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Abstract: Investing in digital transformation turns out to be a strategic action to tackle contemporary
issues and to improve competitiveness for enterprises. The high variability of options in the digital
transformation process enforces a higher complexity level in configuring and setting up objectives
and goals based on cities’ needs; hence, a systematic approach is required to assist decision makers
for better and sustainable transformation. A reference model is described in this paper to support
decision makers with comprehensive assessment data for digital transformation cities transport. The
proposed reference model assesses the cities based on digital transformation of transport services to
assist policy makers for better decisions in transforming the Mobility 4.0. The proposed model in this
study functions as a knowledge-based systematic framework for assessing the capabilities of the cities,
diagnosing their needs under given circumstances and identifying the best fitting workflow for digital
transformation of urban transportation systems and related services. The reference model takes on
board a group of smart city indices with respective assessment criteria in determining a smartness
level of transportation components. A conceptual 4-tier smartness scale has been proposed to establish
a consistent assessment subject to cities circumstances in many respects. The reference model has
been formalised into a mathematical model to characterise the assessments. The mathematical model
encompasses strategic assessments by experts to identify priorities of investments in the digitalization
process, which are aligned with strategic goals and policies of cities’ management.

Keywords: digital transformation; Mobility 4.0; smart city; reference model; digitalisation; assessment
of smartness level; mathematical phrase

1. Introduction

Transport services are the primary set of operations that impact city life [1]. Limited
resources and facilities make transportation management critical [2]. For authority of
transportation, services such as traffic congestion, environmental pollution, accessibility,
public transport, parking lots, freight distribution, and pricing prioritise the main concerns
and respective operations need to be carried out that are of high quality, cost effective and
efficient. Most require a comprehensive set of knowledge, investments and business capa-
bilities to facilitate computer support with digital technologies and artificial intelligence,
inevitable in dealing with relevant challenges.

Local city governments aim to make their cities as attractive as possible not only
for people to live, but also for investors to improve the respective facilities and infras-
tructure [3]. Resources for cities, such as highway infrastructure and parking spaces, are
limited. These limited resources are used together for freight and passenger transport.
It is known that transportation policies implemented on limited resources will affect all
stakeholders. Traffic safety practices, freight transport restrictions, pedestrianisation and
green logistics practices should be evaluated together with freight and passenger transport
stakeholders. An integrated approach is recommended in determining the required level
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of digital transformation intelligence in the implementation of policies. For this reason,
while determining the transportation policies to be evaluated, it is expected that the cities
will cover the freight and passenger services in the transportation transformation. It is now
clear that digital transport opens up new opportunities for cities. Even so, as with all other
services, identifying the needs and priorities to transform the right services in the right
places and for the right purpose, becomes one of the main concerns. The requirements and
necessities of digitalisation must, therefore, be carefully analysed.

Digitalisation implies digitising business processes using information and communi-
cation (ICT) infrastructure, which is supported by digital technologies, including artificial
intelligence [4,5]. Attempting to receive potential benefits provided by ICT, it is necessary
to perform a comprehensive analysis of the business process and define key areas to be
digitalised. In this way, it will be possible to define the right set of digital capabilities for the
correct need of the city. It will also enable the reduction of costs, ensure effective resource
utilisation and effective management. Furthermore, this may contribute to the smartness of
the city and foster the concept of a smart city [6].

Transforming smart cities is a complex system and many parameters must be taken
into account in the decision-making process. The economic development of the city, the
level of ICT infrastructure, the population of the city and its geographical features may
be the determining parameters. In the case of smart mobility systems, parameters such
as traffic density, current transportation physical capacity, traffic safety and mobility rate
can be evaluated. The major methods used for the assessment schemes of smart city
applications are mostly based on expert opinions (52%). In addition, as examined by
Sharifi [7], other methods used include literature reviews (33%), stakeholder consultation
(11%) and best practices analysis (4%). A framework that uses a hybrid approach based on
the above methods in smart city assessments would be beneficial for city policy makers. A
general digital transformation framework approach, expressed mathematically, will assist
policy makers make decisions about investing in the smart cities.

As the digitisation requirements for transportation services are explained above,
the process appears to be very complex and requires in-depth analysis and systematic
modelling capability. To the best knowledge of the authors and based on the literature
review carried out, it seems that no model is available to assess the digital capability of
integrated transportation authorities. Although assessment models have been developed
for assessing the digital transformation of the enterprises are introduced and reviewed in
the literature (see [8] for more information), they are rather generic and are implementable
to enterprises on an abstract level or to only some degree of detail. A comprehensive model
seeking digital capabilities of transportation services from various aspects seems to be
missing. This study intends to fill this gap, in addition to the models proposed mainly based
on visual inspection or operational analysis. The literature hardly provides an integrated
transportation model of any sort represented by a mathematical model. With this respect,
the proposed model is a good initiative to generate the mathematical model, which could
then be implemented in optimising the respective digitalisation practices. As part of the
explanation above, the frame of the reference model to be used in the transformation of
smart cities developed as part of the study is shown in Figure 1.

The reference model is designed as a 4-tier model, including “out of scope”, “tradi-
tional”, “digital” and “intelligent”. Each tier indicates the level of smartness. Traditional
systems are transforming themselves to digital ones, and digital services are transform-
ing to autonomous systems, which are capable of self-decision making and performing
operations with no or little human intervention. Especially, with the rise of industry 4.0
(see [8] for more information), mobility 4.0 becomes a key issue in digital transportation.
This is to enrich transportation services with intelligent capabilities and provide solutions
to public problems with artificial intelligence technologies (see [9] for more information). In
the reference model proposed, if no need emerges for a digital application, it is considered
as an “out of scope” case. If the respective operations and services are running with no
or little digital support, it considers that services run on a “traditional” level (Mobility 1).
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If the respective transformation services are conducted with fully or highly significantly
digital processes, then, the system level is upgraded to “digital” level (Mobility 2 and Mo-
bility 3) and last but not least, enriching the services with intelligent capabilities transform
themselves to “intelligent” level (Mobility 4).

Figure 1. Component of the proposed reference model.

The tier-4 smartness level, which encompasses Mobility 4.0 phases covering today
and the near future, is called the period of smart mobility in this study. In the period of
Mobility 4.0; cyber physical system components such as artificial intelligence, big data and
internet of things are expected to be widely used in transportation services. This period
adopts the use of integrated transportation systems in the proposed model approach. Today,
transportation service components are managed in an integrated manner in digitalised
cities with developed economies. Main sub-components of Mobility 4.0 using in this model
are shown in Figure 2.

Since the transportation services are important components of the smart city, the
digitalisation is expected to solve some major problems such as, traffic congestion, lack
of public transport capacity and lack of infrastructure, fuel consumption for increasing or
reducing emissions; see [10–12] for some of the urban transport problems that would be
sorted out effectively through digital services. Obviously, the transportation community
seeks better solutions for utilising digital technologies and tries to make the systems
increasingly more capable in dealing with complex problems generated by urban traffic.
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2. Related Works

The relevant literature as well as city applications covering the last decade has been
reviewed in connection with the titles of “Smart City” “Mobility 4.0 transformation”,
“integrated transportation management”, “digitalisation of transport management” and
“smart mobility”. Especially, a holistic mathematically expressed reference model for the
evaluation of the smartness level of the integrated transportation management for the
city is sought. Note that in creating smart mobility systems, a subsystem of smart cities
requires expensive investments. It is thought that the reference model that will guide
practitioners in the right way will heavily lead to important gains. The answers to the
questions of how the smart city management models should be built and maintained are
to be elaborated. Similarly, the review is based on the understanding that there is a need
for a reference model that takes into account expert opinions and will guide the smart
transformation of the cities especially from the transportation point of view. Thus, the
review is extended to investigate an applicable baseline model that can assess capabilities of
smart mobility transformation through an integrated transportation management approach
for cities. Furthermore, there has been many strategies on digital transportation of cities
together with transportation services. This topic is well addressed mostly around smart
cities and intelligent transportation. The review would not be complete if the respective
strategies are not taken into account. Generally speaking, the literature survey revealed
that there is a limited number of studies on assessing the digitalisation capacity and
capability of city management with respect to transformation of transportation. Therefore,
the review is focussed on understanding basic components of smart transportation activities
with respective components and services. This study is justified based on this review as
explained below.

In the literature, smart mobility is usually associated with smart city applications
as the transportation is one of the main components of city management [13]. There
has been several research studies about smart city management such as concept of a
smart city management [14] intelligent transportation infrastructure capability levels [15],
multi-stakeholder co-creation analysis experience [16], information management in the
smart city [17] and modelling frameworks for integrated planning and management [18].
These involve specific data analysis, sharing of experiences and conceptual suggestions.
Moreover, there has been little research about smart mobility transformation research such
as intelligent vehicle network system management [19], mobility management [20], and
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“Smart Urban Mobility Management” general architecture [21]. A common characteristic
of those studies is that they involve technological infrastructure transformation proven by
some case studies.

Having smart transport system capabilities requires the use of some level of ICT infras-
tructure [22], new investments [23], the implementation of new transportation policies [24]
and expertise, as well as some key performance indicators to monitor [25]. Integrated
services based on technology appears inevitable [26]. It is also clear that the experience
of various types of smart transportation expertise and other expertise must be brought
together. For the success of the assessment, expert views should be aligned with all of the
success factors described [27]. However, it may not be possible to gather all the experts.
Literature research on assessing the capabilities of smart cities and the maturity of cities
was also reviewed. According to a study in which current smart city maturity models are
reviewed [28], it is stated that there is a limitation in determining the next level of progress
and providing guidance between maturity levels. However, the studies on measuring
the degree of smartness and digital transportation so transformation systems are limited.
Therefore, it would be useful to develop a reference model to assess the components of
transportation in terms of smart city indicators.

It is well-known that the assessment of the digital capabilities of the cities is conducted
using a set of indicators. The methodology primarily used in the literature is index-based
comparative studies. Some of those are listed below.

• Comparative analysis with using indexes [29–38];
• Multicriteria and Multidimensional framework [39–43];
• Case studies and analysis [44–47];
• Fuzzy multi-criteria decision-making approach (MCDM) [48,49];
• Maturity Model [50–52];
• Big data, data analytic and multivariate data techniques approach [53–55].

Each indicator represents different characteristics of the city under assessment. All
criteria are brought together in order to make decisions, which would usually be affected by
the opinion of the assessor. For interpreting the criteria values, some methods such as the
(weighted) linear aggregation, the (weighted) arithmetic mean, the (weighted) geometric
mean and the (weighted) geometric aggregation of the variable scores [7] are utilised. Over
the past few years, knowledge-based systems and expert views have been preferred in the
literature as well [56]. This article introduces a systematic approach to assist the decision-
making process. Similarly, the literature also revealed that it is essential to identify a set of
principles and a generic reference model to define the areas to be digitalised with respect to
the needs of the cities and to guide the practitioners for making better decisions [57,58].

Besides models developed for smart city implementations concentrating on assessing
the current situation, little information is provided with respect to future developments.
When it comes to the assessment of the digital transformation of transportation services,
studies mainly concentrate on comparative studies rather than pointing out true needs
and requirements of the respective authority. Moreover, few studies take the strategic
priorities of the city management into account. The literature reveals the fact that there is a
need for a comprehensive (integrated, flexible, adaptable and wholly covered) assessment
model for not only identifying the level of existing smartness but also highlighting possible
areas of improvements with respect to strategic objectives and priorities. This study
intends to fill this gap by providing a reference model taking operational, tactical and
strategical issues into account. To the knowledge of the authors and based on the literature
survey carried, the literature out does not reveal any mathematical model for handling the
complexity of the process has not been studied. Therefore, the reference model proposed
in this paper is focused on sustaining smart transportation and achieving some target
and strategic objectives. The reference model also enables the generation of a road map
on the basis of capabilities and capacities of the cities for possible implementations. In
order to determine the points where a city is suitable for transformation, the components
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of transportation management will be analysed and suggestions will be made for the
prioritized investment areas.

As a result of the review process, it was clearly revealed that the digital transformation
of cities is generally understood as the use of communication and technological infrastruc-
tures for the benefit of society. However, assessing the effectiveness of transformation plans
still needs to be analysed with proper assessment methods. It was not also possible to reach
mathematical models developed for this purpose. It seems that the mathematical analysis
should be carried out from various aspect of the assessment. A reference model proposed
in this paper is one of the attempts along this line.

3. Proposed Model

This section provides the mathematical structure of the reference model that to be used
by decision makers in cities to assess their decisions and investments in digital transforma-
tion. Consequently, the model proposes investment priorities for the digitalization targets
of the city to be evaluated and the transport service components. Various algorithmic
implementations of this mathematical model can be developed based on various sets of
assumptions and circumstances of different platforms. A case study section follows help
understand the implementation of the mathematical model.

The model proposed has some essential components. One of them is “the goal”. There
are 4 different goals to be taken into account. These are:

• G (O) (G: Goals) where the policy makers may choose some of the components for not
being taken into account in the assessment and no investment on transportation is
planned. Here O represent “out of scope”.

• G (T) indicates systems which the decision makers is wishing to run using traditional
methods for the time being. “T” in this case represents “Traditional System”.

• G (D) indicates that the respective component is run with digital capabilities where
“D” indicates “digital” applications.

• G (I) shows that the respective component has a smart capability that is why “I”
indicates “intelligent” functions.

Taking these into account, the model runs two sub-goals to determine the manage-
ment smartness level for each transportation component (sub-goal 1) and to prioritise the
transportation component to be transformed (sub-goal 2) with a strategic focus.

The model architecture is justified based on the preferences and request of the policy
makers regardless of how good and effective those. Thus, it allows the defining of set of
indicators so called indexes to be used in the assessment as well as judging the strategy
chosen. With this respect the model can be considered a generic reference model for which
the city management or decision makers fills out their expectation and run the model to see
the effect of their choices over city characteristics such as population, historical background,
transportation capacity, mobility based statistics and economic power.

Based on the request (strategic expectations of the policy makers) and respective set
of parameters, the model is executed in such a way that it provides some information
regarding to the level of smartness in respective transportation services.

The architecture and execution of the model is explained in more detail in the following
paragraphs and in the case study.

Level of Smartness is indicated as 0 ≤ (G (O), G (T), G (D), G (I)) ≤ 1 where closing
to 0 means (for G (O) and G (T)) the respective city’s transportation services have no
need for digital transformation. On the other hand, the 1 approach (for G (D) and G (I))
means that the city concerned should have digital or smart system improvement targets
transport services.

The main architecture of the model for each sub component of smart mobility (Xj)
includes “component assessment” (g (Xj)) and “strategically focused priority” (Sf

j), which
have been evaluated with expert opinion and use the proposed model.

Sub-Goal 1, which estimates the Smartness Level of Each Transport Management
Components is represented by g(Xj).
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The Strategic focus determines different strategies and transformation priorities for
the users. This increases the effectiveness of the model dynamically in the decision-making
process. Since it is known that the cities will dynamically have strategic focal points based
on sustainable, liveable and people-oriented principles, the transportation components
determined by the opinions of the experts on this issue were evaluated comparatively. Four
strategic approaches have been adopted in the proposed model:

• general (Sg
j);

• people oriented (Sp
j);

• function oriented (Sc
j);

• possibility based (Se
j).

The general model approach does not provide a ranking priority among the model’s
recommendations by preserving the main model results. People oriented strategy has been
associated with “citizen priority” and “liveability”. Function oriented strategy is a strategy
approach focused on “sustainability”. Finally, possibility based strategy is considered as a
strategic approach focused on “cost-benefit”.

Sub-Goal 2 is to indicate transformation priority of mobility services is given by
Sf

j = [Sg
j, Sp

j, Sc
j, Se

j]
Sf

j = Strategy focused assessment for jth subcomponent of Smart Mobility priority, by
Sf

j = [Sg
j, Sp

j, Sc
j, Se

j], j = {1,2, . . . ,J}
Decision variable Xj is used to define the smartness level of transportation component

j. It is an integer variable, where Xj = {0; Out of the Scope, 1; Traditional, 2; Digital,
3; Intelligent}.

The transformation requirements in terms of expert opinions (represented by αjn) are
also taken into account. Note that the following parameters are used for embedding expert
opinions into the model. The suggested indicators in the assessment of the transition of
the transportation systems through to Smart City Indexes (SCIs) are as follows: Efficiency,
Mobility, Traffic Safety, Pollution and Public Transportation Capacity.

• Efficiency (capacity management: population, economic power of city, technological
infrastructure of city, current transportation physical capacity, etc.);

• Traffic congestion levels (traffic congestion index);
• Travel time management (index for mobility);
• Incident management, traffic safety, accident rate (index for traffic accident);
• Real-time information about transportation services and parking;
• Integrated public transport system and its quality, diversity, and multimodality (index

for operational efficiency);
• Street/pedestrian zone smart/reflexive lighting management system using ICT (index

for accessibility);
• Pollution reduction (share of total trips made by active (non-motorized)/public trans-

port modes).

Although the indexes selected in the general model were determined by expert opin-
ions, the opportunity to determine the index group to be used in its own digital transforma-
tion was provided for each city. The relevant value ranges of SCIs to be used in the model
are defined using 5- or 2-point Likert scales. The number of criteria to be selected among
SCIs is specified as N in the general model. Each SCI criterion is denoted by “q”. For the
customized model, “qN” represents “N” SCI criteria.

q = Value of the selected City for each criterion where q is a vector of 1 × N integer
variables, q = [q1, q2, . . . . . . , qN]

With expert opinions, the minimum requirement for each transport component is
determined at each level of smartness (αjn = [αt

jn; αd
jn; αi

jn]) (For general form see in
Table 1).
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Table 1. General form of nominal group technique to define smartness level requirements.

q1 .......................................................... qN

C
om

po
ne

nt
s

of
Tr

an
s-

po
rt

at
io

n
M

an
ag

em
en

tT
oo

ls X1

αt
11 αt

12 ................................ αt
1N

KPI1αd
11 αd

12 ................................ αd
1N

αi
11 αi

12 ................................ αi
1N

X2

αt
21 αt

22 ................................ αt
2N

KPI2αd
21 αd

22 ................................ αd
2N

αi
21 αi

22 ................................ αi
2N

... ... ... ................................ ... ...

... ... ... ................................ ... ...

... ... ... ................................ ... ...

XJ

αt
J1 αt

J2 ................................ αt
JN

KPIJαd
J1 αd

J2 ................................ αd
JN

αi
J1 αi

J2 ................................ αi
JN

This is defined as αjn is the expert driven parameter of the model.
αjn = jth Sub component of Smart Mobility, and nth minimum requirement by SCI

(Related to Expert Opinion) αjn = [αt
jn (traditional requirement); αd

jn (digital requirement);
αi

jn (intelligent requirement)]
The assessment for each component is made with the Key Performance Index (KPIj =

[KPIt
j; KPId

j; KPIi
j]) vector.

KPIt
j = Calculated Key Performance Index (KPI) Value of Traditional Operation for J.

Sub component of Smart Mobility. KPIt
j = [0,1] is a Binary Variable

KPId
j = Calculated Key Performance Index (KPI) Value of Digital Operation for J. Sub

component of Smart Mobility. KPId
j = [0,1] is a Binary Variable

KPIi
j = Calculated Key Performance Index (KPI) Value of Intelligent Operation for J.

Sub component of Smart Mobility; KPIi
j = [0,1] is a Binary Variable.

This section may be divided by subheadings. It should provide a concise and precise
description of the experimental results, their interpretation, as well as the experimental
conclusions that can be drawn.

With the “Component Assessment” module, Component “J” of the transportation
management model are evaluated with expert opinions in terms of digitalisation transfor-
mation needs defined in the 4-tier model. The general framework of N indices that can be
used to evaluate jth components with the nominal group technique and a 4-tier model is
presented in Table 2.

Table 2. General form of multi-criteria assessment approach of proposed model.

q1 .......................................................... qN

C
om

po
ne

nt
s

of
Tr

an
s-

po
rt

at
io

n
M

an
ag

em
en

tT
oo

ls X1

P(αt
11) P(αt

12) ............................. P(αt
1N)

g(X1)P(αd
11) P(αd

12) ............................. P(αd
1N)

P(αi
11) P(αi

12) ............................. P(αi
1N)

X2

P(αt
21) P(αt

22) ............................. P(αt
2N)

g(X2)P(αd
21) P(αd

22) ............................. P(αd
2N)

P(αi
21) P(αi

22) ............................. P(αi
2N)

... ... ... ............................. ... ...

... ... ... ............................. ... ...

... ... ... ............................. ... ...

XJ

P(αt
J1) P(αt

J2) ............................. P(αt
JN)

g(XJ)P(αd
J1) P(αd

J2) ............................. P(αd
JN)

P(αi
J1) P(αi

J2) ............................. P(αi
JN)

A Preference Function (P (αjn)) is also defined as the function of the evaluation of
minimum requirement by Criteria with respect to expert opinion (αjn), performs compar-
isons and calculates the Key Performance Index (KPIj = [KPIt

j; KPId
j; KPIi

j]) values in
vector form.
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P (αjn) = Preference Function P (αjn) = [P (αt
jn); P (αd

jn); P (αi
jn)]

With the component assessment, each component is evaluated with a 4-tier model
approach. The evaluation is done with the Preference Function (P (αn) = [P (αt

jn); P
(αd

jn); P (αi
jn)], which is the function of the expert opinion (αn). The values of the KPIj =

[KPIt
j; KPId

j; KPIi
j] vector determine the operational processing level of the component.

The sub-goal (1) g (XJ) is calculated using KPIJ, which is the matrix of the traditional,
digital and intelligent assessment. It is given above Table 2 in General form of multi-
criteria assessment approach of proposed model. With traditional assessment Equation (1),
digital assessment Equation (2) and intelligent assessment Equation (3) are component
assessments shown below.

∀P
(

αt
jn

){ 0; αt
jn < qn

1; αt
jn ≥ qn

}
∀KPIt

j


0; (

∑N
n=1 P

(
αt

jn

)
N < 1)

1;

(
∑N

n=1 P
(

αt
jn

)
N ≥ 1

)
Traditional Assessment (1)

∀P
(

αd
jn

)
=

{
0; αd

jn < qn

1; αd
jn ≥ qn

}
∀KPId

j


0; KPIt

j = 1 & (
∑N

n=1 P
(

αd
jn

)
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(
∑N
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(
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)
N ≥ 1
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Digital (2)

∀P
(

αi
jn

)
=

{
0; αi

jn < qn

1; αi
jn ≥ qn

}
→ ∀KPIi

j


0; KPId

j = 1&(
∑N

n=1 P
(

αi
jn

)
N < 1)

1; KPId
j = 1&

(
∑N

n=1 P
(

αi
jn

)
N ≥ 1

)
 Intelligent (3)

The determination of the operational operating level for each component is evaluated
with the nominal expert opinions determined with an integrated approach. A strategically
focused digital transformation decision support model is offered with key performance
index with flexible and dynamic model architecture.

The decision space of the model is limited to the options determined by the 4-step op-
erational management level approach. The formulation of the main goal (Equations (4)–(6))
and sub-goal 1 (Equations (7) and (8)) defined for the model is shown below.

GOAL G(O) =
(J −∑J

j=1 KPIt
j )

J
× 00 G(T) =

∑J
j=1 KPIt

j −∑J
j=1 KPId

j

J

× 100 (4)

G(D) =

∑J
j=1 KPId

j −∑J
j=1 KPIi

j

J

× 100, G(I) =

∑J
j=1 KPIi

j

J

× 100 (5)

G (O) + G (T) + G (D) + G (I) = 1 (6)

g(X) =


g(X1)
g(X2)

. . .
g(XJ)

 =


KPIt

1 KPId
1 KPIi

1
KPIt

2 KPId
2 KPIi

2
. . . . . . . . .

KPIt
J KPId

J KPIi
J

→


Out o f the Scope
Traditional
Digital
Intelligent

 =


0 0 0
1 0 0
1 1 0
1 1 1

 (7)

g
(
Xj
)
= KPIt

j + KPId
j + KPIi

j =


0; “Out o f the Scope”
1; “Traditional”
2; “Digital”
3; “Intelligent”

 (Sub Goal− 1) (8)

Once the model is run, it determines at which operational level each component should
be managed. Subsequently, the transformation priorities of these components, whose
operating level is determined, are identified strategically. This assessment is repeated for
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each enquires, specific to the flexible indices chosen by the decision maker and the city
qualifications evaluated. This section provides suggestions for the transformation priorities
of components according to 4 different strategies for digital transformation components
with a strategic focus. Strategy focused assessment (sf

j = [sg
j; sp

j; sc
j; se

j]) is modelled as in
Equations (9)–(13).

General Model Sg
j =

{
J

∑
j=1

Sg
j = 1; ∀ Sg

j = (0, 1)

}
(9)

People Oriented Model Sp
j =

{
J

∑
j=1

Sp
j = 1; ∀ Sp

j = (0, 1)

}
(10)

Function Oriented Model Sc
j =

{
J

∑
j=1

Sc
j = 1; ∀ Sc

j = (0, 1)

}
(11)

Possibility Based Model Sc
j =

{
J

∑
j=1

Sc
j = 1; ∀ Sc

j = (0, 1)

}
(12)

Priority Matrix s f
j
(

g
(
Xj
))

=


g(X1)
g(X2)

. . .
g
(
XJ
)
 X


sg

1
sg

2
. . .
sg

J

sp
1

sp
2

. . .
sp

J

sc
1

sc
2

. . .
sc

J

se
1

se
2

. . .
se

J

 (13)

Finally, dynamically prioritization is made with strategically focused assessment
function (sf

j) for those whose operational management level is determined, and suggestions
are made for transformation priorities in different perspectives. The formulation of the
sub-goal 2 (Equation (14)) defined for the model is shown in below.

s f
j
(

g
(
Xj
))

=


sg

j
(

g
(
Xj
))

sp
j
(

g
(
Xj
))

sc
j
(

g
(
Xj
))

se
j
(

g
(
Xj
))
 → (SubGoal − 2) (14)

4. Case Study

This case study is introduced to illustrate how the mathematical model proposed
above is implemented and how the framework produces successful results. In this context,
a scenario analysis was carried out, accepting that the decision makers of the city of London
wanted to make a strategic assessment for the digitalisation of transport services. It is
acknowledged that the selected groups of the Smart Cities Indexes are evaluated using the
expert opinions.

The proposed model is executed with the following information:

• Current situations/values of smart indexes of the city to be evaluated is entered into
the model. Twenty indicators are used for the decision maker to include the respective
indexes within the model. Note that these indicators are defined by subject matter
experts using nominal group techniques as explained below. However, it is possible to
update the list with respect to some other considerations and the expectations of the
city managements.

• The decision maker is then asked to make his/her choice of strategic priority among
four defined strategies as defined earlier.

• The mathematical model is executed with the selected information.
• The results are reported. The decision maker can repeat this process as much as he

likes in order to see the effect of various strategies and parameters (indicators) and
define those appropriate for the city.
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• Based on this assessment, an action plan is to be created for priority of applications.
The progress along this line can then be monitored. The model can be executed at any
time with the above sequence.

Note that by implementing the above process, one of the objectives of this study is to
identify the level of smartness of transportation systems of smart cities using expert opinion
by implementing the nominal group technique for 20 smart city indices or parameters to
be evaluated. The experts, whose views were consulted in this study, have been selected
among those who work in the public and private sectors and have expertise in transport
management in various capacities including engineers, specialists and junior/ senior
managers, who are actively on duty either in academia or in industry. It should be noted
that expert opinions were obtained from 21 experts while developing conceptual and
reference models. Note that the experts from the UK or Turkey have at least 5 years of
experience in the transportation sector. The main expertise sought was the factors related
to the digitalisation of transportation services as well as some indicators of smart cities
with respective information on sufficient conditions for the smartness levels as proposed.

For the case study, before setting up, a comprehensive set of parameters for digital
and smart transportation services are defined. A hybrid approach for classifying cities
was adopted using existing criteria including economic power, infrastructure, innovation
and impact on the population. The hybrid criteria used were grouped into three main
categories, including Smart City General Indicators (efficiency indexes) (Table 3), Mobility
Special Indicators (Table 4) and Current Transportation Capacity (Table 5).

Table 3. Smart City General Indicators.

ID of Indicators
and Detail

Value Range and Meaning

1 2 3 4 5

City Size
Urban Population
(UP * Million) size
of the City

Small UP < 0.5 Medium
UP = 0.5–1

Large
UP = 1–5

Super
UP = 5–10

Mega
UP > 10

Economic Power
of City
Gross Domestıc
Product (GDP)
PER Capita

Very Low
GPD PC < GBP 1 k

Low
GPD PC = GBP

1 k–5 k

Moderate
GPD PC = GBP

5 k–10 k

High
GPD PC = GBP

10 k–20 k

Very High
GPD PC ≥ GBP

20 k

Technological
Infrastructure of
City
ICT Development
Index (IDI)

Very Low
IDI ≤ 25%

Low
IDI = 25–50%

Moderate
IDI = 50–75%

High
IDI = 75–90%

Very High
IDI ≥ 90%

Safety
Crime index (CI)
safety walking
alone during
daylight and night

Very Low
CI ≤ 25%

Low
CI = 25–50%

Moderate
CI = 50–75%

High
CI = 75–90%

Very High
CI ≥ 90%
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Table 4. Mobility Special Indicators.

ID of Indicators and Detail
Value Range and Meaning

1 2 3 4 5

Traffic Index
Traffic Congestion Index Level (TCI)

Very Low
TCI ≤ 5%

Low
TCI = 5–15%

Moderate
TCI = 15–25%

High
TCI = 25–50%

Very High
TCI ≥ 50%

Travel Time Management
Commute time by public transport
(Minute—Measurement by Moovit
Index) (CT)

Very Low
CT ≤ 20 min.

Low
CT = 20–30

min.

Moderate
CT = 30–45

min.

High
CT = 45–60 min

Very High
CT > 60 min.

Freight Vehicle Traffic Rate
Percentage of freight vehicles in total
traffic (FVP)

Very Low
FVP ≤ 5%

Low
FVP = 5–15%

Moderate
FVP = 15–20%

High
FVP = 20–30%

Very High
FVP ≥ 30%

Incident Management
(Negative Impact) Road Safety
ETSC Road Safety Performance Index
(PIN) (Road deaths per million
inhabitants) (People)

Very Low
PIN ≤ 20 p.

Low
PIN = 20–30 p.

Moderate
PIN = 30–45 p.

High
PIN = 45–60 p.

Very High
PIN > 60 p.

Pollution Reduction
Active Trips Rate (ATR)
(Non-motorized
(Walking & Cycling)/All trips)

Very Low
ATR ≤ 5%

Low
ATR = 5–10%

Moderate
ATR = 10–15%

High
ATR = 15–20%

Very High
ATR > 20%

Urban Mobility
Urban Mobility Index Rate (UM)

Very Low
UM ≤ 10%

Low
UM = 10–25%

Moderate
UM = 25–40%

High
UM = 40–60%

Very High
UM ≥ 60%

Climate
Whether climate conditions have an
impact on transportation

Not Effective Effective - - - - - - - - - - - - - - - -

Topology
Whether topology conditions affect
transportation

Not Effective Effective - - - - - - - - - - - - - - - -

Table 5. Current Transportation Capacity.

ID of Indicators and Detail
Value Range and Meaning

1 2 3 4 5

Bus
Operated number of vehicles (OVS) OVS < 100 100–500 OVS 500–1 k OVS 1 k–5 k OVS OVS > 5 k

Private Vehicle Hiring (PVH)
(Taxi, Club Car, Private Online

Advance Booking) Operated number
of vehicles (OVS)

OVS < 500 500–1.000 OVS 1 k–5 k OVS 5 k–10 k OVS OVS > 10 k

Tram
Operated total Km (OTK) OTK = 0 OTK = 1–50 OTK = 50–100 OTK = 100–200 OTK > 200

Metro
Operated total Km (OTK) OTK = 0 OTK = 1–100 OTK = 100–500 OTK = 500–1 k OTK > 1 k

Sea routes
Operated number of Ferries (ONF) ONF < 10 10–25 ONF 25–50 ONF 50–100 ONF ONF > 100

Train (Intercity)
Is there or not Not Effective Effective - - - - - - - - - - - - - - - -

Airway
Is there or not Not Effective Effective - - - - - - - - - - - - - - - -

Highway Network
Is there or not Not Effective Effective - - - - - - - - - - - - - - - -
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The flexible and dynamic approach that the model offers the decision maker in the
decision-making process was considered as a case study. In the smart city review, City of
London was selected for the case study, where index values were accessed as open data.

London’s population is 9.6 million. According to Transport of London (TfL), the city’s
transport authority, the transportation capacity is 8600 buses, 21,000 cab (taxi), 402 km un-
derground line, 27 km tram line and over 100 ferries. According to the 2020 Tomtom traffic
congestion index value, London’s traffic congestion rate is calculated at 27%. London’s
crime index value is also 52.67. The level of public transport coverage is 86% of the urban
area. The percentage of low-emission areas is 99% of the city’s area.

In the case study section, scenario analysis has been carried out for two different
decision maker approaches. In the first scenario, the decision maker wants to make an
evaluation that adopts the “function oriented (city function)” strategy using all the indices
specified in the model. In the second scenario, the decision maker wants to use a decision-
making process that does not want to include the efficiency indexes in the model and
adopts a “people-oriented” strategy.

The model was run for both scenarios. According to the model’s proposal to the first
decision maker, London urban transportation management digital transformation goal,
it should be managed with 85% “intelligent” service systems and 15% “digital” service
systems. The model digitalisation target proposal according to the preferences of the second
decision maker is it consists of 65% “intelligent” service systems, 11% “digital” service
systems, 16% “traditional” service systems and 8% “out of scope” services. Figure 3 shows
the different digitalisation goals for different scenarios for the City of London.

Figure 3. Different digitalisation goals for different scenarios for London.

The model presented different digitalisation targets for the same city in relation to the
indices participating in the assessment. This feature provides flexibility to decision makers
for digitalisation considerations.

On the other hand, the strategy focused assessment tool allows dynamic prioritisation
on the model. When this assessment is examined, it is seen that the “General Model”
approach offers a general implementation plan that does not take into account priorities
among components. The “People Oriented” and “Possibility Effected” strategies aggres-
sively make a significant distinction between primary transformation components. If the
decision maker chooses these guidelines, he or she will have strong evidence for a priority
assessment study. Moreover, the “City Function” offers a consistent digital transformation
priority that is compatible with the “general model” approach but takes all stakeholders
into account.

The scenarios determined as case studies were also evaluated by selecting different
strategic focuses. When the strategic focused assessment of the “City Function” in the first
scenario is examined, it is suggested that the model should prioritise the digital transforma-
tion of transportation components related to public transport, traffic measurement systems,
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and feasibility reports for investment decisions and digital service platforms. Figure 4
shows the suggested strategic priorities for the first decision maker.

Figure 4. Priority digitalisation components proposed to first decision maker for London.

The strategic focus of the second scenario has been determined as “People Oriented”.
The model for this scenario was provided digital transformation priorities to data sharing
and management components. As priority transformation component, mobile data, travel
times, maintenance information in infrastructure services, and priority digitalisation in
urban parking areas services have been suggested to the decision maker. The London
priority digitalisation transportation components proposed to the second decision maker
are presented in Figure 5.

Figure 5. Priority digitalisation components proposed to second decision maker for London.
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With this case study, flexible digitalisation goals and the strategy-oriented dynamic
evaluation approach suggested by the model were examined. It is known that the trans-
formation expectations of the cities that will make digital transformation assessment are
different from each other. Decision makers expect the model to propose different digitalisa-
tion priorities for different strategies. The decision maker wants to know the transportation
components decided to be digitalised and their digitalisation priorities. The proposed
model provided decision support for digitalisation.

5. Discussion

The proposed framework has been implemented in the case studies with no difficulty
as most of the information about London was readily available on their internet sites. When
running the proposed framework for assessing the digital transformation of transportation
systems the following conclusions are drawn. Note that the study focused not only the
selection of indices and their relations with each other, but rather on representing the
model in mathematical form. It is well proven that it is possible to devise a mathematical
model that can represent transformation processes and enable measuring the effectiveness
of the process as well as pointing out the improvement areas. However, during the
implementation:

• The selection of the number and type of indicators used for evaluating digital transfor-
mation was found to be important.

• It does not seem to be easy to measure the correlation between the indices due to
the novelty, complexity and uncertainty of digital transformation. The proposed
mathematical framework can be a starting baseline for continuing the study along
this way.

• It was naturally found that different results can be obtained with different index groups
for different cities. This indicates the adaptation capability of the model to the realities
of the transportation systems running as every city has a unique transportation system
with its own priorities.

• The framework implemented for generating the mathematical model enables decision
makers to feel comfortable with their requirements and choose respective evaluation
criteria, even from the list of possible indicators. This capability will allow policy
makers to adopt and partially customize the overall model.

• In addition, presenting alternative proposals while determining investment priorities
allows the decision makers to determine a suitable strategy and a road map for the
city in question.

In the case study, the level of smartness to be practiced in a city is assessed using a set of
city related indexes characterising seven main services with respective sub components of
Mobility 4.0 in terms of 4 different strategies aligned with the priority of the city in question.
The relative weight of importance in the decision making process has been evaluated
in linguistic terms such as very low, low, medium, high and very high. This increases
understandability of the proposed framework. The implementation of the proposed model
also revealed that the strategic approaches are essential in determining investment priorities
of the cities. While budget is the most important factor, city-specific solutions may be
necessary to ensure a sustainable infrastructure. Since these analyses are mainly done by
the expert, expert view is an essential requirement of the proposed model.

The success of the proposed reference model, including mathematical components
and the respective assessment based on this would be made more beneficial with the
introduction of more ICT to the transportation services. For example, numerous methods
of data collection and big data analysis are used in the digitalisation of transportation.
During the utilisation smart transportation systems for performing integrated governance
systems, some information, including corporate data; Bluetooth sensors, radar sensor,
image processing, sensors, vehicle tracking and mobile application user data (probe data),
signalling, camera, detector, semi-dynamic and dynamic message systems, fleet data of
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public transportation vehicles and digital ticket requiring extensive set of data are to be
collected and analysed.

Additionally, analysis and processing of citizen data is important for real-time trans-
portation management system as well. ICT technology enables easy management of these
devices and data-related systems. Being able to handle these different types of information
would definitely improve the performance of not only the smart systems but also the
capability of the assessment.

Furthermore, artificial intelligence (AI) methods are also recommended to be utilised
in sustaining smart solutions for complex systems that cannot be managed with traditional
methods. For instance, with the support of highway traffic sensors and algorithms, auto-
matically detect accidents and predict future traffic conditions [58]. AI in transport services
has a wide variety of applications such as traffic management, road safety, public transport
and urban mobility. Moreover, transport authorities are willing to use AI-powered systems
to create a rapid improvement in congestion reduction, making travel time more reliable
for passengers and improving the economy and productivity of their essential assets.

Similarly, IoT technology provides means to collect transportation data to automati-
cally calculate values of some of the parameters, such as counting passenger and vehicles,
influencing public transportation. This could also have an effect on the performance of the
smart systems. The data collected over the smart systems can also be turned into mean-
ingful information for the policy makers to make better decisions. Business intelligence
is proven to be well implemented for this purpose [59]. It would be possible to perform
existing situation and assess the results of application and report in respective managerial
levels. It may also make some analysis on the available data and make some predictions
about the progress of the systems for the future. Vehicle routing and scheduling analysis
reports, maintenance planning and road safety assessment, ongoing construction progress
reports, risk analysis and occupational safety reports etc. can be generated for the sake of
effective transportation management.

Moreover, the use of end-to-end integrated payment systems in transportation services
is widely shared as a future vision. A new concept of Mobility as a Service (MaaS) is
introduced [60], as common and fair payment system, which is implemented between
transportation operators and regardless of number of passengers. Ensuring the security of
personal passenger information and commercial passenger data owned by operators in the
construction of this system is proven to be possible with the infrastructure of blockchain
technology as well [61]. In addition to money transfer, reducing paperwork, increasing
the transparency and traceability capabilities of the systems, eliminating possible risk etc.
would benefit from this technology.

Although, there are many other opportunities that ICT systems can provide to trans-
portation management, these are considered to be sufficient in supporting the idea of
generating and utilising both reference and assessment models.

6. Conclusions

The paper presented the following contributions in assessing the transformation of
transportation systems:

• It provides a mean to handle city priorities and expectations of the city management
held to account by providing a generic architecture to be adapted to city capabilities.

• A mathematical model is generated in order to assess the level of smartness not only
for the overall system, but also with the component level. This capability enables a
flexible and adaptive structure to be effectively executed.

• It may not only assess the smartness of the city transportation. It also provides
means to simulate various types of strategies with respective components and see
possible effect on smartness. This also generates valuable information for city and
investment planning.

• It enables easy generation of action plans to improve city transportation services and
promote their digitalisation.
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The following explanations justifies these above contributions. Digitalisation is an
innovative workspace that requires knowledge, operational expertise, investment and time.
For a sustainable ecosystem, it is essential to reduce the use of private vehicle transportation
and offer comfortable and high capacity public transportation. For the effective manage-
ment of limited transportation resources, it is necessary to develop accessible, comfortable,
transparent and cost-effective transportation services that increase mobility, and prevent
noise and air pollution. In order for the digital transformation of transportation to be suc-
cessful, investment priorities must be determined objectives and all transportation service
components should be evaluated together with the integrated management approach.

Every city needs a smartness digitisation at a different level depending upon the
capabilities and resources available. A transformation plan is therefore to be issued in
sustaining effective transformation process aligned to city needs. To make this capability
better understood and manageable, the proposed model naturally requires an integrated
management approach for the operation of all transportation services as the integrated
systems are the main components of digital continuity. Of note, the integrated approach
makes joint use of infrastructure and capacity possible. This approach helps determine
the realistic goal of digital efficiency and effectiveness. The proposed assessment model
provides policy makers with three outcomes related to digitalise transportation services,
namely, overall degree of smartness in transportation system as a whole, level of smartness
of a particular component and respective priority. The “city-specific strategic choice” used
in the model, prioritises the digitisation processes in accordance with city needs.

Above all, the reference model given in this article with its mathematical details
proposes city-specific, measurable goals expressed by the level of digital transformation
smartness, instead of comparing the current digitalisation level of cities with various
criteria. It is important to note that the proposed model is flexible and adaptable enough
to comply with city needs against available resources as the respective parameters can be
assigned by decision makers or experts, being familiar with city capabilities and capacities.
That means the policy and decision makers can choose respective city-specific indices.
A mathematical model can then be run to perform the assessment. Using the proposed
assessment model, the future smartness of a city’s transport system can also be determined
through indicating the gap of smartness in certain areas. This information is then utilised
for generating a road map for improvements and defining new strategies. Besides, the
architecture of the reference model enables the expansion of components in accordance
with new requirements. This increases the applicability of the model and sustains the
capability to follow the change.

The case study is proof that the model can be applied to cities with no difficulty.
Plus, it was concluded that different results can be obtained in an evaluation carried
out with different index groups for a specific city. The choice of first decision maker
yield to 85% smartness whereas the same for the second is 65% due to a different set of
parameters, strategies and priorities implemented. The system generates the respective
recommendation in light of the choices of decision or policy makers. Note that the model
does not judge, validate or verify the strategic objectives or priorities; it is the decision of the
policy maker. It rather highlights the effect of implementing those over the transportation
systems. This provides a change to the policy makers to perform analysis of various
strategies and compare them before implementation in real life.

In the case study, it was concluded that different results can be obtained in an eval-
uation made with different index groups for a specific city. Every city is unique and its
priorities are different. In a digital transformation general model proposal, decision makers
should be given the opportunity to choose among the evaluation criteria. This feature
will allow policy makers to adopt and partially customize the overall model. In addition,
presenting alternative proposals while determining investment priorities allows decision
makers to determine a suitable strategy and a road map for their cities.

The literature review on the other hand confirms how difficult it is to define the
transformation situation of smart cities with a universal system. Priorities, targets and
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visions identified for cities play a crucial role in this process. This study has been developed
by evaluating certain indicators that can highlight the capability of digital transformation
of transportation services. However, being able to succeed in implementing this model will
certainly urge the respective research on generating assessment models for other areas of
smart cities such as health, environment, energy and social services. It would always be
possible to extend the capability of the model proposed. Utilising fuzzy logic to assess the
capabilities of the components for each strategy could be a good motivation of the future
work. The authors are planning to continue along this line in further research.
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