advanced metering infrastructure (AMI) constitutes
the primary step to establishing a smart grid. However, problems remain in smart
metering: data traffic from smart meters flows rapidly at a huge volume, resulting
in bandwidth bottlenecks. Thus, this chapter proposes some data compression
technologies as well as a novel scheme for reducing the communication data load in
AMI architectures.

Keywords: smart grid, smart meter, concentrator, compression,
advanced metering infrastructure, data traffic

1. Introduction

The Internet of Things (IoT) connects a multiplicity of devices to make life
convenient. Smart grids constitute one implementation of IoT, and many countries
have launched smart grids to develop integrated energy supply systems. A smart
grid incorporates automation, bidirectional communication, and advanced sensor
measurement systems to streamline interactions between the client and power
supplier [1–4]. In contrast to traditional grids, smart grids enable power suppliers to
distribute power efficiently and to control the use of power during a given period
[5]. Furthermore, the data collected from a smart grid enable automatic billing.

The analysis of energy consumption data has many advantages for both con-
sumers and suppliers: Consumers can track their energy usage, particularly as it
varies with the seasons. Power suppliers can monitor how power is utilized across
the distribution grid, which can help them formulate power management and
energy-saving measures [6–8]. The establishment of advanced metering infrastruc-
ture (AMI) constitutes the first step to constructing such an intelligent power gird.

AMI is central to a smart grid system and enables the system to automatically
monitor usage. Figure 1 illustrates the architecture of a typical AMI, indicating that
it comprises several concentrators and smart meters that are connected to a meter
data management system (MDMS) [9]. The smart meters send data to the
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concentrators, and the concentrators send the data to the MDMS. The AMI archi-
tecture requires high-quality and high-speed networks for providing stable service
and efficient monitoring, and it comprises two such networks, namely a local area
network (LAN) and wide area network (WAN). The LAN connects the concentra-
tors and smart meters and leverages cutting-edge communication technologies such
as power-line communication and the Zigbee specification. The WAN connects the
concentrators and MDMS and constitutes the most important part of the AMI
system; this network supports a host of high-speed technologies such as broadband-
over-power-line technology, 3G, and long-term evolution [10].

Nonetheless, smart meters have a very large data frequency—with a small
packet being generated every 15–60 min—that will exceed the capacity of existing
communication technologies [11, 12]; this makes data difficult to transmit. Fur-
thermore, smart grids face challenges in storing these large volumes of data. To
solve these two problems, data size in both communication and storage should be
reduced. This chapter introduces some novel approaches to doing so.

2. Preliminaries

Smart grids have expanded considerably, and many organizations have noticed
the advantages engendered by smart meters. Thus, research on smart grids has
similarly expanded. Specifically, smart grids enable the automatic distribution of
power on the part of suppliers and provide usage data, which can be used to develop
various applications.

Smart meters constantly upload data to the MDMS. Such data pertain to, for
example, interval data readings, meter remote disconnections, meter remote
reconnections, and meter firmware patches. The volume of such data is consider-
ably large, potentially causing network collapse. The reduction of packet size in a

Figure 1.
AMI structure.
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smart grid addresses this problem, and such a reduction has become a major topic of
research. Thus, this section introduces some basic strategies that are currently
adopted to solve this problem.

2.1 Basic method for data reduction in an AMI system

Among existing methods, the conventional approach is combining the messages
sent by multiple meters to reduce either protocol overhead or the frequency of
transmission. In this approach of message concatenation, energy consumption data,
control signal messages, and firmware update packages are combined. This scheme
entails a lower transmission volume because the packet header is reduced, where
multiple messages can be sent in a header. However, one issue in this scheme is
where messages ought to be concatenated.

2.1.1 Meter side

Message concatenation at the meter side results in a greater reduction in data
size than does that at the concentrator side. Data size reduction is greater at the
meter side primarily because a meter generates data within a certain period; thus, a
longer interval between instances of meter-to-concentrator data transmission yields
disproportionately large savings in data size. However, most meters contain low-
performance hardware, hampering this method. Consequently, meters are either
overloaded or unable to compress the data.

2.1.2 Concentrator side

Messages can also be concatenated at the concentrator side prior to transmission.
This is the appropriate site for message concatenation [13, 14] because concentra-
tors have more powerful hardware and process data more efficiently than meters
do. In concentrator-side concatenation, meters send packages to the concentrator,
the concentrator subsequently aggregates the data into one package, and the com-
pressed message is finally sent to the MDMS. Concentrator-side concatenation not
only reduces the volume of messages but also stabilizes the system.

However, despite the advantages of concentrator-side concatenation, existing
devices on the market are incapable of supporting such concatenation. Currently,
concentrators on the market are capable of executing only simple integrations, and
these products all follow the PRIME standard of WAN communication [15].

3. Novel approaches

A message generated by a smart meter contains a 40–60-B header within the
packet. Concentrators can collect messages sent from the meter side according to a
Poisson process [16] before combining these messages to minimize possible traffic.
The aforementioned procedure comprises two steps, namely combination and
compaction, which are detailed as follows [17].

3.1 Combination

Combination entails combining messages into a larger packet to solve the prob-
lem of protocol overhead during communication. Figure 2 illustrates how such
combination reduces traffic. Combining meter messages on smart grids is efficient
because each piece of data generated by a meter have a size of only a few bytes.
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Concentrators combine messages that have been sent by meters in a specified
period, after which they compact the messages.

Figure 3 illustrates the operating procedures of a typical combination algorithm.
Specifically, the concentrators receive meter messages, place the messages into a
combination queue, combine the messages in the queue once some predetermined
quantity of messages have been accumulated, and finally compact the messages into
a package [17]. This method enables solving the protocol overhead problem. The
data compaction scheme is detailed as follows.

3.2 Compaction

Compaction reduces the size of headers in large-scale AMI architecture, which is
very helpful for reducing data volume. Messages can be compacted through either
full compaction (FC) or loose compaction (LC) [17].

3.2.1 Full compaction

Figure 4 illustrates the operating procedures of an FC algorithm. Specifically,
any piece of data received from the meter is stored in Qc, and the usage in the

Figure 2.
Concept underlying the combination procedure.
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current period is calculated by determining the difference between the message in
the current period and the message in the last period; this process is performed until
Qc is empty. Subsequently, before the usage data are stored in Qt, the calculated
value should be normalized; this can specifically be achieved by multiplying the
value by 103 to convert any floating-point number into an integer. Once all mes-
sages are in Qt, the concentrators can start calculating the sum of all values in Qt.
Once the FC procedure is complete, the concentrators obtain the total usage from
the meter data, which helps power suppliers monitor the usage of an area to
optimize power delivery.

To illustrate the FC procedure, Table 1 lists some energy usage values in an area.
First, all values are input into Qc. Second, the difference between the previous usage
and current usage is calculated for each period. Third, the values obtained from
these calculations (212.880, 323.769, 388.112, 46.115, and 610.762 in this example)

Figure 3.
Combination procedure.

Figure 4.
FC procedure.
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are input into Qt. Finally, these values in Qt are summed to indicate the net
difference in energy usage (1581.638 in this example).

3.2.2 Loose compaction

LC differs from FC in that LC is recoverable, whereas FC is not. Figure 5
illustrates operating procedures of an LC algorithm. First, the concentrators obtain
meter data by dequeuing Qc and subtracting the meter value for the current period
from the meter value for the previous period. Second, similar to second step of the
FC algorithm, the value obtained in the first step is multiplied by 103 for normali-
zation and subsequently input into Qt. Third, LC sorts values in Qt in descending
order. Fourth, the positive difference between a value and its lower-valued neigh-
bor is computed and then input into Ql; the initial, lowest value in Qt thus remains
unchanged. For example, if a, b, c, d½ � is input into Qt, then
a, b� að Þ, c� bð Þ, d� cð Þ½ � is input into Ql. Finally, the values returned by the LC
algorithm constitute the compacted data.

To illustrate the LC procedure, consider the values in Table 1. First, the LC
algorithm takes the difference between past and present usages and inputs these
differences into Qc. In this example, these differences can be listed as follows:
[212.880, 323.769, 388.112, 46.115, 610.762]. This list is then sorted in descending
order as [46.112, 212.880, 323.769, 388.112, 610.762] and input into Qt. The LC
algorithm then dequeues each piece of data from Qt and calculates the positive
difference between a value and its lower-valued neighbor. The list of such

Meter Number Previous Usage Current Usage Difference

1 2153.232 2366.112 212.880

2 5698.564 6022.333 323.769

3 23154.003 23542.115 388.112

4 1542.121 1588.236 46.115

5 56213.225 56823.987 610.762

An Example of meter data.

Table 1.
Example meter data from an area.

Figure 5.
LC flow.
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differences is as follows: [46.112, 166.768, 110.889, 64.343, 222.650]. This list is
input into Ql and returned.

After compacting the data, the concentrators send the data to the MDMS. When
the MDMS receives the data, it executes the LC recovery (LCR) algorithm to extract
the raw data. Figure 6 illustrates the LCR algorithm, which is the reverse of the LC
algorithm. First, the LCR algorithm inputs the received data into Ql; the algorithm
then recovers those values prior to subtraction from a lower-valued neighbor. These
recovered values are then input into Qt. Second, the LCR algorithm denormalizes
each value in Qt and adds to it the value of the usage in the previous period. Finally,
the MDMS outputs all values into Qc and returns them.

Consider the values for the example presented in Table 1. First, the LCR algo-
rithm recovers the compacted data; specifically, the MDMS inputs [46.112, 166.768,
110.889, 64.343, 222.650] into Ql. Subsequently, the LCR algorithm recovers the

Figure 6.
LC recovery procedure.

Figure 7.
FC and LC analysis.
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values prior to subtraction from a lower-valued neighbor; specifically, the MDMS
obtains [46.112, 212.880, 323.769, 388.112, 610.762] and inputs this list into Qt.
Finally, the LCR algorithm denormalizes the data by multiplying each value by 10�3;
specifically, the MDMS obtains the list of raw data [46.112, 212.880, 323.769, 388.112,
610.762].

3.2.3 Result analysis

First of all, all of messages sent from meters were encoded in ASCII. FC and LC
compaction performance are provided in this section. The Figure 7 shows the
compression ratio of the FC and LC method. The vertical scale label present the
total bytes used before compaction and the horizontal scale label is the number of
meter messages compacted when compaction. As the Figure 7 shows, FC has better
performance than LC. However, FC does not support recovery, so it can achieve the
highly compaction ratio. On the contrary, LC is the trade-off algorithm when
recovery function is required and have demand of compression. If the system only
need the sum of the energy usage, then FC would be the proper way for
compressing the data.

4. Compression technologies

The choice of compression algorithm has become a critical issue because most
IoT devices have hardware limitations, particularly in their low-power-consump-
tion microprocessors. The best compression algorithm provides the best compres-
sion ratio given the hardware specifications of an IoT device [18, 19]. This section
discusses two well-known approaches to data compression [20].

4.1 Lempel–Ziv–Markov chain algorithm

The Lempel–Ziv–Markov chain algorithm (LZMA) is a member of the LZ-
family, and it is based on the LZ77 algorithm, which uses a dictionary-based
scheme. The LZMA yields excellent compression ratios without being demanding
on hardware, making it suited to IoT environments by virtue of its exclusive dic-
tionary structure [19].

4.2 Prediction by partial matching

Prediction by partial matching (PPM) can predict a subsequent pattern using
present or previous symbols. Moreover, PPM can be used with a Markov model to
construct a compression algorithm. For example, the RAR algorithm, developed by
Eugene Roshal and Alexander Roshal, uses PPM and the Lempel–Ziv–Storer–
Szymanski algorithm to achieve impressive compression [20].

5. Conclusions

Smart grids will be key infrastructure considering the rapid developments in IoT
technology. This chapter presents data compression techniques, such as combina-
tion and compaction, developed for reducing the communication data load in a
smart grid. These techniques not only reduce the frequency between instances of
transmission but also considerably reduce data volume. Moreover, FC and LC can
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be used in different situation. FC provides extremely compact ratio for the user who
have less bandwidth for transport the meter data. LC can be used when the system
requires the raw data of the energy usage and having sufficient network bandwidth.
In addition, some well known data compression techniques are also introduce in the
chapter. Proposed algorithm can be implement with the compression technique
provided above to decrease the volume of the meter data. Also, this chapter explains
recent advances in smart grid technology. Readers can build on the aforementioned
algorithms to formulate novel contributions of their own.
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Chapter 8

Energy Management and Optimal
Power Scheduling in a Smart
Building under Uncertainty
Dimitrios Thomas and Evangelos Kotsakis

Abstract

In this Chapter, we consider a microgrid with a certain number of distributed
energy resources (DER) components connected to an office building (in a univer-
sity campus) provided with electricity by a utility company. We develop the initial
version of the energy management system which is responsible for the optimal
energy scheduling of the microgrid’s distributed energy resources. These resources
include a photovoltaic (PV) installation, a Storage Energy System (ESS), a small
Combined Heat and Power (CHP) unit, and a fleet of electric vehicles (EVs) used
for work-related trips. The mobility behavior of the EVs fleet is modeled consider-
ing deterministic realizations of the probabilistic distributions used for the arrival/
departure, and the time EVs remain parked. To investigate the impact of renewable
generation and load unpredictability on the energy management system (EMS)
operation, PV production and electric load are modeled under uncertainty using
actual smart meters data for the scenarios formulation. We also assume that each
DER component, through an EMS, can communicate and control the power
exchange from and towards this component and that, two way communication with
the utility company can be reached through aggregators using advanced metering
equipment. We also consider a simplified thermal model that provides a specific
level of thermal comfort to the building’s occupants, by meeting the predicted
heating load. The energy produced by the DERs can be sold back to the grid by the
microgrid manager and/or it can be stored for future utilization.

Keywords: energy management system, smart grid, electric vehicles, distributed
energy resources, optimization

1. Introduction

Buildings have become the major energy consumers over the world as they
consume around 40% of total end-use energy [1]. In Europe, the Directive on
Energy Performance of Buildings establishes a “nearly Net Zero Energy buildings”
(NZEBs) as the aim for all new buildings from 2020 [2]. In recent literature, more
and more studies consider nZEBs as part of a smart grid or a micro-grid (MG) and
identify trends on energy management techniques and technological solutions for
electric power system management. The main advantages of nZEBs have been
identified to be the integration of renewable energy sources; the integration of
energy storage mechanisms such as plug-in electric vehicles and the
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implementation of zero-energy concepts such as net zero source energy, net zero
energy costs and net zero emissions.

The renewable energy exploitation is one of the most important aspects of
NZEBs. Renewable Energy Sources (RES) are those sources of energy that can be
derived from natural processes and thus can be replenished continuously such as
solar energy, wind energy, biomass, hydropower etc. The wind and solar energies
are mostly used in green buildings modeling and design [3] but they come with a
number of issues that have to be taken into consideration. The wind energy systems
may not be technically feasible at all sites due to the low wind speeds and/or to high
unpredictability with respect to solar energy. In addition, the availability of a
specific resource depends each time on the corresponding season and may also vary
during the day [4]. NZEBs, either as standalone or as parts of a Net Zero Energy
District, could help improving the energy performance of an electrical grid by
shifting loads and reducing peak demands. Buildings, as one of the most important
contributors involved in a smart grid, can deliver useful information such as energy
behaviors, power demand and the corresponding load shifting potentials for grid
control and optimization [5].

A microgrid is an electric system of limited extent, typically the suburban/
district level, that includes distributed generation (i.e., solar, wind, cogeneration,
electric vehicles, etc.), consumers and storage facilities, and operates by intelli-
gently managing its own costs and production capacity to ensure a level of quality
service. It is connected to the global grid but is designed to operate independently if
necessary (islanded mode). Microgrid can be understood as a case of a more general
concept called ‘Smart grid’, collecting a set of technological solutions for electric
power system management. Its localized nature allows responding efficiently and
accurately the energy needs and ensuring adequate levels of quality, safety, secu-
rity, reliability, and availability. It is able of being disconnected from the global
network for several hours without loss of service while ensuring voltage and fre-
quency stability. In addition, the proximity of the sources of production to the
consumption allows reducing energy transmission losses. Thus, the use of such a
system (mainly decentralized) has as an aim to gain flexibility and adaptability with
respect to the classical centralized power system model.

The development and the extensive utilization of building automation systems,
Information and Communication Technologies (ICT) and grid energy management
system facilitates the bidirectional communication between buildings and a grid
which can be widely established and therefore be used for interacting and optimiz-
ing the power supply and the demand. This chapter attempts to address the major
issues that are related to the design and optimization of grid-connected nearly and/
or net zero energy buildings as parts of a smart grid and on which several scholars/
researchers have been working the last years.

In this work, a microgrid with a certain number of DER components connected
to an office building (in a university campus) provided with electricity by a utility
company is considered. These components include a PV installation, a Storage
Energy System (ESS), a small Combined Heat and Power (CHP) unit, and a fleet of
electric vehicles (EVs) used for work-related trips. The mobility behavior of the
EVs fleet is modeled considering deterministic realizations of the probabilistic dis-
tributions used for the arrival/departure and the time EVs remain parked. PV
production and electric load are modeled under uncertainty. We use actual data
from smart meters to formulate the scenarios. We also assume that each DER
element can, through an EMS controller, to communicate and control the power
exchange from and towards this component. We also consider that two-way com-
munication with the utility company can be achieved via aggregators using
advanced metering infrastructure. The energy generated by the DERs can be sold to

126

Smart Cities - Their Framework and Applications



the grid by the microgrid building-manager, and/or it can be stored for future
utilization. The recommended EMS configuration is shown in Figure 1.

2. Methods and scenario construction

2.1 Photovoltaic and electric load scenarios

To classify PV and electric load production, yearly data-measurements from
smart meters installed in Walloon region, Belgium, have been used. The smart
meters communicate with the utility company server every 15-min providing the
updated PV and load measurements. The 15-min datasets were merged to formulate
8760 hourly readings (365 24-hour PV generation and load profiles). The total PV
capacity is 50 kVA. The original datasets are shown in Figure 2.

We use the scenario reduction technique introduced in [6] to construct the
scenarios. A script developed in Matlab based on [6] is utilized to aggregate the two
sources of uncertainty into one. That is, a discrete probability has been assigned to
each one of the generated scenarios. Every scenario comprises two 24-hour vectors
where each vector corresponds to a specific profile (one vector for PV production
and one for load demand). Moreover, this scenario construction technique con-
siders the potential correlation within the data. The latter is very important as, for
example, a sunny day with increased PV production is expected to affect the load
demand downwards and vice-versa. Moreover, one may notice that the PV profiles
of Figure 2a look asymmetric and seem to have been shifted towards the left side of
the time axis. This is due to the minimum cut-in voltage level required from the
power electronics of the inverter to start being operational.

It is important that the final number of generated scenarios retain most of the
relevant information on the stochastic process contained in the original scenario
sets, while significantly reducing its cardinality. A very large number of scenarios

Figure 1.
Energy management and system configuration.
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may result in a computationally intractable associated stochastic programming
problem which would require both increased time and computational resources to
be solved. On the other hand, a small number of scenarios might not be represen-
tative of the original data sets. Thus, in order to decide the appropriate number of
scenarios we take into consideration the total expected system cost (TESC), its
standard deviation (SD), and the total computational time, as shown in Table 1.
Simulations take place on an Intel Core i7-5500U CPU @ 2.4 GHz with 16 GB
memory.

We can see in Table 1 that the TESC decreases considerably from the 6 to 12
scenarios, and from 12 to 24. On the other hand, the cost reduction from the 24 to
48 scenarios is smaller. The standard deviation of the TESC increases somehow
from the 6 to 12 scenarios, but it remains relatively constant in the rest scenario
cases. Finally, one may notice that the computational time needed to obtain the
optimal solution is increased around 100% in both cases, from the 12 to 24 and from
24 to 48 scenarios. Considering all the information above, the case of 24 scenarios
provides a favorable trade-off between a satisfactory scenario representation and a

Figure 2.
The 365 original profiles for (a) PV production, and (b) electric load demand.

Numb of scenarios 6 scen. 12 scen. 24 scen. 48 scen.

TESC ($) 26.06 20.07 16.68 15.64

SD ($) 23.22 24.33 24.35 24.45

Elapsed time (s) 0.09 0.11 0.23 0.42

Table 1.
Parameters related with the number of scenarios.
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computationally tractable problem. One should also note that the constructed sce-
narios are not equiprobable, but probability weighted. The 24 scenarios for PV
generation and load demand are illustrated in Figure 3.

For the deterministic approach, we used the average yearly profiles (obtained
from the original datasets in Figure 2) for both PV production and the electric load
demand. These profiles are illustrated in Figure 4.

2.2 EVs driving schedule

When connected to the microgrid, the charging and discharging behaviors of the
EVs make them considered as either power supplies (when discharging) or power
loads (when charging). Here, the EVs selected for the fleet are used for work-
related trips and it is also assumed that the mobility behavior with the EVs remains
similar as with conventional vehicles.

In this work, the mobility behavior profiles for a fleet of 30 EVs are generated. In
Belgium, 82% of the population has fixed working hours and shifts [7]. Usual
working hours are considered from 8 am to 6 pm but they are not binding. The
arrival time distribution is fitted in the form of chi-square distribution [8] with its

probability density function given by: f tarr,ið Þ ¼ t υ�2ð Þ=2
arr,i ne�tarr,i=2

2υ=2 Γ υ=2ð Þ where Γ �ð Þ is defined as

Γ að Þ ¼ Ð∞0 ta�1e�1dt, a>0 with υ ¼ 4 degrees of freedom [9], and tarr,i is the arrival
time for the i-th EV. The detention time of the EVs connected to the microgrid
conforms to the normal distribution with a mean of 8 hours and a variance equal to
4 hours N 8, 22

� �
assuming that the working time of most people is 8 hours. The

initial state-of-energy of the EVs is decided by applying the uniform distribution
with values between 0.3 and 0.8. One should also note that for the numerical

Figure 3.
The 24 representative scenarios for (a) PV production, and (b) electric load demand.
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evaluation in the Results section, we used deterministic realizations of all the
uncertain characteristics of the EVs (arrival, stay duration, initial state-of-energy).

2.3 Simplified thermal model

To simulate the thermal performance of a building, engineers developed, among
other tools, the thermal network method. Thermal networks have been used to
study the internal mass effects [10], appliances, indoor air temperature and heating
load [11] for different buildings. In addition, they represent a comprehensible idea
about the heat transfer phenomena in buildings with a simple systematic formula-
tion of the problem. In the thermal network method, the whole mass of the system
is accumulated in finite number of nodes, which are connected to thermal capaci-
tances. The heat transfer between two nodes occurs through thermal resistances. It
has been shown, that the functionality of control systems can be improved by the
implementation of the thermal network method and the system identification
approach [12].

System identification is an approach to construct mathematical models of
dynamic systems by means of measurements of the system’s input and output
signals. The system identification needs the measured input and output signals from
the system, a model structure, and an estimation method to estimate values for the
adjustable parameters in the selected model structure. In a dynamic system, the
output signal depends on both the instantaneous values of its input signals and on
the initial conditions. In fact, a model is a mathematical relationship between a
system’s input and output variables. Differential or difference equations, transfer
functions, and state-space equations are common methods to describe a dynamic
system. The RC model method describes the system with ordinary differential
equations that can be easily represented with the state space method.

Figure 4.
The average yearly profiles for (a) PV production, and (b) electric load demand.
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Obtaining a good model of the system depends on how well the measured data
reflects the behavior of the system. For this purpose, the measured data must
capture the dynamics of the system. It is necessary to measure the right variables
with enough accuracy and duration to capture the dynamics of interest. In general,
to supply an appropriate dataset, the following inputs that excite the system
dynamics are important: data duration to capture the important time constants, a
detailed analysis of signal-to-noise ratio, and finally measuring the outputs at
appropriate sampling intervals [13].

The use of the RC model method provides the structure of the model, but not the
numerical values of its parameters. Afterwards, it is possible to represent the system
with a state-space model and estimate the values of its parameters from the data.
This approach is known as gray-box modeling. The system identification approach
refers to methods and algorithms that estimate the model parameters by minimiz-
ing the error function (cost function – the mean square error), as shown below
between the model output and the measured data.

V θð Þ ¼ 1
L

XL

t¼1
eT θ, tð Þe θ, tð Þ, (1)

where L is the number of data samples, e θ, tð Þis a given error vector at time t and
parametrized with θ. Then, parameters are obtainable with minimizing V θð Þ with
respect to the parameter vector θ. After the model is estimated, quality metrics
represent the quality of identified models.

NRMSE ¼ 100� 1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ymeasured � ymodel

� �2q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ymeasured � �ymeasured

� �2q

0
B@

1
CA: (2)

The MATLAB® system identification toolbox is used in this work to minimize
the cost function of Eq. 2 and to estimate the model parameters. MATLAB uses
various minimization algorithms to perform the optimization. In our case, the ‘auto’
algorithm is used for the search method to minimize the cost function and to
estimate model parameters, as it determines the optimized trajectory among differ-
ent techniques at each iteration.

The simplified thermal model presented in [14] is used in this study to obtain the
thermal load for the university building. The building is simulated using TRNSYS
software utilizing weather data from the Uccle meteonorm file (Belgium). It has a
heavy structured envelope and the buildings material properties are presented in
[14]. Here a 4R2C model is proposed and used to simulate the thermal performance
of the building. The corresponding proposed thermal network is represented in
Figure 5.

Figure 5.
The proposed thermal network.
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To determine the parameters in the thermal network, the system identification
approach has been used. Data from TRNSYS have been used as the information
matrix for the model to be trained. To identify the model’s parameters, the Matlab
system identification toolbox is utilized. The information matrix contains one-
month data. The model identification determines the values of each resistance and
capacitance to achieve the highest fitness between the thermal network and the
information matrix. Then, the identified model can predict the thermal perfor-
mance of the building for a predetermined period of days.

To formulate a daily thermal load profile, so as it can be used by the EMS for its
24-hours scheduling horizon, the average heating load of the predicted working
days is calculated. The calculated thermal load offers a temperature approximately
around 22°C during working hours (from 9 am to 6 pm). The daily thermal load
prediction is illustrated in Figure 6.

The thermal load is low during the night and the early morning hours and starts
increasing around 8 am. This is necessary, so as the targeted thermal comfort level
to be achieved in the office building during the working hours. The thermal load is
covered by CHP’s thermal production.

3. Mathematical formulation

Themathematical formulation of the EMS is presented in this Section. The objective
function whichminimizes the total expected system cost is given by Eq. (3) below:

MinimizeΞX
t,ω

πω pgrid,int,ω ε
buy
t þ pCHP,tot

t,ω εgas � pgrid,outt,ω εsellt

� �
þ
X
i, t,ω

πω pEV,chi,t,ω þ pEV,disi,t,ω

� �
CEV,deg

þ
X
t,ω

πω pPV,gridt,ω λPV þ pESS,gridt,ω λESS þ pCHP,grid
t,ω λCHP þ

X
i

pEV,gridi,t,ω λEV

 !
,

(3)

where Ξ is the set that contains all the decision variables of the problem. The
time horizon is 24 hours. One should notice that since the considered time step is

Figure 6.
Daily thermal load prediction.
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one hour, power and energy values coincide. This is a mixed integer linear optimi-
zation problem (MILP).

The expected cost function (3) is a probability-weighted mean of all the scenar-

ios considered. It minimizes the power requested from the grid pgrid,in
t,ω at price εbuyt

and the total power pCHP,tot
t,ω for the CHP at a gas price equal to εgas. On the other

hand, it maximizes the energy sold back to the grid pgrid,out
t,ω at price εsellt , by those

microgrid components that are able to generate energy (PV, ESS, EVs, and CHP).
Parameter πω expresses the discrete probability assigned to each scenario ω. The
second term and the third term of Eq. (3) are penalty factors. Specifically, the
second term applies a small cost CEV,deg, every time an EV charges pEV,ch

i,t,ω or

discharges pEV,dis
i,t,ω . This is to ensure that no unnecessary EV charges/discharges take

place and to prevent EVs’ battery degradation. The penalty is normalized for every
kWh of battery charging/discharging and it does not depend on how frequently the
EVs charge or discharge.

Finally, the third term of Eq. (3) introduces a prioritization mechanism in the form
of a penalty factor. Parameters λPV, λESS, λCHP, and λEV obtain excessively small posi-
tive values, so that the total cost function is not affected. The values of these parame-
ters work as an artificial penalty and are determined by assumptions depending on
which source is preferred by the EMS to give priority to selling the energy back to the
grid. The smaller the relative value of parameter λ for a specific resource, the higher
the priority in the EMS to sell the available energy from this resource first.

3.1 PV modeling

Eq. (4) enables the actual power generated by the PV to be utilized in three

different directions. A portion can be sold directly to the grid pPV,gridt,ω

� �
, another

portion can be used to cover the building’s load needs pPV,build
t,ω

� �
, and the third

option allows PV energy to be stored into the ESS pPV,stored
t,ω

� �
and used at a later

time frame. The sum of all the PV power variables must be less than or equal to the
PV generation PPV,gen

t,ω at every time step t and scenario ω.

pPV,gridt,ω þ pPV,buildt,ω þ pPV,storedt,ω ≤PPV,gen
t,ω ∀t,ω (4)

3.2 ESS modeling

The ESS operation is characterized by Eq. (5)–(10). The actual power provided

by the ESS when discharges can be either sold back to the grid pESS,grid
t,ω

� �
or used to

cover a portion of the building load demand pESS,buildt,ω

� �
. as shown in Eq. (5).

Eqs. (6) and (7) establish the limitations for the charging pESS,ch
t,ω

� �
and discharging

pESS,dis
t,ω

� �
power of the ESS with the assistance of binary variable ξESSt,ω . Constraint

(8) ensures that the total power towards the ESS does not violate its maximum
charging rate. The state-of-energy (soe) for the ESS is expressed by Eq. (9) and
Eq. (10), while Eq. (11) sets the minimum and the maximum allowed limits for the
ESS soe to prevent a deep discharge of the battery.

pESS,gridt,ω þ pESS,buildt,ω ¼ pESS,dist,ω ηESS,dis ∀t,ω (5)
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0≤ pESS,cht,ω ≤ ξESSt,ω Pmax ,ch ∀t,ω (6)

0≤ pESS,dist,ω ≤ 1� ξESSt,ω

� �
Pmax ,dis ∀t,ω (7)

pESS,cht,ω þ pPV,storedt,ω þ pCHP,stored
t,ω ≤Pmax ,ch ∀t,ω (8)

soeESSt,ω ¼ SOEESS,ini þ ηESS,ch pESS,cht,ω þ pPV,storedt,ω þ pCHP,stored
t,ω � pESS,dist,ω ∀ω, t ¼ 1 (9)

soeESSt,ω ¼ soeESSt�1,ω þ ηESS,chnpESS,cht,ω þ pPV,storedt,ω þ pCHP,stored
t,ω � pESS,dist,ω ∀ω, t> 1 (10)

SOEmin ≤ soeESt,ω ≤ SOEmax ∀t,ω (11)

3.3 EVs modeling

The EVs operation is described in Eq. (12)–(18). Eq. (12) ensures that the

discharge power of the EVs is either injected back to the grid pEV,gridi,t,ω

� �
and/or used

to cover a part of the building load demand pEV,buildi,t,ω

� �
. Constraints (13) and (14) set

a limit on the charging pEV,chi,t,ω

� �
and discharging power pEV,disi,t,ω

� �
of the EVs with the

assistance of the binary variable ξEVi,t,ω. For each EV i in every scenario ω, the
available state can be charging, discharging, or remaining in idle state. Eqs. (15)-
(18) refer to the state-of-energy of the EVs. More specifically, Eq. (15) defines the
state-of-energy of the EVs for initial conditions, while Eq. (16) describes the state-
of-energy of each EV for the rest time steps. In Eq. (16), the state-of-energy of the
current time interval for an EV is equal to the previous state plus the energy
deriving from charging the EV battery (if charging) minus the energy that is
subtracted if the EV battery is discharging. The nominal capacity of an EV’s battery
is 24 kWh (Nissan Leaf) and the rated charging power of an individual charger
deployed in the parking lots is 7.68 kW (SAE-J1772, level 2, 208–240 VAC) with a
charging and discharging efficiency of 90% [15]. To avoid EVs’ batteries over-
charge and over-discharge, Eq. (17) limits the batteries’ lowest state-of-energy at
20% of the EVs nominal capacity. Finally, constraint Eq. (18) sets the minimum
state-of-energy for each EV upon its departure time.

pEV,gridi,t,ω þ pEV,buildi,t,ω ¼ pEV,disi,t,ω ηEV,dis ∀i, t∈ Tarr
i ,Tdep

i

h i
,ω (12)

0≤ pEV,chi,t,ω ≤ ξEVi,t,ωP
EV,max ,ch ∀i, t∈ Tarr

i ,Tdep
i

h i
,ω (13)

0≤ pEV,disi,t,ω ≤ 1� ξEVi,t,ω
� �

PEV,max ,dis ∀i, t∈ Tarr
i ,Tdep

i

h i
,ω (14)

soeEVi,t,ω ¼ SOEEV,arr
i þ ηEV,ch pEV,chi,t,ω � pEV,disi,t,ω ∀i, t ¼ Tarr

i ,ω (15)

soeEVi,t,ω ¼ soeEVi,t�1,ω þ ηEV,ch pEV,chi,t,ω � pEV,disi,t,ω ∀i, t∈ Tarr
i ,Tdep

i

� i
,ω (16)

SOEEV,min ≤ soeEVi,t,ω ≤ SOEEV,max ∀i, t∈ Tarr
i ,Tdep

i

h i
,ω (17)

soeEVi,t,ω ≥ SOEEV,dep
i ∀i, t ¼ Tdep

i ,ω (18)

3.4 CHP modeling

The utilization of small-sized CHP turbines is typical for covering thermal load
demand and has been often proposed in literature as a distributed energy resource [16].
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The equations that describe the operation of the CHPmicroturbine are presented in
Eqs. (19)-(24) below.

pCHP,el
t,ω þ pCHP,th

t,ω ¼ pCHP,tot
t,ω ηCHP,ovrl ∀t,ω (19)

pCHP,el
t,ω ¼ pCHP,tot

t,ω ηCHP,el ∀t,ω (20)

pCHP,th
t,ω ¼ pCHP,tot

t,ω ηCHP,th ∀t,ω (21)

PCHP,min ≤ pCHP,tot
t,ω ≤PCHP,max ∀t,ω (22)

pCHP,th
t,ω ≥Pbuild,th

t ∀t,ω (23)

pCHP,el
t,ω ¼ pCHP,grid

t,ω þ pCHP,build
t,ω þ pCHP,ESS

t,ω ∀t,ω (24)

Constraint (19) states that the total power pCHP,tot
t,ω generated by the CHP consists

of its electrical pCHP,el
t,ω

� �
, and its thermal pCHP,th

t,ω

� �
production. Eqs. (20) and (21)

relate the electrical and thermal production of the CHP with their corresponding
efficiencies. Constraint (22) imposes the limits to the CHP’s minimum and maximum
operation state. Eq. (23) ensures that the thermal load demand is met at any time by
the CHP operation, while Eq. (24) describes the possible directions towards the
electrical production of the CHP can be directed. More specifically, Eq. (24) states
that a portion of the electric power produced is used to cover the building’s electrical
load demand, another portion can be stored to the ESS for later exploitation, while an
amount of CHP energy can be directly sold back to the grid. The main criterion based
on which the CHP size has been selected, is its ability to fully cover the thermal load
of the building during the whole day, including the peak time periods.

3.5 Power constraints

The total power injected to the grid is described in Eq. (25). The total power
injected to the grid at time t and for each scenario ω consists of the power provided
by the PV, the ESS, the CHP, and the sum of the power derived from EVs
discharging and intended for the grid. In this work it is assumed that all the
available energy to be injected into the grid can be acquired by the utility serving
company at the time it is produced.

pgrid,injt,ω ¼ pPV,gridt,ω þ pESS,gridt,ω þ pCHP,grid
t,ω þ

X
i

pEV,gridi,t,ω ∀t,ω (25)

The power balance equation is defined in Eq. (26) below.

pgrid,int,ω þ pPV,buildt,ω þ pESS,buildt,ω þ
X
i

pEV,buildi,t,ω þ pCHP,build
t,ω

¼ Pbuild
t,ω þ pESS,cht,ω þ

X
i
pEV,chi,t,ω ∀t,ω (26)

Constraint (26) forces the balance between the input and the output electric
power of the EMS in each time interval. More specifically, it is stated in Eq. (26) that
the total load consisting of the office-building electric load demand, the charging
needs of the ESS and the sum of the charging needs for the EVs is covered by the
power requested from the grid and/or by the combined procurement of power
provided by the PV, the ESS, the sum of discharging power of the EVs, and the CHP.
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Finally, Eq. (27) and Eq. (28) realize the logic of power exchange.

pgrid,int,ω ≤Lξgridt,ω ∀t,ω (27)

pgrid,outt,ω ≤L 1� ξ
grid
t,ω

� �
∀t,ω (28)

When the EMS needs to draw power from the grid, power is not allowed to be
injected into the grid at the same time, and vice versa. The limitations in power
exchange are imposed by parameter L which corresponds to the local line capacity.
To avoid the installation of extra power facility infrastructure for the EMS, the
potential limits of the university-building dedicated medium-voltage to low-voltage
(MV/LV) transformer are used. The apparent power of the transformer is 160 kVA
with MV input 10.5 kV and LV output 400 V. Assuming a whole building’s power
factor of 0.9, the actual (useful) power that can be drawn from the grid at any time
is 144 kW. This constraint can be also time-dependent and be imposed to lower
values, for example, by an aggregator responsible for coordinating multiple
microgrids owning EMS or by the utility company itself responsible for the smooth
operation of electrification in the area.

4. Numerical results and discussion

To examine the effectiveness of the proposed EMS algorithm, the impact of
different case studies on total system cost is evaluated. The proposed EMS frame-
work is a mixed integer linear problem modeled in GAMS v.24.7.1 and solved by the
IBM CPLEX Optimizer v.12.6. The time required to find the optimal solution varies
from a few seconds to several minutes, depending on the model. The optimality gas
has been set at 1.0E-04.

The electric load demand and PV scenarios are given in Section 2.1 along with
the deterministic day-ahead (DA) forecasts. The thermal load demand prediction is
shown in Section 2.3. It should be noted that as the PV generation data came from
actual smart metering measurements, no study regarding the positioning and the
installation of the PV panels was performed.

The bidirectional energy flows between the utility company and the end-user
(the building-microgrid manager in this case) assume the utilization of smart-
metering approach. The day-ahead time-varying price signal which represents the
electricity cost at each time interval t is depicted in Figure 7. A time-varying rate
has also been applied for the energy sold back to the grid. This rate is 20% lower

Figure 7.
Day-ahead electricity price forecast.
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than the aforementioned time-varying price signal, based on the assumption that
the utility company would not buy energy at a more expensive rate than it would
sell it. In this study, no other incentive-based scheme (e.g., selling green certificates
for renewables) apart from the utility company price signal is applied.

The ESS consists of a battery group with a total capacity of 80 kWh. The
maximum charging/discharging rate is 40 kW with corresponding power electron-
ics efficiency of 0.88. The minimum allowed state-of-energy of the ESS has been set
to 10 kWh (12.5% of max ESS capacity) to prevent deep battery discharging. The
initial state-of-energy of the ESS is 40kWh.

The thermal efficiency ηCHP,th
� �

of the CHP microturbine is 0.51 and the electric
efficiency ηCHP,el

� �
0.36 resulting in an overall efficiency ηCHP,ovrl

� �
of 0.87. The

overall efficiency of the CHP is kept constant regardless its load for sake of sim-
plicity. The rated power of the CHP is 150 kW, and to avoid start-up costs, a
minimum state of 10 kW has been set for the CHP operation.

As mentioned earlier, a bidirectional energy flow concept for EVs and their
potential V2B and V2G capabilities could significantly reshape the current percep-
tion of power systems. The first step is their integration into the smart grid (or
microgrid). The EVs are equipped with constantly bigger battery capacities
increasing thus their potential contribution as DERs. The EVs could either be
granted to (University’s or a company’s) personnel for commuting purposes under
the form of a third-party contract and/or they could be privately owned. In both
cases, it would make sense to assume that the EV users would be willing to allow the
building-microgrid operators to use their batteries’ capacity but they would not
prefer to have a lower state-of-energy upon departure compared to their arrival. In
addition, in the case of self-owned EVs, possible monetary benefits for the EV
owners may be needed for motivating them to opt-in the EMS scheme.

In our base case study, the first business model is considered, namely the EVs are
provided to the personnel and, in exchange, the EVs’ users have to participate in the
EMS framework. It is considered here that the final state-of-energy of the EVs
should be at least equal to their initial one. We have also considered
λPV < λESS < λCHP < λEV assigning a higher priority to the energy coming from PV to
be sold to the grid, afterwards the energy from ESS, then the energy from CHP, and
finally the energy from the EVs. The reason that the lowest priority has been
assigned to EVs is to have as few charging/discharging cycles for the EVs as possible
to prevent battery degradation.

First, we consider the total system cost (TSC), as shown in Table 2.
The first case corresponds to an operation of the microgrid without the presence

of an EMS and thus, no optimization takes place. That is, the loads cannot be shifted
and are always met. In addition, as the EVs should depart at least having the same
battery state of energy as the one they had when arrived, charging/discharging of
the EVs are not activated. The ESS operation is also omitted, as its charging /
discharging cannot be coordinated due to the absence of an EMS. Finally, when

Case Description Total system cost

1 No EMS in operation (average of all historical data) 59.47

2 With EMS in operation (average of all historical data) 13.51

3 Expected mean of all 24 scenarios 16.68

4 Most probable scenario of the 24 (prob. 9.3%) 58.11

Table 2.
Total system cost across all case [$].
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there is a net energy consumption at time t, electricity is bought at price εbuyt , while
when there is a net supply of energy to the grid, it is sold at price εsellt . The second
case corresponds to the minimization of the total system cost for one day of
microgrid operation. The annual average values of the PV and electricity load
historical data have been considered, among others, as input parameters. The third
case minimizes the expected mean cost considering the 24 PV and electricity load
probability-weighted scenarios, as these are determined in Section 2.1. A cost
distribution for all scenarios considered in case 3 is shown in Figure 8. Finally, the
fourth case minimizes the total system cost for the microgrid considering the most
probable scenario (scenario 23 out of the 24). It should be noted that all cases apart
from case 1 assume the presence of an EMS in microgrid’s operation.

The importance of considering an EMS in microgrid’s operation is depicted in
the TSC results across all cases, as shown in Table 2. First, the total system cost of
case 1, where no EMS is assumed, is 340% higher compared to case 2, where an EMS
is present coordinating the microgrid operation (from $13.51 to $59.47). The
expected TSC for case 3 is 23% higher compared to case 2 due to the impact of some
extreme scenarios on the final result. Moreover, the total cost distribution across all
the different scenarios (Figure 8) implies that the final total system payoff for the
majority of the scenarios is positive in terms of cost (a positive value declares a cost,
while a negative one declares a profit). Finally, one may notice that the TSC for the
most probable scenario, as seen in case 4, is much higher compared to the other two
cases (case 2 and 3) in which an EMS is also present on microgrid’s operation. The
reason is that for this particular scenario, the PV generation and the building load
demand are very different compared to the corresponding annual average values, as
these are considered for case 2 (Figure 4). More specifically, the projected PV
generation in the most probable scenario is much lower than the yearly average, as
presented in case 2. On the contrary, the building load demand is higher than the
average. Therefore, the results presented in this Section should be interpreted
taking this context into account.

To analyze a few more aspects of the optimization results and examine the
individual scheduling of each DER, as it is decided by the EMS, we compare the
microgrid’s operation under two different case studies: case 2, which from now on

Figure 8.
Total system cost distribution for the 24 scenarios.
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will be referred to as simply the deterministic case, and case 4, which will be
referred to as the most probable scenario. (Figure 9).

Figure 10 presents the total power requested by the EMS from the grid and
injected back to it for the deterministic approach and the most probable scenario.

There are many observations one might make regarding Figure 10. First, notice
that the power requested from the grid is zero during the whole 24-hour time
horizon for the deterministic approach. This implies that the microgrid can fully
cover its electric load demand using its own distributed energy resources. In addi-
tion, it is able to inject a great portion of its produced energy back to the grid. From
1 pm to 4 pm though, the microgrid neither requests nor injects power back to the
grid. This means that the produced energy is entirely used to cover the local
microgrid load demand.

On the other hand, we can see that during the most probable scenario, the
microgrid draws power from the grid from around 9 am to 5 pm which indicates
that the microgrid’s distributed energy resources cannot fully cover the load
demand during that period. This is mostly due to the limited daily PV production
assumed in this scenario in combination with a higher than average electric load
demand. In addition, one may notice that the total power injected back to the grid is
much lower in the most probable scenario.

To better understand how EMS coordinates the operation of the microgrid’s
components, Figure 11 presents the decomposition of the total power injected to the
grid for the involved DERs (PV, ESS, CHP, and EVs).

In both the deterministic and the most probable scenario, CHP is the DER that
injects most of the power back to the grid. We can see that in the deterministic case
PV also contributes, especially during the noon hours. The ESS is more active in the
case of the most probable scenario, while one might notice that the EVs are not used
at all as a potential source for energy to be injected to the grid. This happens mainly
due to the lowest prioritization factor EVs have for selling energy back to the grid as

Figure 9.
Most probable scenario for (a) PV production, and (b) electric load demand.
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described earlier, but also due to the penalty that has been set to prevent EVs
battery degradation. Finally, we can observe that in both the deterministic and the
most probable scenario, the EMS tries to inject most of the power back to the grid

Figure 10.
Power requested from and injected to the grid for the most probable scenario and the deterministic approach.

Figure 11.
Decomposition of power injected to the grid for the (a) deterministic approach, and (b) the most probable
scenario.
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during the peaks of electricity price (around 7 am and 6 pm as shown in Figure 7) to
maximize the reward.

Figure 12 shows the decomposition of the projected PV generation for the
deterministic approach and the most probable scenario.

In the deterministic case study, PV production is mostly sold to the grid (early
and noon hours) or stored in the ESS for future exploitation (afternoon hours).
Only a small portion at 1 pm is used to cover the building’s load demand. On the
contrary, in the most probable scenario, all the produced PV energy is used to meet
the building’s load demand.

Figure 13 shows how the electric power produced by the CHP is divided among
the grid, the ESS, and the local building load. Like the PV, most of the CHP electric
production in the most probable scenario is used to cover the building’s load.
Moreover, we can see that the EMS tries to inject most of the CHP’s produced
energy back to the grid, during the electricity price peak hours. Finally, in both
cases a smaller amount of the CHP’s produced energy is stored in the ESS for future
implementation. The thermal load demand parameter Pbuild,th

t is not an uncertainty-
related parameter and thus, remains the same in each scenario. The thermal load
demand is met by variable pCHP,th

t,ω , as stated in Eq. (23).
Storage is an important distributed energy resource for the system. As stated in

Eqs. (9)-(10), the ESS can either be charged from the grid, the PV, and the CHP.
When discharging, its energy can be either injected into the grid and/or cover a
portion in building’s load demand. Figure 14 shows the decomposition of the ESS
available energy for the deterministic approach, as well as for the most probable
scenario.

Figure 14 can be better analyzed taking into account Figure 15, which demon-
strates the evolution of the ESS state of energy for the two aforementioned case
studies.

We can see that in both deterministic and most probable scenario cases, the ESS
is mainly active during two distinct period of times, in the morning (between 7 am
and 8 am), and in the afternoon (between 5 pm and 7 pm). There are two main

Figure 12.
Decomposition of PV production for the (a) deterministic approach, and (b) the most probable scenario.
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observations one may make regarding the ESS operation. First, the ESS uses two
discharge cycles in the deterministic approach, while it only discharges once in the
most probable scenario. The relatively high PV generation considered in the deter-
ministic scenario is responsible for this second cycle of charge/discharge. Looking at
Figure 12, we notice that PV production during the afternoon hours is mostly
directed to the ESS. Second, the ESS covers mainly the building’s load demand in the
deterministic case, while in the most probable scenario the ESS injects most of its
energy back to the grid.

Figure 13.
Decomposition of CHP electric produced power for the (a) deterministic approach, and (b) the most probable
scenario.

Figure 14.
Decomposition of ESS provided power for the (a) deterministic approach, and (b) the most probable scenario.

142

Smart Cities - Their Framework and Applications



EVs constitute the third available DER in the microgrid but contrary to the rest
DERs (PV, ESS, and CHP), they are not actively involved in microgrid’s energy
exchange. The EVs battery degradation cost on the one hand, and the lowest energy
prioritization factor that has been assigned to them on the other hand, do not make
the an attractive alternative power source for the EMS (in terms of cost). Never-
theless, the EVs can always be used as a back-up ancillary power source in case of an
emergency situation.

5. Sensitivity analysis

Sensitivity analysis is used to study the robustness of the solution to a linear
programming model. If there is cause for concern regarding the accuracy of the data
used, sensitivity analysis is undertaken to determine the way the solution might
change if the data were different. When the solution does not change (or when the
nature of the solution does not change, as when the basis remains optimal), one may
assume that the proposed solution is appropriate.

Dual variables, also known as shadow prices, are of great interest in the solution
of a linear optimization problem. A dual variable is reported for each constraint.
The dual variable is only positive when a constraint is binding. The dual price can be
defined as “the improvement in the objective function value if the constraint is relaxed by
one unit”. In the case of a less-than-or-equal constraint, such as a resource con-
straint, the dual variable gives the value of having one more unit of the resource
represented by that constraint. In the case of a greater-than-or-equal constraint,
such as a minimum production level constraint, the dual variable gives the cost of
meeting the last unit of the minimum production target. The units of the dual prices
are the units of the objective function divided by the units of the constraint. To
obtain the values of the dual variables, we first solve the MILP to find the optimal
allocation. Next, we remove the integrality constraints and insert equality con-
straints that force the integer variables to assume their optimal values in the
resulting linear program [17].

The following example presents how the dual variable of a constraint can be
used for the sensitivity analysis. Figure 16 shows the dual prices of constraint
Eq. (4) for the 24 hours of the daily time horizon. One should recall that this is a

Figure 15.
State of energy for the ESS for the (a) deterministic approach, and (b) the most probable scenario.
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resource constraint, and specifically it bounds the actual power generated by the PV
to be less-than-or-equal-to the maximum PV generation, as this is defined by
parameter PPV,gen

t . Also note that this example refers to the EMS operation of case 2,
as presented in Table 2.

This value implies the sensitivity of the system cost with respect to the actual PV
power utilized by the system. Note that the positive value for this dual variable
means that the total system cost decreases with the additional availability of PV
power. More specifically, it indicates the decrease in the total system cost that
corresponds to the increase of the available PV generation by 1 kWh. The fact that
the value of the dual variable is positive during the whole day implies that addi-
tional PV potential has always positive impact on the total system cost, regardless
the time of the day. However, one might also notice that there some time periods
(7 am, from 5 pm to 9 pm), where the extra PV power would be more beneficial for
the system compared to the rest time periods. In a similar way, one could evaluate
the impact of the relaxation of the rest important resources to the total system cost.

6. Conclusion and future work

The transition to the new “smart” era requires the utilization of smart technol-
ogy through comprehensive and efficient energy management functions. We pro-
pose in this study, a two-way communication energy management framework for a
microgrid in a university campus including local renewable energy sources, a stor-
age system, a combined heat and power small turbine, and a fleet of EVs used for
work-related trips. Two-way energy exchange is allowed using net metering tech-
nology. The developed MILP framework incorporates an optimizer which decides
the power exchange among the DER components of the microgrid and the grid,
exploiting the V2B and V2G capabilities of the distributed energy resources. It also
provides a specific level of thermal comfort to the building’s occupants by meeting
the predicted heating load. The formulation of an EMS model which takes into
account the PV and load variability is very important if we want to consider
the impact of planning for one scenario, and having another scenario occurs.

Figure 16.
Value of sensitivity factor: Dual variable corresponding to the upper bound of constraint (4) [$/kWh].
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To overcome this challenge, actual smart metering data for a period of one year
have been used to construct a number of potential scenarios. The PV and load
demand data are classified using a scenario construction technique, leading to the
formulation of 24 different PV and electric load scenarios, each one represented by
a designated probability. The importance of considering an EMS in microgrid’s
operation is depicted in the total system cost across all cases. Results confirm that
the EMS substantially decreases the total system cost by optimally coordinating and
scheduling the microgrid operation. An additional significant remark is that the
majority of the total daily system’s cost is due to the natural gas expenses required
for the operation of the CHP microturbine. Finally, we compare the optimal sched-
uling of the microgrid’s DERs under the deterministic case and the most probable
scenario. The most probable scenario assumes a lower PV production and a higher
building electric load demand than the average values considered in the determin-
istic case, resulting in a substantially different energy scheduling for the DERs. It is
worth noting that under the deterministic approach and the current design, the
microgrid seems to be self-sufficient in terms of covering its energy demand.
However, this is not the case under the most probable scenario approach, where the
microgrid relies also on grid energy to meet its load demand, on top of the energy
production of its own DERs. Suggestions for future work include the introduction
of additional stochasticity parameters (e.g., electricity price) and the integration of
power flow constraints into the optimization problem.
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Chapter 9

Cognitive Dynamic System for AC
State Estimation and Cyber-Attack
Detection in Smart Grid
Mohammad Irshaad Oozeer and Simon Haykin

Abstract

The work presented in this chapter is an extension of our previous research of
bringing together the Cognitive Dynamic System (CDS) and the Smart Grid (SG)
by focusing on AC state estimation and Cyber-Attack detection. Under the AC
power flow model, state estimation is complex and computationally expensive as it
relies on iterative procedures. On the other hand, the False Data Injection (FDI)
attacks are a new category of cyber-attacks targeting the SG that can bypass the
current bad data detection techniques in the SG. Due to the complexity of the
nonlinear system involved, the amount of published works on AC based FDI attacks
have been fewer compared to their DC counterpart. Here, we will demonstrate how
the entropic state, which is the objective function of the CDS, can be used as a
metric to monitor the grid’s health and detect FDI attacks. The CDS, acting as the
supervisor of the system, improves the entropic state on a cycle to cycle basis by
dynamically optimizing the state estimation process through the reconfiguration of
the weights of the sensors in the network. In order to showcase performance of this
new structure, computer simulations are carried out on the IEEE 14-bus system for
optimal state estimation and FDI attack detection.

Keywords: false data injection, cognitive dynamic systems, cognitive control,
AC state estimation, smart grid

1. Introduction

The Cognitive Dynamic System (CDS) is an organized physical model and
research tool that is based on certain features of the brain. Following its first
introduction in [1], it was later expanded in [2] leading to its first applications in
cognitive radio [3] and cognitive radar [4]. Since then, CDS has progressed enor-
mously to give rise to Cognitive Control (CC) [5] and Cognitive Risk Control (CRC)
[6] as two of its particular functions. Using those principles, the CDS was first
merged in [7] with the Smart Grid (SG) to form a new structure, based on the DC
state estimation model, that shows tremendous potential for handling the possible
problems that the SG will be facing in the near future. Furthermore, in [8], the
construct presented in [7] was expanded to include a more complex CRC that is
closer to the brain. In that paper, it was proven how this new approach can to be
used to mitigate the problem of cyber-attack in the SG. From a neuroscience per-
spective, the CDS is founded on Fuster’s paradigm of cognition comprising of the
following five principles: perception-action cycle (PAC), memory, attention,
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intelligence and language [9]. In its simplest form, the CDS is built on two main
components: the perceptor, on one side, and the executive on the other with the
feedback channel uniting them together. In [7], it was shown that the integration of
the over-arching function of CDS, CC, with the SG, is well adapted for slowly
progressing cyber-physical systems. In this chapter, the construct presented in [7],
where the DC-estimation model was involved, will be re-engineered to be able to
carry out AC state estimation optimally and also be able to detect cyber-attacks. In
order to do so, the perceptor of the CDS will incorporate a generative model that
will allow it to sense and control the environment indirectly. Moreover, in order to
bring forward the cognitive ability of the CDS and make it compatible with the
current nonlinear state estimation in SG, the steps involved in the state estimation
process will be re-engineered in a novel way. It will also be shown how the entropic
state, which is the objective function of the CDS, will be instrumental in
implementing a control-sensing mechanism that is capable of identifying and han-
dling bad measurements. We will also show how this entropic state serves as the
basis for detecting False Data Injection attacks (FDI) in SG.

1.1 Smart grid

The next generation of engineering systems consisting of the Internet of Things
(IoT) and Cyber-physical systems (CPSs) are currently paving the way towards the
fourth industrial revolution [10]. As those systems are gradually occupying a more
prominent role in our daily lives, through applications in critical infrastructures
such as electrical power grids or transportation systems, the cyber-security aspects
of those systems will also grow in importance [11]. In the context of this chapter,
emphasis will be laid upon the SG and its most dangerous threat known as False
Data Injection (FDI) attacks. More specifically, compared to our previous research
where the DC model for state estimation was investigated [7], focus will be laid
upon on the AC model, which is more a realistic representation of the smart grid,
and the introduction the CDS for a new way of control and FDI attack detection.

Making use of all the new generation of sensing, monitoring and control strate-
gies, the SG is forecasted to be a more powerful entity than the traditional power
grid in many facets such as reliability and efficiency [12, 13]. In the SG, the Super-
visory Control and Data Acquisition systems (SCADA) is responsible for monitor-
ing and processing the main control actions by collecting meter measurements from
remote terminal units (RTUs) consisting of different field devices or sensors.
Through a process known as state estimation, those measurements are then
processed and analyzed for errors and inconsistencies after being transmitted to a
control center [14, 15]. The state variables that are calculated by this process usually
consist of the voltage magnitudes and angles of the different busses in the system
[16]. The measurements used for state estimation are the currents, real and reactive
power flows, power injections and voltage magnitudes and angles. In the DC model,
the state variables are the bus angles only while in the more complex AC model, the
voltage magnitudes and angles of the different busses in the network are estimated.
Weighted Least Squares (WLS), introduced by Schweppe [14], is the technique
used for the power system state estimation using those measurements. In order to
enhance the accuracy of the estimated states, another process, known as Bad Data
Identification, is carried out to remove bad measurements. Bad measurements are
erroneous measurement readings that will impact state estimation negatively. The
most commonly applied bad data identification techniques are the Chi-Squared
Tests and Largest Normalized Residual Test [15, 17]. Those statistical tests rely on
the residuals between the estimated states and the measurement residuals to iden-
tify the bad data. In the case of an FDI attack, bad data, which can bypass the

150

Smart Cities - Their Framework and Applications



previously mentioned tests, is introduced into the system such that the estimated
states can be modified stealthily. Those bad data are maliciously crafted offsets to
measurements that are injected to the sensor readings so as the state estimation
process is influenced in a particular way. Consequently, with the incorrect calcu-
lated states, bad control decisions will be applied.

Although FDI attacks have been a popular topic of research over the past years
[18], most of the works, e.g., in [10–13, 19], investigated the FDI attacks on the DC
model. Few works have been published on the AC model and those attacks [18, 20,
21]. Nevertheless, the DC model is just a simplified representation of the nonlinear
AC state estimation model. There are major differences between the two models
that could explain why the AC model has been unpopular. Firstly, in the nonlinear
state estimation model, the estimated states are obtained after undergoing itera-
tions, while in the DC model, those states are obtained in closed-form. Moreover,
the linear state estimation relies on active power flow analysis [16, 22, 23]. On the
other hand, the AC model uses both active and reactive power flow analysis. Fur-
thermore, the state variables in the DC model consist of the voltage angles only
while the states in the AC model consist of both the voltage angles and magnitudes.
Consequently, these differences raise the complexity and computational expense of
nonlinear state estimation as a topic of research when it comes to FDI attacks [24].
In fact, DC based FDI attacks can be detected by AC-based data detection tech-
niques [20]. Hence, since the AC model is commonly applied in power systems,
finding a way to detect these attacks and mitigating them under that environment is
going to be very important for the coming years.

1.2 Contribution and organization

The main contributions of this chapter can be summarized as follows:

i. The architectural architecture of the CDS, tailored for AC state estimation
and FDI attack detection in the SG, is presented. Compared to our earlier
work in [7], which was based on the DC model, we will show how that
construct can re-engineered with the goal of nonlinear state estimation and
computational efficiency in mind. Consequently, it will be shown how the
CDS allows for optimal state estimation with relatively less computations,
using the principles of cognition rooted in the brain.

ii. To expand on our previous research, the entropic state will be re-
introduced for two purposes namely; (1) it serves as a metric of the grid’s
health on a cycle to cycle basis and (2) it is used in the detection of FDI
attacks. The optimization of the entropic state is the goal of the cognitive
controller residing in the executive of the CDS. The latter does this by
selecting the most optimal actions that will maximize the available
information from one PAC to the next. Simulations are performed on the
IEEE 14-bus network to show the efficiency of this new approach using the
CDS. By learning which measurements to prioritize and which ones to
neglect, the CDS showcases a new way of control for bad data correction
and FDI attack detection with the SG being the topic of application.

The rest of this chapter is organized as follows: In Section 2, the basic concepts of
state estimation and data detection for the AC model will be presented and
contrasted. The mathematics of FDI attacks for this model will also be demon-
strated. Section 3 expands on the structure of the CDS for the SG. Since this research
is an extension of [7], the material presented in that paper will be re-engineered for
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this new application. In the context of the CDS, the SG is considered as the envi-
ronment with which it interacts. Section 4 gives a discussion on the application and
simulation results of this approach on the IEEE 14-bus network. It will be shown
how this new structure is able to handle the two problems of bad data detection and
FDI attack detection simultaneously. Finally, Section 5 concludes this paper by
highlighting the key results and presenting new avenues of research for this novel
construct.

2. Preliminaries

2.1 Weighted least squares state estimation

In order for the Energy Management System (EMS) to operate properly, it is
important for the SCADA to provide the latter with the required measurement data
so that correct control decisions can be applied in real-time. However, as those
signals are often contaminated with noise, filtering is carried out by both the state
estimator and the bad data detector to obtain the most accurate states. However,
since power systems comprise of an overdetermined system whereby redundant
measurements are taken, the filtering process allows the discarding of those erro-
neous measurements that will be detrimental for state estimation.

2.2 AC model

The states of a power system refer to the bus voltages angle θ and bus voltage
magnitudes V. In the case of the DCmodel, the states are restricted to the bus angles
only and the measurements consist of the real power flows and injections. Addi-
tionally, it is assumed that prior knowledge relating to the bus magnitudes is avail-
able and those are taken to be close to unity. After choosing a reference bus and
setting it to zero radians, state estimation in the linear system is simplified to only
estimating the n bus voltage angles θ1, θ2, … , θn½ �T. The DC power flow model has
been a popular research tool for power engineers and smart grid cyber-security
researchers as it serves as a linearization and approximation of the AC power flow
model [14, 25–27]. In fact, this substitution to the AC model has been widely
accepted for reasons such as guaranteed faster convergence and reduced algorith-
mic complexities [28].

In the AC model, the nonlinear power flow equations are fundamental for state
estimation since they indicate the link between the measurements and the esti-
mated states. In this model, the active and reactive power for the transmission line
between busses k and m are given by

Pkm ¼ V2
kgkm � VkVmgkm cos θkmð Þ � VkVmbkm sin θkmð Þ (1)

Qkm ¼ �V2
kbkm þ VkVmbkm cos θkmð Þ � VkVmgkm sin θkmð Þ (2)

Additionally, for each bus k, it is calculated using the following equations:

Pk ¼ Vk

X
m∈ Sk

Vm �gkm cos θkmð Þ � bkm sin θkmð Þ� �þ V2
k

X
m∈ Sk

gkm (3)

Qk ¼ Vk

X
m∈ Sk

Vm �gkm sin θkmð Þ � bkm cos θkmð Þ� �� V2
k

X
m∈ Sk

bkm (4)

152

Smart Cities - Their Framework and Applications



where Sk ⊂ S is the set of all busses that have lines connected to bus k and gkm and
bkm are the conductance and susceptance of the line between busses k and m
respectively. θkm denotes and the phase angle difference between bus k and bus m.
In AC power flow estimation, the nonlinear relationship between the state variables
and the measurements is described as follows:

z ¼ h xð Þ þ e (5)

where

• x is the n vector of the true states (voltage magnitudes and angles)

• z is the m vector of measurements (active and reactive power flows, active and
reactive power injections, voltage magnitudes and angles)

• h is the m x n Jacobian matrix (relates measurements to states)

• h(x) is the m vector of nonlinear function linking measurements to states

• e is the m vector of measurement errors

• m is the number of measurements

• n is the number of variables

H in (5), also known as the Jacobian matrix, is a matrix that defines the
theoretical calculations that relates the states to the measurement vector z and
therefore serves as a mathematical description of the power system. These equa-
tions are also referred to as the power flow equations and are described as vectors
inside H. While in the DC model, those entries consists of a set of linear functions
of the state variables, those functions are nonlinear as far as the AC model is
concerned. The determination of the state variables is done according to the
following criteria:

min J xð Þ ¼ z� h xð Þð Þ0W z� h xð Þð Þ0 (6)

W in (6), is a diagonal matrix that contains the measurement weights. These are
based on the reciprocals of the measurement error variance σ:

W ¼ R�1
z ¼

σ�2
1 … … …

… σ�2
2 … …

⋮ ⋮ ⋱ ⋮

… … … σ�2
m

2
66664

3
77775

(7)

where Rz is the covariance matrix of the measurement. The performance index J
(X) is then differentiated to obtain the first order optimal conditions which can be
solved using iterative methods, such as Honest Gauss Newton method, Dishonest
Gauss Newton method and Fast Decoupled State Estimator [23]. The first order
optimality condition of (6) to be solved is then expressed as:

∂J xð Þ
∂x x¼x̂j ¼ �2FT

h x̂ð ÞW z� h x̂ð Þð Þ0 ¼ 0 (8)
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where Fh is the Jacobian matrix derived from h xð Þ and the x̂ is the estimated
state vector. In the case of the CDS, the state estimation process is modified slightly
in order to remain compatible with the planning stages in the executive, which will
be discussed later. Therefore, for the first ts cycles, state estimation proceeds similar
to the iterative procedures mentioned previously. As from ts, the preceding calcu-
lated state of the AC state estimator, xk�1, is used as the initial guess for the current
cycle with any of those iterative techniques. Moreover, the number of iterations is
also limited to Ns iterations to save on computational resources.

2.3 Bad data detection

During the state estimation process, faulty measurements have to be detected
and identified to be removed as they lead to erroneous calculated states. However,
the statistical properties of these errors simplify their detection and identification.
In order to determine those errors, the estimated measurements, ẑ, are first
calculated from (5) using the following equation for the AC case:

ẑ ¼ h x̂ð Þ (9)

The individual estimated measurement error is then obtained using:

ê j ¼ z j � ẑ j
� �

(10)

As these errors follow a zero mean Gaussian distribution [16], techniques such as
the Chi-Squares test and normalized residual have been the most common ones
applied for their detection [27]. When Chi-squares test is applied, it is assumed that
the state variables are mutually independent from each other and the errors follow a
normal distribution. The test involves a number of iterative steps that depend on
the number of degrees of freedom of the system, sum of squares f̂ and a critical
value corresponding to α satisfying the inequality:

f̂ < χ2k,αð Þ (11)

where k is the appropriate number of degrees of freedom and α is a specified
probability. Thus, f̂ will be large when a large number of bad measurements are
present. However, since k is large in power systems, this method allows for the
removal of those measurements that are responsible for the largest standardized
residuals.

2.4 False data injection attacks

FDI attacks (also known as Bad Injection attacks) is a special category of attacks
targeting the SG, whereby bad measurements are injected such that they are able to
bypass the bad data detection methods discussed previously. While FDI attacks can
also target other cyber-physical systems, various forms of these attacks and conse-
quences have been investigated in [11, 12, 15, 16, 28–38]. In this paper, FDI attacks
will be simulated using assumptions from [26], whereby it is assumed that the
system parameters and topology (system Jacobian) is known to the attackers, and
[18], where a mathematical formulation for simulating the FDI attack in the AC
model is provided. Additionally, FDI attacks satisfying the first assumption regard-
ing prior knowledge of the system have been proven to result in more disastrous
consequences. Moreover, in [17], the authors demonstrate how an attacker, using
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that knowledge of the system matrix Hm�n, can inject an attack vector am�1 to the
measurement vector zm�1 that remains undetected from the detection techniques
mentioned previously. Consequently, with the insertion of am�1, the new corrupted
measurement signals z0m�1 takes the following form:

z0m�1 ¼ zm�1 þ am�1 (12)

Hence, this will result in the calculation of an incorrect system state vector x0
m�1

instead of the original state xm�1. The difference between those states is denoted as
c and is calculated as follows:

x0 ¼ xþ c (13)

For the AC model, it is shown in [18] that the attack vector will remain
undetected when it satisfies the condition:

a ¼ h xað Þ � h xð Þ (14)

It is then proven as follows:

rattack ¼ z0 � h x0ð Þ
¼ z� h x0ð Þ þ h xð Þ � h xð Þ
¼ zþ a� h x0ð Þ þ h xð Þ � h xð Þ
¼ rþ a� h x0ð Þ þ h xð Þ

rattack ¼ rnormal since, a ¼ h xað Þ � h xð Þð Þ

(15)

Consequently, in the case of nonlinear state estimation, it is more complicated to
implement the FDI attack. Compared to the attack in the DC case [17], where the
attacker only required knowledge of the Jacobian matrix, in the ACmodel, the latter
is now additionally required to have some prior knowledge of the current states of
the system. While it is more complicated to meet those conditions, it is still shown
in [18] that such an attack is possible and the consequences can be disastrous. In
both the DC and AC model, the calculation of wrong state variables, caused by this
attack, can start a domino effect of incorrect control decisions leading to dire
consequences. As this type of attack targets state estimation in the SG predomi-
nantly, the vector a can be inserted physically by tampering with the meters or
wirelessly by injecting the offsets when the readings are transmitted to the SCADA.
Hence, the substation state estimator (SSE), which is also an important component
of the SG, will also be the target of such attacks as it plays an essential role in state
estimation at the substations.

3. Architectural structure of CDS for smart grid

From a neuroscience perspective, the CDS is the entity that matches Fuster’s
paradigm [9] the closest as far as cognition is concerned. Basically, the CDS is made
up of four components namely; environment, perceptor, executive and feedback
channel. Moreover they are arranged in a very particular way. The feedback chan-
nel links the perceptor and executive, which are situated on two opposite sides. The
environment finally closes the global feedback channel whereby the entire CDS is
contained within it. Since the focus of this chapter is the nonlinear state estimation
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and FDI attack in the SG, the AC state estimator will be considered as the environ-
ment with which the CDS interacts since it is the recipient of the measurements in
the network. By acting as the supervisor of the network, the CDS empowers the
state estimator, through CC, with the cognitive ability to learn during every PAC
which measurements to prioritize for optimal state estimation and which to ones to
discard. Figure 1 shows the complex diagram whereby the CDS and AC state
estimator are brought together for meeting the goals mentioned previously. In the
next subsections, it will be elaborated how the arrangement and the role of each
constituent plays a major role for goal-oriented action on the SG.

3.1 Perception-action cycle

When the environment is free of uncertainty, the PAC is responsible for
updating the CDS with new information from the environment for every cycle.
Thus, with the continuous acquisition of new information from this global feedback
loop, the information extraction ability of the perceptor is constantly being
improved with each successive cycles. Consequently, this sets up an uninterrupted
cyclic directed flow of information from the perceptor to the executive to lead the
PAC with the most optimal actions to be performed on the environment. As a result,
this hypothesis for a goal-focused scenario is then modified with new information
gained from the PAC to allow the executive to improve its current ability to achieve
the primary goal that it was designed for.

3.2 Perceptor

Similar to the concept of Percept in the agent of AI [39], both in the brain and
CDS, a perception process is performed on incoming measurements. The perceptor
of the CDS extracts useful information from the noisy measurements, which

Figure 1.
Architectural structure of CDS for the nonlinear SG.
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subsequently the executive uses to optimize its actions and improve the information
gain for the next cycles. Those actions, performed by the executive under CC, are
called cognitive actions. However unlike the role of the percept in AI, the perceptor
perceives the environment directly and extracts relevant information from it which
in turn the cognitive controller, residing in the executive, uses to sense the envi-
ronment indirectly. In order to perform its function, the perceptor is made up of
the generative model and the Bayesian filter, which are reciprocally coupled to
each other.

3.2.1 Generative model

As defined in [6], the first component of the perceptor for the CDS is conceptu-
ally the Bayesian generative model [6], which acts as classifier for the observables
received from the environment. However, in [7], it was argued that due to the
dynamic nature of the SG, the Bayesian generative model would not be suitable for
this specific application. Due to the complexity of the SG and its adoption for almost
all applications, it is of upmost importance to detect anomalies or cyber-attacks as
soon as possible before they can infect the network further, thereby starting a
domino effect of cascaded problems throughout the entire network and end
users. Therefore, inspired from quickest detection theory, the generative model
proposed for the perceptor was based on cumulative sum (CUSUM) and is written
as follows:

Bk ¼
Xk

i¼k�L

xi (16)

Where k refers to the current cycle number, L is the window over which the past
states is being accumulated, Bk is the vector retaining the cumulative sum for each
cycle and xi is the vector of the states’ output from the AC state estimator for the
cycle i. While CUSUM-based detection methods has been very effective in detecting
FDI attacks in [40, 41], they fall short when the attacker has prior knowledge of the
threshold applied. Indeed, the latter can then craft an attack that remains undetected.
However, the CDS allows us to bypass this problem through the use of the dynamic
entropic state, as will be elaborated later. The entropic state is the foundation of
control and attack detection in this CDS structure adapted for the SG. Lastly, the
CUSUM based generative model also possesses some other desirable traits such as the
smoothing out of noise operating under the slow dynamics of the SG.

3.2.2 Bayesian filter

The second component of the perceptor is the Bayesian filter, which is coupled
to the generative model. Although the equations describing the SG for state estima-
tion are nonlinear in nature, we can linearize the state estimates using the Kalman
filter and assuming that it is operating under additive white Gaussian noise [42].
Since we are assuming that the power system is quasi-static in nature in this paper
[43–45], we can use the well-known Kalman filter as the Bayesian filter in the
perceptor. The Kalman filter is based on the state-space model which operates on a
pair of equations known as the Process equation and the Measurement equation
respectively. Moreover, under quasi-static assumptions, we can assume that the
state variables x at the time k+1 will only deviate by a small amount from its
previous values at its previous cycle k. Consequently we can simplify this
relationship to the following equation:
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xkþ1 ¼ xk þ ωk (17)

where ωk is independent Gaussian noise vector with zero mean. Based on (17),
we can propose the measurement equation as follows:

Yk ¼ LkBk þ ωk (18)

and the covariance of matrix ωk as:

R ¼ diag σ2ω
� �

, σ2ω ¼ var ωi½ � (19)

As we are assuming that the system is operating under quasi-static conditions, a
random walk model can be employed as the process equation as follows:

Bkþ1 ¼ FkBk þ vk (20)

where vk is the process noise vector which is assumed to be statistically inde-
pendent and zero mean. The covariance matrix of vk is:

Q ¼ diag σ2v
� �

, σ2v ¼ var vi½ � (21)

Referring to (18) and (20), the system matrix Lk and the predictive transition
matrix Fk are assumed to be identity respectively. In regards to the measurement
and process equations mentioned previously, the computational steps of the
Kalman filter starts with some predefined initial estimates of the states B̂k∣k, and
predicted error covariance, Pk∣k, which are used for the time update steps as follows:

The predicted estimated states of the generative model and predicted error covari-
ance, B̂kþ1∣k and Pkþ1∣k respectively, are calculated using the following equations:

B̂kþ1∣k ¼ Fkþ1,kB̂k∣k þ vk (22)

Pkþ1∣k ¼ Fkþ1,kPk∣kFT
kþ1,k þQ (23)

When the next cycle starts, those two estimates are then used for the measure-
ment update stages to calculate the Kalman gain, Kk, filtered accumulated estimate,
B̂k∣k, and to update the process covariance matrix, Pk∣k, according to the equations
below:

Kk ¼ Pk∣k�1LT
k LkPk∣k�1LT

k þ R
� ��1

(24)

B̂k∣k ¼ B̂k∣k�1 þ Kk Yk � LkB̂k∣k�1
� �

(25)

Pk∣k ¼ Pk∣k�1 �KkLkPk∣k�1 (26)

As a result, through the iteration of the time update and measurement update
steps, the preceding a posteriori estimates are used to predict new a priori estimates.

3.3 Feedback channel

The feedback channel has very distinctive roles in the CDS as it completes the
PAC by bringing together the perceptor and the executive. It is mainly related to
control and cyber-attack detection in the SG. In order for the CDS to supervise the
SG, the feedback channel holds the entropic-information processor, which is tasked
with calculating the entropic state and internal rewards during reinforcement
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learning in the executive. This will be elaborated in sub-Section 3.4 (Executive)
where it is more relevant to the role of the executive during planning.

3.3.1 Entropic-information processor

The directed cyclic flow of information from the perceptor to the executive is
known as the entropic state of the perceptor. The entropic state is built on the princi-
ples of the perceptual posterior, which can be viewed as the incoming filtered
posterior embodying the essence of the generative model, Kalman filter and
entropy, which is derived from Shannon’s information theory [46]. The entropic state
at time k, in this architecture is calculated using:

hk∣k ¼ Tr Pk∣k�1 � diag B̂k∣k�1 � Yk
� �2� �n o

Tr Pk∣k�1
� � (27)

where Tr represents trace operator, diag{.} is the diagonal operator and hk∣k is
the entropic state. In [7], the efficiency of (27) for control and cyber-attack detec-
tion was proven and illustrated. For this reason, it will be retained for the CDS
architecture being elaborated. Mathematically, (27) simplifies the information
between the filtering-error covariance Pk∣k�1 and the error between the state esti-
mate B̂k∣k�1 and current states calculated at cycle k into a single metric. The denom-
inator of (27) normalizes the equation such that hk∣k can only take values ranging
from 0 to 1 when the environment is operating in the absence of uncertainty. The
degree of disturbance affecting the SG can then be characterized through the
entropic state; the lower hk∣k is, the greater the amount of disturbance or uncer-
tainty in the system. Since the SG will be facing different situations during its
operation such as the normal day to day routine and cyber-attacks, we can further
dissociate the entropic state with the two following important properties:

i. When the environment is operating in the absence of uncertainty, hk∣k will
always be positive because of the probabilistic representation of the
uncertainties.

ii. When uncertainties are present, hk∣k will fluctuate around values which are
less than 1. Thus, to distinguish between normal uncertainties, such as
process disturbance, due to the probabilistic nature of the environment,
and abnormal uncertainties, such as cyber-attack, a suitable threshold γ can
be chosen such that if hk∣k is below γ, then this would indicate presence of
attack and to switch on CRC.

3.4 Executive

Fromadesign perspective, theExecutive is themost important entity of theCDS as it
is responsible for control of the SG in the absence of uncertainty.With this goal inmind,
it consists of Reinforcement Learning (RL) and Cognitive Control (CC), which can be
further subdivided into the action space, planner, workingmemory and policy.

3.4.1 Reinforcement learning: Bayes-UCB

Asides from its role in the calculation of the entropic state during each PAC, the
feedback channel is also involved in the calculation of internal rewards during the
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planning stages of the RL [39] algorithm in the executive. RL in the CDS is based on
the current entropic state at each cycle which is subsequently used to optimize an
objective function for optimal control in the network. Before we elaborate on the
pivotal role of RL with the other components of the executive, Bayes-UCB [47] RL
algorithm will be covered briefly in order to give an overview on how it operates.
Bayes-UCB represents the current state of the art from a class of multi-armed
bandit algorithms called UCB algorithms [48], which are based on the principle of
optimism in the face of uncertainty. In this approach to the multi-armed bandit
problem, the algorithm updates the estimate of the reward distribution for each
action using a Bayesian method. The action that will be applied is then chosen
according to the one that will yield the highest reward. Consequently, Bayes-UCB
algorithm is an index policy that uses the prior distribution to pick a dynamic
quantile of the posterior estimates for the index for each action. Hence, at each
discrete time t, the algorithm will select the action At that satisfies the following
condition:

At ¼ argmax
a

qa tð Þ ¼ Q 1� 1
t log tð Þð Þc, λ

t�1
a

� �
(28)

where Q α, πð Þ refers to the quantile of order α of the distribution π. Moreover,
by assuming that the rewards follow a Bernoulli distribution, and when the prior
distribution of each action is Beta(1,1), [49] shows that (28) can be further simpli-
fied. To maintain consistency of the used notations in this paper, (28) can be
reduced to:

Ak ¼ argmax
a

qa kð Þ ¼ Qð1� 1
k log kð Þð Þc ; Beta Sa kð Þ þ 1,Na kð Þ � Sa kð Þ þ 1ð Þ (29)

where k is the PAC cycle number, Sa is the cumulative reward for action a, Na is
the number of times action a has been chosen and c is real parameter. As the CDS is
a construct that draws its origin from the neuroscience of the brain, it is to be
emphasized that Bayes-UCB shares many common traits to the Bayesian approach
of decision making in human brains [50]. Following this brief coverage of Bayes-
UCB, it will be shown in the next section, pertaining to Cognitive Control, how the
RL algorithm integrates the system configuration H of the power grid, the genera-
tive model of the perceptor and the process model in the Kalman filter together for
optimal state estimation.

3.4.2 Cognitive control

CC can be considered in many ways as the heart of the CDS as it brings together
all the components, described so far, for goal oriented action on the SG. CC is made
up of two important modules namely the planner and the policy. The planner is
involved in the extraction of a set of prospective actions from the action-space A
and their evaluation during the planning cycles (i.e., shunt cycles [6] in CDS
terminology) during each PAC. Consequently, under the influence of attention
from one PAC to the next, the policy learns the most appropriate actions yielding
the maximum rewards to be applied. In the context of the SG, the action space
consists of discrete weight values that can be attributed to the different meters.
Thus, under the influence of attention, the CDS will learn the optimal weight values
for the different meters for optimal state estimation. Those meters, which are
detrimental for the state estimation, will be assigned lower weight values while
those, which are crucial, will be given larger weight values as the CDS keeps
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learning about its environment to better perform its set goal. Planning in CC brings
together all the other modules previously discussed. The process starts with the
selection of a randomly chosen prospective action ai,jk which represents weight value
ai for meter j during cycle k. This hypothesized weight value is then applied
virtually to the weight matrix W in (5) and (6) to form Wi,j

k . W
i,j
k is then used to

calculate a new planned state estimate, x̂p
k, using the same procedures mentioned in

the last paragraph of Section 2.2. Thus, the same preceding calculated state of the
AC state estimator, xk�1, is used as the initial guess for the current cycle using any of
those iterative techniques cited. However, the number of iterations is limited to Np

iterations this time around. Due to the different weight matrices being examined,
each iteration of using a Wi,j

k will also involve a different hypothesized gain, Gp
k,

during planning. Since state estimation is computationally costly, by doing this
process with a restricted number of iterations in the methodology explained, this
allows the CDS to learn during the planning stages at a lower resource cost. With x̂p

k
denoting the planned state estimate using the modified weight matrix with the
hypothesized weight, the planned cumulative sum involving x̂p

k is then calculated:

Bp
k ¼

Xk�1

i¼k�L

xi þ x̂p
k (30)

where Bp
k is the planned cumulative sum involving x̂p

k instead of x̂k. Using this new
cumulative sum, a planned entropic state, hpk∣k, is subsequently calculated as follows:

hpk∣k ¼
det Pk∣k�1 � diag B̂k∣k�1 � Bp

k

� �2� �n o

det Pk∣k�1
� � (31)

The presence of uncertainties in the environment, whether stochastic or proba-
bilistic, will cause a deviation in the output of the generative model of the perceptor
from the estimated hidden state of the Kalman filter. Hence, the goal of (31) is to
reduce this divergence by finding the best configuration weights for the respective
meters. This condition is satisfied whenever the Wi,j

k generates hpk∣k closer to the
optimal value of 1, which implies that the planned estimated state of the AC state
estimator reduces the propagated variation in the generative model.

3.4.3 Internal rewards

Moving forward with equations that describe the planning steps, the stage is
now set to define the relationship between the previous steps and the calculation of
the internal rewards during RL. The hypothesized internal rewards, ri,jk , associated

with each prospective action ai,jk , for cycle k can be written as:

ri,jk ¼ hpk∣k � hk∣k (32)

As it can be seen from (32), the objective of RL, when operating under CC, is to
minimize the amount of uncertainty in the SG by searching for an improved weight
configuration during every PAC that will result in a better entropic state than the
previous cycle. In other words, RL attempts to restrict the amount of uncertainty or
disturbance during the state estimation process to the range computed by the
Kalman filter in the perceptor. Referring back to the steps described so far that led
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to (32), we can see that the CDS, as defined in this specific architecture, learns from
the past and present actions to pick the best actions for the future. To assist in this
task, after undergoing the shunt cycles during every PAC, the working memory
holds temporarily the actions that have achieved the highest quantile from Bayes-
UCB in (29) and applies them to the system before starting the next PAC. Thus,
when the next PAC starts and a new set of prospective actions are evaluated
according to their quantile values, if any of those actions achieves a higher quantile
than the quantile of its respective meter in the working memory, then the higher
achieving action will replace that previously considered best action. This way of
performing control in the SG can also be viewed from a Bandit perspective,
whereby it can be considered as a Contextual Bandit problem where every cycle
presents new situations to be faced. According to those conditions, the actions
performed on the SG will modify the system configuration to a new set point, from
which the RL algorithm will have to adapt. This then continues on until the CDS is
brought to rest. The complete algorithm of the methodology presented in this
chapter can be found in [51] where it is integrated with a cyber-attack mitigation
strategy known as Cognitive Risk Control, which was not discussed in this chapter.
In [51], a greater discussion on the parameters and its selection is provided and
contrasted with other popular cyber-attack detection methods.

4. Computational experiments

In this section, two different experiments are carried out to show the capability
of CC in this new CDS architecture adapted for the smart grid. The first experiment
shows CC’s potential for optimal state estimation by using the optimization of the
entropic state as objective function. In the second experiment, the capability of the
entropic state as an attack detector will be demonstrated in four different scenarios
based on the amount of information an attacker has and his access to the sensors. As
IEEE bus networks have generally been used as benchmarks for evaluation in the
other papers previously referenced and relating to this topic, the IEEE 14-bus
network will be used for assessing the architecture proposed in this chapter. Since
this particular network comprises of a large number of measurements and states,
the results for the two different experiments will focus on certain aspects of the
network that are relevant to the actual simulation. For both experiments, the data
used to simulate the network configuration comes from the 14-bus case file in
MATPOWER [53] which is an Electric Power System Simulation and Optimization
Tools for MATLAB and Octave. Moreover, in order to bring about the modification
for the AC state estimation algorithm, the doSE function of MATPOWER was
modified for the requirements of the architecture. Originally, the algorithm uses
Honest Gaussian Newton method with a maximum number of iterations of 100 and
error tolerance of 10�5. It also uses a Flat Start initialization each time the function
is called. During the Flat Start, all the values of the different states for the initial
guess is set to 1 unit.

4.1 Cognitive control for BDD

In the first experiment, the measurement signals relating to the state values were
available from the case data in MATPOWER [52]. For this simulation, a noisy
version of those signals was then generated with a signal-to-noise ratio (SNR) of
20 dB to create z. From the case data, 39 measurement signals are used to calculate
the 29 state values of the IEEE 14-bus network, half of which are the voltage
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magnitudes and the other are the voltage angles for the different busses involved.
The total duration of this experiment is 2000s. The parameter L, which is the
window over which the past states is being accumulated, of the generative model of
the perceptor was set to 20. In regards to the initialization of the Kalman filter, the
initial estimates of the values to be received from the generative model are assigned
a value of 0 and the diagonal elements of Q were set to 0.0324. Those of R were
assigned a value of 0.01. On the executive side of the CDS for CC, the action space is
made up of 156 actions, whereby each meter can be assigned a weight value from
the following: 25, 50, 100, and 200. The goal of this experiment is to highlight this
architecture’s properties in terms of adaptability and robustness towards optimal
state estimation to changing conditions. Consequently, in order to create a pertur-
bation in the system, the SNR of the following meters is changed to 5 dB at the
mentioned times: t ¼ 1000s for meter 2 and t ¼ 1200s for meter 15. This simulated
context can be viewed as meter malfunction or a random attack, where the attacker
only has limited access to meters to perform his task. In this simulation, CC is
started at t ¼ 300s. As mentioned in the earlier sections, CC is not started at t ¼ 0s
as some time (cycles) have to be allowed so that the Kalman filter can settle on the
track in order for the algorithm to be operated effectively.

Referring to Figure 2, it can be seen that CC makes the whole network dynamic,
whereby the executive of the CDS is assigning the best weight values for the meters
for optimal state estimation on a cycle to cycle basis. Consequently, the cognitive
controller shows it ability to learn from the current and past cycles to choose the
best actions for future. Moreover, the constant modification of the weight values
adds another level of nonlinearity on top of the already very complex and nonlinear
AC state estimator. While this may appear to be over-complicated at first, the
results show that this is not only feasible but it also makes the SG more powerful. As
it can be seen in Figure 2, at the first instance of meter malfunction for meter 2 at
t ¼ 1000s, this has virtually no effect on this system at all as the CDS has assigned a
lower weight value to that meter compared from the rest. While Figure 2 shows the
graphs of weight values for the some of the meters pertinent to this simulation, it is
left to reader to realize that all the meters are undergoing weight reconfigurations
every cycle. Thus, the different respective weight values for the meters are not all
the same since the cognitive controller is adapting to the probabilistic nature of the
noisy signals continuously. It is also shown that the algorithm is able to apply more
than one action during each PAC under a stable manner. At t ¼ 1200s, when meter
15 starts malfunctioning, we can now really see the capability of the architecture. As
shown in Figure 2, it takes only a couple of cycles for the cognitive controller to
learn and adapt to the new situation by lowering the weight assigned to meter 15

Figure 2.
Graphs of some affected states, weights and entropic state.
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and compensating for it by boosting the other meters. Thus, we can see that state 6
is the most affected and state 25 is also afflicted to a lower extent. Compared to the
traditional AC state estimator, the CC algorithm is able to keep this perturbation
under control as demonstrated in the referenced figure. Consequently, this shows
the robustness of the algorithm to adapt and act according to the evolving situa-
tions. Although some of those weight values are changed at a later point in time, this
is due to the frequentist approach of the Bayes UCB coupled with the probabilistic
origin of the noise. As a result of those reconfigurations in earlier situations, this
highlights the cognitive ability of the controller to trust certain meters more than the
others. This simulation demonstrated CC’s ability to pick the best set of meters for
state estimation on the go. Referring back to Figure 2, it can be seen the CC has
performed better than the traditional algorithm. Lastly, the Chi-squares test was not
implemented in this experimented as it is based on statistical properties of the signals
while the approach proposed is rooted on the principle of cognition of the brain.

4.2 Cyber-attack detection

In this section, the dual property of the entropic state for FDI cyber-attack
detection will be demonstrated. Previously, it was shown how the latter is an
objective function for the normal running of CC under the absence of uncertainty
whereby it is always positive. However, when the presence of uncertainties are no
longer probabilistic, such as when an attack takes place, the entropic state will also
enable early detection of such attacks. In all the cases, it is assumed that the attacker
has knowledge of current states of the system. Although many specialized attacks
such as replay attack or Distributed Denial of Service (DDoS) attack exist, four
broad categories of FDI attacks will be considered as follows:

i. Case 1: Here we assume that the intruder has perfect knowledge of the
network configuration H and full access to meters to commit the perfect
FDI attack as described earlier. The remaining cases consider more realistic
scenarios whereby the hacker faces some restrictions.

ii. Case 2: In this scenario, the intruder still has full knowledge ofH but has
limited access tometers in the grid. To simulate this attack, half of the rows of
the attack vector a are zeroed to represent the inability to access those sensors.

iii. Case 3: Here the circumstances of case 2 are flipped around; the intruder
has access to all the meters but incomplete knowledge of H. To carry out
the attack, the entries of H, used to craft the attack vector, are altered in
some way as an indication of the lack of information. Depending on the
amount of incomplete information, this attack can have different effects. In
order to simulate the attack here, some noise are added to most of the non-
zero entries of the attacker’s H. However, it is important to mention that if
the attack vector was generated using an H matrix where the zero entries
have also been altered, as a representation of more lack of information from
the attacker’s side, then consequences will vary. In the lower extreme, the
attack will still be feasible and detected by the entropic state. In the most
extreme cases, the state estimation process will not coverage and fail.

iv. Case 4: Finally, a rogue attack combining case 2 and 3 is considered. The
attacker has both imperfect knowledge of H and constrained access to the
sensors in the grid. In order to simulate this attack, the conditions used in
those two cases were combined to create the attack vector.
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The mentioned attacks in those different situations were simulated on the IEEE
14 bus network as shown in Figures 3–6. In all of the mentioned cases, the hacker’s
goal is to deflect the value of two of the voltage magnitudes by �0.3 and 0.4 units
respectively and one voltage angle by 0.3 radians. Since attack data is not publicly
available, the parameters in the MATPOWER package will be used to simulate the
IEEE 14 bus network.

In all four attack cases, the attack is started at t ¼ 500s. The same parameters
were used as in the previous simulation. Additionally, the property of hk will be
demonstrated as a stand-alone utility in the absence of CC. While CC is originally
defined for tackling control when the uncertainties are probabilistic and hk is

Figure 3.
Case 1.

Figure 4.
Case 2.

Figure 5.
Case 3.
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positive, the CDS has to expand its structure its to include CRC to be able to bring
risk under the control in the presence of the cyber-attacks. The implementation of
CRC to this architecture can be found in chapter 4 of [51]. The results pertaining to
the simulation of the attacks presented earlier are shown in Figures 3–6. In all four
cases, by assigning a suitable γ, the attack was detected. Furthermore, it can also be
seen that as the hacker has less and less information on the current grid, it becomes
easier to detect the deflection as the entropic state becomes more negative. The
results also displays the efficiency of the generative model, whereby the attack
propagates throughout the cumulative sum up to a certain point before the Kalman
filter gets back on the current track. This propagation causes hk to become increas-
ingly negative which consequently lends the property of detection. All the compu-
tational experiments were carried out on a system running Windows 10 with an
Intel i7-8750H processor. The computational running time of the first experiment
was around 40s and the second experiment took ranged from the shortest time of 3s
for case 1 up to the longest time of 17s for case 3 and 4. This increase in time for
these two specific cases has mostly to do with the increased number of iterations
required from the AC state estimator when the sensor data has lost some coherence
due to the random attack vector generated as a result of lack of information.

If the CDS architecture proposed in this paper is applied in a medium or large-
scale power system, the computational complexity will be lesser compared to the
other current detection methods, such as the ones mentioned earlier. A greater
elaboration of this technique compared to the other detection methods can be found
in [7]. Moreover, the application of the CDS for an application such as the SG is
revolutionary as it is a dual system catering to both the control and attack detection
aspects of the SG. The main parameter of interest that needs to be scaled up for a
more complex grid will be the number of shunt cycles since more meters will have
to be evaluated. Nevertheless, it is recommended to keep the action space small so
as to make planned rewards, during planning, distinguishable from each other.
Another important hyper-parameter in the system, especially for FDI attack detec-
tion, are the values in the Q matrix. Unlike many tracking applications such as the
simulation carried out in [5], which was supported by a mathematical formulation
[53], this is not the case in our system. Thus, the contents ofQ has be defined by the
designer depending on the required sensitivity of the system towards disturbances.
In order to find proper values for Q , prior simulations can be carried out using past
historical data. Usually, it is recommended to start with very small values, like the
ones used in the simulations carried out in this paper, and then tuning until the
desired performance is obtained. Lastly, as the SG is scaled up, that hyper-
parameter will have to be increased to reflect the circumstances of a bigger
power system.

Figure 6.
Case 4.

166

Smart Cities - Their Framework and Applications



As voltage fluctuations are common occurrence disturbances in power systems,
the second simulation was designed to provide the reader a greater intuition on how
the algorithm is able to distinguish between what constitutes a perturbation and the
normal condition. When the states of the AC state estimator is experiencing impor-
tant fluctuations, this is propagated to the generative model and therefore affects
the entropic state as a result. Since hk∣k serves as an embodiment of the grid’s
performance, it was illustrated in the earlier simulation how those perturbation
would cause a decline in the entropic state. Since the objective function of CC is to
always bring hk∣k as close as possible to 1, the optimization of hk∣k allows CC to
reduce fluctuations in the system and keep state estimation under control. Addi-
tionally, it was shown in Figure 2 that when the attack occurred, this caused the
estimated states to experience greater deviation. This was then propagated to the
generative model and the Kalman filter as result, thereby causing a large drop in hk∣k
for a number of cycles. This was then successfully detected through the use of the
threshold γ. Consequently, those experiments showcases the importance of each of
the individual roles of the different components of the CDS and how they work
together for goal oriented action on the SG.

5. Conclusion

This chapter covered the following points:

i. This is the first time that a CDS structure has been proposed for handling
the nonlinear version of the SG. While previous research in this field,
which were focused on bringing the CDS and the SG together, were based
on the DC model, the AC model is a more realistic approach to the SG.
Consequently, the new construct, which was described in the chapter,
shows a lot of potential at tackling the future problems that the grid will
face in the coming years as it becomes increasingly interconnected with the
other aspects IT such as IoT.

ii. While there are some tradeoffs to be made due to the already inherent
computational complexity of the AC state estimation algorithms, it was
shown that the CC is revolutionary in the sense that it allows the
application of multiple actions during every PAC while still maintaining the
stability of state estimation.

iii. The CDS tailored for the AC model of the SG, proposed in this chapter, is a
unique architecture that is able to make the SG more powerful by providing
a new kind of control and cyber-attack detection, that are both based on
cognition from the brain’s perspective.

In this chapter, a new CDS based architecture was united with the SG in order to
tackle the issues of nonlinear state estimation and cyber-attack detection through
CC. Computational experiments were carried out to show the individual benefits of
CC for optimal state estimation and FDI attack detection respectively. Moreover, it
was also discussed how the algorithm and the parameters can be adjusted so that it
can be scaled up to work with bigger networks. In those bigger networks comprising
of a large number of meters, a function approximator such as a Neural Network
[54] can employed to simplify some of the computations involved. Although this
chapter focused on the problems of control on state estimation and cyber-attack in
the SG, the architecture covered in this paper, can also be formulated to work for
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other similar applications where state estimation is critical such as Vehicular Radar
Systems. In order, to adapt the CDS for other applications, the mathematics involv-
ing the perceptor and the executive will have to be adjusted accordingly depending
on the final goal of the different intended systems.
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Elderly in Wheelchairs Supported 
by Internet of Things Technologies 
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Abstract

Digital transformation and the entry of new technologies in industry are 
changing the way of mobility and production in large cities. The industrial 
revolution 4.0 comes hand in hand with technology and advances in this field. The 
Internet of Things (IoT) is one of the innovations that offers the most versatility 
to industrial companies in the main cities as a relevant axis for supporting rural 
areas of the country. This Technology enables Cities to allow mobility and move-
ment for all, regardless of their physical or mobility conditions. This chapter 
presents the proposal of the project “Safe mobility in conventional wheelchairs in 
public spaces from smart cities”, in which the creation of a prototype of coupling 
to wheelchairs in people with disabilities in their lower extremities is expected. 
Through the caterpillar traction system, to facilitate the ascending and descending 
of stairs safely and reliably called Wheelchair Adapter. It is intended to review two 
relevant elements for this type of people, such as health and mobility. The design 
and implementation of an Architecture of a Telemonitoring System for Older 
Adults in Health and Mobility in their wheelchair supported by Internet of Things 
Technologies (IoT) generally called RobotUp_IoT. Its purpose is to efficiently 
monitor both the health and wheelchair movement of older adults with disabilities 
in their lower extremities. Therefore, an analytical and predictive methodology is 
proposed with the support of the Build Information Modeling (BIM) process and 
the 4.0 industry in the IoT technique, in order to build a conceptual 3D model and 
its generation of tests for its respective implementation and implementation of this 
architecture. Heelchair Adapter and it is expected to incorporate the health part 
through Telemonitoring for seniors between 2020 and 2022 contributing to other 
solutions and research in this regard.

Keywords: disability, obstacles, sensors, motors, quality of life, stairs, cloud
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1. Introduction

The Internet of Things, or IoT in English, is a tool created by the advances in 
Information and Communication Technologies. This technology can be adapted 
to a myriad of industrial processes. It also allows integrating a processing, storage 
and communication system between physical objects in a city that are connected to 
each other. Using sensors, the Internet of Things makes it possible to collect data in 
a simple way and for example send alerts if something does not work correctly. The 
potential of the Internet of Things is in the use of another tool of digital transfor-
mation: Big Data. An essential technology to facilitate decision-making based on the 
data collected.

Every time we live in a more interconnected world. The number of connected 
devices has been growing exorbitantly globally as technological improvements 
and cost reductions in wireless communications have enabled businesses, manu-
facturers, industries and smart cities to connect their products to the Internet of 
Things (IoT).

In this sense, citizens have at our supply a wide range of services that can make 
everyday life easier. There are numerous architectures to deploy IoT platforms 
in different contexts and levels, such as within the home, healthcare, business, 
municipal, national or even global level. The most direct impact on the lives of 
citizens involves our cities and interconnects people and services, in short, it 
transforms a city into a Smart City [1].

The “Smart City” or “SmartCity” can be seen as an instrumented, intercon-
nected and intelligent urban ecosystem. Instrumented refers to the ability to capture 
and integrate real-time data on city life through the use of sensors and mobile 
devices (IoT technology). Interconnected means the integration of these data in 
an urban computing platform that allows the communication of said information 
between the various services of the city. Smart refers to the integration of complex 
analytics, modeling, optimization and visualization of services to make better 
operational decisions for the city.

Today there is an analysis of assistive technology services, according to the 
class and subclass of assistive technology products formulated. Therefore, there 
are assistive technology devices or products that are classified according to Smith 
[2], who presents high technology (high-tech) versus low technology. High 
technology refers to devices that are made up of electronic devices or that are not 
for everyday use today. This type of technology, having an exotic appearance, 
represents the idea of   what people understand by technology; Examples are cell 
phones, electronic agendas, magnetic resonance imaging devices, positron emis-
sion tomography, bio-feed-back and neuropros theses [3, 4]. On the other hand, 
there is low technology, which includes less complex, more common devices with 
mechanical or electrical drive; here we can mention home appliances, calcula-
tors, manual wheelchairs, canes and splints (Ríos et al., 2007).

IoT technology is essential for the operation of the Smart City, through sensors in 
charge of collecting data on the state of the city and subsequently disseminating them 
among citizens. IoT consists of allowing things to connect to the Internet, this achieves 
the generation of information, and the interaction of the physical world with the vir-
tual world [5]. Regarding the number of things connected, the evolution of this field is 
observed from 2015 to 2020. In 2020 the figure of 31 billion is reached worldwide and a 
value of more than one billion US dollars per year is projected from 2017 [6].

Defining assistive technology products according to their level or degree of 
technology is important, since the costs generated by their formulation; adaptation 
and training vary significantly between one group and another. For this reason, in 
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the classification below, devices that are considered high-tech have been marked 
with an asterisk. Obviously, as technological development is so accelerated, 
many devices that are considered high-tech at the moment, in a few years may be 
considered low-tech, such as:

• Bimanual wheelchair: two evaluations by a specialist in physical medicine and 
rehabilitation and five sessions of physical therapy.

• Single-sided manual wheelchair: two evaluations by a specialist in physical 
medicine and rehabilitation and ten sessions of physical therapy.

• Manual-operated electric motor wheelchair: evaluation, formulation and 
approval by an interdisciplinary team is required, consisting of a minimum of 
one physician specializing in physical medicine and rehabilitation, physical 
therapist, occupational therapist, social worker, psychologist and a representa-
tive of the EPS. Approval will be given in an interdisciplinary meeting, where 
the number of sessions to learn how to manage it will be defined.

• Powered-drive electric motor wheelchair: evaluation, formulation and 
approval by an interdisciplinary team is required, consisting of a minimum of 
a specialist in physical medicine and rehabilitation, physical therapist, occu-
pational therapist, social worker, psychologist and a representative of the EPS. 
Approval will be given in an interdisciplinary meeting, where the number of 
sessions to learn how to manage it will be defined.

• According to the Colombian population profile of DANE 2017, the elderly 
population has difficulties in appropriately affected lower limbs of 34,000 
(9.7%) in men, 28,007 (8.5%) in women for a total of 62,007 (9.1%)

The IoT is of great importance being the first real evolution of the Internet; 
considered as a great leap that will lead to revolutionary applications that have the 
potential to significantly improve the way of living, learning, working and enter-
taining people [7].

The problem faced by older adults in wheelchairs is presented in two funda-
mental aspects such as health: presence of underlying tissue called pressure ulcers, 
as they remain in the same part of the body for a long time; Dermatitis that also 
responds to a lesion on the skin as a sequel to fecal and/or urinary incontinence; 
the lack of control of the supply of drugs in the time allocated; as well as the 
inadequate programming of the doctor’s assistance for the control check-up 
and mobility in aspects such as: dependence to go from one place to another, 
obstacles impossible to overcome, going up or down steps with the wheelchair, 
among others.

These lead to family members or friends being concerned about the quality of 
life of their family member and on many occasions they go to the care of nurses or 
hospitalizations that what they do is affect the mood and health of the person at 
high costs for some of their relatives [8].

In Figure 1, the previous situation is observed, in terms of internal or external 
mobility of adults who are in wheelchairs. There it is visualized that at a given 
moment they do not know what to do or who to call, they only have to wait for their 
relatives or friends to help them in this regard.

Due to this problem, the following research question arises: How to contribute 
to improving the quality of life conditions and reduce the risk situations that the 
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elderly who are bedridden in a wheelchair may present, enabling timely attention, 
their care of permanent form and your independent mobility? Risk situations 
can be prevented with viable technological solutions such as an Architecture of a 
Telemonitoring System for Older Adults, which can improve the quality of life of 
older adults, since it will not only have benefits for them, it will also allow them to 
your family members feel calm and safe, because they will have a reliable way of 
verifying the state in which their loved ones are.

The objective of the study is to manage a monitoring service for the health and 
mobility of older adults who are bedridden in a wheelchair through Internet of 
Things (IoT) technology with the use of sensors for the detection of data, internet 
for the transmission of these and a mobile or web application for the visualization of 
the information, in order to support the prevention of new diseases and control the 
diseases that the elderly already suffer and at the same time achieve their indepen-
dent mobility inside and outside your room.

2. Theoretical framework

According to an analysis of the experience of the Australian System of Care for 
Older Adults, which for Pérez [9] is considered one of the most advanced among 
experts and public policy analysts and in which he exposes three fundamental 
pillars, among which is the development of efficient operational skills, highlighting 
as one of these efficient skills the importance of technology and innovation as key 
factors to improve the effectiveness of the system. Successful experiences of tech-
nological innovation that range from the implementation of computerized systems 
to solutions such as tableware at home, which defines it as a type of permanent 
video-conference with the patient at home, reminding her to take her medicines, 
offering her a health channel.

An e-Health project at the national level is the Mobile Telehealth System, designed 
in the College of Engineering of Antioquia by Garcia and Torres [10], it consists of 
a system composed of three main blocks that are: Input subsystem which by means 
of Sensor collects the patient’s vital signs and sends them to another block, the Local 
subsystem, which is made up of different devices and elements that receive this 

Figure 1. 
Situation of the elderly to achieve the ascent and descent of the stairs. Source: Authors.
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information and send it to the third block, the Remote Subsystem, which is responsible 
for storing the information in a database of data and sample it through a website.

In Colombia, this type of project related to telemedicine and e-Health has had 
very little demand, it is a recent technology and they are projects that are carried 
out as a commitment to innovation in these fields of health and mobility. At the 
regional level, no reports of projects aimed at monitoring older adults were found, 
this serves as motivation for the implementation of projects such as the Architecture 
for the Telemonitoring System for Older Adults who are in wheelchairs mentioned 
in this research and to be able to carry out a significant contribution for the elderly 
in the city of Bogotá.

3. Methodology

The approach of this applied research of an analytical and predictive type 
with the use and use of IoT technology, with the support of a descriptive study 
that allows monitoring the elderly who is in a wheelchair, through detection of 
your data and in this way send a notification message to alert your family, friends 
or doctor to avoid complications that endanger the health and mobility of older 
adults.

An evaluation instrument called a survey will be established to a sample of 
Twenty-five (25) people who are elderly in wheelchairs in their homes in the city 
of Bogotá in the town of Tunjuelito, during the period of 2017–2018, at as well as 
an unstructured interview with a focus group of relatives and friends with elderly 
people in permanent wheelchairs. A data analysis is established and the disposition of 
the technology to the need to implement the architecture referenced in this research 
is determined by means of the Rational Unified Process Architecture (RUP). This 
process consists of the realization of a software from UML, which will be built in four 
phases: start, elaboration, construction and transition [11].

A partial investigation will be implemented on the population directly affected 
by mobility in this case of people disabled in wheelchairs as older adults [12].

3.1 Design of the methodological proposal

It will be made up of four fundamental stages such as:

• Stage 1. Technique of IoT and Telemonitoring for Older Adults in wheelchairs 
under the aspect of health and mobility.

• Stage 2. Identification of the hardware and software requirements necessary 
for the implementation of the Telemonitoring System for Older Adults located 
in the wheelchair as a Hub platform.

• Stage 3. Design of an architecture of a Telemonitoring system with the use of 
the IoT technique for older adults who are in wheelchairs, in order to provide 
security and a low-cost mechanism due to the use of available technologies that 
allow the user to stay informed at all times of the health status of his family 
member or friend.

• Stage 4. Implementation of the functional prototype of the Telemonitoring 
architecture, through testing and adjustment in order to correct the weak 
points of said architecture
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4. Expected results

It is expected that by applying IoT technology in this research, it is possible to 
improve the quality of life of older adults who are in a wheelchair [13]. For this 
reason, a domain model will be created in which the concepts and associations 
considered important in a Telemonitoring Architecture for older adults who are in 
wheelchairs from health and mobility will be identified [14].

This monitoring is done by means of the wheelchair with the use of sensors 
generating medical information, which in turn presents early alerts, which can be 
received by the attendants or the medical person through a mobile device, where 
will make the reminders of medical appointments and medications to later receive 
notification when the due date of these is close. This chair will also allow the 
independent mobility of the elderly with disabilities, since it will have a wireless 
connection and will use the IoT for monitoring according to comfort, performance, 
maintenance needs and location.

In Figure 2, the Domain Model of the architecture of a Telemonitoring system 
for older adults is observed. in which it can be seen that everything begins with the 
doctor’s assessment of the elderly, this allows determining that this patient requires 
constant monitoring, the monitoring is carried out by generating medical informa-
tion, which in turn generates early alerts, said alerts can be received by caregivers 
or medical staff through a mobile device, in which it is also possible to carry out 
the management of reminders of medical appointments and medications to later 
receive notifications when the date of compliance with these is close.

In Figure 3, the three levels with which the Architecture proposed in this inves-
tigation will be worked are observed: Sensing. In this layer the necessary elements 
are implemented to carry out the obtaining of the data through the elements of 
sensors, wearables, among others; Networking and Data Communications: The 
data sensed in the previously described layer are sent through a medium for subse-
quent analysis, in this layer are the devices and elements necessary to send this data 
through the internet, in this layer you can find servers, databases, protocol adapters, 
among others, this layer acts as a link between the Sensing layer and the Services or 
Applications layer; and Services / Applications: This layer,

Figure 2. 
Domain model of the architecture of a Telemonitoring system for older adults. Source: IEEE P2413 project, 
http://standards.ieee.org/innovate/iot/.
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Based on the elements of Figure 3, the prototype of the computational system 
is built based on the IoT business model, allowing the good performance of the 
proposed Architecture.

This IoT business model is made up of three fundamental layers:

• Detection Layer: It is achieved by means of the components in charge of the 
sensing information, as well as the information to be sent to the next layer of 
the model.

• Network and Data Communication Layer: It consists of a data knowledge base; 
a server on which the web services are stored; and connectivity that enables 
communication between the detection layer and the service / application layer.

• User layer: It is where it allows the hosting of the services to be offered by the 
system, it is known as services / applications, such as notifications, elderly 
information, movement indicators, parameterization of actions and adminis-
tration of the platform.

For the mobility aspect, the wheelchair uses IoT technology that includes a 
Global SIM card, a communication center can be established in the cloud.

4.1 Examine the architecture

The different parts of the architecture must be examined and evaluated sepa-
rately and allow ease in visualizing the complexity of the system, responding to 
interested parties, clients, programmers, engineers, among others. Therefore, the 

Figure 3. 
Levels of an IoT architecture. Source: Authors.
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4 + 1 views model proposed by Philippe Kruchten is used, such as the view: logic, 
deployment or development, processes, physics and scenario views. Through the 
IoT architecture model composed of three levels proposed by IEEE P2413, it will be 
possible to meet the objectives proposed in this research.

4.1.1 Mobile device

It is the technological device that will allow the family member or friend to 
receive alerts or notifications from the elderly person who is in the wheelchair. 
These alerts come from the Google GCM service, allowing you to perform an action 
and thus prevent an eventuality affecting the health or mobility of the Elderly. 
According to the authors Liu, Huang and Chen [14]. They highlight the importance 
of managing and receiving notifications for reminders of medical appointments 
and drug consumption. This application is only for mobile devices with Android 
operating systems, where each of the functionalities that can be carried out through 
the mobile application must be explained in detail.

4.1.2 Architecture evaluation: Case study

The implementation of a test mechanism of the Telemonitoring Architecture 
for Older Adults who are in wheelchairs should be carried out, which follows the 
guidelines of the model, aimed at monitoring the health and mobility status of 
the elderly, managing and receiving notifications of medical appointments and 
medicines, view statistics of alerts and information on the sensing of the elderly, 
obtaining the benefit of constant care, keeping a correct control of the assigned 
treatments, intervention in case of situations that put health at risk and mobility of 
the elderly. The purpose is to find the most outstanding benefits of the implementa-
tion of this service model such as: economy, security, reliability and risk reduction 
among others.

Regarding mobility, physical aspects of the chair should be evaluated, such as: 
seat position, cushion height, battery level and maintenance requirements and GPS 
location.

4.1.3 Product already obtained in the first phase of the project

The Wheelchair Adapter is a mechanism that adjusts smoothly and safely to 
conventional wheelchairs, helping people with disabilities in their lower extremities 
to navigate different terrain, mainly the ascent and descent of stairs.

4.1.3.1 Procedure

• Base: Resistant metal base which will keep the other components that make up 
the Wheelchair Adapter.

• Gears: Four gears which allow to adapt and generate the movement of the 
track system.

• Caterpillar motors: Two motors located on the internal sides of the metal base 
connected by chain systems to the shafts that carry the gears, which in turn are 
attached to the tracks.

• Caterpillars: Element in the form of an elongated chain, which allows the firm 
adherence of the Wheelchair Adapter to different terrains.



183

Architecture of a Telemonitoring System for the Mobility of the Elderly in Wheelchairs Supported…
DOI: http://dx.doi.org/10.5772/intechopen.94074

• Ultrasound sensors: Two sensors located on the front of the Wheelchair 
Adapter that allows it to be located in the environment it is in.

• Support: Metal plate which allows the conventional wheelchair to recline and 
generate stability in movement

• Ramp: Metal plate whose function is to provide quick and easy access when 
adapting the conventional wheelchair with the Wheelchair Adapter.

• Adjustment system and Angle: It allows locating the wheelchair and the 
person at an adequate and safe angle to start the ascent and descent of stairs, 
this is made up of a structure with a system of rails powered by two motors 
located behind the backrest.

• Cortex microprocessor: Microcontroller which saves and executes the pro-
grammed instructions for the sensors and motors that perform the movements 
of the Wheelchair Adapter.

• Battery: 7.2 volt battery which allows to power the motors and sensors of the 
Wheelchair Adapter.

• Triangle rims: Triangle-shaped structure with tires at each end that provides 
additional grip on difficult terrain, ascending and descending stairs

Movements

• 2-wire motor 393

• Shaft collar

• Shaft coupler

• Shaft, 3 ″long

• Plain bearing

• Spur gear, 12 teeth

• Spur gear, 60 teeth

• Spur gear, 84 teeth

• Wheel 4″

Structure

• Bar, 20 holes

• Chassis bumper (20 holes)

• Chassis rail (16 holes)

• Channel C, hole 1x2x1x15

• Channel C, hole 1x2x1x20
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Electric

• 7.2V NiMH 3000mAh robotic battery

• Smart charger and power cord

• NiMH AAA rechargeable battery (6 pack)

• 8-Bay AA / AAA Smart Battery Charger

• Motor controller 29

• Battery strap (2-pack)

Electronics

• VEX ARM® Cortex®-based Microcontroller

• USB AA tether cable

Control

• VEXnet Joystick

• VEXnet 2.0 key

• VEXnet Battery Backup Holder

Hardware

• Screw, 8-32 x 1/4 ″long

• Screw, 8-32 x 1/2 ″long

• Screw, 8-32 x 1 1/2 ″Long

• Locking screw, 6-32 x 1/4 ″long

• Locking screw, 6-32 x 1/2 ″long

• Nut, 8-32 Keps

• Shaft Spacer, Slim (4.6mm)

• 4″Zip Ties

• Bearing accessory rivet

Equipment

• Tool, hex wrench (5/64 ″)

• Tool, hex wrench (3/32 ″)

• Tool, VEX open end wrench
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Sensors

• Bumper switch (2-pack)

• Limit switch (2-pack)

• Potentiometer (2-pack)

• Line Tracker

• Ultrasonic range finder

• Optical Axis Encoder (2 Pack)

4.1.3.2 Final product explanation

In Figure 4, the Wheelchair Adapter, with the help of the motors located in the 
upper rear part, allow through a slow and safe movement that the rails located on 
the sides raise the platform where the conventional wheelchair is located, so that 
at the time of the ascent and descent is left with a 90 degree angle for safety and 
comfort.

In Figure 5, you can see the Wheelchair Adapter, with the help of the complex 
system of equilateral triangle-shaped rims, it allows you to have a better grip on 
each obstacle in your environment, generating more security when moving.

In Figure 6, the Wheelchair Adapter is observed, thanks to its caterpillar 
traction system and its 45 degree angle allows generating the ascent and descent of 
stairs and with its sophisticated caterpillar design it allows to face any terrain.

In Figure 7, the Wheelchair Adapter is observed, it presents the mobility opera-
tion of the chair during the ascent and descent, as mentioned above, the prototype 
generates a lot of stability thanks to its caterpillar system and its triangular wheels, 

Figure 4. 
Prototype of the chair of wheels.
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as well as generates security with the 90 degree position of the person by its side rails 
and total dependence thanks to the ultrasound sensors that identify the possible 
obstacles to overcome.

5. Conclusions

When investigating a little more about the difficulties that people with disabilities 
present in their lower extremities, there are some areas in which conventional wheel-
chairs do not have the necessary equipment, it is proposed to start with a prototype 

Figure 5. 
Chair of wheels with rims in shape of angle.

Figure 6. 
Chair of wheels with design of caterpillars.
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which can be adjusted accordingly. Fast and safe way, with the least physical effort to 
conventional wheelchairs, which solves this problem and facilitates the movement of 
these people for the moment when ascending and descending stairs.

When starting with the adapter prototype designs, many ideas were postulated 
that were conclusive as the variables were established to generate a safe, comfortable 
and fast tool, resulting in an adapter prototype that not only meets its objective, but 
also that provides an expertise to the user of comfort, security and confidence.

It is expected to work with the cloud system for data processing and permanent 
connection with the wheelchair and computer-assisted algorithms for the mobility 
and health of the patient.

Figure 7. 
Up and down movement of the wheelchair. Source: Author.
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Chapter 11

Smart Growth and Transit
Oriented Development: Financing
and Execution Challenges in India
Alok Kumar Mishra and Shibani Mishra

Abstract

Cities today face burgeoning personalized vehicles as a consequence of neglected
public transport and a spatial planning model isolated from transport planning.
Transportation planning has been accorded a residual rank post spatial planning.
This has prompted dispersed and automobile-centric growth of cities. The pursuit
of more sustainable, liveable, congestion and pollution free cities resulted in the
paradigm of New Urbanism and Smart Growth. Transit-oriented Development
(TOD), an integral part of Smart Growth, has emerged as a paradigm in urban
design. It aims at the concentration of development in or around a transit station or
along a transit corridor. TOD could be a befitting reply to sprawl, congestion,
pollution and provide an effective way to restructure existing cities. By integrating
public transport and land use planning TOD provides ways to intensify agglomera-
tion economies and weaken congestion diseconomies. TOD has several socio-
economic and environmental benefits to its credit. The chapter looks at the various
advantages of TOD and the challenges faced in its execution and financing. Further,
several successful TOD practices from around the globe have been discussed to
draw lessons for replication in India.

Keywords: new urbanism, smart growth, transit oriented development,
agglomeration economies, congestion diseconomies

1. Introduction

In the urban context, the importance of transport stems from the fact that it
contributes to the productivity of workers and competitiveness of firms. It widens
labour markets and makes them inclusive. It saves travel time and costs to reach
valued destinations – for work, education, shopping and leisure. Urban transport
investments augment agglomeration economies by enhancing access to the eco-
nomic mass, reducing congestion and channelizing residential and non-residential
development in desired directions. They balance the location of jobs, housing and
common facilities. Urban transport plays an important role in the working of cities,
enhancing their efficiency, facilitating economic growth, generating value
enhancements to finance planned urban development, and creating livable,
competitive and sustainable cities.

In the last four decades, the issues of urban transport have come into sharp focus
in many developed countries around the world due to the problems of their
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automobile-dependent model of urban development. They have been subject to
high levels of traffic congestion, air pollution, accidents, damages to ecosystems and
neighborhoods, segregation and adverse impacts on the quality of life in cities.

Rapid motorization has worsened traffic conditions, aggravated congestion and
pollution levels in several cities around the globe. Apart from environmental con-
cerns, traffic congestion is also detrimental to the economic health of cities by
adding to the wastage of time and fuel and increasing the levels of emissions. It
hampers productivity by delaying and hindering the movement of goods, raw
materials as well as people.

The proliferation of personalized vehicles, lack of investment in public transport
and implementation of a spatial planning model that promoted dispersed,
automobile-centric development have been the primary factors behind the urban
transport problems in countries. The search for ways of making urban communities
provide a better quality of life and promoting sustainable cities led to the emergence
of an urban design paradigm called ‘New Urbanism’ in North America and Western
Europe in the 1970s and 1980s. This was followed by a theory of urban planning and
transportation called ‘Smart Growth’. This theory is founded on the following
principles of urban design: (i) mixed land use; (ii) compact design; (iii) increased
densities; (iv) housing opportunities and choices; (v) walkable and accessible
neighborhoods; (vi) multiple transportation mode choices; (vii) neighborhood cen-
tres to foster social interaction; (viii) preservation of open space, farm land, natural
beauty and critical environmental areas; (ix) strengthening of and directing devel-
opment towards existing communities; (x) making development decisions predict-
able, fair, and cost-effective; and (xi) community and stakeholders’ consultation in
development decisions [1]. Transit-oriented Development (TOD), a key element of
Smart Growth, aims at concentrating development around one or more transit
stations or within a transit corridor.

TOD aims at compact, high density and mixed use development within easy
walking or biking distance from a transit station, typically about 1 kilometer.
Focused around a transit node, TOD facilitates access to public transit, thereby
inducing people to walk, cycle and use public transport rather than personal vehi-
cles. The selective concentration of development acts against sprawl, promotes
agglomeration economies and mitigates congestion diseconomies. It also leads to
increase in property values, reflecting the benefits to residents and businesses of
diverse transportation options, and resultant automobile and parking cost savings
[2]. Thus, TOD assists in the mobilization of value capture finance by harnessing
the windfall gains accruing to land and property-owners. The key factors that
support TOD include: land use and development policies promoting dense and
compact development around transit nodes and discouraging such development in
the areas without good access to public transport; development of public transit and
provision of quality transit services; integration of transportation and land use; and
application of other mobility management strategies. These factors jointly increase
the cost-effectiveness and utility of TOD for consumers as well as businesses. TOD
has the potential of becoming a powerful tool for planned development of cities and
rural areas in developing countries. It not only improves connectivity between
regions, but also saves a lot of time and costs of workers. It augments productivity
and efficiency of economic agents. The case for transit-oriented development is
well-argued in research [3].

The motivation behind this research is the need for India to move from an
automobile-dependent to a public transportation-led and transit-oriented model of
planned urban development. The current practice of master planning in India,
rooted in the 1947 Town and Country Planning Act in the United Kingdom, has
neglected urban transport. The model has not facilitated transportation-land use
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integration, transit-oriented development and value capture financing. Land use
planning and transportation planning have been pursued as independent exercises,
a prime example being Delhi. Cities have thus not been able to benefit from the
interaction of transport and land use for sustainable urban development and adopt a
robust mechanism of financing public transit. In this context, this paper explores
the theory and international practice of New Urbanism, Smart Growth and TOD. It
also examines the potential of TOD to raise revenues towards financing public
transportation. The objective is to draw lessons from successful practices to strate-
gize TOD policy for cities in India. Finally, the paper analyses the existing practices
in Indian cities, identifies its inadequacies and suggests corrective measures.

The study is organized as follows. Section 2 deals with the challenges of urban
mobility in India. Referring to the trends of urbanization, metropiltanization and
motorization, it highlights the imperative for a public transportation-based strategy
of urban development in the country. Section 3 discusses the paradigmTransit
Oriented Development (TOD), adopted by several developed countries to address
their problems of sprawl, inefficient urban form, excessive energy consumption,
greenhouse gas emission, and environmental degradation. It makes a strong case for
TOD as a dominant paradigm of urban planning and development in India. Section
4 presents some examples of successful TOD strategies practiced world-wide and
draws lessons for urban transport development and land use planning, in general
and TOD, in particular. Section 5 focuses on financing and execution practices of
TOD internationally in the overall context of urban transport development to pre-
sent a range of financing instruments that Indian cities could consider to promote
TOD. Section 6 presents the emerging approaches towards TOD in India, referring
to case studies, including projects, policies and plans in the offing. We specially
focus on financing issues. Section 7 brings out the challenges of implementing TOD
in India and indicates some directions for the design of a public transportation-led,
transit-oriented and value increment financing-based strategy to address India’s
urbanization challenges. It also calls for an effective institutional structure for the
implementation of TOD and suggests reforms in the regional and urban planning
model being followed. Section 8 concludes.

2. India’s urban mobility challenges

Bourgeoning travel demand, rapid motorization, rise in personalized vehicles,
dwindling share of public transport, congestion, degradation environmental qual-
ity, rising number of road accidents and fatalities, fragmented institutional
arrangements and chronic under-investment in transport infrastructure pose major
hindrances to urban mobility. These are linked to the trends and patterns of urban-
ization, concentration of productive economic activity, income distribution struc-
ture in cities and motorization.

2.1 Urbanization trends and patterns

Urbanization in India is characterized by rising urban population and increased
density in large cities. This has led to a rapid growth in travel demand. Tables 1–4
present the trends and patterns of urbanization in India.

While the number of cities/towns in India increased by 3 times, urban popula-
tion rose by 13 times between 1901 and 2011. This reflects the concentrated pattern
of urbanization. In 2011, the number of urban agglomerations (UAs) /towns was
7935 as against 5161 in 2001. While the number of statutory towns rose from 3799 to
4041 between 2001 and 2011, the number of census towns experienced a
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phenomenal jump from 1362 to 3894. About 30 percent of urban population growth
in the last decade is accounted for by census towns.

Table 2 presents the distribution of urban population between size classes of
towns in India from 1901 to 2011. It reflects a top-heavy urban structure, highlight-
ing the increasing density of large cities. Table 3 presents the trends in metropolitan
population in India and reflects a similar trend.

There are large interstate variations in urbanization patterns in India, having
differential implications for urban transport demand and strategy. Among the
states, Delhi was the most urbanized in 2011, with 97.5 percent urbanization level,
followed by Goa (62.2 percent), Mizoram (52.1 percent) and Tamil Nadu (48.4
percent). Table 4 presents the percentage of urban population in 1971, 1981, 1991,
2001 and 2011, and decadal annual exponential growth in urban population for
1971–81, 1981–91, 1991–2001 and 2001–11.

India’s urban population is projected to more than double between 2011 and
2050 – from 377 million to 814 million. With an estimated rural population of 860
million in 2014, the country would still have 810 million in villages in 2050 [5].
Thus, India would confront the dual challenges of urban and rural development for
many decades. The country has to address not only the problems of transportation
within cities, it will have to connect villages to cities and towns providing efficient
transport services to rural areas.

2.2 Population density in urban areas

Census of India 2011 data reveals that not only many cities, but also urban
agglomerations or regions in India have a population density of more than 10,000 –

with central city areas being denser than peripheries. Table 5 provides data on
densities of 10 urban districts in India with the highest population density. A simple
conclusion from international comparisons relating to population densities of urban
regions is that the density patterns of many cities and urban districts in India
overwhelmingly support a public transport-led urban development strategy.

Year Total
Population

Rural
Population

Percentage
Rural

No of Cities /
Towns

Urban
Population

Percentage
Urban

1901 238.4 212.5 89.2 1916 25.9 10.8

1911 252.1 226.2 89.7 1908 25.9 10.3

1921 251.3 223.2 88.8 2048 28.1 11.2

1931 279.0 245.5 88.0 2220 33.5 12.0

1941 318.7 274.5 86.1 2427 44.2 13.9

1951 361.1 298.6 82.7 3060 62.4 17.3

1961 439.2 360.3 82.0 2700 78.9 18.0

1971 548.2 439.0 80.1 3126 109.1 19.9

1981 683.3 523.9 76.7 4029 159.5 23.3

1991 846.3 628.7 74.3 4689 217.6 25.7

2001 1028.7 742.5 72.2 5161 286.1 27.8

2011 1210.7 833.5 68.8 7935 377.1 31.2

Source: Census of India for different years [4].

Table 1.
India: Total, rural and urban population (in million) and level of urbanization (percentage) 1901–2011.

194

Smart Cities - Their Framework and Applications



N
um

be
r
of

A
gg

lo
m
er
at
io
ns

/T
ow

ns
P
er
ce
nt
ag

e
of

U
rb

an
P
op

ul
at
io
n

C
en

su
s
Y
ea
r

C
la
ss

I
C
la
ss

II
C
la
ss

II
I

C
la
ss

IV
C
la
ss

V
C
la
ss

V
I

C
la
ss

I
C
la
ss

II
C
la
ss

II
I

C
la
ss

IV
C
la
ss

V
C
la
ss

V
I

19
01

24
43

13
0

39
1

74
4

47
9

26
.0
0

11
.2
9

15
.6
4

20
.8
3

20
.1
4

6.
10

19
11

23
40

13
5

36
4

70
7

48
5

27
.4
8

10
.5
1

16
.4
0

19
.7
3

19
.3
1

6.
57

19
21

29
45

14
5

37
0

73
4

57
1

29
.7
0

10
.3
9

15
.9
2

18
.2
9

18
.6
7

7.
03

19
31

35
56

18
3

43
4

80
0

50
9

31
.2
0

11
.6
5

16
.8
0

18
.0
0

17
.1
4

5.
21

19
41

49
74

24
2

49
8

92
0

40
7

38
.2
3

11
.4
2

16
.3
5

15
.7
8

15
.0
8

3.
14

19
51

76
91

32
7

60
8

11
24

56
9

44
.6
3

9.
96

15
.7
2

13
.6
3

12
.9
7

3.
09

19
61

10
2

12
9

43
7

71
9

71
1

17
2

51
.4
2

11
.2
3

16
.9
4

12
.7
7

6.
87

0.
77

19
71

14
8

17
3

55
8

82
7

62
3

14
7

57
.2
4

10
.9
2

16
.0
1

10
.9
4

4.
45

0.
44

19
81

21
8

27
0

74
3

10
59

75
8

25
3

60
.3
7

11
.6
3

14
.3
3

9.
54

3.
58

0.
50

19
91

30
0

34
5

94
7

11
67

74
0

19
7

65
.2
0

10
.9
5

13
.1
9

7.
77

2.
60

0.
29

20
01

39
3

40
1

11
51

13
44

88
8

19
1

68
.6
7

9.
67

12
.2
3

6.
84

2.
36

0.
23

20
11

46
8

47
4

13
73

16
86

17
48

42
4

70
.1
5

8.
54

11
.1
1

6.
39

3.
36

0.
45

N
ot
e:
C
la
ss
I:
10
0,
00

0
or

m
or
e,
C
la
ss
II
:5
0,
00

0
–
99

,9
99

,C
la
ss
II
I:
20

,0
00

–
49

,9
99

;C
la
ss
IV

:1
0,
00

0
–
19
,9
99

,C
la
ss
V
:5
00

0–
99

99
an

d
C
la
ss
V
I:
B
el
ow

50
00

.
E
ac
h
ur
ba

n
ag
gl
om

er
at
io
n,

co
m
pr
isi
ng

ge
ne
ra
lly

a
nu

m
be
r
of

ci
tie
s,
to
w
ns

an
d
ou
tg
ro
w
th
si
sc
on
sid

er
ed

as
on
e
un

it.
So

ur
ce
:C

en
su
so

fI
nd

ia
fo
r
di
ff
er
en
ty

ea
rs
[4
].

T
ab

le
2.

In
di
a:

N
um

be
r
of

ag
gl
om

er
at
io
ns
/t
ow

ns
an

d
pe
rc
en
ta
ge

of
ur
ba

n
po
pu

la
tio

n
by

siz
e
cl
as
se
s
of

to
w
ns

19
01

–
20

11
.

195

Smart Growth and Transit Oriented Development: Financing and Execution Challenges in India
DOI: http://dx.doi.org/10.5772/intechopen.95034



Census
year

Number Population
(in Million)

Population per city
(in Million)

Percentage of urban
population

1901 1 1.51 1.51 5.84

1911 2 2.76 1.38 10.65

1921 2 3.13 1.56 11.14

1931 2 3.41 1.70 10.18

1941 2 5.31 2.65 12.23

1951 5 11.75 2.35 18.81

1961 7 18.10 2.58 22.93

1971 9 27.83 3.09 25.51

1981 12 42.12 3.51 26.41

1991 23 70.66 3.07 32.54

2001 35 108.29 3.09 37.85

2011 53 160.70 3.03 42.61

Source: Census of India for different years [4].

Table 3.
India: Number of metropolitan cities and their share in urban population 1901–2011.

Sl
No

States Percentage of Urban
Population

Annual Exponential Growth Rate

1971 1981 1991 2001 2011 1971–
1981

1981–
1991

1991–
2001

2001–
2011

1 Andhra Pradesh 19.3 23.3 26.8 27.3 33.4 3.9 3.6 1.4 3.04

2 Arunachal Pradesh 3.7 6.3 12.2 20.4 22.9 8.3 9.3 7.0 3.31

3 Assam 8.8 9.9 11.1 12.7 14.1 3.3 3.3 3.1 2.46

4 Bihar 10.0 12.5 13.2 10.5 11.3 4.3 2.7 2.6 3.03

5 Chhattisgarh NA NA NA 20.1 23.2 NA NA 3.1 3.49

6 Delhi 89.7 92.8 89.9 93.0 97.5 4.6 3.8 4.1 2.37

7 Goa 26.4 32.5 41.0 49.8 62.2 4.4 4.0 3.3 3.01

8 Gujarat 28.1 31.1 34.4 37.4 42.6 3.4 2.9 2.8 3.07

9 Haryana 17.7 22.0 24.8 29.0 34.9 4.7 3.6 4.1 3.68

10 Himachal Pradesh 7.0 7.7 8.7 9.8 10.0 3.0 3.1 2.8 1.45

11 Jammu &Kashmir 18.6 21.1 22.8 24.9 27.4 3.8 3.4 3.4 3.10

12 Jharkhand NA NA NA 22.3 24.0 NA NA 2.6 2.80

13 Karnataka 24.3 28.9 30.9 34.0 38.7 4.1 2.6 2.5 2.74

14 Kerala 16.2 18.8 26.4 26.0 47.7 3.2 4.8 0.7 6.56

15 Madhya Pradesh 16.3 20.3 23.2 26.7 27.6 4.5 3.7 2.7 2.28

16 Maharashtra 31.2 35.0 38.7 42.4 45.2 3.4 3.3 3.0 2.12

17 Manipur 13.2 26.4 27.7 23.9 32.5 9.7 3.0 1.2 3.70

18 Meghalaya 14.6 18.0 18.7 19.6 20.1 4.9 3.1 3.2 2.70

19 Mizoram 11.4 25.2 46.2 49.5 52.1 11.8 9.6 3.3 2.59

20 Nagaland 10.0 15.5 17.3 17.7 28.9 8.5 5.6 5.3 5.10
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2.3 Composition of urban population

Apart from the trends and patterns of urbanization and population density, the
composition of population and income distribution structure in urban India also
favors the use of public transport for living and working. An overwhelming majority
in cities belongs to the poor, low and lower-middle income groups. The Global
Wealth Report 2015 published by Credit Suisse suggests that more than 90 percent of
the adult population in India fall below the bottom of the wealth pyramid (less than
$10,000). The middle class population in India, defined as those with annual wealth
of about Rs.61,480 or $13,662 is estimated at 23.6 million [6]. About one-fourth of
urbanites have been identifies to be below the poverty line. An equivalent number are
slum dwellers. More than 65 percent of urban households lives in two rooms or less.

Table 6 presents a picture of urban poverty vis-à-vis rural poverty in India
based on the Rangarajan Committee report. According to the Committee, a person
spending less than Rs.1407 per month or Rs.47 a day was considered poor in cities in

Sl
No

States Percentage of Urban
Population

Annual Exponential Growth Rate

1971 1981 1991 2001 2011 1971–
1981

1981–
1991

1991–
2001

2001–
2011

21 Odisha 8.4 11.8 13.4 15.0 16.7 5.2 3.1 2.6 2.38

22 Punjab 23.7 27.7 29.7 34.0 37.5 3.6 2.6 3.2 2.29

23 Rajasthan 17.6 20.9 22.9 23.4 24.9 4.5 3.3 2.7 2.54

24 Sikkim 9.4 16.2 9.1 11.1 25.2 9.6 �3.2 4.8 9.42

25 Tamil Nadu 30.3 33.0 34.2 43.9 48.4 2.5 1.8 3.6 2.39

26 Tripura 10.4 11.0 15.3 17.0 26.2 3.3 6.2 2.5 5.66

27 Uttar Pradesh 14.0 18.0 19.9 20.8 22.3 4.8 3.3 2.8 2.53

28 Uttaranchal NA NA NA 25.6 30.2 NA NA 2.8 3.36

29 West Bengal 24.8 26.5 27.4 28.0 31.9 2.8 2.5 1.8 2.60

Union Territories

1 Andaman & Nicobar
Islands.

22.8 26.4 26.8 32.7 37.7 6.4 4.1 4.4 2.10

2 Chandigarh 90.6 93.6 89.7 89.8 97.3 5.9 3.1 3.4 2.38

3 Dadra & Nagar Haveli 0.0 6.7 8.5 22.9 46.7 — 5.3 14.6 11.57

4 Daman & Diu — — 46.9 36.3 75.2 — 4.9 1.9 11.59

5 Lakshadweep 0.0 46.3 56.3 44.5 78.1 — 4.5 �0.8 6.24

6 Pondicherry 42.0 52.3 64.1 66.6 68.3 4.7 4.9 2.3 2.73

All India 20.2 23.7 25.7 27.8 31.2 3.8 3.1 2.7 2.76

Note: a) The figures for the states of Uttar Pradesh, Bihar and Madhya Pradesh for the 1970s and 1980s pertain to the
undivided states as existed during that time. The figures for the1990s are, however, for the new states and hence these
figures are not temporally comparable.
b) In the absence of the Census data for total and urban population for the year 1981 in case of Assam, the urban and
total population growth rates have been assumed to be constant during 1970s and 1980s. The same has been assumed
for 1980s and 1990s for Jammu and Kashmir. The percentage of urban population has been arrived for Assam (1981)
and Jammu and Kashmir (1991) based on these assumptions.
c) Goa in 1971 and 1981corresponds to Goa, Daman and Diu.
Source: Census of India for different years [4].

Table 4.
India: Level of urbanization and growth in urban population across states and union territories 1971–2011.
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2011–12. The number of urban poor was estimated at 102.5 million, accounting for
26 percent of the urban population in the same year.

Census 2001 estimated the urban slum population in India at 42.6 million. It
reported that 41.6 percent of slum population in the country lived in metropolitan
cities. Mumbai had the largest number of slum dwellers, accounting for 54 percent
of the population. Census 2011 has placed the number of slum-dwellers in India at
65.5 million. It further reveals that 46 million-plus cities contain 38 percent of the
slum households. 9 metropolitan cities have more than 30 percent of households in
slums, with Visakhapatnam topping the list at 44.1 percent, followed by Jabalpur
Cantonment Board (43.1 percent) and Greater Mumbai (41.3 percent). Among the
largest municipal corporations, apart from Greater Mumbai, Kolkata and Chennai
have reported more than 25 percent of households living in slums.

The trends of urbanization, patterns of population density and state of slums,
poverty and housing in cities suggest that the demographic and income distribution
structures of urban India are overwhelmingly suitable for a public transportation-led
model of urban development. Transportation planners and traffic engineers advocate
the following strategies for urban transportation depending on their peak hour per
direction traffic (PHPDT) that significantly depend upon the density of commuters:

PHPDT Recommended strategy
10,000 - 15,000 Bus and Dedicated Busways

Rank Urban District Area
(Sq. Kms)

2001 Census 2011 Census

Population
(In Lakhs)

Density Population
(In Lakhs)

Density

1 North East Delhi 56 17.68 31,573 22.42 36,155

2 Central Delhi 23 6.46 28,104 5.82 27,730

3 East Delhi 49 14.64 29,869 17.09 27,132

4 Chennai 174 43.44 24,963 46.47 26,553

5 Kolkata 185 45.72 24,718 44.97 24,306

6 Mumbai Suburban 446 86.40 19,373 93.57 20,980

7 Mumbai City 157 33.38 21,261 30.85 19,652

8 West Delhi 131 21.29 16,251 25.43 19,563

9 Hyderabad 217 38.30 17,649 39.43 18,172

10 North Delhi 59 7.82 13,256 8.88 14,557

Source: Census of India 2001, 2011 [4].

Table 5.
Most densely populated districts of India 2011.

Year Poverty ratio (%) No. of poor (million)

Rural Urban Total Rural Urban Total

1. 2009–10 39.6 35.1 38.2 325.9 128.7 454.6

2. 2011–12 30.9 26.4 29.5 260.5 102.5 363.0

3. Reduction 8.7 8.7 8.7 65.4 26.2 91.6

Source: Planning Commission (2014) [7].

Table 6.
India: Rural and urban poverty estimates 2009–10 and 2011–12.

198

Smart Cities - Their Framework and Applications



15,000 - 30,000 Light Rail Transit
> 30,000 Heavy Rail Mass Transit
Based on the above criteria and other factors, many cities in India qualify for

light rail transit and heavy rail transit. The largest metropolitan cities also need high
speed rail connecting them to sub-urban centres and regional towns.

2.4 Trends in motorization

The number of registered motor vehicles in India increased from 0.3 million in
1951 to 55 million in 2001 and 210 million in 2015. While the share of two wheelers
rose from 8.8 percent in 1951 to 73.5 percent in 2015, the share of busses declined
from 11 percent to 1 percent. Table 7 presents the trends in the number of motor
vehicles and the composition of the vehicular population for the period 1951–2015.

The population of motor vehicles reported by million-plus cities in India in 2015
was 66.24 million. Among these, Delhi had the highest number at 88.51 lakhs,
followed by Bengaluru (55.60 lakhs), Chennai (49.34 lakhs), Ahmedabad (34.20
lakhs), Greater Mumbai (25.71 lakhs), Surat (24.59 lakhs), Hyderabad (23.69
lakhs), Pune (23.37 lakhs), and Jaipur (22.49 lakhs). The largest number of two-
wheelers in 2015 was in Delhi at 56.98 lakhs, followed by Bengaluru (38.41 lakhs),
Chennai (35.16 lakhs), Ahmedabad (24.32 lakhs), Surat (19.13 lakhs); Pune (17.65
lakhs); Hyderabad (17.08 lakhs); Jaipur (16.58 lakhs) and Greater Mumbai (14.70
lakhs). Considering the quantum of cars in 2015, Delhi had 27.30 lakhs, followed by
Bengaluru (10.89 lakhs), Chennai (8.60 lakhs), Greater Mumbai (7.97 lakhs), Kol-
kata (5.41 lakhs), Ahmedabad (5.26 lakhs), Hyderabad (4.02 lakhs) and Pune (3.75
lakhs). Table 8 shows the number and share of two wheelers and cars in the
population of motor vehicles for metropolitan cities as of 31st March 2015.

Table 9 presents the growth of motor vehicle population in 22 metropolitan
cities in India over the period 2005–15 for which data are available. As the table

Year Number in
Million

Composition (% of Total Vehicle Population)

Two
Wheelers

Cars, Jeeps and
Taxis

Busses Goods
vehicles

Other
vehicles

1951 0.3 8.8 52.0 11.0 26.8 1.3

1961 0.7 13.2 46.6 8.6 25.3 6.3

1971 1.9 30.9 36.6 5.0 18.4 9.1

1981 5.4 48.6 21.5 3.0 10.3 16.6

1991 21.4 66.4 13.8 1.5 6.3 11.9

2001 55.0 70.1 12.8 1.2 5.4 10.5

2006 89.6 72.2 12.9 1.1 4.9 8.8

2011 141.8 71.8 13.6 1.1 5.0 8.5

2012 159.5 72.4 13.5 1.0 4.8 8.3

2013 176.0 72.7 13.6 1.0 4.7 8.0

2014 190.7 73.1 13.6 1.0 4.6 7.7

2015 210.0 73.5 13.6 1.0 4.4 7.5

Source: Government of India, Ministry of Road Transport & Highways, New Delhi: Road Transport Year Book
(2013–14 and 2014–15) [8].

Table 7.
Total number of registered motor vehicles in India (in million) 1951–2015.
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Million Plus Cities Total Number of
Registered Motor

Vehicles

Two Wheeler Cars

Number % of Total Number % of Total

Agra 9,05,023 7,41,778 81.96 76,107 8.41

Ahmedabad 34,19,828 24,31,839 71.11 5,25,891 15.38

Allahabad 8,97,035 7,30,758 81.46 72,779 8.11

Aurangabad 4,26,246 3,35,725 78.76 19,591 4.60

Bengaluru 55,59,730 38,41,139 69.09 10,88,587 19.58

Bhopal 10,80,477 8,47,334 78.42 1,36,627 12.65

Chandigarh 7,45,520 3,95,565 53.06 2,61,752 35.11

Chennai 49,34,412 35,16,062 71.26 8,60,932 17.45

Coimbatore 19,01,277 15,47,395 81.39 2,32,751 12.24

Delhi 88,50,720 56,98,242 64.38 27,30,071 30.85

Dhanbad 5,63,426 4,27,714 75.91 58,836 10.44

Durg-Bhillai 7,68,922 6,44,138 83.77 49,569 6.45

Ghaziabad 7,51,603 5,33,808 71.02 1,52,256 20.26

Greater Mumbai 25,71,204 14,70,175 57.18 7,97,267 31.01

Gwalior 6,17,681 4,87,259 78.89 52,685 8.53

Hyderabad 23,68,818 17,07,714 72.09 4,02,334 16.98

Indore 17,12,702 13,01,383 75.98 2,08,005 12.14

Jabalpur 6,38,219 4,93,633 77.35 67,445 10.57

Jaipur 22,49,240 16,58,006 73.71 3,05,445 13.58

Jamshedpur 4,72,051 3,51,696 74.50 55,020 11.66

Jodhpur 9,16,172 6,50,097 70.96 71,972 7.86

Kannur 1,88,497 1,12,851 59.87 43,920 23.30

Kanpur 14,61,530 11,72,577 80.23 1,47,072 10.06

Kochi 6,05,689 3,36,316 55.53 1,71,063 28.24

Kolkata 14,01,638 6,00,156 42.82 5,41,432 38.63

Kollam 2,74,006 1,75,528 64.06 58,097 21.20

Kota 6,54,041 5,12,740 78.40 51,749 7.91

Kozhikode 4,12,304 2,89,801 70.29 70,539 17.11

Lucknow 17,09,662 13,61,787 79.65 2,44,121 14.28

Madurai 9,54,893 7,93,510 83.10 68,804 7.21

Malappuram 2,76,765 1,51,351 54.69 59,297 21.43

Meerut 5,25,235 4,24,975 80.91 63,148 12.02

Nagpur 12,75,575 10,67,160 83.66 1,08,951 8.54

Nashik 6,22,206 4,61,628 74.19 62,473 10.04

Patna 10,18,798 7,05,298 69.23 1,35,638 13.31

Pune 23,37,085 17,65,172 75.53 3,75,267 16.06

Raipur 11,11,745 8,45,861 76.08 84,377 7.59

Rajkot 9,79,423 7,87,608 80.42 93,185 9.51

Ranchi 5,47,036 3,56,067 65.09 65,434 11.96
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Million Plus Cities Total Number of
Registered Motor

Vehicles

Two Wheeler Cars

Number % of Total Number % of Total

Srinagar 2,35,614 1,00,291 42.57 77,043 32.70

Surat 24,59,111 19,12,715 77.78 3,07,540 12.51

Trichy 7,63,396 6,36,961 83.44 58,712 7.69

Thiruvananthapuram 5,71,956 3,49,657 61.13 1,53,674 26.87

Thrissur 3,55,491 2,26,285 63.65 72,994 20.53

Varanasi 7,68,769 6,09,656 79.30 55,727 7.25

Vijayawada 6,10,321 4,52,403 74.13 53,755 8.81

Vadodara 10,41,818 8,03,969 77.17 1,23,509 11.86

Visakhapatnam 7,30,872 5,74,135 78.55 79,592 10.89

Total 6,62,43,782 4,73,97,918 71.55 1,16,53,035 17.59

Source: Ministry of Road Transport and Highways, Government of India, New Delhi: Road Transport Year Book
(2013–2014 and 2014–2015) [8].

Table 8.
Share of two wheelers and cars in total number of registered motor vehicles in million plus cities of India as on
31st March 2015.

Metropolitan City No. of Motor Vehicles (in Thousands) Average Annual Growth (%)

2005 2015

Ahmedabad 1632 3420 10.96

Bengaluru 2232 5560 14.91

Bhopal 428 1080 15.23

Chennai 2167 4934 12.77

Coimbatore 682 1901 17.87

Delhi 4186 8851 11.14

Greater Mumbai 1295 2571 9.85

Hyderabad 1433 2369 6.53

Indore 705 1713 14.30

Jaipur 923 2249 14.37

Kanpur 425 1462 24.40

Kochi 166 606 26.51

Kolkata 911 1402 5.39

Lucknow 615 1710 17.80

Madurai 330 955 18.94

Nagpur 770 1276 6.57

Patna 378 1019 16.96

Pune 827 2337 18.26

Surat 692 2459 25.53

Varanasi 366 769 11.01
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shows 16 out of 22 metropolitan cities recorded more than 10 percent annual
growth over the period; 3 cities had an annual growth rate exceeding 20 percent.

The car-penetration rate defined as the number of cars per 1000 persons is very
small in India compared to that in developed countries and several developing
countries. Table 10 compares data on Gross National Income (GNI) and vehicular
penetration rates for select countries with those for India.

The data in the above table suggest that with the rise in GNI, following structural
transformation and economic growth, the vehicular penetration rate, with attendant
problems of congestion, pollution, noise and carbon emissions in cities, will lead to
increased demand for road space and public transport, including rail-based transit.

Ironically, many of India’s urban mobility problems can be traced to the lack of an
appropriate planning model and public transport development strategy rooted in the
economics of cities. In particular, cities have not exploited the links between

Metropolitan City No. of Motor Vehicles (in Thousands) Average Annual Growth (%)

2005 2015

Vadodara 586 1042 7.78

Visakhapatnam 435 731 6.80

Source: Ministry of Road Transport and Highways, Government of India, New Delhi: Road Transport Year Book
(2013–2014 and 2014–2015) [8].

Table 9.
Growth in number of registered motor vehicles in select metropolitan cities 2005–2015.

Country GNI per capita (US$) for 2013 Number per 1000 persons

Passengers
Cars

Total
Vehicles

Two-
wheelers

Developed Countries

United States 53,470 360 783 27

United
Kingdom

41,680 455 517 19

Japan 46,330 466 598 81

Germany 47,270 544 603 50

Australia 63,390 562 711 32

Developing Countries

Mexico 9940 203 285 15

Malaysia 10,430 358* 396* 356

South Africa 7190 110** 162** 6

Brazil 11,690 227 290 108

China 6560 76 93 70

South Korea 25,920 300 386 42

India 1570 19 167 123
*Data relates to 2012.
**Date relates to 2011.
Source: Ministry of Road Transport & Highways, Government of India, New Delhi: Road Transport Year Book
(2013–2014 and 2014–2015) [8].

Table 10.
Vehicular penetration rates in select developed and developing countries 2013.
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agglomeration externalities and transportation in their spatial planning and develop-
ment models. Land use planning and transportation planning have been pursued as
disjointed exercises in India. Cities had land use planners, but no transport planners.
As a result, they have not been able to harness the power of city externalities to guide
transport-land use integration and local economic development, address congestion
and raise resources to finance public transport. The trends of urbanization,
metropolitanization and motorization; patterns of population composition and
densities in cities; abysmal state of urban transport with no robust model of
financing in sight; emerging energy security and environmental concerns; andthe
demands of inclusive economic growth in India call for exploring the principles of
New Urbanism, Smart Growth and TOD for restructuring urban planning.

3. New urbanism, smart growth and TOD

New Urbanism and Smart Growth emerged in the last four decades in the
United States, Europe and other developed countries in response to their problems
of urban sprawl, a consequence of automobile-dependency. They are rooted in a
search for alternatives to low-density, single-use and spread-out patterns of urban
expansion, increasing traffic congestion and air pollution, and adversely impacting
the environment and quality of life.

New Urbanism is a design-oriented with architectural roots. Promoted by archi-
tects, it is focused on neighborhood design. Smart Growth is policy-oriented with
environmental roots. Spearheaded by planners, it is centered on promoting guided
development. Smart Growth is not so much concerned with urban design as it is
with growth promotion. It elevates the discourse on urban planning from growth
control to issues of how and where growth should be accommodated. It calls for
public subsidies for growth, such as infrastructure facilities and land use incentives.
Both New Urbanism and Smart Growth advocate TOD.

Transit Oriented Development (TOD) owes its origin to the paradigms of New
Urbanism and Smart Growth. It is an urban planning and development approach
aimed at creating vibrant, livable and sustainable communities by concentrating
growth around one or more transit stations or within a transit corridor. It empha-
sizes compact, walkable, mixed-use communities with access to high quality transit
services within a walking distance. TOD principles are not new; they were intro-
duced by many cities in North America and Australia into their planning models
after World War II. However, TOD as a specific policy paradigm has taken root
only in the last twenty years.

The concentration of development based on a TOD approach acts against urban
sprawl and uneconomic extension of costly infrastructure, catalyzes external econ-
omies of agglomeration, mitigates congestion diseconomies, and assists in the
mobilization of resources through increases in land and property values and other
tax bases. TOD enables lower-stress living without complete dependence on a car
for mobility. It is environment-friendly and inclusive. The poor, who do not own
automobiles benefit significantly when included under a TOD scheme. As an
instrument of inclusive regional and urban planning, TOD promotes the inclusion
of the poor in the urban development process. The economic, social and environ-
mental benefits of TOD are briefly presented below:

TOD: Economic Benefits:
The economic benefits of TOD include reduced congestion, agglomeration

economies, resource mobilization for financing infrastructure, reduced costs of
development, efficiency of investment, etc.

Reduced Congestion: TOD reduces the need to travel and, thus, reduces
congestion and stress levels.
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Agglomeration Economies: TOD, if designed properly, can augment agglomera-
tion economies by enhancing access to the economic mass and facilitating the
collocation of productive economic activities in nodes with potential to engineer
growth. These economies lead to benefits of backward and forward linkages, mar-
ket access, sharing of common infrastructure facilities and resources, specialized
labour pooling, human capital accumulation, knowledge spillovers and networking.
They lead to economies of sharing, matching and learning; they promote speciali-
zation, diversity and competition.

Increased Revenue Yields: Properties around transit hubs are accorded higher
values. These higher property values could be converted into revenue for the gov-
ernment through value capture levies.

Efficiency of Investment: TOD directly fosters patronage for growth and helps
to optimize existing transit and connectivity infrastructure. It maximizes the effi-
ciency and carrying capacity of the transportation network.

TOD: Social Benefits.
Affordable housing and public transport are key enablers of social inclusion.

They increase the accessibility to jobs, health care, education, recreation and socio-
cultural interactions.

TOD: Environmental Benefits.
Public transport can help to reduce the proliferation of personal vehicles and

thus, reduce the level of emissions. This reduction could be quite significant, espe-
cially during the peak hours.

The success of TOD depends on its design. Box 1 presents some key principles to
guide TOD designing.

1. Multimodal Transit Station.

Transit is the focus of TOD.Transit facilities should not be designed in isolation, rather it should
connect the neighborhoods. Further, it should include a mix of modes like two wheelers, car,
bicycles, BRT, LRT and NMT.

2. Interconnected Streets.
Such a pattern not only decreases congestion but also encourages mixed use development along with
enhanced travel choices.

3. Mixed Use Development.
A compact structure involving diverse land use pattern can benefit residents as well as workers to
meet their daily requirements including work, shopping and leisure.

4. Walkability.
In order to encourage walking it is important to design a pedestrian-friendly structure. Such a
structure must include sidewalks, shaded pedestrian routes, benches to rest and safe crossing points
at transit stations.

5. Compact Development.
In order to be successful, the structure needs to be compact. The extent of neighborhoods around
transit nodes is based on a comfortable walking distance from edge to centre (approximately 400 to
800 meters in radius).

6. Street-facing Buildings.
Streets can be better defined by placing the buildings near them. Street front retail should be
provided to humanize the building wall and activate the sidewalk.

7. Urban Place-making.
A successful TOD design works on developing public spaces in the neighborhood. It is important for
improving social interaction and strengthening community bonds and participation.

8. Neighborhood High Street.
Retail streets provide the goods and services of daily life, activate the street, reduce auto reliance, and
increase ownership and safety of the pedestrian realm.

9. Streetscape Design.
A beautified street pattern equipped with pedestrian utilities improves the desire to walk and makes
it pleasant while shortening the sense of distance.
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While the principles of Smart Growth and TOD originated in developed coun-
tries in response to their problems of sprawl, the paradigms make good sense for
developing countries like India. However, TOD policies have not been implemented
in an appreciable way in India. Only recently Delhi and Haryana have brought out
planning guidelines for TOD, calling for the integration of transportation and land
use. Bengaluru, Mumbai, Pimpri-Chinchwad, Ahmedabad. Hyderabad, Naya Rai-
pur and Bhubaneswar have embarked on programmes to promote transit-oriented
planning and development. TOD presents significant opportunities to India to make
the country’s urbanization process efficient, inclusive and sustainable. However, the
execution of TOD and financing of transit investments are key challenges for Indian
cities. Apart from the principles of sustainable development, successful interna-
tional practices of transport-land use and integrationapproaches to financing public
transport investments can guide the design of TOD in India. Section 4 refers to
some oft-cited examples of successful international practices of TOD. Section 5
presents the broad approaches to financing of public transport, including transit to
guide Indian cities to draw lessons for TOD.

4. Transit oriented development: international practices

TOD is emerging as a preferred paradigm to plan cities, localities and urban
extensions and renew old cities and derelict areas within cities in many countries.
Some of the successful TOD models practiced internationally that can provide
lessons for Indian cities for the integration of transportation and land use are
discussed in this section.

4.1 Hong Kong SAR

Hong Kong is internationally known for its successful integration of rail transit
investments and urban development. The integrated “rail-property” development
model (R + P), plays a vital role in managing and financing railway expansion,

10. Bicycle-friendly Streets / Parking.

Bicyles are environment friendly and efficient alternatives to automobiles. Bike lanes, bike routes,
and secure parking make the bicycle an easy option.

11. Urban Parks & Plazas with Minimized Ecological Footprint.
Open spaces enable public interaction and promote healthy communities.

12. A Well-designed Transit Station for a High Quality User Experience.
The design of the transit station is at the heart of a successful TOD structure. Its design is critical for
enhancing customer attraction and ensuring seamless and efficient accessibility to consumers.

13. Reduced Parking Standards.
Reducing parking standards provides increased site area for alternative public amenities.

14. Safety & Security.
Ensuring safety and security of transit users especially pedestrians, not only improves the transit
experience but also enhances transit ridership.

15. Market Acceptance and Successful Implementation.
A vibrant and transit supportive space which attracts several jobs and residents is critical for a TOD
programme. Flexible strategies along with designs which cater to the needs of the surrounding
neighborhood can ensure a successful TOD.

Source: UNDP 2012 [9].

Box 1.
Transit-oriented development: design principles.
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advancing high-quality urban designs, creating “one-stop” settings for “live-work--
shop-play”, guiding regional urban growth, and more. As with all good public-
private partnerships, this occurs in a win-win fashion – i.e., the railway corporation
reaps financial benefits and society at-large benefits from more sustainable, transit-
oriented patterns of development. Maritime Square Residential-Retail Development
atop Tsing Yi Station provides a good example of Hong Kong TOD. Maritime Square
features hierarchically integrated uses. Shopping mall extends from the ground
floor to the 3rd level. Station concourse sits on the 1st floor, with rail lines and
platforms above and ancillary/logistical functions (like public transport/bus inter-
change and parking) at or below. Above the 4th and 5th floor residential parking
lies a podium garden and above this, high-rise, luxury residential towers [10].

The Hong Kong Government derives a major proportion of its revenues from
land, including premium on new land and modification of existing leases, property
taxes, stamp duty, rents, etc. [11]. The Hong Kong MTR has generated many
benefits to the community. These include travel time saving, employment gains,
environmental health benefits, property value increases and so on. The network
obviously generates enormous external benefits as it passes through the densely
populated districts, commercial and employment centres and carries large
passenger loads.

4.2 Bogota

Bogota, the capital of Colombia, has some of the most progressive public invest-
ment initiatives in developing countries, including the first-class TransMilenio BRT;
integrated TDM measures; the transit-linked social housing Metrovivienda pro-
gram; the Alameda Porvenir, the world’s longest pedestrian way; and other public
projects that incorporate good urban design and innovative financing schemes [12].
Bogota’s TransMilenio is one of the world’s most successful examples of Bus Rapid
Transit (BRT) [13]. It is characterized by dedicated main trunk routes for high
speed busses, physically separated from the rest of traffic [14]. The bus stations are
well-connected with systematic feeder services. The integrated approach of Bogota
addressing affordable housing and affordable transport simultaneously, has
improved the access to work, leisure, recreation, shopping.

4.3 Curitiba

Curitiba’s bus system is composed of a hierarchical system of services. Minibusses
routed through residential neighborhoods feed passengers to conventional busses on
circumferential routes around the central city and on inter-district routes. The back-
bone of the system is composed of the Bus Rapid Transit, operating on the five main
arteries leading into the centre of the city like spokes on a wheel hub [15]. Along each
of the five arteries there is a trinary road system, comprised of middle express bus
lane with vehicle lanes on each side for local auto traffic and parking.

Curitiba’s Master Plan integrated transportation with land use planning. It limited
central area growth, while encouraging commercial growth along the transport arter-
ies radiating out from the city centre. The city centre was partly closed to vehicular
traffic, and pedestrian streets were created. Rush hour in Curitiba has heavy com-
muter movements in both directions along the public transportation arteries.

4.4 Copenhagen

Danish Town Planning Institute created the “Egnsplan” or the Finger Plan in
1947. It was based on a TOD principle, with mixed land use and high-density areas
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around the centre [16]. Shopping malls, offices, recreational centres and housing
were all planned in pedestrian areas with good bicycle facilities such as cycle lanes
and parking and a good connection to public transport. The design includes five
fingers or corridors of urban development along the suburban areas which are
connected through railway lines and would directly connect the areas to Copenha-
gen Central Business District (CBD). The neighborhoods around the transit stations
were planned to be developed in a TOD fashion with high density housing and
amenities. The approach aimed at an ordered and integrated ‘green’ growth and was
developed at the time of extensive and rapid urban development. There were spaces
left for the use of farmland and recreational purposes between each finger, known
as “green wedges”. A ring road was planned at the end of each finger which linked
the Copenhagen harbor and inner city to industrial locations. Most of the land was
developed by the end of the 1960s and the two southern-most fingers were
extended.

Orestadtownship is one of the best examples of successful TOD following the
Finger Plan. It combines economic activities, housing and amenities – jobs, housing,
retail, leisure and education – all based on TOD. It helped Copenhagen to remain
competitive and release pressure on CBD.

Unlike the international cities with global best practices on TOD, Indian cities have
grossly neglected transportation planning, public transport investments and
transport-land use integration for long. Key issues of financing public transit and
development integratedwith such transit are typically ignored in public discourses. As
a result, a coherent strategy for financing public transport has not emerged in India.
Section 5 refers to international practices for financing of transit oriented development
in the broader concept of financing public transport to guide Indian cities.

5. Financing transit oriented development

The financing of TOD cannot be artificially divorced from the broader issues of
financing urban transport and cities. Both planning and economic considerations
are important for designing a financing strategy. The approaches to financing of
various types of public transport infrastructure, including TOD internationally
include the following methods:

• Equity, including public-private partnerships (PPP), special purpose vehicles,
infrastructure debt funds, investment funds, infrastructure financing companies.

• Debt tools, including private debt, commercial bank debt, take-out financing,
bond financing – infrastructure bonds, municipal bonds (revenue and general
obligation), green bonds, etc.

• Foreign Direct Investment and Foreign Portfolio Investment.

• Grant financing, combining central and state grants with local government
resource mobilization and using public funds to leverage market resources and
PPP.

• Direct fees, including user fees, utility fees, benefit charges and congestion pricing.

• Using land as a resource - value capture and impact instruments such as land
and property taxes, land value tax, land value increment tax, betterment levy,
developer exactions, impact fees, special assessment districts, land
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Sl.
No.

Name Description Advantages Disadvantages

1. Fare increases Increase fares or change
fare structure to increase
revenues

Widely applied. Is a user
fee (considered equitable)

Discourage transit use. Is
regressive.

2. Discounted
bulk passes

Discounted passes sold to
groups based on their
ridership

Increases revenue and
transit ridership

Increases transit service
costs and so may provide
little net revenue

3. Property
taxes

Increase local property
taxes

Widely applied.
Distributes burden
widely.

Supports no other
objectives. Is considered
regressive.

4. Sales taxes A special local sales tax Distributes burden
widely.

Supports no other
objectives. Is regressive.

5. Income tax Special income tax for
transit or transportation

Progressive with respect
to income. Relatively
stable.

May be difficult to
implement.

6. Fuel taxes An additional fuel tax in
the region

Widely Applied. Reduces
vehicle traffic and fuel use

Is considered regressive.

7. Vehicle fees An additional fee for
vehicles registered in the
region

Applied in some
jurisdictions. Charges
motorists for costs.

Does not affect vehicle
use.

8. Utility levy A levy to all utility
accounts in the region

Easy to apply. Distributes
burden widely.

Is small, regressive and
support no other
objectives.

9. Employee
levy

A levy on each employee
within a designated area
or jurisdiction

Charges for commuters. Requires administration.
Encourage sprawl if in
city centers.

10. Road tolls Tolls on some roads or
bridges

Reduces traffic
congestion.

Costly to implement.
Can encourage sprawl if
only applied in city
centers.

11. Vehicle-Km
tax

A distance-based fee on
vehicles registered in the
region

Reduces vehicle traffic. Costly to implement.

12. Parking taxes Special tax on
commercial parking
transactions

Is applied in other cities. Discourages parking
pricing and downtown
development.

13. Parking levy Special property tax on
parking spaces
throughout the region.

Large potential.
Distributes burden widely
supports strategic goals.

Costly to implement.
Opposed by suburban
property owners.

14. Expanded
parking
pricing

Increase when and where
public parking facilities
(e.g. on-street parking)
are priced

Moderate to large
potential. Distributes
burden widely. Reduces
parking & traffic
problems.

Requires parking meters
and enforcement, and
imposes transaction
costs.

15. Development
or transport
impact fees

A fee on new
development to help
finance infrastructure,
including transit
improvements.

Charges beneficiaries. Limited potential.

16. Land value
capture

Special taxes on property
that benefit from the
transit service

Large potential. Charges
beneficiaries.

May be costly to
implement. May
discourage TOD.
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readjustment, town planning scheme, joint development, land monetization
including the lease and sale of land and air rights with enhanced Floor Space
Index and value-enhancing land use changes in TOD zones, tax increment
financing, etc.

• Bullet Bonds and Pooled Finance Fund Scheme.

Land value capture (LVC) instruments take many forms and can be classified
into two major types: (i) tax- or fee-based and (ii) non-tax- or non-fee-based, also
called “development-based LVC.” Tax- or fee-based instruments capture land value
increases through, for example, land and property taxes, betterment charges, spe-
cial assessments, and tax increment financing. In contrast, development-based LVC
instruments capture these increments through land-related transactions such as
selling or leasing land, development rights and air rights; making land
readjustments; and redeveloping urban areas [17]. If adapted well to local contexts,
development-based LVC instruments can be an effective finance and planning
mechanism for cities in India.

The issues of financing public transit and TOD are intricately connected. How-
ever, as Indian cities are struggling to finance the development of mass rapid transit
and bus rapid transit systems, not many have focused on TOD funding linked to
LVC and non-LVC instruments. Based on international experience, a combination
of financing instruments needs to be considered for adoption in India. These have to
be suitably customized to fit the context of cities. A summary of various potential
options for funding public transport, including transit is presented in the table
below (Table 11).

International experience suggests that no one size fits all. But it makes clear that
public transit and TOD impact on local, regional and national economies and lead to
enhanced tax bases of all governments. Thus, if they are financed by borrowed
funds with repayment linked to a value creation, capture and recycling strategy,
cities in India can hope to get out of their vicious circles and traverse on a path of
planned development. Future tax increments can finance current investment
programmes which augments tax bases.

6. Towards TOD in India: case studies

Some state governments and urban local bodies in India have resorted to novel
initiatives to plan and implement projects aimed at improving urban mobility

Sl.
No.

Name Description Advantages Disadvantages

17. Station rents Collect revenues from
public private
development at stations

Charges beneficiaries. Limited potential.

18. Station air
rights

Sell the rights to build
over transit stations.

Charges beneficiaries. Limited potential.

19. Advertising Additional advertising on
vehicles and stations.

Already used. Limited potential.
Sometimes unattractive.

Source: Todd Litman 2016 [18].

Table 11.
Potential public transport funding options.
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following the TOD principle and Smart Growth framework. Some case studies are
presented below.

6.1 Janmarg: Ahmedabad

The city has decided to develop and implement an integrated public transit
system including:

• A Suburban Rail Transit System to connect the city with its industrial suburbs
such as Kalol, Naroda, Mehmedabad, etc.

• A Metro Rail System to cater to the high intensity movement between
Ahmedabad and Gandhinagar.

• A Bus Rapid Transit System (BRTS) to cater to major mobility needs of the
city.

• A regular bus system to support BRTS.

• Decentralized Regional Bus & Rail Terminal.

• Integrate different form of transport, i.e., BRT with other regional and urban
transport systems, with bicycles and pedestrian facilities.

• Integration of Land Use -Transport elements like increased FSI along BRTS
corridor.

The primary objective of the integrated public transit initiative in Ahmedabad
is to make the city more accessible – with physical, social and economic
accessibility.

Ahmedabad city has developed a Bus Rapid Transit System under the Jawaharlal
Nehru National Urban Renewal Mission (JNNURM) with the name “Janmarg” or
“the people’s way” and the slogan ‘Accessible Ahmedabad’.Janmarg boasts of an
innovative plan anddesign which includes pedestrian only sections and one-way bus
lane etc.

6.2 “Namma”metro: Bengaluru

Bangalore Metro Rail Corporation Limited (BMRCL), a joint venture of Gov-
ernment of India and Government of Karnataka is a Special Purpose Vehicle
entrusted with the responsibility of implementation of the Bengaluru Metro Rail
Project. “Namma Metro” is an environment friendly initiative as it aims at reducing
carbon emissions in the city. The project has an East–West corridor - 18.10 km long,
starting from Baiyappanahalli in the East and terminating at Mysore Road terminal
in the West and a 24.20 km North–South corridor commencing at Nagasandra in
the North and terminating at Puttenahalli in the South.

In connection with the construction of Bengaluru Mass Rapid Transit System,
the Government of Karnataka has introduced a number of innovative measures to
create a dedicated resource pool, including special cess to capture land value incre-
ments due to transit [19]. The Government has taken up several value capture
instruments like development ceases, chess on additional FAR, Transferable Devel-
opment Right (TDR) etc. to finance Bengaluru mass rapid transit system.

210

Smart Cities - Their Framework and Applications



6.3 Delhi MRTS

The Delhi Metro system serves Delhi and its satellite cities of Faridabad,
Gurgaon, Noida and Ghaziabad in National Capital Region in India. Delhi Metro is
the world’s 12th largest metro system in terms of both length and number of
stations. The network consists of five color-coded regular lines and the faster Air-
port Express line, with a total length of 213 kilometers serving 160 stations (includ-
ing 6 on Airport Express line) [20]. The system has a mix of underground, at-grade,
and elevated stations using both broad-gauge and standard-gauge. The metro
generated an average daily ridership of 2.661 million passengers.

Delhi Metro has been instrumental in reducing vehicular congestion on the
roads. According to a study, Delhi Metro has helped in removing about 3.9 lakh
vehicles from the streets of Delhi. The Delhi Metro Rail Corporation has been
certified by the United Nations as the first metro rail and rail-based system in the
world to get “carbon credits for reducing greenhouse gas emissions” and helping in
reducing pollution levels in the city by 630,000 tonnes every year, thus helping in
reducing global warming [21].

The Delhi TOD Policy 2013 has provided for significant increases in FSI in
transit influence zones to promote intensive development so that TOD can be self-
financing adopting a land value capture method and even be surplus-generating.
The Delhi Development Authority has proposed to take up TOD to build the East
Delhi Hub as a signature destination. This includes the development of 75 acres of
land in Karkardooma with FSI raised to a maximum of 4 and maximum density of
2000 persons per hectare on the basis of a TODmodel. The project is being taken up
on a partnership with the National Building Construction Company (NBCC). Some
parcels of land are under development, but Delhi is far from achieving the TOD
Policy objectives of inclusive development.

6.4 Delhi TOD policy

The salient features of the Delhi TOD Policy are:

• Development/redevelopment in TOD zone will be incentivized by providing
significantly higher FAR of 4.0 on the entire amalgamated plot being
developed/redeveloped.

• Additional FAR may be availed only through Transferable Development Rights
(TDR), for schemes larger than 1 hectare.

• Entire approved layout plan of a scheme will be included in the influence zone
if more than 50 percent of the plan area falls in the influence zone.

• It will be mandatory to use a minimum of 30 percent of overall FAR for
residential use, a minimum of 10 percent of FAR for commercial use and a
minimum of 10 percent of FAR for community facilities. Utilization of the
remaining 50 percent FAR shall be as per the land use category designated in
the Zonal Plan.

• There shall be a mix of housing types for a wide range of income brackets
within communities with shared public spaces/greens/recreational facilities/
amenities, which will minimize gentrification and create more community-
oriented developments.
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• The mandatory residential component covering 30 percent FAR shall wholly
comprise of units of 65 m2 area or less. Out of the half of the FAR, i.e. 15
percent of the total FAR, has to be used for units of size ranging between 32
and 40 m2. Over and above this, an additional mandatory FAR of 15 percent,
i.e. FAR of 0.6 (out of 4.0) has to be utilized for Economically Weaker Sections
(EWS). The size of EWS units will range between 32 and 40 m2.

• 20 percent of land shall be used for roads/circulation areas. 20 percent area for
green open space shall be kept open for general public use at all times. Further,
10 percent of green area may be for exclusive use.

• MRTS agencies are exempted from providing the mandatory 30 percent
residential component which is part of the TOD norms applicable to all other
developer entities (DEs).

6.5 Hyderabad elevated metro rail

Hyderabad has gone for a metro rail transit based on project report prepared by
Delhi Metro Rail Corporation (DMRC) which identified 269 acres of land require-
ment. Originally the project was conceived as a government-funded project. How-
ever, subsequently the city went for a metro based on a PPP mode, adopting a
Design, Build, Finance, Operate and Transfer (DBFOT) format. Hyderabad is cur-
rently implementing the world’s largest elevated metro rail project in PPP mode
with L&T as concessionaire.

The revenue model of the concessionaire is: 55 percent passenger fare, 40 per-
cent property development and 5 percent advertisement and parking fees. Thus, the
project’s revenue is partially fare based. But, a significant portion of the revenue is
also non-fare based. The concessionaire hugely relied on the potential of develop-
ment of property or air space above and around transit stations. It has been pro-
vided with some valuable government land at vantage transit stations and is
undertaking commercial exploitation of property with engineering innovations. It
cannot sell property but can enjoy the rentals during the concession period of
35 years.

6.6 Mumbai metro

Mumbai Metro Line 1 – Versova-Andheri-Ghatkopar Mass Rapid Transit System
is the first metro project awarded in the country on a PPP basis. It has provided the
much needed connectivity in the financial capital of India linking the East and the
West. It has ensured connectivity to Western and Central Railways. Providing
modern, fast, clean and caring infrastructure, the Line has carried 100 million
commuters in the first year of operation. It has reduced the journey time between
Versova and Ghatkopar from 71 minutes to 21 minutes.

While Indian cities have making efforts to promote TOD with new policies,
projects and plans emerging, especially in the context of Smart Cities Mission, a
study of the Indian initiatives so far suggests robust approaches to financing and
execution of TOD have not emerged. The approaches to financing transit also vary
considerably as shown in Table 12 below.

A key lesson from the initiatives of Indian cities towards financing transit and
TOD, when compared to international best cases, is that urban policy, spatial
planning, city development strategy, city financing framework, transit orientation,
zoning, land use and development control regulations and institutional framework
to integrate land use and transportation planning, raise resources and execute TOD
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need to be part of a holistic model of integrated urban development and should not
be undertaken disjointedly.

7. Implementing TOD in India: issues and directions

The existing institutional framework in Indian cities is not adequate to tackle the
issues associated with planning, financing and implementing TOD. The starting
point for successfully implementing TOD in India is to devise an appropriate insti-
tutional framework along with clarity in financing mechanisms. Considering the
investment and planning efforts demanded by TOD, an effective, extensive and
robust institutional framework needs to be put in place. This framework is required
at all three levels of governance: centre, state and local. The design, implementation
of TOD and enforcement of urban transport pricing and regulatory measures
require special attention. Proper co-ordination must be ensured between the several
agencies involved at the different levels in order to prevent potential conflicts and
delays.

The draft National Transit Oriented Development Policy paper takes into
account the above internationally recognized principles and implementation guide-
lines for TOD. Keeping in view the international best practices and national debate
and discussion on TOD as an instrument of sustainable and planned urban devel-
opment, Box 2 provides some broad directions for executing TOD in cities and
towns of India.

Funding
Approach

Financing Pattern Practicing Metro Rail

Government-
funded

50–50 Central Government: State
Government

Delhi, Bengaluru, Chennai, Kochi, Nagpur

100 percent State Government Jaipur, Lucknow (initially)

100 percent Central Government Kolkata (North –South) Kolkata (East–West)

Public-Private
Partnerships

Private provisioning of operation
and maintenance

Delhi Airport Express (initially) – Reliance Infra

PPP-BOT model (Design, Build,
Finance, Operate, Transfer)

Hyderabad Metro (Government of India Viability
Gap Funding – 10%, L&T – 20% equity and 70%
debt)) Mumbai Metro Line 1 (RInfra �69%
MMRDA – 26%, Veolia – 5%)

Private
Funding

Complete private funding Gurgaon Rapid Metro
Phase I – Equity 75%, DLF 25%
Phase II – Senior Debt from Banks/ Financial
Institutions – 70%, Sponsor’s Contribution – 30%

Table 12.
Emerging approaches to financing public transit in India.

TOD focuses on compact, mixed use development around transit corridors - metro rail, BRTS etc.
International best practices have demonstrated that though transit system facilitates transit-oriented
development, improving accessibility and creating walkable communities is equally important. Thus, to
achieve the goals of TOD, the planning and development principles mentioned earlier in the study need to
be adopted. The principles should also be supported by TOD-support policy tools such as right size
infrastructure, technology integration, station area planning, land value capture, safety and security,
universal accessibility etc. The following key aspects need to be considered for translating TOD principles
and policies into practice in India:
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Table 13 presents a summary of steps to convert the concepts of TOD to micro
level implementation and undertake rapid transit station area and transit corridor
development in India:

1. Approach for TOD Implementation:

1.1 Influence Zone:
Influence zone of any transit corridor or station is the area in its immediate surrounding. It is
intended to be developed into a compact, high density structure with mixed land use to cater to the
residents’ basic needs. It is generally up to a radius of nearly 500–1000 mt of the transit station.

1.2 High Density Compact Development:
TOD calls for the densification of the influence zone. This can be done by providing higher Floor
Area Ratio (FAR)/ Floor Space Index (FSI) and higher job and population density in the influence
areas.To ensure sustainable and financially viable development, the minimum FAR should be 300–
500 percent, and can be higher, depending on the city size.

1.3 Mixed Use Development:
Mixed land use in the TOD zone reduces the need to travel for work, shopping, leisure, education
etc. The basic necessities of the residents can be provided within walking distance.

1.4 Mandatory and Inclusive Housing:
The cities should have minimum percentage (30 percent or higher) of allowed FAR for affordable
housing in all development/ redevelopment in the influence zones. Housing in the influence zones
should have a mix of all economic groups/ sections. The development control regulation should
cater housing for EWS as well as LIG and MIG to give an opportunity to the people who depend on
public transport for daily commuting to live in walkable neighborhoods.

1.5 Multimodal Integration:
An integrated multimodal network is required for availing various facilities in the influence zone.
Seamless physical connectivity, integrated information system and fare integration can provide easy
first and last mile connectivity.

1.6 Focus on pedestrians, cyclists and NMT users:
The influence zone should address the needs of pedestrians and NMT users. Sidewalks and
amenities like benches, lighting, shops and information signage etc. should be developed.

1.7 Street Oriented Buildings and Vibrant Public Spaces:
Buildings should face the streets so as to define them better. Buildings should be oriented towards
facing the pedestrian facilities. Public spaces should be developed to improvesocial interaction and
strengthen community bonds and participation.

1.8 Managed Parking:
Use of private vehicles can be discouraged by reducing availability of parking spaces in influence
zones and making it expensive. On-street parking should be prohibited within 100 mt of the transit
station, except for freight delivery and pick-up or drop-off of the differently abled.

2. Value Capture Financing (VCF) for TOD:
The investment in the transit system as well as increase in FAR and provision for mixed use
development would result in increase in value of land within the influence zone. Land Value
Capture can be used as a mechanism to finance the required upgradation of infrastructure and
amenities within the influence zone and expansion of the public transport system.

3. Statutory Framework:
TOD policy should be notified as part of the Master Plan/ Development Plan of the city whose
vision should be resonated by all the stakeholders, especially those involved in infrastructure
development and preparation of development plans. The policy document should clearly outline the
importance of the high capacity transit network in the city’s development.

4. Coordination and Implementation:
Successful implementation of TOD requires the various agencies involved in planning, design and
financing to work in coordination with each other. UMTAs need to be operationalized and
strengthened.

5. Communication and Outreach:
It is important to create awareness about TOD so as to increase its use. Multiple agencies including
both private and public stakeholders must have a collective approach for successful implementation
of TOD.

Source: National Transit Oriented Development Policy [22].

Box 2.
Implementing TOD in India.

214

Smart Cities - Their Framework and Applications



8. Conclusions

India is going to experience a multifold rise in the demand for urban transport in
the coming years. A strategic approach is required to ensure that the growth
momentum is maintained without adversely impacting the quality of environment
to urban dwellers. A holistic planning mechanism consolidating urban transport and
land use planning is essential for Indian cities, especially metropolitan cities, so that
synergies between urban form and functions can be channelized. This will further
augment the productivity and efficiency of cities. The present challenges of con-
gestion, pollution, accidents, sprawl etc. can be mitigated by investing in public
modes of transport and optimizing multimodal mobility patterns. Urban transport
influences the spatial organization of cities. So, urban transport must be approached
in a holistic manner integrating pricing, financing regulation and comprehensive
land use.

This chapter suggests that TOD is a necessity in India in view of the urbaniza-
tion, metropolitanization and motorization trends in cities, the numbers and densi-
ties therein, income distribution patterns and considerations of sustainability. The

Existing Land Use

a. Existing Land Use • Development of existing corridor and station-area.
• Making existing station-area pedestrian friendly, including
access for persons with disabilities.

• Improving parking supply in existing corridor and station-
areas.

Transit Supportive Plans and Policies

a. Growth Management • Concentration of development around established activity
centres and regional transit.

• Greater employment opportunities should be provided close to
transit stations.

• Managing and conserving land.

b. Transit Supportive
Corridor Policies

• Development of station-area and increasing transit corridor.
• Plans and policies aiming to increase transit-friendliness of
transit stations, corridors and areas.

• Designs to improve pedestrian amenities, including facilities for
the differently abled commuters.

• Parking policies.

c. Supportive Zoning
Regulations near Transit
Stations

• Policies and regulations which encourage development around
transit stations.

• Zoning ordinances that provide enhanced accessibility
topedestrians and encourage transit-oriented characteristics of
stations.

• Zoning allowances to mitigate traffic and reduce parking.
• Ensuring provision of affordable housing units close to transit
stations.

d. Tools to implement land
use policies

• Outreach to government agencies and the community in
support of land use planning.

• Regulatory and financial incentives to promote transit
supportive development.

• Higher FSI should be allowed along transit corridors.
• Efforts to engage the development community in station area
planning and transit-supportive development.

Table 13.
Summary of steps to execute TOD: station area and corridor development.
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country cannot afford auto-centric, sprawling, energy-intensive and an expensive
process of urbanization. India needs to move to a public-transportation led, transit-
oriented, mixed use, and value capture financing-focused strategy of planned urban
development with public transportation investment and transport-land use inte-
gration as the key drivers. This also calls for a robust financing strategy. Successful
TOD policy requires a robust and integrated framework bestowed with financial
independence, responsiveness and competence. TOD policy can be successful by
ensuring transparency and accountability towards the users while augmenting the
accessibility of Indian cities.
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Chapter 12

Estimation of the Efficiency
Indices for Operating the Vertical
Transportation Systems
Yury K. Belyaev and Asaf H. Hajiyev

Abstract

Various lifts’ systems with different control rules are considered. It is suggested
to use the efficiency indexes: customer’s average waiting in lift cabin time and
average total time, including the time of delivering the customer to the desired
floor. Various control rules are introduced: Odd-Even, where one lift serves only
customers in Odd floors and other lift only does that in Even floors Up-Down control
rule where one lift serves only customers who are going from the first floor to the
destination floor 2, 3,… , k; another lift serves customers from the first floor to the
upper floor k + 1, k + 2, … , n. The results of simulation, allowing to compare various
control rules relatively to the efficiency indexes, are given. It is introduced an
optimal number of lifts, which minimizes number of lifts, minimizing a customer’s
average waiting time. For some systems, the method of finding the optimal number
of lifts, is suggested. Necessary figures demonstrating the operation of the lifts’
systems and the results of the simulation allow to estimate the efficiency indexes.

Keywords: simulation of various lifts’ systems, odd-even, up-down, situation of
control rules, customer’s average waiting time and total service time

1. Introduction

The world economy suffered a lot of losses after the coronavirus pandemic and
it will take a long time for its rehabilitation. An important role in the development
of the world economy will have the transportation and communication systems
because it is necessary to renovate the economic communications among countries.
For the investigation of the transportation and communication systems, mathemat-
ical models of queuing systems with moving servers are widely used. Typical
examples of queues with moving servers are the lifts’ systems. Lifts and communi-
cation systems, the traffic, the airport and the shipping facilities have a lot of
similarities. All of them are united by the same principle – servers are moving in
these systems. Hence, mathematical models of lifts’ systems can be applied for the
investigation of other systems with moving servers. As investigation of such sys-
tems by analytical approaches faces troubles, the use of the modern computers can
allow to simulate their behavior. The simulation of such systems, various systems of
programming (Wolfram Mathematica and others) allow to get close to reality, the
numerical data of the desired parameters and give some advice for applications.
The simulation also can also be a hint for the continuation of the analytical research.
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Today it is difficult to imagine the development of modern cities, such as New York,
Moscow, Shanghai, Istanbul and others, without skyscrapers. The process of
designing skyscrapers needs an effective planning and operating of the lifts’ sys-
tems, which allows to improve various characteristics (customer’s waiting and
service times) and to reduce energy expenses. An important problem is also to
introduce various control rules for the lifts’systems. At a first view, it seems that the
lifts’ systems have simple structures. In fact, from a scientific point of view, these
systems have complicated structures and the construction of mathematical models
needs some non-standard approaches. Moreover, although these problems are for-
mulated in the frame of standard queues models with moving servers, for their
investigations it is necessary to develop new methods and approaches, using differ-
ent fields of mathematics. The lifts’ systems, the traffic problems, the airport and
the shipping facilities have a lot of similarities. The investigation of these systems
can allow to estimate the main operating parameters (customers’ waiting and ser-
vice times, energy expenses and others) and to make the necessary recommenda-
tions for constructors and engineers. There are many publications in this field e.g.
[1–3] and even special scientific journals are published (International J. Transporta-
tion Science and Technology, Research in Transportation Business & Management and
many others). Unfortunately, the complicated lifts’ systems, with various control
rules, are not yet investigated widely. In [4–7], various mathematical models of
lifts’ systems with, different control rules, were introduced. The construction of
mathematical models of lifts’ systems and their research by analytical approaches,
face some difficulties, because as it was mentioned above, these models have com-
plicated structures. Hence, one of the effective methods are the simulation and the
collection of simulated data, which can be used for estimating the various parame-
ters of such lift systems, by comparing different control rules, finding optimal
regimes for their operation. As the customers’ arrival process into the lifts’ systems
has a stochastic structure, hence it leads to constructing and investigating the new
stochastic models, approaches and programs for their simulation.

In this paper, the authors consider various lift systems with different parameters
and different control rules. This paper can be regarded as a continuation of the
authors’ investigations presented in [4, 5]. Hence, we follow the notations
introduced in these papers.

2. Control policies for the lifts’ systems

There are many various control rules for the lifts’systems. We will consider only
some of them, for instance, the Odd-Even system, where some lifts serve customers
at the odd floors and other lifts, at the even floors. Another control rule, we call it
following to [4], the Up-Down system, where some lifts serve customers going from
the first floor to the Down floors 1, 2, … , k, others serve customers going from the
first floor to the Upper floors1, k + 1, k + 2, … , n. This control was introduced in [5].
For some systems by simulation, the numerical values of optimal kopt., which min-
imize the value of CWT, was found. All these control rules can improve the service,
i.e. to reduce the customer’s waiting and service times and also diminish energy
expenses. Some methods of investigation of queues with a finite service capacity
can be used for the research of the lifts’ systems [8].

An interesting unofficial control policy was created in the seventy years of
the XXth century, by the students in the dormitory of the Moscow Lomonosov
State University. There are 18 floors in the student dormitory and two lifts’ halls
with four lifts in each. The first lift hall operates from the 1st to the 12th, 14 th, 16th
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and 18th floors. In order that the lifts work more rapidly, it was skipped the
odd numbered floors, after the 12th. There is also a second lift hall for serving on the
1st-10th floors. If in the first hall, a lift came to the first floor and the first student
yelled the word “Higher”, then, the lift would be filled by students who are going up
only to the higher floors (16th and 18th) and the next lift will be filled by students
who are going to the 12th, 14th, 16th floors and upper. If the first call had been
“LOWER”, then the lift would have operated between the lower floors (12th, 14th
and afterward, to the other upper floors). The students called it a Higher-Lower
system.

In [7], it was introduced the so called “situation control rule” for systems with
two lifts. If both lifts are going from up to down, then all arrived customers (at the
different floors) will be distributed between lifts. This control rule allows to exclude
stopping both lifts almost at the same time, at the same floors. Such systems work
effectively for high intensity of customers’ flows. For instance, if both lifts are going
from up to down, then each lift system defines the floors where the lift must stop
and serve the customers. In the case of a customer’s arrival at the new floor system,
it must be recalculated the number of the floors where the lift must stop. Such a
control rule allows using lifts capabilities in a uniform way. Although the “situation
control rule” needs some additional software and technical equipment, nevertheless
it improves the service (reducing customer’s waiting and service times), it saves
energy expenses and increase the lifetime of the lifts.

3. The mathematical models of the lift systems

For constructing the mathematical models of the lifts’ systems, we use
conceptions and parameters introduced in [4, 5]. The followings notations are
introduced:

n – is the number of the floors in the building;
k –is the number of the lifts in the building;
LkFnCxx – is the systems with k lifts, n floors and control policy xx;
i - is an ordered in time identifying number of a customer during simulation;
fa (i) - is the floor of appearance of the i-th customer;
fd(i)- is the floor of destination of the i-th customer.
It is necessary to note that for some different i the fa (i) and fd(i) can take the

same value.
ta (i) - is the instant of appearance of the i-th customer;
tb (i) - is the instant of the beginning service of the i-th customer in lift cabin;
te(i) - is the instant of end service of the i-th customer;
tc(j)- is the instant when lift on j-th cycle is returning to the 1-st floor;
n – number of the floors in the building;
r – roominess, restriction of maximum possible number of customers, who can

be in the lift cabin;
hf - time necessary for the lift to move up or down, between two neighboring

floors;
hd– time which is spent for opening and closing the floor’s door;
Usually, in practice, approximately hd = 2hf. If we consider the stationary input

flow, then, the following parameters are used:
λf1f2 –is the intensity of customers’ flow, which appears at the f1-th floor and

want to go to f2-th floor;
λ1=
Pn

k¼2 λ1k - is the intensity of customers’ flow, which appears at the first floor
and are going to upper floors;
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λ2=
Pn

k¼2 λk1 – is the intensity of customers’ flow, which appears on the upper
{2, 3,… , nf} floors, who want to go down to the first floor;

CWT(S) – a customer’s average Waiting Time in the system S, i.e. the mean time
from the instant when a customer arrives at the system and waits until the instant
when he gets the lift;

CST(S) – a customer’s average Service Time in the system S, i.e. the mean time
from the instant when the customer gets in the lift, until the instant when he gets
off the lift;

CTT(S) = CWT(S) + CST(S) – a customer’s average Total Time in the system S,
which is measured as a mean time from the instant when the customer arrives into
the system until he gets off the lift (arrival to ordered floor).

For instance, CTT(LkFnCxx) is a customer’s average total time, for a system in a
building with k lifts, n floors and control policy xx.

IL–independent lifts’ system. It means that all the lifts are operating indepen-
dently from each other, i.e. if at the preceding instant of a new customer’s arrival,
several lifts are free (empty), then, all of them will go to this customer’s call. Such
systems are often used in the buildings with two lifts.

DL – dependent lifts’system (for a customer’ call, the nearest lifts going to him);
UD(k)- where one lift serves only customers who are going from the first floor

to 2, 3,… , k; and another one serves customers who are going from the first floor to
upper k + 1, k + 2, … , n; In such systems, when an Up lift is going from j1-th floor
(j1 > k) to down, it can take customers from j2-th floor k < j2 < j1, if there is an
empty space in the cabin. Otherwise, the lift is directly going to the first floor.
Similarly, when the Do(wn) lift is going from j3-th floor (j3 < k) to the first
floor, it can collect customers from j4 -th floor j4 < j3, if there is empty space in
the cabin.

TU (L2FnCUD(k)) - cycle time of the Up lift in the system L2FnCUD(k);
TD(L2FnCUD(k))- cycle time of the Do lift in the system L2FnCUD(k);
SC – situation control - there is some (robot) software, which depends on new

customers’ arrivals, gives commands to the lifts where to stop andwhich floors to pass
by.Theappearanceof a customer at thenewfloors can change the systemof commands;

LRC –Average Lift Return Cycle time, i.e. the average time interval between two
comings of the lift to at the first floor.

We also introduce the new parameters for the lifts’ systems, which describe the
lift energy expenses and the single race time:

LEEj (S) – Average value of the j-th Lift Energy Expenses in the system S,
measured in Kw (kilowatt);

Note that Energy Expenses in Kw depend not only on the volume and weight of
the cabin, but also on its speed, acceleration and deceleration. Empirically, electric
Energy Expenses can be shown each day, on the electric counter of each lift.

SRT(t) – Average Single Rate Time, i.e. average time when the lift is moving
without customers, during time t;

SEE(S) – average value of System Energy Expenses, i.e. average value of energy
expenses of all the lifts in the system (S).

SEE(S) = LEE1(S) + LEE2(S) + … + LEEn(S);
kd – coefficient defining the lifts’ energy expenses, during a unit time, for

opening and closing the doors;
kf – coefficient defining the lifts’ energy expenses, during a unit time, for

covering the distance between two neighboring floors.
There are different regimes of operating the lifts’ systems.
Loading regimes, where customers from the first floor are going to upper floors.

Such regimes are observed in the office buildings, in the morning (08.00–09.30)
when customers are going to their offices. Similar regimes are observed in the
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residence buildings, in the evening (17.30–19.00), when people come back home
from their work.

Unloading regimes, in the office buildings, in the evening (17.00–18.00),
customers stop working and go back by lifts, from their offices to the first floor.

There also existmixed regimes, when customers from the first floor are going to
the upper floors and vice versa. Moreover, there are customers who are going from
j1-th floor to the j2-th (j1, j2 = 2,3,..,n). In this paper, only loading and unloading
regimes will be considered. Some investigations of the mixed regimes can be found
in [5].

In the unloading regimes, when lifts are going from the upper j1-th floor to the
first floor, the lifts can take customers from j2-th floor (j2 < j1), if there is a free
space in the cabin. If, at some floor, the number of customers in the cabin became r
(roominess), then the lift would go directly to the first floor, without stopping. This
policy is observed in all the regimes.

Remind that L2FnCn1,n2 is the system with 2 lifts, n floors and after completing
the customer’s service, one lift (with empty cabin) must go to n1-th floor, if there is
no lift, otherwise, it should go to n2-th floor. Below, in the Figures 1 and 2, axes x
means current time;

• means that the lift is occupied;

Figure 1.
Example of loading regime for L2FnCIL.

Figure 2.
Example of loading regime for L2FnCDL.
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• means that the lift is empty (free);

• means the instant of the customers’ arrival instant.

Definition. The flow of customers is called rare for the lift system LkFnCxx, if at
the preceding instant of the customer’s arrival, among the k lifts there is at least one
(non-occupied) lift, which goes to the customer’s call.

4. The systems L2FnCIL and L2FnCDL in the loading regimes

We will compare both systems L2FnCIL and L2FnCDL with rare flow of cus-
tomers, in the loading regime, relatively to a customer’s waiting time (CWT). In the
Figures 1 and 2, axes x means current time and axes y, an ordinal number of the
floor, where the lift delivers the customers.

Below, in the Figure 1, the lifts’ positions at the preceding instants of the
customer’s arrival are presented (rare flow) (see, Figure 1). If the input flow is rare,
then, for the system L2FnCIL in loading regime, at the preceding instant of a cus-
tomer’s arrival one lift is located at the first floor and another is located at j-th floor,
where j = 2,3,… , n. (see, Figure 1).

x1 = ta(1) = ta(2), x2 = tb(1) = tb(2) = x1 + hd, x3 = x2 + (f2–1)hf, x4 = te(1) = x3 + hd,
x5 = x4 + (f3-f2)hf,x6 = te(2) = x5 + hd, x7 = ta(3) = ta(4) = ta(5),
x8 = tb(3) = tb(4) = tb(5) = x7 + hd, x9 = x8 + (f1–1)hd, x10 = x7 + (f3–1)hf,
x11 = te(3) = x9 + hd, x12 = x11 + (f4-f1)hf,x13 = te(4) = x12 + hd, x14 = x13 + (f5-f4)hf,
x15 = te(5) = x14 + hd, x16 = ta(6), x17 = tb(6) = x16 + hd, x18 = x16 + (f5–1)hf.
Consider the system L2FnCDL with rare input flow in loading regime. Then, at

the preceding instants of a customer’s arrival, both lifts occupy the floors 2,3,..,n.
(see, Figure 2).

x1 = ta(1) = ta(2), x2 = tb(1) = tb(2) = x1 + hd, x3 = x2 + (f2–1)hf, x4 = te(1) = x3 + hd,
x5 = x4 + (f3-f2)hf, x6 = te(2) = x5 + hd, x7 = ta(3) = ta(4) = ta(5),
x8 = tb(3) = tb(4) = tb(5) = x7 + hd,x9 = x8 + (f1–1)hd,x10 = te(3) = x9 + hd,

x11 = x10 + (f4-f1)hf,
x12 = te(4) = x11 + hd, x13 = x12 + (f5-f4)hf, x14 = te(5) = x13 + hd, x15 = ta(6),

x16 = x15 + (f3–1)hf,
x17 = tb(6) = x16 + hd.
Thus, we have CWT(L2FnCIL) = hd and CWT(L2FnCDL) = nhf/6+ hd(1),
CWT(L2FnCIL) < CWT(L2FnCDL). If an intensity of input flow is increasing,

then the difference (CWT(L2FnCIL)- CWT(L2FnCDL)) is decreasing and goes
to zero.

After some critical value of intensity λ* this difference (CWT(L2FnCIL) - CWT
(L2FnCDL)) is increasing until to some other value of intensity λ**.

Afterward, it is again decreasing and goes to zero, for a high value of intensity. It
is clear, that for a high intensity of the input flow, an operating of the systems
L2FnCIL and L2FnCDL is becoming close to each other (see, Figure 3). In the
Figures 3–5, axes x means intensity of the input flow and axes y means the value of
the CTT. If roominess of the lift is bounded, then for a high intensity of the input
flow it is not necessary to introduce any control, because both lifts stop at each floor
and the system is operating like deterministic (at each floor there is always at least
one customer).

Remark. For small values of intensity of the input flow, the system L2FnCIL is
preferable than the system L2FnCDL, i.e. CTT(L2FnCIL) < CTT(L2FnCDL). There
exists some interval (λ* ,λ**) of intensity which can be calculated by simulation),
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where the system L2FnCDL is preferable than the system L2FnCIL, because CWT
(L2FnCDL) < CWT(L2FnCIL). Consider the system L2FnCUD(k), where one of the
two lifts, let us call it Do-lift, serves customers who are going from the first floor to
2,3,..,k floors. Another lift, let us call it Up-lift, serves customers from the first floor
to the upper floors k + 1, k + 2,..,n. Remind that TU(L2FnCUD(k)) is the cycle time for
the Up-lift, and TD(L2FnCUD(k)) is the cycle time for the Do-lift. The cycle time of a
lift is defined as the time interval between two sequential comings of the lift to the
first floor. For this system we also introduce the floor number fopt. (optimal border
cut), which can be found from the equation, when the cycle time of the Up-lift

Figure 3.
Graphs of the CTT(L2F15CIL) and CTT(L2F15CDL).

Figure 5.
The graphs of the CTT(L2F15CIL), CTT(L2F15CDL) and CTT(L2F15CSC).

Figure 4.
The graphs of the CTT(L2F15CDL) and CTT(L2F15CSC).
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closes to the cycle time of the Do-lift. In other words, fopt. is found from the
following ratio.

fopt. = {k: min/TU(L2FnCUD(k)) -T
D(L2FnCUD(k))/}k

where /./means the absolute value of (.). Below, as the result of the simulation,
various systems are given. In the Table 1, for different number of the floors (n), the
value of fopt. is given. For simulation, there were used the following lifts’ parameters
hf = 4, hd = 7(Sec.).

Simulation shows (see, Table 1) that typically.
2n/3≤ f opt: ≤ 3n/4
Below, in the Table 2, the results of simulation for comparison of the systems

L2FnCIL and L2FnCOE relatively to the CTT, are given. In the Figure 3, the graphical
behavior of the CTT for both systems L2FnCIL and L2FnCOE is given. The results of
simulation show that relatively to the CTT, the system L2FnCOE is preferable, than
the system L2FnCIL.

CTT(L2FnCOE) ≤ CTT(L2FnCIL)) (see, Table 2 and Figure 3).
Consider the systems L2F15CILand L2F15CDL. It is necessary to note denote that

by introducing the control rules, can be reduced not only the CWT (customer’s
waiting time) but also the CST (customer’s service time) and hence, the CTT
(customer’s total time). Below, we will consider the CTT for all the systems.

n f opt: hd hf

12 8 7 4

12 8 7 4

15 11 7 4

15 10 7 4

22 15 7 4

Table 1.
The values of fopt. For buildings with various floors.

λ CTT(L2F15CIL) CTT(L2F15CDL)

0,009 29,34 44,24

0,012 29,63 44,33

0,015 44,32 44,63

0,018 47,17 46,37

0,021 59,29 51,09

0,024 72,27 63,57

0,027 86,85 76,65

0,031 94,02 79,12

0,034 103,44 85,24

0,037 118,21 99,31

0,040 132,65 120,55

0,043 152,04 145,04

Table 2.
The values of the CTT (L2F15CIL) and CTT (L2F15CDL).
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The results of simulation (see, Table 2) and the graphical behavior (see, Figure 3)
of the CTT (customer’s total time) are presented.

The Table 2 and Figure 3 show that for a small intensity of the input flow of
customers, we have CTT(L2F15CIL) < CTT(L2F15CDL)). It follows from the fact that
for a small intensity of the input flow at the preceding instant of a customer’s arrival
in the system L2F15CIL,one lift occupies the first flow and another one, j-th floor
(j = 2,3,..,n). In the system L2F15CDL, for a small intensity at the preceding instant of
a customer’s arrival, both lifts occupy the first floor and hence, an average distance
from lifts’ position to customer call, far than in the system L2F15CIL (Table 3).

In the Table 3 and Figure 3, the values of the CTT, depending on the intensity
of the input flow for various systems, are shown. For a high intensity of the input
flow, a difference between CTT(L2FnCIL) and CTT(L2FnCOE) is increasing, when
the intensity of the input flow goes up (see, Figure 3), because in this case all the
lifts stop at each floor and the system L2FnCIL operates like a system with one lift

n CTT L2FnCILð Þ CTT L2FnCOEð Þ Gain (%)

1 0,075 57,5 57,5 0,0

2 0,3 63,63 61,2 3,8

3 0,45 70,32 64,6 8,1

4 0,6 77,7 69,5 10,6

5 0,75 81,2 71,6 11,8

6 0,9 84,2 74,9 11,0

7 1,05 91,85 78,1 15,0

8 1,2 96,2 80,7 16,1

9 1,5 118,2 91,4 22,7

10 1,8 152,4 118,6 22,2

Table 3.
The values of the CTT(L2F15CIL) and CTT(L2F15CDL).

λ CTT(L2F15CDL) CTT(L2F15CSC)

0,009 44,24 44,24

0,012 44,33 44,21

0,015 44,63 44,65

0,018 46,37 45,15

0,021 51,09 47,61

0,024 63,57 55,41

0,027 76,65 66,06

0,031 79,12 64,22

0,034 85,24 69,94

0,037 99,31 79,47

0,040 120,55 98,34

0,043 145,04 120,63

Table 4.
The values of the CTT(L2F15CDL) and CTT(L2F15CSC).
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(L1FnCIL) but with double roominess (see. Figure 3). Consider the systems with
two lifts, with a situation control rule and denote it L2FnCSC, where the SC means
situation control. At each given time-unit, the software is checking a new cus-
tomer’s arrival into the system and depending on this, each lift gets command, at
which floor to stop for the customer’s service. Below, in the Table 1, the result of
simulation of such a system, for a building with 15 floors in an unloading regime, is
presented. It is assumed that the roominess of the lifts is quite large and the lifts can
take all the customers waiting on the floor. In simulation, we take hf = 4, hd = 7.
Below, the results of the simulation (see, Table 4) and the graphical behavior (see,
Figure 3) of the CTT (customer’s total time), are presented. It is necessary to note
that introducing of the control rules, can be reduced not only the CWT (customer’s
waiting time), but also the CST (customer’s service time) and hence, the CTT
(customer’s total time).

5. Situation control rule

Introducing the SC (situation control) allows to reduce the CTT for a high
intensity of the input flow. Below, the results of the simulation (see, Table 4) and
the graphical behavior of the CTT(L2F15CDL) and CTT(L2F15CSC) (see, Figure 4),
are presented:

Data of the Table 4 show that by increasing of the intensity of the input flow,
the gain in the CTT is going up. In Figure 4, there are given the results of the
simulation for the systems L2F15CDL and L2F15CSC. It is clear that for small and
high values of intensity, it is not necessary to introduce the situation control,
because both systems are almost the same and moreover, for high values of inten-
sity, they coincide and the efficiency indexes can be calculated. There exists some
interval where a difference between efficiency indexes takes maximal value and
afterward it goes to zero, because for high values of customers’ intensity flows,
the lifts must stop at each floor, hence both systems have the same behavior
(see Figure 4).

λ CTT(L2F15CIL) CTT(L2F15CDL) CTT(L2F15CSC)

0,009 29,34 44,24 44,24

0,012 29,63 44,33 44,21

0,015 44,32 44,63 44,65

0,018 47,17 46,37 45,15

0,021 59,29 51,09 47,61

0,024 72,27 63,57 55,41

0,027 86,85 76,65 66,06

0,031 94,02 79,12 64,22

0,034 103,44 85,24 69,94

0,037 118,21 99,31 79,47

0,040 132,65 120,55 98,34

0,043 152,04 145,04 120,63

Table 5.
The values of the CTT(L2F15CIL), CTT(L2F15CDL) and CTT(L2F15CSC).
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Below, the results of simulation (see, Table 5) and graphical behavior (see,
Figure 5) of the CTT(customer’s total time) for all the three systems, are presented.
It is necessary to note that by introducing the control rules, can be reduced not only
the CWT (customer’s waiting time) but also the CST(customer’s service time) and
hence, the CTT(customer’s total time).

6. Energy expenses

Now we will show that introducing of the control rules, will be to reduced not
only the CWT and the CTT, but also the LEE (lift energy expenses). Note, as it was
mentioned above, for rare input flows it is not necessary to introduce the control
rule DL, because.

CTT(L2FnCIL) < CTT(L2FnCDL)
and moreover, from formula (1), it follows
LEE(L2FnCIL) = kdhd and LEE(L2FnCDL) = kf nhf/6+ kdhd
i.e. LEE(L2FnCIL) < LEE(L2FnCDL).
Energy expenses linearly depend on the CTT and also on the SRT (single rate

time). As it follows from Table 2, the introduction of the SC (situation control)
reduces the value of the CTT, by up to 25%. In [4] it was shown that for the CTT
(L2FnCIL) in an unloading regime and rare flow of customers, the following ratio
is true:

CWT(L2FnCIL) = hf (n-1)/2 + hd, CST(L2FnCIL) = hf(n-1)/2 + hd and
CTT(L2FnCIL) = hf (n-1) + 2hd, LEE(L2FnCIL) = kf(n-1)hf + 2kd hd,
SRT = kf hf [3(n-1)/4] + m kdhd. Then, for Poisson flow of customers with intensity

λ during the time interval [0,t),we have SRT(t) = λ(kf hf 3(n-1)/4 + mkd hd)t. As λT is
an average number of arrivals during the time T, then λTkf hf (n-1) is an average
energy which lift spends for serving the customers (motion of lift), during time T. As
at each arrival instant, there is an average number of customers equal to m, then λTm
is the average number of customers who arrived during the time T, into the system.
For each customer’s arrival, the lift spends the time hd for opening and closing the
door. If we assume that each customer spends the time hc coming in and getting off a
lift, then, themhc is the time, which was spent for them customers (coming in and
getting off). Hence, a customer average energy spent for opening and closing the
door, for customers coming in the lift and getting off equals
2λ1Tkdhd + 2λ1Tmhc = 2λ1T(kdhd + mhc). Thus, we have LEE(L1FnCIL) = λTkf hf
(n-1) + 2λT(kdhd + mhc). Below, for simplicity, we assume hc = 0, which means that
during the time hd, all the customers, who want to come in and get off a lift, can do it.

7. Analysis of the two lifts system in planning office buildings

Suppose it is a plan to construct a 15 floors office building with two similar lifts,
which will carry in the morning, the customers to their offices and back, to the 1st
floor, at the end of their work. It is necessary to introduce parameters of the lifts,
e.g. roominess, velocity of lifts going up and down between floors and times for
opening the doors on floors. Here, we consider unloading regime, where all the
customers leave offices at the end of work hours. The offices will be placed on the
floors {2, 3,… ,15}. The number of customers working on these floors will be {12, 12,
15, 16, 12, 10, 17, 12, 14, 14, 16, 11, 18, 14} i.e. all together in the building will be
nc = 193 customers. They should leave their offices during an interval of 1800 sec
(half an hour) in the evenings. The probability density p[s] = 2(1800-s) /18002, 0
< s < 1800 of customers to leave their offices is given in Figure 6:
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The main efficient parameters of the lifts’ systems are the customers’ average
waiting times (CWT) and customers’ average total times (CTT). Remind that the CWT
is defined as an average time from the instant when the customer presses the button
at the unloading, to get the lift cabin. The CTT is defined as the sum of the CWT and
CST, i.e. the average time from the instant when a customer arrives into the system
until the instant when it he has left the cabin, at the desired floor. Simulated data
can be used to obtain estimates of the CWT, CST and CTT. The results of the lifts
which are operating, can be described by initial histories of customers {i, fa, ta, fd},
i = 1, 2, … ,nc, where nc is the total number of customers in the building, i is the
ordinal number of customer, fd - destination floor. For simulating an unloading
regime, it is assumed that fd = 1 and the lift spends hf = 2.5 sec. to cross the distance
between two neighboring floors. If the lift stops at some floor, then the time for
opening and closing the door is hd = 5 sec. Let’s assume that only one lift with
roominess r = 10orr = 20, is operating. If the lift is located at the first floor (fd = 1)
and its cabin is empty, then it immediately goes up to the highest 15th floor. It
means that we consider an unloading regime, where the lift is going from up to
down and collects customers at the lower floors, if roominess allows it. Using our
simulated program for unloading regimes, we have obtained six sets with initial
customer histories, {i, ta, fa}: three the sets with roominess r = 10 and three the sets
with roominess r = 20.Using programming Wolfram Mathematica, we created the
program, which transforms initial customer histories {i, ta, fd} of nc customers, into
full histories {i, fa, ta, tb, te}.Here tb is the instant when the i-th customer goes in the
lift cabin and te is the instant when the customer leaves the cabin at the 1st floor. For
simulating the 3-dimensional vector {i,ta,fa}, the similar program has been created
for loading regime. This program was used by comparing the full histories for a lift
with r = 10 and r = 20.

The estimates of the efficiency of the CWT and CTT are given in Table 6. It
follows from Table 6, that roominess is the very essential parameter and the CWT

Figure 6.
The decreasing probability density p[s] during an interval of 1800 Sec.

Days 1st 2nd 3rd

r CWT CTT CWT CTT CWT CTT

10 388.88 415.87 410.82 438.23 359.97 387.41

20 90.04 126.91 78.28 117.12 68.05 108.96

Table 6.
The values estimation of the CWT and CTT obtained during the simulation unloading, three times (days),
different lifts, with roominess r = 10, 20.
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and CTT are better if r = 20. From the engineering point of view, it is more practical
to use a lift system with two different lifts L1 and L2, with roominess r = 10 each.

Below, in Table 7, we illustrate the following control rules: lift L1 serves lower
floors, from floor 2 up to floor 10 and lift L2 serves all the floors, from floor 11 up to
floor 15.

Note that we obtained in Table 7, better parameters, for three days and two lifts,
than in Table 6. The above-considered data, for the CWT and CTT, correspond to
three days. Note that our programs can simulate lifts for many days’ operating data.

In Table 8, two lifts can stop L1, on {1, 3, 5, 7, 9, 11, 13, 15}- odd floors, L2, on
{1,2, 4, 6, 8, 10, 12, 14}- even floors, and both lifts have r = 10.

We introduce the lifts’ systems dispatcher (computer with special control lifts
programs), as controller of the traffic of the moving lifts. Then, we can consider
essentially many types of control rules for the lifts. For example, we can consider a
system with two dependent similar lifts. They can stop, if their cabin contains less
than r customers, follow specific rules at the floors with waiting customers, and if
the system’s dispatcher allows it.

8. Conclusion

Several mathematical models of lifts’ systems, which have different control
rules, are introduced and investigated. By simulation, the data customer’s waiting
time CWT and total time CTT were estimated under different control rules and
they have been compared relatively to the efficiency indices for the introduced
control rules. The result of the calculation shows that relatively to the CTT usage of
the situation control SC, in comparison with DL control rule, a gain of around 25%
is achieved. If the roominess of the lift cabin is unbounded, then, for a high inten-
sity of the input flow, it is not necessary to introduce any control. Then, it follows
that if at each floor there is at least one waiting customer and both lifts stop at each
floor, the system is operating like deterministic. The simulation also shows that, in
the case of two lifts and a rare customers’ flow, it is not necessary to introduce DL
or SC control rules, because the system IL (with independent lifts) is preferable
than theDL and SC control rules. It was shown that for a high value of an input flow
of customers, the introduced control rule also reduces energy expenses, even by
25%, in some cases, which confirms the advisability of the introduced control rules.

Days 1st 2nd 3rd

Lift CWT CTT CWT CTT CWT CTT

L1 46.86 68.90 40.28 62.53 39.59 61.00

L2 45.73 81.55 46.58 81.65 40.78 76.05

Table 7.
The values estimation of the CWT and CTT obtained for lifts L1 and L2, for data three “days”.

Days 1st 2nd 3rd

Lift CWT CTT CWT CTT CWT CTT

L1 59.26 87.07 48.55 76.47 51.14 79.17

L2 57.81 85.26 60.91 87.26 50.51 78.06

Table 8.
The estimated values of the CWT and CTT for lifts L1 and L2, for data three “days”.
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These results allow to make practical recommendations for reducing the various
characteristics of the lifts’ systems, such as the CWT, CTT, SRT (single rate time)
and LEE (lift energy expenses). We completed the paper by examples with the
calculation of a customer’s waiting time CWT and a customer’s average total time
CTT for customers after work, for non-stationary cases, when there is an intensity
of the customers’ flow. It can be used for planning of the construction of the new
office buildings with two similar lifts. The program can be extended for the case of
several (more than two) lifts. We would like to underline that for the simulation of
non-stationary cases, it is necessary to prepare a special program, which has a more
complicated structure. In Tables 6–8, the results of the simulation for non-
stationary cases, are given. We used the programming system Wolfram
Mathematica, to create the programs for the simulation data and for a possible
operation of two lifts. The results show that using simulation can help to estimate
the appropriate values of roominess and find the optimal control rules, which can
optimize the choice of the lifts’ parameters (customer’s waiting time, energy
expenses and others). It can help for planning high floors buildings and future lifts’
systems.
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Chapter 13

Passive Safety of Children
Carriages on Busses
Juan Dols, Enrique Alcalá and Luis Martínez

Abstract

The safe mobility of young children traveling with carriages in public transpor-
tation vehicles is a problem that has not yet been satisfactorily resolved. The lack of
national and international standards in this area in the past led to the development
of a research developed jointly by the Universitat Politécnica Valencia and the
Universidad Politécnica Madrid (Spain). This book chapter shows the results of a
research program developed to evaluate the dynamic behavior of occupied children
carriages (ChC) during typical driving maneuvering—sudden braking, acceleration
and cornering—and in case of low-g accidents reproducing frontal impacts resem-
bling real traffic events (deceleration 2 g, ΔV 20 km/h). In the dynamic trials, three
ChC-restraint prototypes and a typical wheelchair (WhCh) back-restraint system
combined with two representatives of up-to-date ChC models in misuse and correct
use configurations were tested. The results demonstrated the need for preventing
children injuries as a consequence of low-g accidents.A Code of Good Practice was
proposed jointly with the use of a new ChC-restraint system considering R 107–06
series of amendments. The new design improves the latest revision of regulation
R107 regarding the use of back-restraint systems for the transport of WhCh and
ChC passengers traveling on busses.

Keywords: transportation safety, children carriages, children injury,
restraint system, public transport

1. Introduction

The proper use of public transport systems is currently a vital need that must be
pursued by public administrations to maintain quality standards that facilitate the
adequate mobility of the majority of the population. These minimum standards
should include both accessibility, comfort, and safety when traveling, so that their use
can be extended to groups with disabilities or reduced mobility. Among these groups,
we must not only include people with physical disabilities but also those who suffer
from cognitive or sensory disabilities—auditory or visual. In the same way, accessi-
bility and safety problems were important for passengers traveling in road transport
vehicles without leaving their wheelchairs; there are actually passenger groups that
experience similar difficulties at the time of using bus transport systems. This is the
case of passengers traveling accompanied by children’s carriages.

There are not many statistical studies that analyze the accident rate related to the
transport of children’s carriages (ChC) on busses, but their behavior, from the
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transport safety perspective, is very close to that suffered by passengers traveling
without leaving their wheelchair (WhCh). In this sense, the scientific community
has introduced the term incident in accident studies, more in line with the interac-
tion of the passenger—with/without reduced mobility—with the transport vehicle
environment, considering the source of the accident, not only the vehicle’s own
impact but also other causes such as the boarding-disembarking action, the
use/misuse of restraint systems, or the vehicle’s critical or emergency maneuvers.

Most studies related with the concurrence of incidents in bus transport have
shown that these occurred without impacts and in most cases in urban areas [1, 2].
Some studies have concluded that the injuries produced during these incidents were
due to sudden changes in speed (60% in braking and 25% in acceleration) [3] or
when the vehicle is stopped, during the boarding/disembarking phases [4], affect-
ing the elderly and the disabled to a greater extent. Most of the damage suffered
occurs as a combination of a WhCh overturning and the occupant’s fall, followed by
incidents without falls and situations in which the occupant falls from the WhCh
[5]. In [6] the behavior of WhCh passengers who suffered incidents (with or
without vehicle impact), through in-depth analysis of real accident reconstructions,
were analyzed. Results showed that the greater severity damages suffered by
WhCh users were caused due to the inefficient or nonexistent use of the restraint
systems by the WhCh and his occupant, without disregarding the influence of the
vehicle’s driver when performing emergency maneuvers during normal traffic.
The driver’s training whose collaboration will be fundamental, both to perform
adequate assistance and to ensure boarding-disembarking safe operations, is also
important [7].

Taking into account the results obtained in all the aforementioned previous
research, it is clear that the transport service operating agencies are aware of the risk
that these passengers suffer under normal vehicle conditions. Some data recorded
by the EMT Madrid operator during the last 18 months (since April 2018 to date)
indicated the occurrence of about 10 incidents with ChC, that is, one every 2
months, in which the baby or child was dropped from the carriage. Most of the
incidents were due to sudden braking or closed curve driving, and others due to
ChC badly positioned [8]. The EMT Madrid has a fleet composed by approximately
2300 low-floor vehicles.

It should be noted that mobility problems generated by the transport of ChC not
only affect the user groups themselves but also the transport service operators,
which must face situations of social rejection due to the refusal to accept admission
to the transport services of certain types of busses, either due to the absence of
specific regulations or due to the ignorance of the possible solutions to the problem
generated with this type of users.

The absence of specific standards that regulate the accessibility of ChC to the
vehicle constitutes one of the most common difficulties. Figure 1 shows some
examples of typical cases of the troubles that users traveling with ChC in road
public transportation vehicles have faced up to. To overcome some difficulties
related to access to vehicle interior, some carriage must do so through the front door
with the folded carriage (Figure 1A). If the carriage cannot be folded, access must
be made through the central door to overcome the difference height between the
bus stop and the floor of the vehicle (Figure 1B). Finally, the maneuverability of the
ChC itself inside the transport vehicle constitutes another one of the barriers to
mobility that will have to be faced (Figure 1C). Another common problem that
users’ groups and transport operators have had to face consists of the absence of
safety systems to hold the ChC during transport (Figure 2A), as well as compati-
bility between market types of ChC and WhCh models, when sharing the space
reserved (Figure 2B).
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There have not been many studies related to the problem of transporting ChC in
urban busses. One of the few and most prominent has been the ASUCAR1 research
project. In the first phase of this project were analyzed the accessibility and safety
conditions which ChC had to face up to in this type of mobility. The study was
based on a survey of companies operating public and private transportation services
in Spain, mainly in urban areas, with the collaboration of the Association of Urban
and Road Transports (ATUC) [9]. Of the more than 70 surveys launched in 2008,
the responses of 44 companies were analyzed. The results obtained showed that
companies used to regulate the access of ChC to urban transport vehicles by
applying internal, local, or regional regulations in 70% of cases; the rest, 30%, did

Figure 1.
Examples of the challenges faced by ChC in the access to public transportation vehicles: (A) access with the ChC
folded through front door, (B) access with the ChC unfolded thorough central door, (C) difficulties in the
maneuverability inside the vehicle for accessing to the space reserved to ChC (source: EMT Madrid).

Figure 2.
Examples of the safety conditions in the mobility of ChC in passenger public transportation vehicles: (A)
absence of safety systems to hold the ChC unfolded during travel, (B) compatibility of ChC with the WHCHs’
space occupied (source: EMT Madrid).

1 The research project, Determination of accessibility and safety requirements in the use of children’s carriages
in public transport vehicles (ASUCAR), was funded by the Spanish Ministry of Science and Innovation

during the period 2008–2010, within the Program PETRI (REF No. PET2008_0328_01 and

PET2008_0328_02), coordinated by the Polytechnic University of Valencia (UPV-IDF), and participated

by the Polytechnic University of Madrid (UPM-INSIA) and the Municipal Transport Companies of

Madrid (EMT Madrid) and Valencia (EMT Valencia).
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not apply any rule or left the final decision at the discretion of the driver. Eighteen
percent of the companies did not allow access to tandem-type ChC (twin). Only
45% allowed access to unfolded ChC, which should be located in the area reserved
for WhCh (34%), of which only 23% established the preference of WhCh over ChC.
Only 25% of companies’ limited access to one ChC and 34% facilitated the transport
of a maximum of two ChC. Only 25% of them forced the ChC to apply their brakes
during transport.

At present, there are companies in Spain that operate urban public transport
services that have implemented their own accessibility policy and have regulated
access to the different vehicle configurations of their fleet to all types of passengers
with reduced mobility, including WhCh, electric scooters, ChC, passengers with
walkers or suitcases, bicycles, etc. Such is the case, for example, of the Municipal
Transport Company of Madrid (EMT Madrid), which developed in 2015 is an
internal regulation that facilitates the mobility of different passengers with reduced
mobility with different configurations of transport vehicles [10]. In the case of ChC,
and depending on the type of vehicle and the existence or not of other PMR users,
access of up to four single or double ChC (tandem) is allowed.

1.1 Legal framework for children carriages’ travel mobility

Currently, one of the few international regulations that states the mobility of
ChC in road transport vehicles is the UNECE Regulation R107 [11], which explicitly
establishes the technical requirements that the spaces reserved for the displacement
of ChC in M2 and M3 vehicles must comply. In the UNECE Regulation R107, it is
established that transport vehicles legalized according to these regulations must
allocate at least one space reserved for unfolded ChC, with minimum dimensions of
1300 mm in length and 750 mm in width. The area reserved for the ChC may be the
same as that occupied by a WhCh (if a single reserved space is available), or
adjacent to it, in which the carriage must travel in a plane parallel to the longitudinal
axis of the vehicle, but without specifying, explicitly, if the orientation of the ChC
must be forward or rearward facing. UNECE R107 [3] does not explicitly require
the use of any safety system to prevent the carriage and its occupant from being
damaged due to sudden maneuvers of the transport vehicle (turning, braking, or
accelerating), or in worst-case scenarios, when an impact as a result of an accident
occurs. The approach established in this transport configuration, therefore, is based
on the use of passive safety systems for the transport of ChC based on back-
restraint walls, as due for WhCh.

The accessibility conditions of the ChC must be the same as those necessary for a
WhCh, that is, there must be at least one door that allows access to this area, and the
carriage must be able to maneuver and move through the interior without problems
and without any steps, holes, or uprights that make it difficult to access the reserved
place. To prevent the ChC from moving inside the passenger compartment, condi-
tions similar to those required for a WhCh are established when traveling with an
orientation rearward facing, that is, the reserved area must be contiguous to one
side or the wall of the vehicle, while on the other side, a retractable bar—or
equivalent rigid device—that limits the lateral displacement of the ChC must be
allocated. At the front end of the area reserved for the ChC, a backrest perpendic-
ular to the longitudinal axis of the vehicle shall be placed, which must meet the
same structural and resistant requirements required in the case of WhCh transport.

In addition, the companion person must be able to be attached during the trip to
a bar or handle, anchored to the side or wall of the vehicle. The reserved area must
have a pictogram indicating that the area is reserved, as well as pictograms on the
vehicle access doors through which the ChC has to enter and exit. The reserved area
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will be completed with a warning device (button or similar), which allows the
passenger to request the driver of the transport vehicle to stop at the next stop.

2. Accessibility analysis of children carriages in urban busses

The compatibility between the different market typologies of ChC with the
different urban busses designs requires the analysis of some habitability parame-
ters, such as ChC dimensions (maximum and minimum gauges of the folded and
unfolded ChC) and constructive characteristics of urban busses (dimensions in the
passenger compartment, number and location of accessible doors).

Based on results obtained in the development of the ASUCAR project, these
constructive parameters were defined with some clarity in previous research [12].
In the aforementioned work, two transport configurations of the ChC inside the
vehicle were determined: those configurations in which the ChC is folded and those
in which it is used unfolded. When the ChC is used folded inside the vehicle, the
child will travel in the arms of a companion or in a special seat for the children’s
transportation, if there is one installed on the bus (Figure 3A); in that case, the ChC
is transported as a luggage. To do this, a special area inside the cabin must be
enabled so that folded ChC can be deposited as if they were luggage; thus
preventing unwanted maneuvering of the vehicle could cause discomfort or damage
to other passengers. There is, however, the possibility of transporting the folded
ChC in an inappropriate place inside the vehicle (Figure 3B), where, in case of
sudden movements due to unusual maneuvers of the vehicle, the carriage instability
can cause inconvenience to other passengers.

In the case of ChC being transported unfolded in the vehicle, it is usual for the
child to travel inside, and in that situation the ChC is used as a motor vehicle seat.
Figure 4A shows an example of good transport configuration, in which the carriage
is located occupying the space reserved for the WhCh, oriented in a rearward-
facing direction with the backrest attached to the back restraint. However, it is also
common to find incorrect situations in which the carriage occupies the space

Figure 3.
Configuration of transport for the ChC folded in public transportation busses: (A) with the ChC folded in a
reserved space, (B) with the ChC folded in a space not reserved for transport (source: EMT Madrid).
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reserved for the WhCh facing rearward, with a companion touching the back
restraint instead of the ChC (Figure 4B). This problem occurs as a result of igno-
rance or misinformation from the users and operators, which do not have internal
standards or codes of good practice that regulate the conditions in which this type of
mobility must occur.

Finally, in the study conducted by [9, 13, 14], the maximum and minimum
dimensional gauges corresponding to more than 150 types of ChC were determined,
both in the folded and unfolded configurations. The values obtained allowed to
define the most extreme gauges from the dimensions measured on the up-to-date
market ChC. These gauges were classified according to the type of carriage to be
used, as stroller, twin chair, or tandem. For defining these gauges, two facts in the
use of these products were also being considered:

• Firstly, carrycot type is only used during the first months of the child’s life or
until he reaches 10 kg of weight or 76 cm in height.

• Secondly, the use of car seats is limited to their permanent installation in
private vehicles, although in some public transport busses they could be
installed as an alternative (Figure 3A) when the ChC is folded.

During the development of the ASUCAR project, up to 77 models of continuous
low-floor busses interiors were analyzed, representing the majority of large capacity
urban accessible vehicles to transport ChC [13]. The objective of this analysis was
based on determining which configurations of accessible vehicles to WhCh mini-
mum and maximum dimensions of the front and rear bus aisles, the number of
access doors and the length of space reserved for WhCh of the vehicle, and the
number of referenced WhCh which fit in it were established—1200 mm length,
700 mm width, and 1350 mm height [11, 15].

To determine if the ChC is dimensionally compatible with the different low-
floor busses designs, a comparative analysis was carried out between the maximum
gauges obtained for the deployed carts. Figure 5 shows the maximum and mini-
mum gauges obtained for unfolded (A) and folded (B) carriages, respectively.
This study was intended to verify if an occupied ChC could circulate deployed from

Figure 4.
Configuration of transport for the ChCs unfolded in public transportation busses: (A) example with the ChC
unfolded in the space reserved for the WHCH, (B) example with the ChC unfolded with the space reserved for
the WHCH occupied by a companion (source: EMT Madrid).
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the front door to the area reserved for WhCh, or if it should do so from the central
door. Also, the maximum number of ChC that could be located in the area reserved
for the ChC was determined. The results of the comparative study are shown in [13]
and can be summarized as follows:

• In the case of the transportation vehicle which has only a space reserved for
WhCh:

◦ If the space reserved for WhCh is not occupied, a deployed ChC can be
placed in the longitudinal direction, or two ChC in the transverse
direction.

◦ If the space reserved for WhCh is occupied, there is only one possible
configuration in which a WhCh can travel simultaneously with a ChC in
the longitudinal direction.

• When the transport vehicle has two spaces reserved for WhCh:

◦ If the reserved space for WhCh was unoccupied, one or two ChCs
deployed in the longitudinal direction, or up to four ChCs in the
transverse direction, can be placed.

◦ If the reserved space is occupied by only one WhCh, a WhCh and a ChC
can be traveled simultaneously in the longitudinal direction, or the WhCh
and two ChCs in the transverse direction.

◦ If the reserved space is occupied by two WhChs, no ChC deployed inside
the vehicle can be moved.

3. Children carriages’ kinematics during driving vehicle maneuvers

During the development of the ASUCAR project, a series of experimental tests
were carried out whose objective was to reproduce the dynamic behavior of a ChC
inside a public transport vehicle, under typical traffic maneuvers, such as sudden
accelerations, critical braking, and extreme turns at maximum speed. The tests tried
to reproduce urban and suburban traffic conditions and were implemented both in

Figure 5.
Maximum and minimum gauges of the (A) unfolded and (B) folded ChCs [12–14].
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closed and open circuits [14]. The closed-track tests were carried out at the facilities
of the Institute for Automobile Safety Research (INSIA), from the Polytechnic
University of Madrid, and at the facilities of the municipal transport operators of
Valencia and Madrid. The open circuit tests took place in the streets of the cities of
Valencia and Madrid (Spain). These open circuit tests were carried out with
congested traffic, representing routes where frequent stops, traffic lights, round-
abouts, tunnels, and slopes could be found on the bus tracks.

Transport vehicles of category M3 were selected. The vehicle model was a
SCANIA N230 E4 with a CARSA City body. The maximum authorized weight was
19,000 kg, with a length of 11.99, 2.5 wide and 2.845 m high. During the trials three
representative ChCs were used among the most up-to-date market models, based
on their accessibility and safety features; thus, the most bulky, the heaviest, and the
most unstable carriage models were defined as Model A, B, and C, respectively.
Table 1 shows the technical characteristics of the ChC used in the experimental
trials. The ChCs were oriented during the tests in a direction parallel to the longitu-
dinal axis of the vehicle, both in forward- and rearward-facing directions, and also
perpendicular to the longitudinal axis of the vehicle. Figure 6 shows a couple of
examples of the configurations used in the field trials [9, 14].

In the trials three types of dummies were used to reproduce different ages of
children: a newborn model to rehearse the ChC with horizontal carrycot, a 9-month
mannequin to rehearse strollers and car seats, and a dummy of 3 years to test
strollers. The newborn and 9-month mannequins represented, inertially, an equiv-
alent mass of 3.4 and 9 kg, respectively. These two dummies did not use any type of
instrumentation to measure accelerations as established by UNECE Regulation R44
[16]. In contrast, the 3-year-old dummy consisted of a TNO P3 model dummy,
weighing 15 kg, which contained triaxial accelerometers on the head and chest, as
required by the R44. The instrumentation used for data acquisition during the tests
consisted of different sensors and signal conditioning systems. Specifically, a triax-
ial AHRS400CC gyroscope with a range of 2 g was used, located in the center of
gravity of the bus. With the gyroscope, the angles, angular velocities, and accelera-
tions of the three axes could be measured. In each of the centers of gravity of the
ChC, a Kistler K-Beam 8390A10 triaxial accelerometer with a range of 10g was
installed. For the data acquisition, an HBM MGCplus AB22 system connected to a
portable PC for the configuration, control, and storage of the recorded information
was used. All data was acquired at a frequency of 12 Hz, and several 12 V batteries
were used to ensure system power.

All trials were recorded by several digital video cameras, anchored to the struc-
ture of the vehicle, for further analysis of the images. In some of them, several tests
were reproduced simultaneously with different ChC and configurations, to save
costs and time. The developed test battery tried to reproduce different behaviors of
the ChC when traveling inside the vehicle. In that sense, three possible situations
were identified for each of the ChC tested:

• The ChC with the wheels spinning freely.

• The ChC with the brakes applied on the wheels.

• The ChC held with the hands of an adult.

The first closed-track test consisted of a slalom test, consisting of passing the bus
between five cones separated with a distance of 15 m from each other. The speed of
the bus was around 25 km/h. The second closed-track test was to make the vehicle
follow a circular path, similar to the passage through a roundabout. The turning

242

Smart Cities - Their Framework and Applications



C
hi
ld
re
n
ca
rr
ia
ge

s’
te
ch

ni
ca
ld

at
a

M
od

el
A

M
od

el
B

M
od

el
C

Fr
am

e
ty
pe

T
hr
ee
-w

he
el

st
ro
lle

r
R
ec
ta
ng

le
fr
am

e
T
el
es
co
pi
c
po

rt

W
he

el
ty
pe

M
ul
ti
-r
ad

ia
l

So
lid

R
ad

ia
l

T
ra
ck

w
id
th

D
if
fe
re
nt

tr
ac
k

Sa
m
e
tr
ac
k

D
if
fe
re
nt

tr
ac
k

H
an

dl
e
ty
pe

C
om

pl
et
e

Si
m
pl
e

C
om

pl
et
e

M
od

es

Fl
at
be

d/
ca
r
se
at
/s
tr
ol
le
r

St
ro
lle

r
Fl
at
be

d/
ca
r
se
at
/s
tr
ol
le
r

Fo
ld
in
g
ty
pe

B
oo

k
U
m
br
el
la

B
oo

k

243

Passive Safety of Children Carriages on Busses
DOI: http://dx.doi.org/10.5772/intechopen.90613



C
hi
ld
re
n
ca
rr
ia
ge

s’
te
ch

ni
ca
ld

at
a

M
od

el
A

M
od

el
B

M
od

el
C

Le
ng

th
(m

m
)

10
50

89
0

11
30

W
id
th

(m
m
)

65
5

44
2

56
0

H
ei
gh

t
(m

m
)

11
05

10
35

11
40

W
ei
gh

t
(k
g)
*

15
.2
8

6.
48

13
.7
6

Fr
on

t
tr
ac
k
(m

m
)

29
2

34
5

38
5

R
ea
r
tr
ac
k
(m

m
)

59
4

34
5

51
0

W
he

el
ba

se
(m

m
)

65
0

54
5

62
5

Fo
ld
ed

Le
ng

th
(m

m
)

11
05

10
40

13
70

W
id
th

(m
m
)

65
5

31
0

56
0

H
ei
gh

t
(m

m
)

54
0

27
0

72
0

*N
ot
e:
m
ax

im
um

w
ei
gh
tb

et
w
ee
n
po
ss
ib
le
co
nf
ig
ur
at
io
ns
—

fla
tb
ed
,c
ar

se
at
,o

r
st
ro
lle
r.

T
ab

le
1.

T
ec
hn

ic
al

ch
ar
ac
te
ri
st
ic
s
of

C
hC

us
ed

in
dy
na

m
ic

te
st
s
(s
ou
rc
e:
[1
4]
).

244

Smart Cities - Their Framework and Applications



radius drawn by the vehicle ranged between 15 and 20 m, and the circulation speed
reached between 20 and 25 km/h. This test was consistent with other similar trials
such as those developed according to SAE J266 [17] or SAE J2181 [18] standards,
both aimed at measuring the dynamic stability of trucks and busses. The third
closed-track tests consisted of a braking test, representative of an emergency brak-
ing. The vehicle had to be driven in a straight line until reaching a speed of 50 km/h
and then proceed to braking in the shortest possible time and the shortest distance,
without the driver losing control of the vehicle.

The combination of the different configurations tested, both in open and closed
tracks, allowed us to obtain a battery of 61 tests (17 combinations for each of the
slalom, circular, and braking path tests and 10 combinations for open circuit tests),
using different models of ChC, with different testing dummies, carriage orienta-
tions, and brake application status. For all tests, a sign criterion was used for the
signals obtained, both for the vehicle and for the ChC, based on the reference
system of ISO 4130 [19]. Figure 7 shows three examples of the behavior of ChC
during experimental testing in closed circuit. As can be seen, the dynamics of the
vehicle movement during the tests performance can cause carriage, when it is not
held by any restraint system, and the wheels are braked, to tip over, and its occu-
pant could hit the ground and the interior parts of the transport vehicle. The
overturn, in addition, could occur also when the ChC moves in a rearward-facing
orientation, which is the transport configuration recommended by current legisla-
tion, UNECE Regulation R107 [11], for this type of products.

From the analysis of the results obtained, and the video recordings made, some
conclusions could be drawn about the dynamic behavior of the ChC when subjected
to typical maneuvers of urban transport vehicles. From each of the trials, it was
concluded that:

A.Slalom test:

• ChC restrained: the maximum acceleration corresponds to the Model C
carriage (most unstable). The average acceleration is 0.41 g in X and Y. On
Z axis, considering acceleration of gravity, the highest value reaches 1.26 g.

• ChC unrestrained: the acceleration values are higher and correspond to
Model A (more voluminous); in many tests, the ChC falls or hits an
object, reaching values of 1.72 g on the X axis and 1.98 g on the Z axis.

Figure 6.
Provision of ChC deployed during experimental open circuit trials: (A) unfolded rearwards facing Model A
carriage and forwards facing Model C carriage; (B) unfolded rearwards facing Model B carriage and forwards
facing Model C carriage (source: [14])
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B. Circular test:

• ChC restrained: highest accelerations correspond to Model A (more
voluminous). On Z axis, considering acceleration of gravity, the highest
value reaches 1.49 g.

• ChC unrestrained: wheel brakes applied, the acceleration values are much
higher, since in many tests the ChC falls or hits an object, corresponding
to Model A (more voluminous), and reaching values of up to 5 g in the Y
direction.

C. Braking test:

• ChC restrained: the highest acceleration values correspond to Model A
(more voluminous) and reach 1 g on the X axis. Y values are much
smaller, since we are in a braking test where the most important
acceleration is longitudinal. In the vertical direction, Z axis, the maximum
acceleration reaches 1.9 g.

• ChC unrestrained: with ChC moving freely, the acceleration values are
very high since the carriage is violently struck against the interiors of the
vehicle, accelerations of up to 6.5 g are being obtained in the X direction;
the most unstable model is Model B (heavier). Even with the Model C
(more unstable) of ChC, longitudinal accelerations are achieved: 3.7 g in X
axis and 3.03 g in Z axis.

D.Open road test:

• ChC restrained: in the open circuit the maximum accelerations correspond
to the longitudinal direction X, where values of up to 0.43 g for the Model
C (more unstable) are reached; in the vertical direction Z, considering the
acceleration of gravity, it reaches 1.56 g.

• ChC unrestrained: the maximum accelerations for the longitudinal axis X
are for the most unstable ChC, the Model C, where 1.82 g is reached; for
Model C, 1 g is reached on the Y axis, and 1.85 g in the vertical direction Z.
The maximum vertical acceleration on the Z axis when the ChC is moving
freely is reached with Model A (more voluminous), where it reaches
2.05 g.

In general terms, it could be concluded that when the ChC is unrestrained and
moving freely without the wheel brakes applied, it moves inside the bus, hitting the
different parts of the passenger compartment (Figure 7C). In these tests it was
found that if the ChC is not restrained by an adult or any other system, in the event
of normal or emergency movement maneuvers of the vehicle, it tends to slip and hit
the bus interiors, regardless of its orientation, even if the wheel brakes are applied
(Figure 7A and 7B). When wheel brakes are not applied, the ChC moves but has
less tendency to overturn, and the resulting acceleration is somewhat lower.

Many of the ChCs in the current market have a tendency toward lateral
overturning that can be easily achieved for vehicle maneuvers with accelerations of
less than 5 m/s2 (0.5 g) [12]. When the ChC hits the vehicle’s interior without a
direct impact of the child, the acceleration of the dummy’s head and chest can be up
to 10–20% of the ChC deceleration. In case of lateral overturn, in some models of

246

Smart Cities - Their Framework and Applications



ChC, the child could suffer an impact onto the head when hitting against other parts
of the body. In these cases, the deceleration could generate a high risk of damage to
the child head.

It was possible to verify that with ChC unrestrained, the safer position for
traveling is to place it longitudinally in a rearward-facing direction, resting on the
backrest installed in the area reserved for a wheelchair user, as recommended by the
UNECE Regulation R107 [11]. However, this position could also be dangerous when
the ChC is not restrained in any way to the backrest (as it is a passive safety

Figure 7.
Examples of the dynamic behavior of the ChC unfolded during the closed-track tests developed in the ASUCAR
project (source: [20]). (A) Circular test: wheel brakes applied. (B) Slalom test: wheel brakes applied.
(C) Braking test: wheels spinning freely.
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system), so it can rotate and be launched toward the corridor with a relatively
high deceleration (2.5 g) and jump to the front of the vehicle (6.5 g) during an
emergency braking. In these cases, the ChC should be held by a restraint system
such as the one shown in Figure 8, with a safety lap belt. The only drawback of this
traveling position is that in case of an emergency braking or a frontal impact, the
passengers of the bus, or other ChCs located in front of it, could be thrown against
the carriage, causing physical damage to the child or baby. Finally, it should be
noted that, for all tests, the transversal position of the carriage to the direction of
travel is inadvisable.

3.1 Configurations of children’s carriages traveling inside the bus

Taking into account the dynamic analysis of the transport configurations using
different ChC models and considering the interior designs of passenger compart-
ment of large capacity passenger vehicles (M3), the areas where the ChC would be
traveling and the most appropriate restraint system for each one of them were
identified and characterized. In that sense, three possible zones can be identified
inside the passenger compartment of the transport vehicle, as shown in Figure 9.
These areas have the following characteristics:

• Zone 1: The area near the backrest of the space reserved for the wheelchair
user. If the space reserved for the wheelchair is unoccupied, the ChC must be
placed against the backrest, in a rearward-facing direction, with the wheel
brakes applied. The use of a seat belt is recommended to secure the carriage.

• Zone 2: The area near the central entrance door of the bus, and located next to
the first row of rear seats, where the ChC and an accompanying adult can
travel next to the crossbar located there. In the event that the space reserved
for wheelchair is occupied, the ChC could be placed in this area, facing forward
or rearward, with the wheel brakes applied and using a flexible restraint
system, such as a seat belt.

Figure 8.
Most adequate position of unfolded ChC for traveling in M3 vehicles: (A) with space occupied by ChC;
(B) with space unoccupied by ChC (source: [14]).
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• Zone 3: The central area of the bus between the two zones 1 and 2, in which the
ChC and the accompanying adult could travel along the bus sidewall. In that
case, it is necessary to use a specific restraint system to hold the ChC in their
place following the instructions provided by the transport operator. The child
must have the harness attached. The ChC should apply the wheel brakes and
should be traveling facing rearward.

As a result of the experimental tests, it was concluded that, among the three
zone alternatives, the safest for traveling with ChC is Zone 1, provided that it is not
occupied by a wheelchair user, and where the ChC is directly supported on the
backrest facing rearward, with the wheel brakes applied and secured by means of a
safety belt, that some busses already have incorporated. Figure 8 shows an example
of this configuration.

3.2 Strength analysis for children’s carriage restraint systems

Finally, considering the value of the maximum accelerations obtained in the
experimental field trials, it was possible to establish the order of magnitude of the
forces that the restraint system should withstand to retain the ChC and its occupant.
For this calculation, the accelerations generated when the ChC suffered a fall
against the floor or the interior parts of the vehicle were not taken into account. The
results were obtained considering the total mass of the ChC and its occupant, the
maximum deceleration suffered by them during the braking test (which is the most
unfavorable). Thus, the maximum force that the restraint system would have to
withstand occurs in those cases in which the heaviest ChC is used, reaching the
value of 782.46 N. If a safety factor of 2 is applied to the ChC-user set [9], it can be
stated that the maximum load that the restraint system would have to bear to
withstand the maximum deceleration generated during a braking force would reach
the value of approximately 1565 N (1.56 kN).

Analyzing these experimental results, and taking into account that for Zone 3
(located between the backrest of the area reserved for wheelchairs passengers and
the first row of rear seats), it was verified that it does not exist currently in the
market safety systems designed to facilitate the retention of ChC when traveling in
high capacity transport vehicles (M3). So, a new restraint system designed to hold
the ChC unfolded during transportation in road vehicles was developed.

Figure 9.
Characterization of the zones for the location of the ChC unfolded during transport in M3 vehicles
(source: [14]).
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The new safety system was registered by the Polytechnic University of Valencia
and the Polytechnic University of Madrid, through the Spanish Patent ES2403161
[21]. The originality of this invention is that, unlike other restraint systems applied
to assure the mobility of wheelchair users in public transportation vehicles, the
passive restraint system developed prevents involuntary displacements of ChC, not
only longitudinally but also laterally. Figure 10 shows a simplified scheme of the
assembly, which presents the device when it is in the rest position (folded) and
when it is used with the ChC in transport position (unfolded). The passive restraint
system can be used simultaneously with wheelchair users according to current
regulations (UNECE Regulation R107). The safety system has been manufactured
in lightweight materials and is able to withstand forces in impacts of up to 2 g.

4. Safety requirements of children carriages traveling on busses

To date there have not been many experimental works aimed at obtaining the
dynamic behavior of ChC when traveling in road transport vehicles subjected to low
speed impact. One of the few references of this type of research was carried out in
the development of the ASUCAR project. This project was the first scientific study
that has been carried out in Spain in the field of transportation safety of ChC on
busses, with no precedents for research projects similar in the rest of Europe [22].
The ASUCAR project continued in a second phase called ASUCAR-22, whose main

Figure 10.
Scheme of patent ES2403161 defining the operation of a folded-unfolded passive restraint system for the
transport of ChC in M3 vehicles (source: [21]).

2 The ASUCAR-2 research project, Validation of the usability of a retention system for the safety of children’s
carriages in public transport vehicles, was funded by the Polytechnic University of Valencia in the

INNOVA 2012 Program (Contract No. 20120579).
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objective was the strength and usability validation of the safety system developed to
facilitate the restraint of ChC in transport vehicles [23, 24]. The design and manu-
facture of the new safety system was experimentally validated by performing a
battery of representative tests of low speed impact (≈ 20 km/h), with an equivalent
deceleration level of 2 g.

As the Annex 8 of UNECE/UN R107 does not explicitly define any dynamic test
to verify the behavior of the ChC under situations of impact, this research was
considered an experimental work that could be used for defining the technical
requirements for testing the structural behavior of this type of safety systems. In
that sense, during the ASUCAR-2 project, a battery of six impact tests were devel-
oped on a sled-test platform, whose characteristics were defined based on the
results obtained in the first phase of the project. During these tests different pro-
totypes of safety systems were used for the ChC. First, a backrest panel was
selected, representative of those used in urban busses, which complied with the
technical requirements of UN/ECE Regulation R107. The backrest was provided by
the Municipal Transport Company of Madrid. In total, three different prototypes of
the safety system developed were used, inspired on the design shown in Figure 10
[21]. The characteristics of each prototype tested were based on the following
aspects:

• Prototype #1: folding screen 500 mm high and metal structure covered with
wooden panels

• Prototype #2: folding screen 400 mm high and metal structure covered with
wooden panels

• Prototype #3: folding screen 400 mm high and metal structure covered with
foam-padded wooden panels

The ChC tested were selected among the most representative models of the
market (Figure 11), according to the results obtained in previous phases of the
ASUCAR project [9, 12], and were characterized by:

• SX model: trolley with an adjustable height carrycot. It has four independent
wheels, with front steering wheels, and rear wheels with brakes; front and rear
tracks are different.

• QB model: trolley with adjustable seat angle and used in its highest position. It
has four wheels, in which the front ones are twin, and the rear equipped with
brakes; front and rear tracks are different.

The sled tests were designed to reproduce an acceleration up to a defined speed
(V ≈ 20 km/h) and programmed to stop in a controlled manner with a deceleration
of 2 g, reproducing the deceleration pulse shown in Figure 11. Testing took place
between July and September 2013 at the facilities of the University Institute of
Automobile Research (INSIA), belonging to the Polytechnic University of
Madrid (Spain). The ChC restraint system and the WhCh back-restraint were
installed on a representative module of the space reserved for a WhCh user,
dimensionally and geometrically, similar to that of a standard urban transport M3
vehicle (Figure 11). All the tests were carried out with the carriage facing rearward.
An accelerometer was installed on the platform module to measure the longitudinal
deceleration, according to SAE J211 [25]. All trials were recorded with two
high-speed cameras (1000 fps) and a third conventional camera at 30 fps. In
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the trials two types of dummies were used to represent the occupants of the
carriage:

• A TNO P3 dummy representative of a 3-year-old child equipped with two
triaxial accelerometers: one for the head (filter CFC_1000) and one for the
chest (filter CFC_180).

• A Q1 dummy representative of a 1-year-old child. This dummy was equipped
with sensors to measure triaxial acceleration in the head (CFC_1000), chest
(CFC_180), pelvis (CFC_1000), and a load cell at the top of the neck to
measure forces (CFC_1000) and torques (CFC_600) as well as chest
deformation (CFC_600).

These dummies were approved to comply with UNECE Regulations R129
Rev.00 (2014) and R44 Rev.04 [16] for the approval of child safety systems. At the
time the study was conducted, there was no international regulation defining the
criteria for damage to be applied to Q1 dummies. Therefore, the damage criterion
used for this dummy was defined based on the information in UNECE Regulation
R94 Rev.01 [26], applying the parameters defined in the work of Mertz, Irwin, and
Prasad [27].

The different test configurations were designed to validate the structural behav-
ior of the safety systems developed and analyze the usability of different configu-
rations of the space reserved for wheelchair users and ChC, under low impact
conditions. The terms correct use and misuse as per defining the ideal mobility
conditions of ChC during transport were established. All testing was representing
worst-case situations regarding ChC model and travel orientation, direction of
impact, brakes applied to ChC, and distance from ChC to backrest panel. The
configurations of the dynamic impact tests performed are shown in Table 2.

The damage criteria for children to define the validity of the results were
established by scaling the factors described in [27]. These scale factors had previ-
ously been used as reference values in UNECE Regulation R94 Rev.01 [26] for
adults of average size as well as in the Federal Motor Vehicle Safety Standards
(FMVSS) regulations. The “limit values” established in these regulations, and
defined in the analysis of the results of this research, correspond to the probability
of generating damage to the different parts of the body. An analysis of the results
obtained in the dynamic impact tests allowed us to reach a series of conclusions
about the correct use and misuse configurations in the road transport of ChC. These

Figure 11.
(A) Deceleration pulse applied during sled tests. (B) Configuration for sled-test platform (source: [24]).
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conclusions were drawn from the battery of tests carried out in the ASUCAR and
ASUCAR-2 projects and can be summarized as follows:

a. The safest transport configurations for the mobility of ChC in large capacity
road passenger vehicle (M3) are those in which the carriage travels facing
rearward, with its back in contact with the backrest panel or bulkhead and
with the wheel brakes applied. This configuration is considered as correct use
to minimize the effects of accelerations on the occupant during the
occurrence of a low severity impact.

b. In the case of ChC traveling in an area different from the space reserved for the
wheelchair user due to this being occupied, the new restraint system developed
(ASUCAR) is capable of supporting the dynamic loads generated during a low
speed impact (2 g, ΔV = 20 km/h), representative of the most unfavorable
design conditions (more unstable (SX), wider (QB)), when transporting a child
up to 15 kg in a large capacity road passenger vehicle (M3).

c. In configuration of misuse, with no wheel brakes applied and a gap of at least
150 mm between the ChC and backrest panel, the dynamic parameter values
could be increased by two to five times in comparison with correct use and
may exceed critical values or damage tolerance for ChC occupants, mainly in
neck vertical movements.

d. The strength behavior of the restraint system for ChC based on folding rear
panels (ASUCAR) has been proven as effective against low severity impacts
as the system based on backrest panels established by UNECE/UN Regulation
R107, for the transport of users in wheelchairs in large capacity road
passenger vehicles (M3). So, it can be considered a useful restraint device
compatible with the rigid backrest panel established in actual regulation [11].

Test No. Test description Distance
from ChC

to
backrest
(mm)

Config.

Impact
direction

ChC
orient

Restraint
system

prototype

Dummy ChC
model

ChC
brakes
applied

E01-urban bus
module

Frontal RF Prototype
#1

TNO P3 SX NO 89 mm Misuse

E02-wheelchair
backrest

Frontal RF Wheelchair
backrest
system

Q1 SX NO 150 mm Misuse

E03-prototype #2 Frontal RF Prototype
#2

Q1 SX NO 150 mm Misuse

E04-prototipe #3 Frontal RF Prototype
#3

Q1 QB SI 0 mm Correct
use

E05-prototype #3 Frontal RF Prototype
#3

Q1 QB NO 150 mm Misuse

E06-wheelchair
backrest

Frontal RF Wheelchair
backrest
system

Q1 QB SI 0 mm Correct
use

RF: rearward facing.

Table 2.
Configuration for sled testing of ChC (source: [24]).
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5. Conclusions

The recommendations developed in this section have been inspired and grouped
based on the Code of Good Practice developed as a result of the ASUCAR and
ASUCAR-2 projects [13, 20, 22], so that it can be used by the different agents
involved in public transportation services: operators and public transport compa-
nies, manufacturers, user and consumer associations, as well as public administra-
tions. The Code of Good Practice has been structured in three categories:

5.1 Good practices for transportation services operators

Recommendations when ChC travel folded:

A. If there is a space reserved for folded ChC, it must have minimum dimensions
necessary to house the majority of existing ChC in the market.

B. If there is a space reserved for folded ChC, it is recommended that for the
transport of children, seated seats and/or special seats (groups 0 and 1) be
installed facing rearward.

Recommendations when ChC travel unfolded:

A. If there is an unoccupied space reserved for wheelchair users, the ChC must
travel in that space facing rearward in contact with the backrest, with the
brake wheels applied. The child must have the harness attached.

B. If the space reserved for wheelchair users is occupied, the ChC must travel in
the area located next to the panel of the first row of rear seats, facing forwards
and using a flexible restraint system (seat belt).

C. If the space reserved for wheelchair users is occupied, and the area closest to
the first row of rear seats has insufficient space, there must be a specific
restraint system for ChC in the vehicle, which would be used following the
operator’s instructions. The child must have the harness attached.

5.2 Good practices for ChC manufacturers

A.The ChC manufacturer must inform its customers about the technical
requirements of ChC to be used in public transportation vehicles, considering
the stability and the protection of the child in the event of a fall or low speed
impact.

B. The ChC manufacturer shall design the carriage structurally resistant to
support the use of specific restraint systems for transport on busses. The
strength of the restraint system must be at least 1600 N.

5.3 Good practices for ChC users

A.Whenever ChC is going to be used for traveling in public transportation
vehicles, it must incorporate a harness to hold the child, wheel brakes, and
structures as stable as possible.
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B.When the vehicle is accessed, it should be preferably travelling in the space
reserved for the wheelchair, rearward facing with the wheel brakes and the
carriage in contact with the backrest. The companion person must travel in the
aisle next to the carriage.

C. If the space reserved for the wheelchair is occupied, it should be travelling in
the area near the first row of rear seats, facing forward. In this case, it is
recommended to use a flexible restraint system (belt) to hold the ChC
structure.

D.When the vehicle is accessed, if the space reserved for the wheelchair is
occupied, and there is a special restraint system for ChC, it is recommended to
use it with the ChC oriented facing rearward, with wheel brakes applied and
the carriage in contact with the folding panel.

E. When the vehicle is accessed, if you cannot travel with the cart unfolded, and
there is a reserved space for folded ChC inside the vehicle (provided that the
ChC can be folded), it is recommended to locate the carriage in the reserved
area and use the special seat (group 0 and 1) for the child, if available.
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Chapter 14

T-S Fuzzy Observers to Design
Actuator Fault-Tolerant Control
for Automotive Vehicle Lateral
Dynamics
Naoufal El Youssfi and Rachid El Bachtiri

Abstract

This article presents a fault-tolerant control (FTC) procedure for the automotive
vehicle lateral dynamics (AVLD) described by the Takagi-Sugeno (T-S) fuzzy
models. This approach focuses on actuator faults, which requires knowledge of the
system parameters and the faults that are occurring. For this reason, T-S fuzzy
observers are suitable for simultaneously estimating system states and actuator
faults. The proposed control makes it possible to maintain vehicle stability even in
the presence of faults. The design of fuzzy observers and fuzzy controllers is mainly
based on the one-step method of Lyapunov, which is provided in the form of linear
matrix inequalities (LMIs). The simulation results clearly illustrate the effectiveness
of the applied controller strategy to maintain vehicle stability.

Keywords: fault-tolerant control (FTC), automotive vehicle lateral dynamics
(AVLD), linear matrix inequality (LMI), fault estimation (FE), continuous
Takagi-Sugeno (T-S) fuzzy models

1. Introduction

The vast majority of road accidents are due to faults or incorrect driving reflexes.
This is why the automotive industry and researchers in the field of road safety have
dedicated themselves to developing and producing vehicles that are more reliable,
more relaxed, and safer, which are discussed in Refs. [1–3]. In recent decades, many
new solutions have been suggested by the introduction and development of new
passive safety systems such as airbags and driver-assisted active safety systems such
as adaptive cruise control (ACC), antilock braking system (ABS), dynamic stability
control (DSC), and electronic stability program (ESP) [4–6]. Furthermore, the
dependence of the control of these systems on actuator components is becoming
increasingly complicated. Generally, these systems can be exposed to certain cata-
strophic faults such as unknown actuator faults. It is well known that conventional
control strategies are unable to adapt when system failures happen.

To address this challenge, some previous research has based on estimation tech-
niques for vehicle dynamics, road bank angle, and faults in order to develop control
laws capable of ensuring that the system maintains strict stability even when
various faults happen. This task is commonly referred to as fault-tolerant control
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(FTC), which is widely studied in modern control systems [7–9]. In fact, the safety
of persons and the preservation of system performance are crucial requirements
that have to be considered in the control design. The problem of fault tolerance has
long been addressed from many angles. The FTC synthesis approaches are catego-
rized as passive or active FTC. For the passive FTC approach, we consider possible
fault situations and take them into account in the control design step; this approach
is similar to the robust control design. It is pointed out in many books that this
strategy is generally restrictive. While active FTC improves post-fault control
performance and addresses serious faults that break the control loop, it is generally
advantageous to switch to a new controller that is either online or designed offline
to control the faulty plant. The FTC process is based on two theoretical steps: fault
estimation (FE) and setting the controller so that the control law is reconfigured to
meet the performance requirements due to the faults.

The FTC procedure was first adjusted for linear systems. Most engineering sys-
tems include vehicle dynamics that have nonlinear behaviors. The T-S fuzzy repre-
sentation is widely known to be a successful solution to approximate a large class of
nonlinear dynamic systems. T-S fuzzy models are nonlinear systems represented by a
set of local linear models. By mixing the representations of linear systems, the global
fuzzy model of the system is obtained, which makes it much easier for the observer
and controller to synthesize. A major advantage is that it provides an efficient design
strategy for representing a nonlinear system. As a result, many researchers have
become interested in the FTC approach for T-S fuzzy systems (see [10–12]).

In this regard, great efforts have been made to improve the stability of the
vehicle lateral dynamics to enhance the safety and comfort of the passengers in
critical driving conditions. Since the vehicle is a very complex system, the challenge
is to achieve more precise control designs and to increase the effectiveness of a
vehicle dynamic control system, which necessitates an accurate knowledge of vehi-
cle parameters, in particular, sideslip, roll, and yaw angles [12, 13].

Our main objective in this chapter is to apply a fault-tolerant control method in the
vehicle lateral dynamics system. Themodel used contains four states: lateral slip angle,
yaw rate, roll rate, and roll angle. The problem of the design of fault-tolerant active
control of nonlinear systems is studied by using the T-S representationwhich combines
the simplicity and accuracy of nonlinear behaviors. The idea is to consider a set of linear
subsystems. An interpolation of all these sub-models using nonlinear functions satisfy-
ing the convex sum property gives the overall behavior of the described system over a
wide operating range. The stability of the T-S models of the vehicle lateral dynamics is
mainly studied using the Lyapunov function, and sufficient asymptotic stability condi-
tions are given in the form of linear matrix inequalities (LMIs).

The chapter is structured as follows: the second section deals with the model of
vehicle lateral dynamics considering roll motion, the third section presents this model
through the T-S fuzzy model, the fourth section presents the fault-tolerant control
strategy based on the T-S fuzzy observer, and the fifth section is devoted to simulations
and analysis of the results. Finally, the conclusion will be included in the last section.

Notation: A real symmetrical negative definite matrix (resp. positive definite
matrix) is represented by X <0 (resp. X >0). X�1 indicates the inverse of the
matrix X. The marking “*” signifies the transposed element in the symmetrical
position of a matrix.

2. Description of the lateral dynamics of the automotive vehicle

The automotive dynamics model is very challenging to use in controlling and
monitoring applications due to its complexity and number of degrees of freedom.
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For this purpose, a nominal model for the synthesis of observers and controllers is
needed. The vehicle motion is characterized by a combination of translational and
rotational movements (see Figure 1) [14], generally six principal movements. The
model used in this document outlines the lateral dynamics of the automotive vehi-
cle, taking into account the rolling motion (Figure 2) [15]. This model is achieved
by considering the widely known “bicycle model” with a rolled degree of freedom.
Here, the lateral velocity vy tð Þ, the yaw angle ψ tð Þ, and the roll angle ϕ tð Þ of the
vehicle are the differential variables. The suspension is modeled as a spring and
torsion damping system operating around the roll axis, as illustrated in Figure 2.
The pitch dynamics of the vehicle is ignored or even neglected.

Figure 1.
The movements of the automotive vehicle bodywork.

Figure 2.
Bicycle model with roll behavior of automotive vehicle dynamics (3-DOF).
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The nonlinear model of the automotive vehicle lateral dynamics considering the
roll angle to be small is given in [12] by the following simplified differential
equations:

m _vy tð Þ ¼ �m _ψ tð Þvy tð Þ þ 2 Fyf þ Fyr
� �

Iz _ψ tð Þ ¼ 2 lrFyr � l f Fyf
� �

Ix€ϕ tð Þ þ Kϕ
_ϕ tð Þ þ Cϕ

_ϕ tð Þ ¼ mhroll vy tð Þ þ vx tð Þ _ψ tð Þ� �

8><
>:

(1)

All system parameters are defined in Table 1.
Lateral forces can be given according to Pacejka’s magic formula referenced in

[16], depending on the sliding angles of the tires. To simplify the vehicle model, we
assume that the forces Fyf and Fyr are proportional to the slip angles of the front and
rear tires:

Fyf ¼ C fα f tð Þ
Fyr ¼ Crαr tð Þ

�
(2)

where C f and Cr are the front and rear wheel cornering stiffness coefficients,
respectively, which depend on the road adhesion coefficient σ and the parameters
of the vehicle. The linear model functions very successfully in the case of small slip
angles; however, in the case of increasing slipping, a nonlinear model should be
envisaged.

3. T-S fuzzy representation of the automotive vehicle lateral dynamics

The challenge in modeling vehicle dynamics accurately is that contact forces are
complex to measure and to model. By using the T-S models’ method proposed in
[15, 17], it is a highly useful mathematical representation of nonlinear systems, as
they can represent any nonlinear system, regardless of its complexity, by a simple
structure based on linear models interpolated by nonlinear positive functions. They
have a simple structure with some interesting properties. This makes them easily
exploitable from a mathematical viewpoint and makes it possible to extend certain
results from the linear domain to nonlinear systems.

Parameters Description Unit

m Vehicle total mass [kg]

vx=vy Vehicle speed/vehicle lateral velocity [m/s]

Ix=Iz Roll/yaw inertia moment at the center of gravity [kg m2]

l f =lr Distance from the center of gravity to front/rear axles [m]

hroll Center of gravity height from the roll axis [m]

Cϕ=Kϕ Combined roll damping/stiffness coefficients [N.ms/rad][N.m/rad]

Fyf =Fyr Front/rear lateral forces [N]

α f =αr Front/rear tire slip angles [rad]

Table 1.
Parameters of the automotive vehicle lateral dynamics system.
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Tire characteristics are usually assumed that the front and rear lateral forces (2)
are modeled by the following rules:

if ∣αf ∣ is M1 then
Fyf ¼ C f 1α f tð Þ
Fyr ¼ Cr1αr tð Þ

�
(3)

if ∣αf ∣ is M2 then
Fyf ¼ C f2α f tð Þ
Fyr ¼ Cr2αr tð Þ

�
(4)

The front and rear tire slip angles are given in this instance as cited in [12], by

α f tð Þ≈δ f tð Þ � a f _ψ tð Þ
vx tð Þ � β tð Þ

αr tð Þ≈ ar _ψ tð Þ
vx tð Þ � β tð Þ

8>>><
>>>:

(5)

The proposed rules are only made for α f tð Þ; this assumption reduces the number
of adhesion functions and considers the rear steering angle to be ignored; α f tð Þ and
αr tð Þ are considered to be in the same fuzzy ensemble. The combined front and rear
forces are generated by

Fyf ¼
P2
i¼1

hi ξ tð Þð ÞCfiα f tð Þ

Fyr ¼
P2
i¼1

hi ξ tð Þð ÞCriαr tð Þ

8>>>><
>>>>:

(6)

With hi i ¼ 1:2ð Þ as membership functions, relating to the front tire slip angles
α f tð Þ, which are considered to be available for measurement, they satisfy the
following assumptions:

P2
i¼1

hi ξ tð Þð Þ ¼ 1

0≤ hi ξ tð Þð Þ≤ 1, i ¼ 1, 2

8><
>:

(7)

The membership function hi ξ tð Þð Þ expressions are the following:

hi ξ tð Þð Þ ¼ ωi ξ tð Þð ÞP2
i¼1ωi ξ tð Þð Þwith : ξ tð Þ ¼ ∣αf tð Þ∣ (8)

and

ωi ξ tð Þð Þ ¼ 1

1þ ξ tð Þ�ci
ai

���
���

� �2bi (9)

To determine the membership function parameters and the stiffness coefficient
parameters, an identification method based on the Levenberg–Marquardt algorithm
in combination with the least squares method is used as in [18], the values listed in
Table 2.
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The nonlinear lateral dynamics of the automotive vehicle, described by Eq. (1),
can be written as follows:

_x tð Þ ¼ P2
i¼1

hi ξð Þ Aix tð Þ þ Biu tð Þð Þ

y tð Þ ¼ P2
i¼1

hi ξð ÞCix tð Þ

8>>>>><
>>>>>:

(10)

where x tð Þ ¼ vy _ψ ϕ _ϕ
� �T

is the system state vector, y tð Þ is the measured
output vector, and u tð Þ is the input vector. In this study, we consider that the input
signal is the front wheel steering angle given by the driver u tð Þ ¼ δfd. Ai,Bi,Cif g are
sub-model matrices, which are given as follows:

Ai ¼

a11 a12 0 0

a21 a22 0 0

0 0 0 1

a41 a42 a43 a44

2
6664

3
7775;Bi ¼

b11
b21
0

b41

2
6664

3
7775;Ci ¼

c11 c12 0 0

0 1 0 0

� �

with

a11 ¼ � 2 Cfi þ Cri
� �

mvx
, a12 ¼

2 a fCfi � arCri
� �

mvx
� vx, a21 ¼ � 2 a fCfi þ arCri

� �

Izvx

a22 ¼
2 a2f Cfi � a2rCri

� �

Izvx
, a41 ¼ � 2hroll Cfi þ Cri

� �
mvxIx

, a42 ¼
2mshroll Cfi þ Cri

� �
mvxIx

a43 ¼ hrollmsg � Kϕ

Ix
, a44 ¼ Cϕ

Ix
, c11 ¼ �2

Cfi þ Cri

mvx
, c12 ¼ �2

Cfia f � Criar
mvx

b11 ¼
2Cfi

m
, b21 ¼

2a fCfi

Iz
, b41 ¼

2mshrollCfi

mIx

Lemma 1. [19] Let the matrices Nij and the condition be

Xr

i¼1

Xr

j¼1

hi ξ tð Þð Þh j ξ tð Þð ÞNij ¼
Xr

i¼1

h2i ξ tð Þð ÞNii

þ
Xr

i¼1

Xr

i< j

hi ξ tð Þð Þh j ξ tð Þð Þ Nij þNji
� �

<0Ξ

Nominal stiffness coefficients Cf1 Cf2 Cr1 Cr2

Values 55,234 15,544 49,200 13,543

Membership function coefficients

a1 ¼ 0:0785 b1 ¼ 1:7009 c1 ¼ 0:0284

a2 ¼ 0:1126 b2 ¼ 12:0064 c2 ¼ 0:1647

Table 2.
Nominal stiffness and membership function coefficients.
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true if there exist matricesΞii andΞij such that the following conditions are fulfilled:

Nii <Ξii, i ¼ 1, … , r,
Nij þNji ≤Ξij þ ΞT

ij , i, j ¼ 1, 2, … , r, i< j

Ξ11 Ξ12 … Ξ1r

∗ Ξ22 … Ξ2r

⋮ ⋮ ⋱ ⋮

∗ ∗ … Ξrr

2
666664

3
777775
<0

4. Fault-tolerant control strategy based on T-S fuzzy observers

The purpose of this section is to design a faulty T-S fuzzy system for the vehicle
model. Then, observers are trained to estimate system states and actuator faults.
Next, a fault-tolerant control law is developed from the information provided by
the observers.

4.1 Faulty vehicle lateral dynamics system description

From the T-S zero fault model (10), the system in the presence of actuator faults
f tð Þ is described as follows:

_x f tð Þ ¼ P2
i¼1

hi ξ tð Þð Þ Aix f tð Þ þ Bi uFTC tð Þ þ f tð Þð Þ� �

y f tð Þ ¼ P2
i¼1

hi ξ tð Þð ÞCix f tð Þ

8>>>>><
>>>>>:

(11)

where x f tð Þ is the faulty system state vector, y f tð Þ is the measured output vector
of the faulty system, and f tð Þ are the actuator faults. uFTC tð Þ is the control law to be
conceived thereafter; it is considered to be equivalent to a fault-tolerant control law
added to the front wheel steering angle given by the driver.

4.2 T-S fuzzy observers design

In this subsection, the T-S fuzzy observers are constructed to simultaneously
estimate states and actuator faults. Consider the following T-S observers:

_̂x f tð Þ ¼ P2
i¼1

hi ξ tð Þð Þ Aix̂ f tð Þ þ Bi uFTC tð Þ þ f̂ tð Þ
� �

þ Li y f tð Þ � ŷ f tð Þ
� �� �

ŷ f tð Þ ¼ P2
i¼1

hi ξ tð Þð ÞCix̂ f tð Þ

_̂f tð Þ ¼ P2
i¼1

hi ξ tð Þð ÞGi y f tð Þ � ŷ f tð Þ
� �

8>>>>>>>>>>><
>>>>>>>>>>>:

(12)

where x̂ f tð Þ and f̂ tð Þ are the estimates of the state vector and the faults, respec-
tively. ŷ f tð Þ is the estimate of the output vector. Li and Gi are the gain matrices with
the appropriate dimensions to be resolved.
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The output error between faulty T-S fuzzy systems (11) and T-S fuzzy observers
(12) is given by

ey tð Þ ¼ y f tð Þ � ŷ f tð Þ (13)

¼
X2

i¼1

hi ξ tð Þð ÞCi x f tð Þ � x̂ f tð Þ� �
(14)

¼
X2

i¼1

hi ξ tð Þð ÞCiex tð Þ (15)

The dynamics of the estimation error ex tð Þ ¼ x f tð Þ � x̂ f tð Þ can bewritten as follows:

_ex tð Þ ¼
X2

i¼1

X2

j¼1

hi ξ tð Þð Þh j ξ tð Þð Þ Ai � LiC j
� �

ex tð Þ þ Bie f tð Þ� �
(16)

with e f tð Þ ¼ f tð Þ � f̂ tð Þ.
The tracking error et tð Þ is expressed by

et tð Þ ¼ x tð Þ � x f tð Þ (17)

and its dynamics is given by

_et tð Þ ¼
X2

i¼1

hi ξ tð Þð Þ Aix tð Þ þ Biu tð Þð Þ �
X2

i¼1

hi ξ tð Þð Þ Aix f tð Þ þ Bi uFTC tð Þ þ f tð Þð Þ� �

(18)

¼
X2

i¼1

hi ξ tð Þð Þ Aiet tð Þ þ Bi u tð Þ � uFTC tð Þð Þ � Bif tð Þð Þ (19)

4.3 Design fault-tolerant control based on T-S fuzzy observers

A fault-tolerant control is proposed in this section to ignore the impact of faults
and to maintain the stability of the faulty vehicle dynamics system. The suggested
control procedure is outlined in Figure 3 [20].

Consider the following control law:

uFTC tð Þ ¼ �
X2

i¼1

hi ξ tð Þð ÞFi x tð Þ � x̂ f tð Þ� �þ u tð Þ � f̂ tð Þ (20)

where Fi are the controller gains.
Substituting Eq. (20) in Eq. (19) gives:

_et tð Þ ¼
X2

i¼1

X2

j¼1

hi ξ tð Þð Þh j ξ tð Þð Þ Aiet tð Þ þ BiF j x tð Þ � x̂ f tð Þ� �� Bie f tð Þ� �
(21)

¼
X2

i¼1

X2

j¼1

hi ξ tð Þð Þh j ξ tð Þð Þ Ai þ BiF j
� �

et tð Þ þ BiF jex tð Þ � Bie f tð Þ� �
(22)
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Assume that _f tð Þ ¼ 0, so the dynamics of the fault estimation error e f tð Þ is given
as follows:

_e f tð Þ ¼ _f tð Þ �
X2

i¼1

hi ξ tð Þð ÞGi y f tð Þ � ŷ f tð Þ
� �

(23)

¼ �
X2

i¼1

X2

j¼1

hi ξ tð Þð Þh j ξ tð Þð ÞGiC jex tð Þ (24)

Consider the following augmented system:

_e tð Þ ¼
X2

i¼1

X2

j¼1

hi ξ tð Þð Þh j ξ tð Þð ÞAije tð Þ (25)

where e ¼
et tð Þ
ex tð Þ
e f tð Þ

2
64

3
75 and

Aij ¼
Ai þ BiF j BiF j �Bi

0 Ai � LiC j Bi

0 �GiC j 0

2
64

3
75

Figure 3.
Observer-based FTC scheme.
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Theorem 1.1. The state tracking error et tð Þ, the system state estimation error
ex tð Þ, and the fault estimation errors e f tð Þ converge asymptotically toward zero if
there exist positive scalar ρ>0, symmetrical matrices P>0, Q2 >0, Y >0, and ϒii
i ¼ 1, 2ð Þ, as well as other matrices with appropriate dimensions Ui, Vi and ϒij

i, j ¼ 1, 2&i< jð Þ, such that the following conditions are satisfied:

Δii <ϒii, i ¼ 1, 2: (26)

Δij þ Δji ≤ϒij þ ϒT
ij , i, j ¼ 1, 2, i< j (27)

ϒ11 ϒ12

∗ ϒ22

2
64

3
75<0 (28)

where

Δij ¼
AiPþ PAT

i þ BiV j þ VT
j B

T
i BiX j 0

∗ �2ρY ρI

∗ ∗ Q2Ai þ A
T
i Q2 �UiC j � C

T
j U

T
i

2
664

3
775

(29)

with X j ¼ V j �Z
� �

and Y ¼ P 0

0 Z

� �
.

The gains of T-S fuzzy observers Li and Gi and T-S fuzzy controllers Fi are
calculated from

Fi ¼ ViP�1, Ei ¼
Li

Gi

� �
¼ Q�1

2 Ui (30)

Proof: the gains Li, Gi, and Fi are calculated by analyzing the system stability
outlined in differential Eq. (25) by using the Lyapunov method with a quadratic
function.

Let us select the following quadratic Lyapunov function:

V e tð Þð Þ ¼ eT tð ÞQe tð Þ (31)

where Q is divided as follows:

Q ¼ Q1 0

0 Q2

� �

The time derivative of V tð Þ ¼ V e tð Þð Þ can be shown to be

_V tð Þ ¼ eT tð ÞQ _e tð Þ þ _e
T
tð ÞQe tð Þ (32)

¼
X2

i¼1

X2

j¼1

hi ξ tð Þð Þh j ξ tð Þð ÞeT tð ÞQAije tð Þ þ Aije tð Þ� �T
tð ÞQe tð Þ (33)

¼
X2

i¼1

X2

j¼1

hi ξ tð Þð Þh j ξ tð Þð ÞeT tð Þ QAij þ A
T
ijQ

� �
e tð Þ (34)
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Aij can be defined as follows:

Aij ¼
Ai þ BiF j BiF j

0 Ai � EiC j

2
4

3
5 (35)

where

F j ¼ F j �I
� �

, Ai ¼
Ai Bi

0 0

" #
, Ci ¼ Ci 0½ �, and Ei ¼

Li

Gi

� �

Inequality (34) is negative if the following conditions are satisfied:

_V tð Þ ¼
X2

i¼1

X2

j¼1

hi ξ tð Þð Þh j ξ tð Þð ÞΛij <0 (36)

with

Λij ¼
Q1Ai þ AT

i Q1 þQ1BiF j þ FT
j B

T
i Q1 Q1BiF j

BiF
T
j Q1 Q2Ai þ A

T
i Q2 � Q2EiC j � C

T
j E

T
i Q2

2
4

3
5

(37)

Using the lemma of congruence, we have

Λij <0⇔XΛijXT <0 (38)

with

X ¼ Q�1
1 0

0 Y

" #
, Y ¼ Q�1

1 0

0 Z

" #
, Z ¼ ZT >0

Then, this inequality is obtained

AiQ�1
1 þQ�1

1 AT
i þ BiF jQ�1

1 þ Q�1
1 FT

j B
T
i BiF jY

YBiF
T
j YSijY

2
4

3
5<0 (39)

The negativity of (39) enforces that

Sij <0

with Sij ¼ Q2Ai þ A
T
i Q2 �Q2EiC j � C

T
j E

T
i Q2.

which can be analyzed using the following property:

Y þ ρS�1
ij

� �T
Sij Y þ ρS�1

ij

� �
≤0⇔YSijY ≤ � ρ Y þ YT� �� ρ2S�1

ij (40)

Accordingly, (39) can then be delineated as follows:
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AiQ�1
1 þ Q�1

1 AT
i þ BiF jQ�1

1 þ Q�1
1 FT

j B
T
i BiF jY 0

∗ �2ρY ρI

∗ ∗ Q2Ai þ A
T
i Q2 � Q2EiC j � C

T
j E

T
i Q2

2
664

3
775<0

(41)

Using lemma 1, and with some manipulations, we can obtain easily (26)–(28).
This completes the proof.

Remark 1. The calculation of the observer and controller gains is done independently
in [11, 21], which is restrictive. Therefore, in this study, the resolution of the LMIs is
carried out in one step.

5. Vehicle simulation results

In this section, the computer testing displays a critical driving situation. Initially,
the system states and actuator faults will be estimated. Next, to demonstrate the
effectiveness of the proposed FTC, the states of the faulty system will be simulated
considering the fault-tolerant control law.

Simulations are performed with the forward steering angle profile given in
Figure 4. This shows a sequence of right and left turns. The vehicle data is shown in
Table 3 [22].

Each Ai,Cið Þ is observable. The resolution of the LMIs of the theorem above,
using the LMI toolbox [23] and selecting ρ ¼ 4, results in the following matrices:

Figure 4.
Steering wheel angle δ f tð Þ by [rad].

Parameters Value Parameters Value

g 9.806 m/s2 l f 1.18 m

m 1832 kg lr 1.77 m

vx 23 m/s hroll 0.90 m

Ix 614 kg m2 Cϕ 6000 Nms/rad

Iz 2988 kg m2 Kϕ 140,000 Nms/rad

Table 3.
Values of the vehicle parameters used in the simulations.
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P ¼ 103

0:3145 0:0416 0:0057 0:0696

0:0416 0:0197 0:0026 �0:0219

0:0057 0:0026 0:0844 �0:3410

0:0696 �0:0219 �0:3410 3:5255

2
6666664

3
7777775
, F1 ¼

0:2112

�0:8970

�0:0188

�0:0094

2
6666664

3
7777775

T

Q2 ¼ 103

0:0844 �0:1222 0:0146 �0:0014 0:0250

�0:1222 1:5054 �0:0286 �0:0433 �0:0480

0:0146 �0:0286 3:2562 0:0068 �0:0039

�0:0014 �0:0433 0:0068 0:0464 0:0001

0:0250 �0:0480 �0:0039 0:0001 1:3162

2
666666664

3
777777775
,

F2 ¼

0:2642

�1:1348

�0:0227

�0:0117

2
6664

3
7775

T

L1 ¼

�2:0916 14:8942

�4:8065 �1:8332

�0:1687 1:0810

19:9900 �6:3497

2
666664

3
777775
, L2 ¼

22:4158 �43:4496

0:8851 �1:4886

0:5984 0:3418

18:2517 �11:5319

2
6664

3
7775

G1 ¼ 40:1735 39:7987½ �, G2 ¼ 5:8133 6:7343½ �

To see the effectiveness of the proposed scheme, we compare the states of the
zero-fault T-S model with the states of the faulty system both with and without the
FTC strategy.

Figure 5 illustrates the time evolution of the fault f tð Þ and its estimate f̂ tð Þ,
which shows that the fault estimate followed closely the fault, whereas Figures 6–9
show the response of the automotive lateral dynamics reference system states
simultaneously with its states in the presence of faults, in two scenarios: with and
without the application of the FTC approach.

Figure 5.
Fault f tð Þ and its estimate f̂ tð Þ.
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In Figures 6–9, simulations of faulty system states in the absence of FTC clearly
show that the performances of the vehicle has been lost and that its states reached
unsustainable levels immediately after the actuator became faulty, but applying
fault-tolerant control law, the vehicle stays stable throughout the simulation

Figure 6.
Comparison of the lateral velocity state vy tð Þ response in the presence of actuator faults with the reference.

Figure 7.
Comparison of the yaw rate state _ψ tð Þ response in the presence of actuator faults with the reference.

Figure 8.
Comparison of the roll angle state ϕ tð Þ response in the presence of actuator faults with the reference.
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without losing performances despite the presence of faults, demonstrating the
success of the proposed FTC approach.

6. Conclusion

In this chapter, a fault-tolerant nonlinear control law scheme is proposed to
reform the states of the lateral dynamics system of the automotive vehicle when it
becomes faulty at the actuator side. The nonlinear model of the lateral dynamics of
the automotive vehicle is first represented by a T-S fuzzy models, and then the
fault-tolerant control design based on the T-S fuzzy observers is presented. The
mentioned strategy is based on the use of the T-S reference models and the infor-
mation provided by the T-S fuzzy observers. This control law is developed to reduce
the deviation of the faulty system from the reference; it uses the steering angle, the
estimation error, and the tracking error. The stability of the whole system is inves-
tigated in one step with the Lyapunov theory and by solving the LMIs constraints.
The simulations of the automotive vehicle strongly demonstrate that the engineered
FTC is very successful and can be adapted to the specific driving situations. These
results will be applied to the CarSim software in future work.
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Figure 9.
Comparison of the roll rate state _ϕ tð Þ response in the presence of actuator faults with the reference.
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