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Abstract: Despite the significant progress in the last few decades, road safety improvement
still constitutes an imperative global need. Especially in urban areas, the improvement of
road safety is an even more complicated and multi-factor problem. Every minute, a human
life is lost in an urban road network in the world. Given that almost all road accidents
are preventable, more effective planning toward improving road safety, as a structural
element of sustainable urban mobility, is imperative. The aim of the present research is
to provide decision support analysts and policy-makers with a decision-support tool that
identifies and prioritizes the factors undermining road safety in an urban area, with a view
to developing effective policies. For this purpose, a comprehensive inventory of factors that
may undermine road safety in an urban area, as well as an inventory of relevant measures
and policies, is provided, based on an international literature review. The most important
factors and, subsequently, the most effective measures and policies are identified and
prioritized through a multi-criteria approach (modified Delphi–analytical hierarchy process
(AHP)–technique for order preference by similarity to ideal solution (TOPSIS)). The Greek
urban road networks, starting from the second largest city in Greece (Thessaloniki), are
selected as a case study. Problems related to limited resources not allowing for systematic
surveillance and policing, making arbitrary decisions instead of adopting a scientific
decision-aiding methodology, education and mentality issues, infrastructure planning
and maintenance, cooperation and coordination between different authorities, and laxity
of penalties are highlighted as the most important factors, based on which four sets of
measures and policies are identified and prioritized.

Keywords: road safety; sustainable urban mobility; transport policy; multi-criteria analysis;
decision-making; decision-aiding; urban planning

1. Introduction
During the last few decades, the notion of sustainable mobility has “overwhelmed”

the scientific community, as well as citizens’ everyday life, through research projects,
information campaigns, events and other relevant initiatives taking place at the local,
national, European and global levels. Road safety constitutes a fundamental component
of sustainable mobility and, obviously, an urban road network that is not safe is not
sustainable. According to the UN Sustainable Development Goals (SDGs), in particular
“SDG 11.2: Make cities and human settlements inclusive, safe, resilient and sustainable”,
safety is a crucial factor for a city to be livable, while making road networks safe, especially
for pedestrians and cyclists, apart from saving lives, encourages sustainable modes of
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transport [1]. Despite the fact that during the COVID-19 pandemic period road accidents
were reduced in most cities in the world due to the decrease in vehicles circulating on the
roads [2,3], every minute, a human life is lost in an urban road network somewhere in the
world [1].

As concerns the European Union (EU), despite the fact that the EU roads are the safest
in the world [4], 20,400 people lost their lives in road crashes across the EU in 2023 [5]. Every
year, excluding the COVID-19 pandemic period, about 25,000 fatalities and over 135,000 se-
rious injuries are recorded on EU roads [3]. The inclusion of road safety as a fundamental
component of the development and implementation of sustainable urban mobility plans
(SUMPs) is considered of high importance [6]. According to relevant surveys [6,7], road
safety is regarded as a serious problem for 3/4 of European citizens, while the highest
percentage of pedestrian (70%), cyclist (57%) and moped (54%) fatalities on EU roads is
recorded in urban areas [8].

Road accidents result in a death and injury toll, as well as in material damage, which
should no longer be accepted. In this direction, the EU’s Vision Zero strategy aims at
eliminating road fatalities by 2050, with an intermediate target of halving road fatalities
and serious injuries by 2030 compared to 2019 numbers, a target also adopted by the UN
General Assembly in the context of the “Decade of Action for Road Safety 2021–2030” [9–11].
The excellent performance in terms of road safety of European cities such as Helsinki and
Oslo demonstrates that the EU’s Vision Zero is realistic [1,10].

Given that road safety is the result of the interaction of various factors, multi-criteria
analysis (MCA) methods seem to be ideal for the effective management of the problem,
especially in urban networks where the complexity degree is higher [12]. Thus, decision-
support systems, which integrate MCA methods, emerge as a key tool for the optimum
allocation of financial resources (limited in most cases) toward improving road safety in
urban networks [12]. MCA outweighs other traditional methods for such purposes for the
reasons presented in Section 2.2.

The aim of the present research is to provide decision-support analysts and policy-
makers with a decision-support tool that identifies and prioritizes the factors undermining
road safety in a specific urban area, with a view to developing effective policies through a
multi-criteria analysis approach, taking into account the particularities and special needs
of the study area. For this purpose, a comprehensive inventory of factors undermining
road safety in urban areas, as well as an inventory of relevant measures and policies, is
provided, based on an international literature review. The most important factors are
selected and prioritized, and subsequently, the most effective measures and policies for the
improvement of road safety are also selected and ranked through a multi-criteria decision-
aiding methodology, combining a modified Delphi with analytical hierarchy process (AHP)
and technique for order preference by similarity to ideal solution (TOPSIS).

The Greek urban road networks, starting from the city of Thessaloniki, are selected as
a case study for the application of the proposed methodology. This selection is due to the
relatively low performance of Greece (compared with other EU countries) in terms of road
safety, especially in urban areas, as documented in Section 3.1, in combination with the
fact that Greece (especially the two largest cities of Athens and Thessaloniki) constitutes a
major tourist destination, widening—in that way—the scope of the problem.

It is worth mentioning that the methodology applied in the present research can be
applied for the elimination of road fatalities in any country (after relevant adaptation), for
both urban and non-urban networks.

This research work is structured as follows. The proposed methodology, as well as a
comprehensive inventory of the most important factors undermining road safety in urban
areas, is presented in Section 2. In Section 3, the road safety level in the Greek urban networks
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to which the proposed methodology is applied (starting from Thessaloniki) is identified,
with an inventory of suggested measures and policies also included in the same section. In
Section 4, a discussion of the results is presented, while the most important conclusions can
be found in Section 5.

2. Materials and Methods
2.1. Literature Review of Selected MCA Methods in the Transport Sector and in the Field of
Road Safety

MCA methods are gaining more and more ground in the international literature
for the reasons mentioned in Section 2.3. In particular, the AHP (analytic hierarchy pro-
cess) [13], TOPSIS (technique for order preference by similarity to ideal solution) [14],
VIKOR (vIseKriterijumska optimizacija i kompromisno resenje) [15], ELECTRE (élimina-
tion et choix traduisant la réalité) “family” [16] and PROMETHEE (preference ranking
organization method for enrichment evaluations) “family” [17] are the most commonly
applied MCA methods in the transport sector [18,19].

The aforementioned methods have been applied for road safety improvement pur-
poses in certain cases. For example, in [12], the most dangerous sections in terms of road
safety are prioritized in the urban network of Villacidro (Italy), applying ELECTRE III and
Concordance Analysis, as well as VIKOR and TOPSIS. In [20], the most vulnerable in terms
of road safety rural roads in an Indian area are prioritized using the AHP, fuzzy AHP and
simple additive weightage (SAW) methods in order to adopt road safety measures. In [21],
a combination of MCA methods, namely modified digital logic (MDL), AHP, TOPSIS,
VIKOR, emerging network to reduce Orwellian potency yield (ENTROPY) and Copeland
methods are adopted to prioritize dangerous points on roads in an Iranian province. In [22],
road accident factors are prioritized in relation to mastery of traffic signs in the city of
Manila, Philippines, using AHP. In [23], road safety hazardous locations are ranked using
the AHP. In [24], an AHP-BMW (best worst method) is adopted to rank the most significant
driver behavior factors related to road safety. In [25], a Pythagorean fuzzy AHP model
is adopted for the assessment and prioritization of critical driver behavior factors in Bu-
dapest, Hungary. An entropy TOPSIS–road safety risk model is proposed and applied
for the evaluation of road safety risk, based on a composite road safety risk index, in [26].
In [27], safety factors related to hazardous road locations in Egypt are prioritized through a
fuzzy AHP-TOPSIS model. In [28], an interval-valued intuitionistic fuzzy VIKOR model is
adopted for the evaluation of urban road safety in China. In [29], a MCA model combining
the coefficient of variation PROMETHEE II method, joint singular value decomposition
and semi-discrete decomposition (JSS) is adopted for the identification of the progress of
EU countries in the field of road safety. In [30], an AHP–matter element analysis method is
applied for the traffic safety evaluation of downstream intersections of urban expressway
exits in China. In [31], ELECTRE III is applied for the ranking, in terms of road safety, of
ten sections of a motorway in Sardinia, Italy, in order to allocate the insufficient financial
resources in the most effective way, giving priority to the most critical motorway sections.
The evaluation of the road safety level in eleven countries in Southeast Asia is realized
through an MCA model, integrating criteria importance through inter-criteria correlation
(CRITIC), ELECTRE and fuzzy C-Means (FCM), in [32].

2.2. Inventory of Factors Undermining Road Safety in Urban Areas Based on a Literature Review

The in-depth comprehension of a problem constitutes a prerequisite for its efficient
management. Thus, the identification of the most important factors undermining road
safety in an urban area is of extremely high importance for the development of appropriate
measures and policies toward improving road safety. For this reason, an inventory of the
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main factors leading to road accidents in urban areas is formulated (Table 1), based on an in-
ternational literature review, as well as on incidents recorded by journalists [2,6,9,12,33–58].
It should be noted that not all the factors have been directly derived from the literature
review (certain factors have been suggested by the authors, after careful study of the nature
of road accidents taking place in urban road networks, as recorded by journalists, while
others have been indirectly derived by relevant publications).

Obviously, despite having a common base to a large extent, the factors undermining
road safety may differ from country to country and from one urban area to another, either
in terms of qualitative data or in terms of factor weights. Consequently, the inventory in
Table 1 is expected to be different in each case and can serve as a basis to form a unique list
for each urban area, with certain factors being removed and others probably being added.

Table 1. Inventory of the most common factors leading to road accidents in urban areas.

Category Factors

Financial/economic (factors
related to budget constraints)

• Insufficient funding for the development of road safety plans [34]
• Insufficient funding for the implementation of measures and policies for road

safety improvement [34]
• Insufficient motivation (e.g., subsidies) and/or restricted citizen affordability for

the replacement of old vehicles with new ones [2,33,34,50]
• Insufficient motivation (e.g., subsidies) and/or restricted citizen affordability for

vehicle maintenance [34]
• Failure to carry out systematic and adequate controls in urban road networks for

the efficient traffic and parking management and for the detection of any
infringement due to limited resources (financial, technological, human) (mainly
regarded as financial/economic) [34]

Technological (factors related
to infrastructure design,

management, maintenance,
technological

equipment, etc.)

• Lack or inappropriate design of infrastructure for pedestrians, bicycles, scooters,
etc., creating a higher risk environment for them, especially for people with
disabilities or reduced mobility (e.g., elderly, people with children, prams,
etc.) [2,9,33,34,36,37,41,43,50,51,55–58]

• Lack or ineffective design and management of public transport infrastructure
and networks, as well as insufficient maintenance, resulting in malfunctions of
public transport means when in motion [33,41,51]

• Inadequate or inappropriate road infrastructure maintenance (potholes, cracked
pavement, invisible signage because of untrimmed trees, signaling malfunctions,
vandalized signs, insufficient lighting, faded pedestrian crossings,
etc.) [9,12,36,42,48,52,54]

Organizational (factors
related to organization

and bureaucracy)

• High complexity of bureaucratic processes and significant subsequent delays in
planning and implementing measures and policies for road safety
improvement [34,46]

• Lack of cooperation and coordination between local, regional, and national
authorities (either at the same or across different administrative levels) regarding
decision-making [34,46,51]

• Lack of constructive dialogue and participatory processes toward compromising
different stakeholders’ interests [34,46]

• Failure to educate and inform citizens about road safety (even starting from the
kindergarten) [42,45,50]

Knowledge-based (factors
related to employees’

expertise, data
availability, etc.)

• Lack of qualified and experienced staff in public sector authorities and
organizations, as well as failure to capitalize on external contractors with
expertise in road safety sector [46]

• Low maturity level of existing proposals, studies, etc. [46]
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Table 1. Cont.

Category Factors

Social and cultural (factors
related to behavioral aspects,

education and mentality)

• Illegal/inappropriate behavior of certain road network users toward others (e.g.,
illegal parking at junctions, on sidewalks, pedestrian areas, etc.), hindering both
pedestrian and vehicle movement, as well as the visibility at junctions (for
example, in Greek urban areas, there are illegally parked vehicles at every
junction, despite the relevant prohibition according to the Road Traffic
Code) [34,35,42,47,51,55]

• Inappropriate driving behavior of passenger and freight vehicle users, especially
characterized by high speed [33,34,38,39,44,47–50,52,53,55,57]

• Frequent distraction during driving because of extensive mobile phone
use [33,34,40,47,57]

• Inappropriate driving behavior of cyclists, motorcyclists and electric scooter
users [33,38,48,51,57]

• Inappropriate pedestrian behavior (street crossing away from pedestrian
crossings, when the red light for pedestrians is on, etc.) [36,48,51,55]

• Difficulty (e.g., due to indifference) for citizens and other stakeholders to
participate in relevant processes and public consultation (e.g., through platforms,
fora etc.) [34,46]

Legal and institutional
(factors related to

administration, rules,
law, etc.)

• Laxity of imposed penalties for road traffic offences, especially in the case of
systematic reoccurrence [45]

• Insufficient or unreliable procedure of driving license renewal procedure by
elderly (without any substantial examination of their ability to drive)

• Cancellation of implemented fines for violations of road traffic code, after
interventions of, e.g., politicians, resulting in impunity and, therefore, failure of
the violators to comply with road traffic code in the future

• Insufficient regulatory and legal framework regarding the compulsory provision
of parking places in new buildings, “reinforcing” illegal parking, thus reducing
visibility at junctions (because of illegal parked vehicles) and further
undermining road safety [42,46]

• Inadequate legal framework for micromobility (e.g., electric scooters) and the
co-existence with other transport modes in urban road networks [33,56]

• Ineffective logistics management (first and last mile), negatively affecting traffic
conditions and thus road safety [6,46,51]

Political (factors related
to politics)

• “Fragmented” and almost arbitrary decision-making (by the authorities in
charge) regarding road safety improvement, without adopting a scientific,
knowledge-based decision-aiding methodology that integrates all parameters, for
both planning and implementation of effective measures and policies [46]

• Inadequate time for local authorities (e.g., mayors) to implement road safety
plans due to possible short term of office (because of possible shift, depending on
the elections result) [46]

Temporary factors (factors of
temporary nature)

• Negative impacts on mobility conditions during the construction phase of
transport projects (e.g., metro or flyover in Thessaloniki) [43,46]

Particularities of the study
area (factors related to

special characteristics of
the study area)

• High number of stray dogs circulating at urban road networks, causing
road accidents

• Illegal “work” (illegal street car window cleaners) or beggary in areas with traffic
lights, even at junctions with high traffic volume

• Driver fatigue (phycological and/or physical) in large urban areas, because of
traffic congestion and traffic jams [2,42,47,48,57]

2.3. Proposed Methodology

Given that road safety is the result of the interaction of various factors, multi-criteria
analysis (MCA) methods seem to be ideal for the effective management of the problem,
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especially in urban road networks, where the complexity degree is higher [12]. Thus,
decision-support systems, which integrate MCA methods, emerge as a key tool for the
optimum allocation of financial resources (limited in most cases) toward improving road
safety in urban networks [12]. MCA methods outweigh other traditional methods for
transport project evaluation, such as cost–benefit analysis (CBA) and cost-effectiveness
analysis (CEA), as both qualitative/intangible (e.g., visual intrusion, travel comfort, etc.)
and quantitative/tangible parameters can be included in the analysis, without transla-
tion into monetary units, something that may even raise ethical questions in certain
cases [59,60], while they offer the opportunity to include in the analysis the opinions
of experts and stakeholders [18,19,59–63]. The main disadvantage of MCA methods is
the subjectivity related to the extraction of the factor weights or the alternatives perfor-
mance/effectiveness in the case that the evaluation of the compared elements is realized,
e.g., only by the decision-support analyst and/or the decision-maker [18]. For this rea-
son, the opinion of a group of experts shall be integrated into the analysis to minimize
subjectivity [18].

There are many MCA methods; however, the most commonly applied ones in the
transport sector are AHP, TOPSIS, VIKOR, PROMETHEE and ELECTRE, as already men-
tioned in Section 2.1. Despite the fact that MCA methods, especially the aforementioned
ones, have been widely applied in the transport sector, and the field of road safety in certain
cases (as documented in Section 2.1), this is the first time that an MCA model consisting of
a modified Delphi combined with AHP and TOPSIS is applied for the improvement of road
safety in an urban area through the identification and prioritization of the most important
factors, and, consequently, the most effective measures and policies.

The proposed methodology combines AHP [13] and TOPSIS [14] with a modified Delphi
approach. A brief presentation of AHP, Delphi and TOPSIS is given in Appendices A, B and C,
respectively. As regards the modified Delphi (as proposed in [18]), which is applied in
order to identify the most significant factors undermining road safety in the study area, the
main advantage, compared to a traditional Delphi (Appendix B), is that the completion of
the process is possible even from the first round, consuming less time and resources [46].
In the context of the modified Delphi, the list of the identified factors for the study area
is delivered to a group of experts who are asked to select the 10 most important ones (in
their opinion), as well as to add any other factor that should have been included in the
list. Those factors selected by at least a specific percentage (e.g., 50%) are considered to
be the most important ones and are then prioritized through AHP pair-wise comparisons.
Concerning the two MCA methods (AHP and TOPSIS) involved in the process, there are
over 100 MCA methods [19,64]; thus, other MCA methods could also have been selected for
application. AHP and TOPSIS are selected in this research work as they are among the most
commonly applied ones in the transport sector [18,19]. Given that there is no perfect method,
each one is characterized by advantages and disadvantages, making the combination of
MCA methods a common practice in the relevant literature [64]. AHP (Appendix A) is
relatively simple to understand and to apply, offering better comprehension of the decision
problem due to its decomposition into its components (through the hierarchy structure),
reflecting the relevant significance of each element, allowing for the participation of a
group of experts in the analysis, as well as for checking the consistency of the participants’
answers in the pair-wise comparison process through the relevant consistency ratio (CR)
(Appendix A) [18,64–67]. TOPSIS is characterized by the fewest rank reversal problems
compared to the other MCA methods, such as AHP [64,68]. However, TOPSIS does not
provide a process for the extraction of the relevant importance or effectiveness of the
decision problem’s structural elements, nor a process such as the AHP hierarchy structure
allowing for the in-depth comprehension of the problem [64,68]. For the above-mentioned
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reasons, AHP and TOPSIS “complete” each other in the present research work. Namely,
AHP is applied for the thorough understanding of the problem (clearly defining the overall
objective, the factors leading to road accidents and the alternatives/measures and policies),
for the extraction of the relevant importance of the factors, as well as for the alternatives’
performance/effectiveness with regard to each factor, and for the relevant consistency
control of the experts’ judgments, while TOPSIS is applied for the overall ranking of the
alternatives (measures and policies).

In particular, after the definition of the study area (Step 1), the selection of experts
(Step 2) and the formulation of the factor inventory (Step 3) follow. After having adapted
the factor inventory (Table 1) to the study area, a modified Delphi (Step 4) is applied for
the identification of the most important factors undermining road safety in the area. The
AHP is then applied for the prioritization of the factors identified as the most important
ones through the execution of pair-wise comparisons (Step 5). Subsequently, based on the
prioritization of the most important factors, sets of alternatives (measures and policies)
are identified (Step 6) based on an international literature review and careful study of
the urban area (as in Section 3.2.5 of this research work). The modified Delphi may also,
optionally, be used for the finalization of the list of alternatives and for the identification
of the most important ones (Step 7). Alternatively, and this version is also adopted in the
case study included in this research work, all the alternatives identified by the decision-
support analyst(s) can be proposed for implementation after having been categorized
into relevant sets, which can then be prioritized based on TOPSIS. The evaluation of
each alternative with regard to each factor (in terms of effectiveness) can be realized
either through pair-wise comparisons or by directly attributing a rate to each alternative.
However, the execution of AHP pair-wise comparisons is proposed for the extraction of
the performance/effectiveness of each alternative with regard to each factor (Step 8). It
is preferred to, e.g., an absolute 1 to 10 rating, as it seems to be easier for someone to
answer if an option is preferable (and to what extent) compared to another option rather
than having to independently rate each option on a scale [18,64]. The extracted results are,
therefore, normalized and can be directly used as input data for the application of TOPSIS,
without requiring normalization, as would happen if they were extracted through an
absolute 1 to 10 rating. Finally, TOPSIS is applied for the overall ranking of the alternatives
(Step 9).

As regards the AHP hierarchy structure (Appendix A) for a decision problem such
as that defined in Section 3.2 of this research work, it is shown in Figure 1. The overall
goal (road safety) is placed at the top, the 10 factors (in place of criteria) undermining
road safety (F1–F10) are placed at the lower level, while the alternatives/sets of measures
and policies (A1–A4) are at the lowest level. Moreover, the experts participating in the
process are represented by Ei (i = 1, 2, . . ., k, where k the number of experts participating in
the process).

Urban Sci. 2025, 9, x FOR PEER REVIEW  10  of  36 
 

 

Figure 1. AHP hierarchy structure of a decision problem related to road safety improvement, with 

10 factors (in place of criteria) and 4 alternatives. 

The main steps of the proposed methodology are summarized as follows: 

•  Step 1: Definition of the study area and identification and description of traffic con-

ditions and problems related to road safety. 

•  Step 2: Selection of experts in the field of transport, and especially in the fields of road 

safety and  sustainable urban mobility,  for  the application of  the modified Delphi 

(Step 4), as well as for the execution of the required pair-wise comparisons (Step 5). 

It  is recommended  that such procedures be executed anonymously by  the experts 

(only  the analyst knows who has answered what), so  that all  the participants are 

treated in an equal way, without being influenced by others, ensuring, at the same 

time, openness and honesty  [Error! Reference source not found.,Error! Reference 

source not found.–Error! Reference source not found.]. 

•  Step 3: Creation of an  inventory of  factors affecting road safety  in  the study area, 

based on an international literature review, as well as study of recent road accidents 

having taken place in the area. Table 1 of the present research work can be used as a 

“pool” for this task. 

•  Step 4: Application of a modified Delphi, as proposed in [Error! Reference source 

not found.],  in order to finalize the factors list and to identify the most significant 

ones for the area under study. The main advantage of the modified Delphi, compared 

to a traditional Delphi (Appendix B), is that the completion of the process is possible 

even  from  the  first  round,  consuming  less  time  and  resources  [Error! Reference 

source not found.]. In the context of the modified Delphi, the list of factors formu-

lated in Step 3 is delivered to a group of experts who are asked to select the 10 most 

important ones (in their opinion), as well as to add any other factor that should have 

been included in the list. Those factors selected by at least a specific percentage (e.g., 

50%) are considered to be the most important ones and are prioritized as described 

in Step 5 (AHP pair-wise comparisons). 

•  Step 5: Execution of pair-wise comparisons (by a group of experts) between the most 

important road safety factors for the specific area, as identified in Step 4, in order to 

extract the relevant weights (AHP priority vector (Appendix A)) of these factors. 

•  Step 6: Creation of a  list with measures and policies (alternatives) for  the  targeted 

management of  the most  important factors affecting road safety  in  the study area, 

based on an international literature review and best practices adopted in other areas 

all over the world. The inventory of measures and policies included in Section 3.2.5 

of the present research work can be used as a “pool” for this task. 

•  Step 7: Application of a modified Delphi in order to finalize the alternatives list and 

identify the most significant ones for the study area. The Delphi application in this 
step  is optional, as  the  list of alternatives can be finalized by  the decision-support 

analysts (on the condition that they are experts in transport sector) and/or in cooper-

ation with transport engineers. 

Figure 1. AHP hierarchy structure of a decision problem related to road safety improvement, with
10 factors (in place of criteria) and 4 alternatives.



Urban Sci. 2025, 9, 93 8 of 33

The main steps of the proposed methodology are summarized as follows:

• Step 1: Definition of the study area and identification and description of traffic condi-
tions and problems related to road safety.

• Step 2: Selection of experts in the field of transport, and especially in the fields of
road safety and sustainable urban mobility, for the application of the modified Delphi
(Step 4), as well as for the execution of the required pair-wise comparisons (Step 5). It is
recommended that such procedures be executed anonymously by the experts (only the
analyst knows who has answered what), so that all the participants are treated in an
equal way, without being influenced by others, ensuring, at the same time, openness
and honesty [18,69–71].

• Step 3: Creation of an inventory of factors affecting road safety in the study area, based
on an international literature review, as well as study of recent road accidents having
taken place in the area. Table 1 of the present research work can be used as a “pool”
for this task.

• Step 4: Application of a modified Delphi, as proposed in [18], in order to finalize the
factors list and to identify the most significant ones for the area under study. The main
advantage of the modified Delphi, compared to a traditional Delphi (Appendix B), is
that the completion of the process is possible even from the first round, consuming
less time and resources [46]. In the context of the modified Delphi, the list of factors
formulated in Step 3 is delivered to a group of experts who are asked to select the
10 most important ones (in their opinion), as well as to add any other factor that
should have been included in the list. Those factors selected by at least a specific
percentage (e.g., 50%) are considered to be the most important ones and are prioritized
as described in Step 5 (AHP pair-wise comparisons).

• Step 5: Execution of pair-wise comparisons (by a group of experts) between the most
important road safety factors for the specific area, as identified in Step 4, in order to
extract the relevant weights (AHP priority vector (Appendix A)) of these factors.

• Step 6: Creation of a list with measures and policies (alternatives) for the targeted
management of the most important factors affecting road safety in the study area,
based on an international literature review and best practices adopted in other areas
all over the world. The inventory of measures and policies included in Section 3.2.5 of
the present research work can be used as a “pool” for this task.

• Step 7: Application of a modified Delphi in order to finalize the alternatives list and
identify the most significant ones for the study area. The Delphi application in this step
is optional, as the list of alternatives can be finalized by the decision-support analysts
(on the condition that they are experts in transport sector) and/or in cooperation with
transport engineers.

• Step 8: Execution of pair-wise comparisons between the alternatives (measures and
policies) identified in Step 7 in order to extract the relevant AHP priority vectors
(Appendix A) expressing the performance/effectiveness of each alternative with
regard to each factor. The pair-wise comparisons in this step can be executed by the
decision-support analysts (on the condition that they are experts in transport sector)
and/or in cooperation with transport engineers.

• Step 9: Application of TOPSIS (Appendix C) for the overall ranking of the alternatives.

It is noted that each urban area differs from another and is characterized by special
requirements regarding the effective management of sustainable mobility problems, in-
cluding road safety problems. It is therefore suggested that the proposed methodology is
applied to a specific urban area (e.g., a municipality or a metropolitan area), aiming at identi-
fying and prioritizing relevant road safety factors and policies. Moreover, apart from urban
road networks, the proposed methodology can also be applied for the reduction—and
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almost elimination at a long-term level—of road accidents in national road networks, in
any country, after the necessary adaptation of the inventories of factors and measures
and policies.

3. The Greek Urban Networks as a Case Study
3.1. Road Safety Level in Greek Urban Road Networks

Despite the considerable improvement in the field of road safety in previous years, a
worrisome increase in road accidents—even worse, road fatalities—is observed in Greek
road networks, and even more in urban areas. Road accidents have been increased in
Greece in 2023 compared to 2022, placing Greece (EL) in the sixth worst position in the EU
(after Bulgaria, Romania, Latvia, Croatia, Portugal) in terms of road fatalities per million
inhabitants [72], as shown in Figure 2 (preliminary data 2023). According to preliminary
data of the Hellenic Statistical Authority [73,74], this increase is translated into 621 road
fatalities, 657 serious injuries and 12,644 injuries.
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In 2022 (available data), 50% of road fatalities in Greece concerned urban roads, a
percentage that differs from the 38% EU corresponding average, as shown in Figure 3,
including the fatalities by road type and country for the last available year [8]. It should
be noted that, in Figure 3, the shares for countries with less than 10 fatalities have been
omitted, and Liechtenstein has been omitted due to the extremely low number of total
fatalities. As can be concluded from Figure 3, Greece is ranked in the fifth worst position in
terms of fatalities in urban road networks in the EU, where Cyprus (68%), Romania (62%),
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Portugal (54%) Croatia (53%) and Greece (50%) are characterized by the highest percentage
of road fatalities in EU urban networks, while Norway (22%), Ireland (23%), Finland (25%),
Spain (27%) and Luxemburg (28%) by the lowest ones.
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According to the results of a survey carried out in 2024 and related to the road safety
perception in 32 European cities, the citizens of Rome and Athens seem to be the most
dissatisfied in Europe with the road safety measures being implemented in their cities,
contrary to London and Helsinki, which are characterized by the most satisfied citizens as
regards road safety measures being implemented in their cities [3]. Moreover, Rome and
Athens are characterized by the highest percentage of citizens believing that the quality
of the roads creates dangerous traffic situations in their city, contrary to Vienna, which is
characterized by the lowest corresponding percentage [3]. The aforementioned findings
are indicative of the size of the road safety problems characterizing the capital of Greece
compared to other European capitals, while the situation is analogous in Greek urban
networks, in general, as already mentioned and confirmed by the combination of the
findings depicted in Figures 1 and 2. For this reason, in combination with the fact that
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Greece (especially the two largest cities of Athens and Thessaloniki) constitutes a major
tourist destination, widening—in that way—the scope of the problem, the Greek urban
road networks, starting from the city of Thessaloniki, are selected as a case study for the
application of the proposed methodology.

It is worth mentioning that the Greek National Road Safety Strategic Plan (2021–2030)
constitutes a relatively recent attempt to improve road safety in Greece [9,75]. Following the
same philosophy as the EU’s “Vision Zero strategy” [10] and the UN General Assembly’s
“Decade of Action for Road Safety 2021–2030” [11], it aims at eliminating road fatalities
by 2050, with an intermediate target of halving road fatalities and serious injuries by 2030
compared to 2019 numbers [9,75]. However, despite the fact that the National Road Safety
Strategic Plan (2021–2030) was presented in 2021, no measures have been implemented
in practice up to now, while the Road Traffic Code is expected to be revised in 2025. As
regards particularly urban areas, the following are proposed in the Greek National Road
Safety Strategic Plan (2021–2030), without further details [9]:

• Creation of zones of 30 km/h in all urban areas
• Creation of roundabouts
• Redesign of intersections
• Widening of sidewalks
• Traffic-calming measures
• Speed limit of 20 km/h out of schools
• Upgrading of pedestrian crossings
• Creation of infrastructure for bicycles and scooters
• Upgrading of road pavement, safety barriers, signaling, lighting, vegetation maintenance

As evidenced by the aforementioned data, it is important to apply the methodology
included in this research work to all Greek urban areas in order to improve road safety,
while it is important to start from Athens and Thessaloniki, which are the largest Greek
cities, constituting major tourist destinations for tourists from all over the world. The
derived results could be capitalized and integrated into the ambitious vision of “zero
accidents in Greek urban road networks”, translated into reducing road accidents and
eliminating fatalities, at the short- and medium-term levels, and almost totally eliminating
road accidents in Greek urban networks, at the long-term level.

3.2. Analysis and Results
3.2.1. Definition of the Decision Problem and the Area Under Study

Thessaloniki, the second largest city in Greece, a major tourist destination, with a
population in the metropolitan area that exceeds 1,000,000, is selected as the area to which
the methodology will be first applied. Indicatively, as more recent data are not yet (January
2025) available, it is mentioned that only in the first 5 months of 2024, 145 road accidents
involving pedestrians were recorded in Thessaloniki, while in the first 5 months of 2023,
that number was equal to 86 (+66%) [55]. The area has been recently “wounded” by
extremely shocking road accidents with fatalities and serious injuries, including students,
children, pregnant women and elderly. For these reasons, Thessaloniki is selected as the
first Greek city for the application of the proposed methodology.

3.2.2. Selection of Experts for the Identification and Prioritization of Road Safety Factors

A number of 8–15 experts is recommended for such procedures [18,69]. Fifteen experts
for the final list of the factors and ten experts for the pair-wise comparison of the most
important factors were selected and participated in each stage, as described in Section 2.2.
Professors, researchers and private sector professionals were selected based on their studies,
experience and active engagement (research projects, publications, etc.) with road safety
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and sustainable urban mobility. At the same time, the experts should have a good knowl-
edge of the area under study. Moreover, in alignment with the anonymity requirement, as
defined in Section 2.3 (Step 2 of the proposed methodology), the commitment to safeguard-
ing participant identity, fostering a sense of trust and credibility, was explicitly mentioned
in the questionnaire delivery process, which—in the present research—was carried out
by e-mail. For the application of the modified Delphi, as well as for the execution of the
pair-wise comparisons, as described in Section 2.3, experts from the following institutions
and companies were “recruited”: Aristotle University of Thessaloniki, National Techni-
cal University of Athens, University of Thessaly, University of Western Attica, Hellenic
Institute of Transport (Centre for Research and Technology-Hellas), Thessaloniki Transport
Authority S.A.

3.2.3. Identification of the Most Important Factors Undermining Road Safety
in Thessaloniki

Applying a modified Delphi process, as described in Step 4 of Section 2.3., the list of
the most important factors to be prioritized through the AHP pair-wise comparisons was
extracted, with the participation of a group of 15 experts, for the urban area of Thessaloniki.
Namely, the inventory of the most common factors leading to road accidents in urban areas, as
included in Table 1 (based on a comprehensive literature review and careful study of the road
safety conditions in Greek urban networks), was delivered to a group of 15 experts (selected as
referred to in Section 3.2.2), asking them to select the 10 most important ones (in their opinion),
as well as to add any other factor that should have been included in the list. The survey
was carried out between 30 August and 12 October 2024 for the urban area of Thessaloniki.
Those factors selected by at least 50% of the experts were considered to be the most important
ones, thus constituting the final list, on the basis of which appropriate measures and policies
were subsequently evaluated and prioritized. In the context of the execution of Delphi in this
research work, no other factors were added by the experts as being more important than the
ones already included in the list. The process was, therefore, completed in the first round,
with 10 factors being selected by at least 50% of the experts for the urban area of Thessaloniki,
as shown in Table 2, along with the corresponding selection percentage.

Table 2. The most important factors leading to road accidents in the urban area of Thessaloniki, as
identified through the Delphi process.

Factors Delphi Selection
Percentage (%)

F1: Illegal/inappropriate behavior of certain road network users toward others (e.g., illegal
parking at junctions, on sidewalks, pedestrian areas, etc.), hindering both pedestrian and vehicle
movement, as well as the visibility at junctions (in Greek urban areas, there are illegally parked
vehicles at every junction, despite the relevant prohibition according to the Road Traffic Code)

86.7%

F2: “Fragmented” and almost arbitrary decision-making (by the authorities in charge) regarding
road safety improvement, without adopting a scientific, knowledge-based decision-aiding
methodology that integrates all the parameters, for both planning and implementation of
effective measures and policies

80%

F3: Lack or inappropriate design of infrastructure for pedestrians, bicycles, scooters, etc.,
creating a dangerous environment for them, especially for people with disabilities or reduced
mobility (e.g., elderly, people with children, prams, etc.)

80%

F4: Inappropriate driving behavior of passenger and freight vehicle users, especially
characterized by high speed 73.3%

F5: Lack of cooperation and coordination between local, regional, and national authorities
(either at the same or across different administrative levels) regarding decision-making 66.7
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Table 2. Cont.

Factors Delphi Selection
Percentage (%)

F6: Failure to educate and inform citizens about road safety (even starting from
the kindergarten) 66.7

F7: Inappropriate driving behavior of cyclists, motorcyclists and electric scooter users 66.7

F8: Inadequate or inappropriate road infrastructure maintenance (potholes, cracked pavement,
invisible signage because of untrimmed trees, signaling malfunctions, vandalized signs,
insufficient lighting, faded pedestrian crossings, etc.)

66.7

F9: Laxity of imposed penalties for road traffic offences, especially in the case of
systematic reoccurrence 60%

F10: Failure to carry out systematic and adequate controls in urban road networks for the
efficient traffic and parking management and for the detection of any infringement due to
limited resources (financial, technological, human)

53.3%

The first factor was selected by 86.7% of the experts, the second and third by 80%,
the fourth by 73.3%, the next four factors by 66.7%, and the last ones by 60% and 53.3%,
respectively. The ten factors highlighted as the most important ones through the Delphi
process were prioritized according to the AHP, following the steps of the methodology
described in Section 2.3.

3.2.4. Prioritization of the Factors Undermining Road Safety in Thessaloniki

In order to extract the weights of the 10 factors included in the final list, pair-wise
comparisons were executed between the ten factors by a group of 10 experts in terms of
the importance for the achievement of the overall goal, according to the Saaty’s 9-point
scale [13], as shown in Table 3. An indicative part of these pair-wise comparisons executed
by each expert of the group is shown in Table 4.

Table 3. Saaty’s 9-point scale in terms of the importance of the compared elements.

Intensity of Importance Definition

1 Equivalent importance of the two factors
3 Moderate importance of the one over the other
5 Strong importance of the one over the other
7 Very strong importance of the one over the other
9 Extreme importance of the one over the other

2, 4, 6, 8 Intermediate values between the aforementioned ones

Table 4. Pair-wise comparisons of the factors.

The Factor on the Left Is More Important
than the One on the Right (Select the Intensity

of Relative Importance)

Equivalent
Importance of

the Two Factors

The Factor on the Right Is More Important
than the One on the Left (Select the Intensity

of Relative Importance)

F1 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 F2

The “aggregation of individual judgments method” [18,69,76] was applied for the
aggregation of the experts’ judgments, while the AHP consistency ratio CR (Appendix A)
was used for the control of the consistency of the judgments. The judgments of the experts
and the corresponding geometric mean (for n elements x1, x2, . . ., xn, geometric factor
equals n

√
x1 × x2 . . . × xn) calculated in each case are included in Table 5. Concerning the

values shown in Table 5, extracted through the pair-wise comparisons of the factors, the
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value selected by each expert was introduced into the analysis when the value on the left
was selected by the expert in the questionnaire an indicative part of what is shown in
Table 6, while the reverse of the selected value was introduced into the analysis when the
value on the right was selected by the expert.

Table 5. Experts’ judgments and calculated geometric mean values of the pair-wise comparisons of
the factors.

Factors/
Experts E1 E2 E3 E4 E5 E6 E7 E8 E9 E10 Geometric

Mean

F1 vs. F2 1/5 1/7 7 1/9 1/8 2 1/5 9 4 1/3 0.6978
F1 vs. F3 1/2 1/4 4 1/7 1/7 2 3 7 1 1/3 0.8503
F1 vs. F4 1/5 1/3 1/3 1 1/6 1 1/4 1/7 5 1 0.5433
F1 vs. F5 1/5 1/3 8 1/7 3 2 1/4 7 8 1/3 1.0652
F1 vs. F6 1/8 1 3 7 1/7 6 1/4 7 1/4 1 0.9987
F1 vs. F7 1/3 1 1/3 1 5 2 1/9 1/9 1 1 0.6995
F1 vs. F8 1 5 5 1 7 2 1/5 6 5 1/7 1.6085
F1 vs. F9 1/7 1/8 8 1 1/7 1 1 9 9 1/3 0.9515

F1 vs. F10 1/8 1/8 1/6 1 1/8 1 1/9 9 1/5 1/7 0.3808
F2 vs. F3 4 3 1/3 2 2 1 7 1/2 1/3 1 1.2762
F2 vs. F4 1 4 1/7 8 3 1/2 2 1/9 1/2 3 1.0713
F2 vs. F5 1 4 2 2 7 1 2 1/2 4 1 1.6632
F2 vs. F6 1/4 6 1/3 9 2 4 2 1/2 1/5 3 1.2918
F2 vs. F7 3 6 1/6 8 8 1 1/3 1/9 1/3 3 1.1776
F2 vs. F8 4 9 1/2 8 9 1 1 1/3 3 1/4 1.6189
F2 vs. F9 1/3 1/3 1 8 2 1/2 5 1 5 1 1.2949

F2 vs. F10 1/4 1/3 1/9 8 1 1/2 1/4 1 1/9 1/4 0.5022
F3 vs. F4 1/4 2 1/6 5 2 1/2 1/5 1/8 4 3 0.8409
F3 vs. F5 1/3 2 3 1 7 1 1/5 1 1/7 1 0.9265
F3 vs. F6 1/7 6 1/2 9 2 4 1/5 1 1/4 3 1.1362
F3 vs. F7 1/2 4 1/5 5 8 1 1/9 1/9 1 3 0.9573
F3 vs. F8 2 8 2 5 9 1 1/6 1/2 1/4 1/4 1.1828
F3 vs. F9 1/7 1/4 3 5 1 1/2 1/4 2 7 1 0.9946

F3 vs. F10 1/8 1/4 1/9 5 1/2 1/2 1/9 2 1/5 1/4 0.4368
F4 vs. F5 1 1 5 1/5 1/8 1/2 1 9 3 1/3 0.9532
F4 vs. F6 1/3 3 3 5 1/2 5 1 9 1/7 1 1.3812
F4 vs. F7 4 3 1 1 8 1/2 4 1/3 4 1 1.5874
F4 vs. F8 6 6 5 1 9 1/2 1/2 8 1 1/6 1.6893
F4 vs. F9 1/2 1/6 4 1 1/2 1 4 9 3 1/3 1.1610

F4 vs. F10 1/3 1/6 1/5 1 1/3 1 1/5 9 1/9 1/6 0.4724
F5 vs. F6 1/4 3 1/3 9 1/8 4 1 1 1/8 3 0.9306
F5 vs. F7 3 3 1/6 5 1/2 1 1/4 1/9 1/5 3 0.7937
F5 vs. F8 5 7 1/2 5 4 1 1/2 1/2 1/3 1/4 1.1801
F5 vs. F9 1/3 1/5 1 5 1/8 1/2 4 2 2 1 0.9125

F5 vs. F10 1/4 1/5 1/9 5 1/9 1/2 1/5 2 1/9 1/4 0.4007
F6 vs. F7 6 1 1/3 1/5 8 1/4 1/4 1/9 4 1 0.8173
F6 vs. F8 8 5 2 1/5 9 1/4 1/2 1/2 7 1/6 1.2165
F6 vs. F9 2 1/8 3 1/5 1 1/7 3 2 9 1/3 0.9237

F6 vs. F10 1 1/8 1/8 1/5 1/2 1/7 1/5 2 1/2 1/6 0.3738
F7 vs. F8 3 5 4 1 3 1 4 7 4 1/6 1.9673
F7 vs. F9 1/4 1/8 6 1 1/8 1/2 6 9 8 1/3 1.0446

F7 vs. F10 1/5 1/8 1/4 1 1/9 1/2 1 9 1/6 1/6 0.4587
F8 vs. F9 1/7 1/9 2 1 1/8 1/2 4 2 3 1/4 0.6913

F8 vs. F10 1/8 1/9 1/9 1 1/9 1/2 1/4 2 1/9 1 0.3602
F9 vs. F10 1/3 1 1/8 1 1/2 1 1/9 1 1/9 1/4 0.4474
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An AHP pair-wise comparison matrix for the factors was formulated using the geomet-
ric mean values shown in Table 5, and it is shown in Table 6. The normalized comparison
matrix was calculated on the basis of Table 6 and according to Appendix A, and it is
shown in Table 7, along with the priority vector (Equation (A2)) (factors weights) and the
respective consistency control (Appendix A, CR < 0.10).

According to the calculated priority vector for the factors, as shown in Table 7, the
ranking of the factors undermining road safety in the urban area of Thessaloniki, in
descending order, is shown in Table 8.

Table 6. Pair-wise comparison matrix for the factors.

F1 F2 F3 F4 F5 F6 F7 F8 F9 F10

F1 1.0000 0.6978 0.8503 0.5433 1.0652 0.9987 0.6995 1.6085 0.9515 0.3808
F2 1.4330 1.0000 1.2762 1.0713 1.6632 1.2918 1.1776 1.6189 1.2949 0.5022
F3 1.1760 0.7836 1.0000 0.8409 0.9265 1.1362 0.9573 1.1828 0.9946 0.4368
F4 1.8406 0.9334 1.1892 1.0000 0.9532 1.3812 1.5874 1.6893 1.1610 0.4724
F5 0.9388 0.6013 1.0793 1.0491 1.0000 0.9306 0.7937 1.1801 0.9125 0.4007
F6 1.0013 0.7741 0.8801 0.7240 1.0746 1.0000 0.8173 1.2165 0.9237 0.3738
F7 1.4296 0.8492 1.0446 0.6300 1.2599 1.2235 1.0000 1.9673 1.0446 0.4587
F8 0.6217 0.6177 0.8454 0.5920 0.8474 0.8221 0.5083 1.0000 0.6913 0.3602
F9 1.0509 0.7723 1.0054 0.8613 1.0959 1.0826 0.9573 1.4466 1.0000 0.4474

F10 2.6260 1.9913 2.2894 2.1169 2.4955 2.6753 2.1800 2.7766 2.2352 1.0000

Table 7. Normalized pair-wise comparison matrix, priority vector and consistency control (CR < 0.10)
for the factors.

F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 Priority
Vector (W)

F1 0.1353 0.1457 0.1355 0.1039 0.1594 0.1482 0.1159 0.1893 0.1525 0.1484 0.1434
F2 0.1939 0.2088 0.2034 0.2049 0.2489 0.1917 0.1952 0.1905 0.2076 0.1957 0.2041
F3 0.1591 0.1636 0.1594 0.1608 0.1386 0.1686 0.1587 0.1392 0.1594 0.1702 0.1578
F4 0.2491 0.1949 0.1895 0.1913 0.1426 0.2050 0.2631 0.1988 0.1861 0.1840 0.2004
F5 0.1270 0.1255 0.1720 0.2006 0.1496 0.1381 0.1316 0.1389 0.1463 0.1561 0.1486
F6 0.1355 0.1616 0.1403 0.1385 0.1608 0.1484 0.1355 0.1432 0.1481 0.1456 0.1457
F7 0.1935 0.1773 0.1665 0.1205 0.1885 0.1816 0.1658 0.2316 0.1674 0.1787 0.1771
F8 0.0841 0.1290 0.1347 0.1132 0.1268 0.1220 0.0843 0.1177 0.1108 0.1403 0.1163
F9 0.1422 0.1612 0.1602 0.1647 0.1640 0.1607 0.1587 0.1703 0.1603 0.1743 0.1617

F10 0.3554 0.4157 0.3648 0.4049 0.3734 0.3970 0.3614 0.3268 0.3583 0.3896 0.3747
λmax = 10.0772, CI = 0.0086, CR = 0.0058 < 0.10 ✓

Table 8. Ranking of the factors undermining road safety in the urban area of Thessaloniki, in
descending order, in terms of the relevant importance.

Factors Weight

Failure to carry out systematic and adequate controls in urban road networks for the efficient traffic and
parking management and for the detection of any infringement, due to limited resources—F10 0.3747

“Fragmented” and almost arbitrary decision-making (by the authorities in charge) for road safety
improvement, without adopting a scientific, knowledge-based decision-aiding methodology that
integrates all the parameters, for both planning and implementation of effective measures and
policies—F2

0.2041
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Table 8. Cont.

Factors Weight

Inappropriate driving behavior of passenger and freight vehicle users, especially characterized by high
speed—F4 0.2004

Inappropriate driving behavior of cyclists, motorcyclists and electric scooter users—F7 0.1771

Laxity of imposed penalties for road traffic offences, especially in the case of systematic reoccurrence—F9 0.1617

Lack or inappropriate design of infrastructure for pedestrians, bicycles, scooters, etc., creating a higher
risk environment for them, especially for people with disabilities or reduced mobility (e.g., elderly,
people with children, prams, etc.)—F3

0.1578

Lack of cooperation and coordination between local, regional, and national authorities (either at the
same or across different administrative levels) regarding decision-making—F5 0.1486

Failure to educate and inform citizens about road safety (even starting from the kindergarten)—F6 0.1457

Illegal/inappropriate behavior of certain road network users toward others (e.g., illegal parking at
junctions, on sidewalks, pedestrian areas, etc.), hindering both pedestrian and vehicle movement, as
well as the visibility at junctions (in Greek urban areas, there are illegally parked vehicles at every
junction, despite the relevant prohibition according to the Road Traffic Code)—F1

0.1434

Inadequate or inappropriate road infrastructure maintenance (potholes, cracked pavement, invisible
signage because of untrimmed trees, signaling malfunctions, vandalized signs, insufficient lighting,
faded pedestrian crossings, etc.)—F8

0.1163

3.2.5. Identification of Alternatives (Measures and Policies) for the Improvement of
Road Safety

On the basis of the most important factors leading to an increased number of road
accidents in Thessaloniki compared to other EU cities, four alternatives to be evaluated
were defined by the analysts through a literature review and careful study of the examined
area and the relevant incidents. It should be noted that not all the measures and policies
have been directly derived from the literature review (certain measures and policies have
been suggested by the authors, after careful study of the study area, the existing conditions
and taking into account the mentality of the residents, while others have indirectly been
derived by relevant publications). The alternatives consist of four sets of measures and
policies, as shown in Table 9 [6,9,33,34,39,44,45,49–51,54,56,58,77–88].

Table 9. Alternatives (sets of measures and policies) for the improvement of road safety in urban
areas (adapted to the urban area of Thessaloniki).

Alternatives (Sets of
Measures and Policies) Measures and Policies

A1: Ensuring the availability
of the necessary resources
for systematic controls in

urban road networks
(controls by means of both

physical presence of
policemen and technological
equipment, such as cameras)

• Installation of cameras for road traffic offences, and electronic issuance of fines.
The installation will be realized, as a priority, in areas with schools, parks, sports
centers, etc. The obtained money will be invested in the installation of cameras in
other areas of the urban road network, until it is fully covered. At the same time,
there should be no possibility of illegally deleting the imposed fines, because of,
e.g., politicians’ interventions, due to the automatic registration in General
Secretariat for Information Systems and Digital Governance [33,34,45,58,85]

• Recruitment of policemen for the execution of more systematic controls for road
traffic offences in urban road networks, with a physical presence
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Table 9. Cont.

Alternatives (Sets of
Measures and Policies) Measures and Policies

A2: Appropriate planning,
design and management of
infrastructure on behalf of
each municipality of the
urban area under study
(speed humps, flexible

traffic posts at junctions,
reduced speed limit,

infrastructure maintenance,
prevention of illegal

parking, etc.)

• Compulsory installation of flexible traffic posts at junctions, so that the visibility is
not hindered because of illegally parked vehicles

• Compulsory installation of speed humps in areas, with schools, parks, sports
centers, etc., given the relevant technical preconditions are met [6,44,85]

• Compulsory definition (within a specified time limit) of zones with reduced speed
limit from 50 km/h to 30 km/h. Especially in areas with schools, parks and sports
centers, the speed limit should be reduced to 20 km/h [6,9,34,39,45,49,50,58,78,81]

• Improvement of road signs (vertical road signs and road marking) in urban road
networks, with thorough the study of each area, as well as systematic and
improved maintenance of road infrastructure, with immediate restoration of
potholes, pavement cracks, replacement of destroyed road signs, trimming of
trees, renewal of pedestrian crossings color etc. [9,50,51,54,79,83,84]

• Effective management of traffic congestion in large cities through appropriate
decision-making, based on scientific decision-aiding methods, with strict prohibition,
in practice, of illegal moving and parking (junctions, sidewalks, etc.), with the
recruitment of a sufficient number of municipal policemen, etc. This way, driver
fatigue (which contributes to a high number of road accidents), as well as visibility
hindrance at junctions because of illegal parking, will be further reduced [80]

• Appropriate design and planning of infrastructure for pedestrians, cyclists and
electric scooter users, with adequate green light lasting for pedestrians, creation
and/or widening of sidewalks, etc. [6,50,51,56,58,80,82,83]

• Mandatory recruitment of transport planners and/or decision support analysts by
municipal authorities, based on scientific expertise and knowledge.

• Integration of road safety into sustainable urban mobility plans (SUMPs), with
mandatory participation of experts in the field of road safety in the preparation
and implementation phases of SUMPs [6,45]

A3: Improvement of the
regulatory and legal

framework (factors related
to the process of educating
trainee drivers, acquiring
and renewing a driving
license, facilitating the
cooperation between

different authorities, as well
as to the penalties imposed
to those violating the Road

Traffic Code, etc.)

• Stricter penalties for road traffic offences and further implementation of education
measures, so that society can be efficiently protected (e.g., compulsory education
of appropriate driving behavior, examination by a psychiatrist in case of repeated
and systematic dangerous driving, withdrawal of the driving license and of the
registration certificate of the vehicle for a longer time (compared to present
application) and/or until the education is completed, etc.) [50]

• Inclusion of bicycles and electric scooters in the Road Traffic Code in a more
efficient manner. Mandatory education for users of bicycles and electric scooters,
mandatory use of protective equipment, registration plates and insurance for
bicycles and electric scooters, and strict penalties for road traffic offences
(violation of red light, illegal moving on sidewalks, driving the wrong way on a
one-say street, etc.) [77]

• Stricter driving license renewal process for the elderly
• Legal and regulatory provisions to facilitate the coordination and cooperation

between local, regional and national authorities [6,81,86]

A4: Taking initiatives
related to education,

awareness-raising and social
responsibility (road safety

lessons at school, motivation
of private sector companies
to contribute to road safety
improvement, involvement

of media, etc.)

• Integration of road safety into the national school curriculum and involvement of
parents in relevant education programs (from kindergarten to senior high
school) [45,88]

• Encouragement of private sector companies (e.g., through tax deductions and
allowances) toward improving road safety in urban areas (e.g., studies, release
and installation of relevant equipment, such as cameras, restoration of potholes
etc. in form of donations)

• Awareness-raising initiatives, in cooperation with the media (e.g., information
campaigns free of charge, mandatory reference to the road accidents of the last 24
h, on an everyday basis, after the news, etc.) [50,77,87]
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3.2.6. Evaluation of Alternatives (Measures and Policies) with Regard to Each Factor

Exactly the same process followed for the prioritization of the factors (as described in
Section 3.2.4) is followed for the prioritization of the alternatives (measures and policies)
for the improvement of road safety. This time, the alternatives are compared in pairs with
regard to each factor, in terms of the effectiveness, using again Saaty’s 9-level scale [13],
as shown in Table 10. These comparisons could be executed by a group of experts, but
in the present work, they are executed by the authors. An indicative part of the executed
pair-wise comparisons is shown in Table 11.

Table 10. Saaty’s 9-point scale, in terms of the effectiveness, for the compared alternatives.

Intensity of Effectiveness Definition

1 Indifference of effectiveness
3 Moderate effectiveness relation
5 Strong effectiveness relation
7 Very strong effectiveness relation
9 Absolute effectiveness relation

2, 4, 6, 8 Intermediate values between the two adjacent judgments

Table 11. Pair-wise comparison of the alternatives, with regard to each factor (indicative part).

With Regard to Factor «F1»

The Alternative on the Left Is More Effective
than the One on the Right (Select the Degree

of Relative Effectiveness)

Indifference of
Effectiveness

The Alternative on the Right Is More Effective
than the One on the Left (Select the Degree

of Relative Effectiveness)

A1 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 A2

A1 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 A3

A1 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 A4

A2 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 A3

A2 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 A4

A3 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 A4

Following exactly the same steps as described in Section 3.2.4 for the factors, the four
sets of measures and policies (alternatives) are prioritized. For this purpose, the AHP is
applied for the extraction of the priority vectors of the alternatives with regard to each factor
(expressing the effectiveness of each alternative with regard to each factor) through pair-
wise comparisons of the alternatives with regard to each factor, based on Tables 10 and 11.
By analogy with Tables 5 and 6, referring to the prioritization of the factors (Section 3.2.4),
Table A2 (Appendix D) includes the values attributed by the authors to the alternatives,
in the context of the pair-wise comparisons, with regard to each factor, while Table A3
(Appendix D) shows the comparison matrix of the alternatives with regard to each factor.
Finally, the normalized comparison matrix of the alternatives, the corresponding priority
vector, as well as the consistency control, in each case, are shown in Table 12.
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Table 12. Normalized pair-wise comparison matrix of the alternatives, priority vector and consistency
control, with regard to each factor.

F1 A1 A2 A3 A4 Priority
Vector (W)

A1 0.0588 0.0828 0.0345 0.0426 0.0547
A2 0.4118 0.5793 0.5517 0.6383 0.5453
A3 0.2353 0.1448 0.1379 0.1064 0.1561
A4 0.2941 0.1931 0.2759 0.2128 0.2440

λmax = 4.1488, CI = 0.0496, CR = 0.0551 < 0.10 ✓

F2 A1 A2 A3 A4 Priority
Vector (W)

A1 0.0455 0.0676 0.0308 0.0244 0.0420
A2 0.4091 0.6081 0.6462 0.6098 0.5683
A3 0.3182 0.2027 0.2154 0.2439 0.2450
A4 0.2273 0.1216 0.1077 0.1220 0.1446

λmax = 4.1832, CI = 0.0611, CR = 0.0679 < 0.10 ✓

F3 A1 A2 A3 A4 Priority
Vector (W)

A1 0.0588 0.0748 0.0367 0.0370 0.0518
A2 0.5294 0.6729 0.7339 0.5926 0.6322
A3 0.2941 0.1682 0.1835 0.2963 0.2355
A4 0.1176 0.0841 0.0459 0.0741 0.0804

λmax = 4.1901, CI = 0.0634, CR = 0.0704 < 0.10 ✓

F4 A1 A2 A3 A4 Priority
Vector (W)

A1 0.6813 0.5000 0.7407 0.6774 0.6499
A2 0.0852 0.0625 0.0370 0.0323 0.0542
A3 0.1363 0.2500 0.1481 0.1935 0.1820
A4 0.0973 0.1875 0.0741 0.0968 0.1139

λmax = 4.2273, CI = 0.0758, CR = 0.0842 < 0.10 ✓

F5 A1 A2 A3 A4 Priority
Vector (W)

A1 0.0588 0.0752 0.0370 0.0357 0.0517
A2 0.5294 0.6767 0.7407 0.6429 0.6474
A3 0.2353 0.1353 0.1481 0.2143 0.1833
A4 0.1765 0.1128 0.0741 0.1071 0.1176

λmax = 4.1703, CI = 0.0568, CR = 0.0631 < 0.10 ✓

F6 A1 A2 A3 A4 Priority
Vector (W)

A1 0.0833 0.0833 0.0833 0.0833 0.0833
A2 0.0833 0.0833 0.0833 0.0833 0.0833
A3 0.0833 0.0833 0.0833 0.0833 0.0833
A4 0.7500 0.7500 0.7500 0.7500 0.7500

λmax = 4.0000, CI = 0.0000, CR = 0.0000 < 0.10 ✓

F7 A1 A2 A3 A4 Priority
Vector (W)

A1 0.5283 0.4375 0.5660 0.4800 0.5030
A2 0.0755 0.0625 0.0566 0.0400 0.0586
A3 0.2642 0.3125 0.2830 0.3600 0.3049
A4 0.1321 0.1875 0.0943 0.1200 0.1335

λmax = 4.0800, CI = 0.0267, CR = 0.0296 < 0.10 ✓
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Table 12. Cont.

F8 A1 A2 A3 A4 Priority
Vector (W)

A1 0.0769 0.0825 0.0769 0.0500 0.0716
A2 0.6923 0.7423 0.6923 0.8000 0.7317
A3 0.0769 0.0825 0.0769 0.0500 0.0716
A4 0.1538 0.0928 0.1538 0.1000 0.1251

λmax = 4.0981, CI = 0.0327, CR = 0.0363 < 0.10 ✓

F9 A1 A2 A3 A4 Priority
Vector (W)

A1 0.1000 0.1000 0.1000 0.1000 0.1000
A2 0.1000 0.1000 0.1000 0.1000 0.1000
A3 0.7000 0.7000 0.7000 0.7000 0.7000
A4 0.1000 0.1000 0.1000 0.1000 0.1000

λmax = 4.0000, CI = 0.0000, CR = 0.0000 < 0.10 ✓

F10 A1 A2 A3 A4 Priority
Vector (W)

A1 0.7200 0.8000 0.6000 0.6000 0.6800
A2 0.1200 0.1333 0.2667 0.2667 0.1967
A3 0.0800 0.0333 0.0667 0.0667 0.0617
A4 0.0800 0.0333 0.0667 0.0667 0.0617

λmax = 4.2694, CI = 0.0898, CR = 0.0998 < 0.10 ✓

3.2.7. Final Ranking of the Alternatives (Measures and Policies) for the Improvement of
Road Safety

The priority vectors of the alternatives (measures and policies) calculated in Section 3.2.6,
as derived through the pair-wise comparisons, are shown in Table 13. These priority vectors
represent the effectiveness of the alternatives with regard to each factor and are used as
input data for the formulation of the decision matrix of TOPSIS, as applied for the overall
ranking of the alternatives. Given that the elements of the priority vectors are already
normalized, the data can be directly used for the application of TOPSIS, without requiring
any further normalization, as would happen, for example, in the case of deriving the
effectiveness of the alternatives through an absolute 1 to 10 rating.

Table 13. Decision matrix for the application of TOPSIS for the overall ranking of the alternatives.

F1 F2 F3 F4 F5 F6 F7 F8 F9 F10

A1 0.0547 0.0420 0.0518 0.6499 0.0517 0.0833 0.5030 0.0716 0.1000 0.6800
A2 0.5453 0.5683 0.6322 0.0542 0.6474 0.0833 0.0586 0.7317 0.1000 0.1967
A3 0.1561 0.2450 0.2355 0.1820 0.1833 0.0833 0.3049 0.0716 0.7000 0.0617
A4 0.2440 0.1446 0.0804 0.1139 0.1176 0.7500 0.1335 0.1251 0.1000 0.0617

The weighted normalized decision matrix for TOPSIS, as shown in Table 14, is then
calculated, based on Table 13 and according to Equation (A7), using the factor weights (W)
in Table 7.

It is noted that all the factors are regarded as benefit functions due to the way the
questions were formed (asking which one is more effective than the other), as shown in
Table 11. Thus, the values of A+ and A− are calculated according to Equations (A8) and (A9),
as follows:
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A+ = {0.0782 0.1160 0.0997 0.1303 0.0962 0.1093 0.0891 0.0851 0.1132 0.2548}

A− = {0.0078 0.0086 0.0082 0.0109 0.0077 0.0121 0.0104 0.0083 0.0162 0.0231}

The values of Si
+, Si

− and ci
+ are then calculated, according to Equations (A10),

(A11) and (A12), respectively, and shown in Table 15, with the ranking of the alternatives
(measures and policies) based on the ci

+ values shown in Table 15, as well.

Table 14. Weighted normalized decision matrix for TOPSIS.

F1 F2 F3 F4 F5 F6 F7 F8 F9 F10

A1 0.0078 0.0086 0.0082 0.1303 0.0077 0.0121 0.0891 0.0083 0.0162 0.2548
A2 0.0782 0.1160 0.0997 0.0109 0.0962 0.0121 0.0104 0.0851 0.0162 0.0737
A3 0.0224 0.0500 0.0372 0.0365 0.0272 0.0121 0.0540 0.0083 0.1132 0.0231
A4 0.0350 0.0295 0.0127 0.0228 0.0175 0.1093 0.0236 0.0146 0.0162 0.0231

Table 15. Si
+, Si

− and ci
+ values and overall ranking of the alternatives.

Si
+ Si

− ci
+ Ranking

A1 0.2397 0.2723 0.5318 1
A2 0.2685 0.2029 0.4304 2
A3 0.3085 0.1229 0.2850 3
A4 0.3271 0.1053 0.2435 4

According to Table 15, the four sets of alternatives (consisting of the measures and poli-
cies defined in Table 9) for the improvement of road safety in the urban area of Thessaloniki
are prioritized as shown in Table 16.

Table 16. Ranking of the four sets of alternatives (consisting of the measures and policies defined in
Table 9).

Alternatives Ranking

Ensuring the availability of the necessary resources for systematic controls in urban road networks
(controls by means of both physical presence of policemen and technological equipment, such
as cameras)

1

Appropriate planning, design and management of infrastructure on behalf of each municipality of the
urban area under study (speed humps, flexible traffic posts at junctions, reduced speed limit,
infrastructure maintenance, prevention of illegal parking, etc.)

2

Improvement of the regulatory and legal framework (factors related to the process of educating trainee
drivers, acquiring and renewing a driving license, facilitating the cooperation between different
authorities, as well as to the penalties imposed to those violating the Road Traffic Code, etc.)

3

Taking initiatives related to education, awareness-raising and social responsibility (road safety lessons at
school, motivation of private sector companies to contribute to road safety improvement, involvement of
media, etc.)

4

4. Discussion
As shown in Table 8, according to the experts, the most important factor undermining

road safety in the urban area of Thessaloniki is related to the failure to carry out systematic
and adequate controls in urban road networks for the detection of any infringement due to
limited resources, with an impressively high weight equal to 37.47%, by far from the second
one (weight = 20.41%). The prominence of this factor related to inadequate surveillance and
policing seems to be in full accordance with the results derived from a recent study [89],
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which, after confirming the remarkably low performance of Greece in terms of road safety
compared with other EU States, suggests that the situation could be improved via stricter
legislation and policing. At the same time, “fragmented” and almost arbitrary decision-
making (by the authorities in charge) regarding road safety improvement, without adopting
a scientific, knowledge-based decision-aiding methodology, ranks second (weight = 20.41%).
This result highlights the existing gap in decision-making regarding road safety improve-
ment in Thessaloniki, where the decisions are made almost arbitrarily. In other words, this
result stresses the need to implement a scientific decision-aiding methodology (e.g., that
proposed in this research work) in order to develop and implement effective measures and
policies toward improving road safety on the basis of the most important identified factors.
The inappropriate driving behavior of passenger and freight vehicle users, especially char-
acterized by high speed (weight = 20.04%), as well as of cyclists, motorcyclists and electric
scooter users (weight = 17.71%) are found in the next two ranking positions. The laxity of
the imposed penalties for road traffic offences, especially in case of systematic reoccurrence
(weight = 16.17%), ranks fifth. The lack or inappropriate design of infrastructure for pedes-
trians, bicycles, scooters, etc., creating a higher risk environment for them, especially for
people with disabilities or reduced mobility (e.g., elderly, people with children, prams, etc.)
(weight = 15.78%), ranks sixth. The lack of cooperation and coordination between local,
regional, and national authorities (either at the same or across different administrative
levels) regarding decision-making (weight = 14.86%) follows. The failure to educate and
inform citizens about road safety (even starting from the kindergarten) (weight = 14.57%)
is found in the next ranking position. The illegal/inappropriate behavior of certain road
network users toward others (e.g., illegal parking at junctions, on sidewalks, pedestrian
areas, etc.), hindering both pedestrian and vehicle movement, as well as the visibility at
junctions (weight = 14.34%) follows. As regards the aforementioned factor, it should be
mentioned that, in Greek urban areas, there are illegally parked vehicles at every junction,
despite the relevant prohibition according to the Greek Road Traffic Code, resulting in
the reduction of other motorists’ and pedestrians’ visibility and, therefore, increasing the
risk of accidents. Inadequate or inappropriate road infrastructure maintenance (potholes,
cracked pavement, invisible signage because of untrimmed trees, signaling malfunctions,
vandalized signs, insufficient lighting, faded pedestrian crossings, etc.) (weight = 11.63%)
ranks last.

On the basis of the above-mentioned factors highlighted by the experts as the most
important ones for the urban area of Thessaloniki, four sets of measures and policies
(alternatives) for the improvement of road safety in a targeted way are identified (as shown
in Table 9) and prioritized (as shown in Table 16). According to the extracted results,
ensuring the availability of the necessary resources for systematic controls in urban road
networks (controls by means of both physical presence of policemen and technological
equipment, such as cameras) is highlighted as the most effective alternative. Appropriate
planning, design and management of infrastructure on behalf of each municipality of
the urban area under study (speed humps, flexible posts at junctions, reduced speed
limit, infrastructure maintenance, prevention of illegal parking, decision support analysts
engagement etc.) ranks second. Improvement of the regulatory and legal framework
(factors related to the process of educating trainee drivers, acquiring and renewing a
driving license, facilitating the cooperation between different authorities, as well as to the
penalties imposed for road traffic offences, etc.) ranks third. Taking initiatives related
to education, awareness-raising and social responsibility (road safety lessons at school,
motivation of private sector companies to contribute to road safety improvement, media
engagement, etc.) is found in the last ranking position. As already mentioned, the specific
measures and policies included in each one of the prioritized above-mentioned four sets
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are shown in Table 9. It should also be noted that all the measures and policies shall be
implemented; however, the alternatives are prioritized in terms of the effectiveness with
regard to the most important identified factors, especially given the restricted availability
of financial resources for road safety improvement in Greece.

5. Conclusions
The aim of the present research is to provide decision-support analysts and policy-

makers with a decision-support tool that identifies and prioritizes the factors undermining
road safety in a specific urban area, with a view to developing effective policies through a
multi-criteria analysis approach, taking into account the particularities and special needs of
the study area. For this purpose, a comprehensive inventory of the factors undermining
road safety in urban areas, as well as an inventory of relevant measures and policies, is
provided, based on an international literature review. A modified Delphi-AHP-TOPSIS
model is proposed for the identification and prioritization of the most important factors
and policies for the improvement of road safety in urban areas. The Greek urban networks,
characterized by major road safety problems, especially compared with other EU states’
urban networks, are selected as a case study. The application of the proposed methodology
starts from the urban area of Thessaloniki, the second largest city in Greece and a major
tourist destination, which suffers a lot from road accidents.

As thoroughly discussed in Section 4, stricter surveillance and policing in urban road
networks, adoption of a scientific decision-aiding methodology instead of arbitrary decision-
making for the development and implementation of road safety measures and policies,
effective cooperation and coordination between charging authorities, awareness raising
initiatives, and appropriate infrastructure planning, design and management emerge as
the most important practical implications for the urban area of Thessaloniki. Analogous
results to those thoroughly discussed in Section 4 (both at the factor and, consequently,
the measures and policies levels) are expected from the implementation of the proposed
methodology in all Greek urban areas, which are characterized by almost the same prob-
lems. Thus, the implementation in, at least, the largest ones is suggested, so that an
integrated road safety plan can be developed and applied to all the Greek urban areas
within the framework of road safety improvement in a holistic way. It should be men-
tioned, though, that equally as important as the research per se is the dissemination of
the results and conclusions to all stakeholders, especially to policy-makers and decision-
makers (ministries, municipalities, etc.) engaged with road safety improvement. For
this purpose, a relevant communication of the results shall be scheduled, with a view
to practical implementation in the study area, as well as to launching the basis for the
application of the proposed methodology to all Greek urban areas characterized by sig-
nificant road safety problems, as documented in Section 3.1. Under the vision of “zero
accidents in Greek urban road networks”, the effective cooperation between academics, re-
searchers, politicians, public authorities and other stakeholders is considered crucial for the
drastic reduction—and almost elimination at long-term level—of road accidents in Greek
urban areas.

The modified Delphi-AHP-TOPSIS model proposed in this research work for road
safety improvement in urban areas allows for the identification and prioritization of the
most important factors undermining road safety and, subsequently, of the most effec-
tive measures and policies, taking into account any particularities of the study area.
In combination with the provided inventories of factors and measures and policies,
which can be used as “pools” in case of implementing the methodology to any urban
area, this constitutes an important decision-support tool for transport planners, decision-
support analysts and policy-makers. The proposed methodology could also be applied
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for road safety improvement in national road networks, either in Greece or in other
countries (with all the necessary adaptations of the inventories of factors and measures
and policies).

Apart from the advantages referred to in Section 2.3 regarding the engaged methods,
the proposed methodology can be adapted to any urban area, taking into account any
special conditions and particularities, allowing for the integration of experts’ opinions
into the analysis, as well as for the inclusion of relevant international literature data. The
added value of the applied methodology is the ability to serve the purpose of the EU’s
Vision Zero strategy, also adopted by the UN General Assembly, through the identifica-
tion and prioritization of the most important factors and, therefore, the development of
effective measures and policies for the improvement of road safety in any urban area.
The prioritization of factors is crucial for the development of targeted solutions, while
the prioritization of measures and policies is of high significance, particularly in the case
of limited financial resources. Moreover, a group of experts participates in the crucial
phases of the identification and prioritization of factors, aiming at minimizing the sub-
jectivity related to the evaluation of the elements in the context of an MCA, which might
be realized only by the decision-support analyst and/or the decision-maker. These two
phases are of extremely high importance, as the in-depth comprehension of a problem
and its “roots” constitutes the “A to Z” for its effective management, with the proposed
measures and policies being formulated so as to deal with the most important factors in
an absolutely targeted way. Furthermore, the decision-support analyst can easily identify
any experts’ judgments “generating” inconsistency in the pair-wise comparison phase
and, in case it is considered necessary, ask those “responsible” for the inconsistency if
they would like to reconsider their answers. The decision-support analysts and/or policy-
makers and decision-makers (municipalities, ministries, etc.) will be able to easily apply
the proposed methodology in practice, toward improving road safety in any urban area,
using as a basis the inventories of factors and measures and policies provided in this
research work.

The main limitation of the proposed methodology is related to the difficulty in execut-
ing pair-wise comparisons in the case of a high number of compared in pairs elements. As
regards future research, the application of other MCA methods (e.g., VIKOR) is suggested
for validation purposes. Finally, software creation, including as a database for the inventory
of potential factors undermining road safety in an urban area (Table 1), as well as the
inventory of measures and policies (Table 9), is also recommended as a future prospect,
aiming at further facilitating the application of the proposed methodology in practice.

Author Contributions: Conceptualization, K.A.; methodology, K.A.; formal analysis, K.A.; investiga-
tion, K.A.; resources, K.A. and F.K.; data curation, K.A.; writing—original draft preparation, K.A.;
writing—review and editing, K.A. and F.K.; visualization, K.A. and F.K.; supervision, F.K.; project
administration, F.K., funding acquisition, K.A. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Research Committee of the Aristotle University of
Thessaloniki (No. 50186).

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.



Urban Sci. 2025, 9, 93 25 of 33

Appendix A. Brief Presentation of the Analytic Hierarchy Process (AHP),
Delphi Method and Technique for Order Preference by Similarity to
Ideal Solution (TOPSIS)

In the context of the analytic hierarchy process (AHP) [13], the hierarchy structure of
the decision problem is formed, with the overall goal placed on the top, the criteria at the
lower lever and the alternatives at the lowest level. The pair-wise comparison of the criteria
and the alternatives follows, based on a 1–9 scale. In both cases, a pair-wise comparison
matrix, Equation (A1), is derived (n is the number of the elements of the same hierarchy
level). The entry αij = wi/wj represents the relative importance/preference of the element i
over the element j, when compared with regard to each element of the higher level, while
wi and wj are the weight/preference coefficients of the elements i and j, respectively, with
αij = 1/αji and αii = wi/wi = 1.

A =


a11 a12 . . . a1n

a21 a22 . . . a2n

. . . . . . . . . . . .
an1 an2 . . . ann

 (A1)

Dividing each element by the sum of the elements in the same column leads to the
formulation of the normalized pair-wise comparison matrix.

Then, the priority vector W = (w1, w2, . . ., wn)T for each hierarchy level is calculated
through Equation (A2), with λmax being the principal eigenvalue of matrix A of Equation (A1).

(A − λmax)× W = 0 (A2)

The inevitable inconsistencies are included in the analysis, calculating the consistency
ratio (CR) according to Equation (A3):

CR = CI/RI (A3)

In Equation (A3), RI is the random consistency index, given in Table A1 for n compared
elements, while CI is the consistency index, calculated according to Equation (A4):

CI =
λmax − n

n − 1
(A4)

Table A1. RI values for n elements compared in pairs.

n 1 2 3 4 5 6 7 8 9 10

RI 0.00 0.00 0.58 0.90 1.12 1.24 1.32 1.41 1.45 1.49

The consistency ratio (CR) must be equal to or lower than 0.10. In case the CR is higher
than 0.10, the re-examination of the problem and the re-consideration of the values of the
decision matrix are necessary.

Appendix B. Brief Presentation of the Delphi Method
As regards the Delphi method, a group of people (e.g., experts or stakeholders) are

asked to express their opinions on a subject through an iterative survey process, which
is anonymous and might be executed in many rounds, at least two [71]. The judgments
recorded in the first round of a common Delphi process (which usually includes qualitative
data) are synthesized and delivered back to the group of respondents, aiming, e.g., at the
evaluation of the concerned elements through a rating system (e.g., Likert scale), until
consensus is achieved or until a predefined number of rounds is completed [90].
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Appendix C. Brief Presentation of the Technique for Order Preference by
Similarity to Ideal Solution (TOPSIS)

For the application of the technique for order preference by similarity to ideal solution
(TOPSIS) [14], a decision matrix, Equation (A5), is formulated (n criteria and m alternatives),
with the element xij expressing the performance of the alternative Ai in terms of the criterion
Cj, where i = 1, 2,. . ., m and j = 1,2, . . ., n.

C1 C2 . . . Cn

D =

A1

A2

. . .
Am


x11 x12 . . . x1n

x21 x22 . . . x2n

. . . . . . . . . . . .
xm1 xm2 . . . xmn

 (A5)

The decision matrix D is then normalized using any normalization technique. For
example, using the vector normalization technique, the elements rij of the normalized
decision matrix are calculated according to Equation (A6):

rij=
xij√

∑m
i=1 x2

ij

, (A6)

Then, the weighted normalized matrix is calculated, with its vij elements being calcu-
lated according to Equation (A7):

vij = wj·rij (A7)

where wj the weight of the criterion Cj (where j = 1, 2, . . ., n) and Σwj = 1.
In the next step, the ideal (A+) and negative-ideal (A−) solutions are calculated accord-

ing to Equation (A8) and Equation (A9), respectively:

A+ =
{(

maxivij
∣∣ j ∈ J

)
, minivij

∣∣ j ∈ J′
)
| i = 1, 2, . . . , m} =

{
v+1 , v+2 , . . . , v+j , . . . , v+n

}
(A8)

A− =
{(

minivij
∣∣ j ∈ J

)
, maxivij

∣∣ j ∈ J′
)
| i = 1, 2, . . . , m} =

{
v−1 , v−2 , . . . , v−j , . . . , v−n

}
, (A9)

where J = {j = 1, 2, . . ., n, with j referring to benefit criteria} and J′ = {j = 1, 2, . . ., n, with j
referring to cost criteria}.

The “Euclidian distance method” is then applied for the calculation of the distance of
each alternative from the ideal solution (Si

+) and the distance of each alternative from the
negative-ideal solution (Si

−), according to Equation (A10) and Equation (A11), respectively.

S+
i =

√
∑m

i=1

(
vij − v+i

)2, where i = 1, 2, . . . , m. (A10)

Si
− =

√
∑m

i=1

(
vij − v−i

)2, where i = 1, 2, . . . , m. (A11)

For the final ranking of the alternatives, the relative closeness ci
+ to the ideal solution

is calculated, according to Equation (A12):

ci
+ =

S−
i(

S+
i + S−

i
) , where 0 ≤ ci

+ ≤ 1 for i = 1, 2, . . . , m (ci
+ = 1 if Ai = A+ and ci

+ = 0 if Ai = A−) (A12)

The highest ci
+ value corresponds to the best alternative.
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Appendix D. Attributed Values for the Compared in Pairs Alternatives
and the Comparison Matrix of the Alternatives, with Regard to
Each Factor

Table A2. Attributed values for the compared in pairs alternatives, with regard to each factor.

F1: Alternatives Attributed Values Decimal Form

A1 vs. A2 1/7 0.1429
A1 vs. A3 1/4 0.2500
A1 vs. A4 1/5 0.2000
A2 vs. A3 4 4.0000
A2 vs. A4 3 3.0000
A3 vs. A4 1/2 0.5000

F2: Alternatives Attributed Values Decimal Form

A1 vs. A2 1/9 0.1111
A1 vs. A3 1/7 0.1429
A1 vs. A4 1/5 0.2000
A2 vs. A3 3 3.0000
A2 vs. A4 5 5.0000
A3 vs. A4 2 2.0000

F3: Alternatives Attributed Values Decimal Form

A1 vs. A2 1/9 0.1111
A1 vs. A3 1/5 0.2000
A1 vs. A4 1/2 0.5000
A2 vs. A3 4 4.0000
A2 vs. A4 8 8.0000
A3 vs. A4 4 4.0000

F4: Alternatives Attributed Values Decimal Form

A1 vs. A2 8 8.0000
A1 vs. A3 5 5.0000
A1 vs. A4 7 7.0000
A2 vs. A3 1/4 0.2500
A2 vs. A4 1/3 0.3333
A3 vs. A4 2 2.0000

F5: Alternatives Attributed Values Decimal Form

A1 vs. A2 1/9 0.1111
A1 vs. A3 1/4 0.2500
A1 vs. A4 1/3 0.3333
A2 vs. A3 5 5.0000
A2 vs. A4 6 6.0000
A3 vs. A4 2 2.0000

F6: Alternatives Attributed Values Decimal Form

A1 vs. A2 1 1.0000
A1 vs. A3 1 1.0000
A1 vs. A4 1/9 0.1111
A2 vs. A3 1 1.0000
A2 vs. A4 1/9 0.1111
A3 vs. A4 1/9 0.1111
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Table A2. Cont.

F7: Alternatives Attributed Values Decimal Form

A1 vs. A2 7 7.0000
A1 vs. A3 2 2.0000
A1 vs. A4 4 4.0000
A2 vs. A3 1/5 0.2000
A2 vs. A4 1/3 0.3333
A3 vs. A4 3 3.0000

F8: Alternatives Attributed Values Decimal Form

A1 vs. A2 1/9 0.1111
A1 vs. A3 1 1.0000
A1 vs. A4 1/2 0.5000
A2 vs. A3 9 9.0000
A2 vs. A4 8 8.0000
A3 vs. A4 1/2 0.5000

F9: Alternatives Attributed Values Decimal Form

A1 vs. A2 1 1.0000
A1 vs. A3 1/7 0.1429
A1 vs. A4 1 1.0000
A2 vs. A3 1/7 0.1429
A2 vs. A4 1 1.0000
A3 vs. A4 7 7.0000

F10: Alternatives Attributed Values Decimal Form

A1 vs. A2 6 6.0000
A1 vs. A3 9 9.0000
A1 vs. A4 9 9.0000
A2 vs. A3 4 4.0000
A2 vs. A4 4 4.0000
A3 vs. A4 1 1.0000

Table A3. Comparison matrix of the alternatives, with regard to each factor.

F1 A1 A2 A3 A4

A1 1.0000 0.1429 0.2500 0.2000
A2 7.0000 1.0000 4.0000 3.0000
A3 4.0000 0.2500 1.0000 0.5000
A4 5.0000 0.3333 2.0000 1.0000

F2 A1 A2 A3 A4

A1 1.0000 0.1111 0.1429 0.2000
A2 9.0000 1.0000 3.0000 5.0000
A3 7.0000 0.3333 1.0000 2.0000
A4 5.0000 0.2000 0.5000 1.0000

F3 A1 A2 A3 A4

A1 1.0000 0.1111 0.2000 0.5000
A2 9.0000 1.0000 4.0000 8.0000
A3 5.0000 0.2500 1.0000 4.0000
A4 2.0000 0.1250 0.2500 1.0000
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Table A3. Cont.

F4 A1 A2 A3 A4

A1 1.0000 8.0000 5.0000 7.0000
A2 0.1250 1.0000 0.2500 0.3333
A3 0.2000 4.0000 1.0000 2.0000
A4 0.1429 3.0000 0.5000 1.0000

F5 A1 A2 A3 A4

A1 1.0000 0.1111 0.2500 0.3333
A2 9.0000 1.0000 5.0000 6.0000
A3 4.0000 0.2000 1.0000 2.0000
A4 3.0000 0.1667 0.5000 1.0000

F6 A1 A2 A3 A4

A1 1.0000 1.0000 1.0000 0.1111
A2 1.0000 1.0000 1.0000 0.1111
A3 1.0000 1.0000 1.0000 0.1111
A4 9.0000 9.0000 9.0000 1.0000

F7 A1 A2 A3 A4

A1 1.0000 7.0000 2.0000 4.0000
A2 0.1429 1.0000 0.2000 0.3333
A3 0.5000 5.0000 1.0000 3.0000
A4 0.2500 3.0000 0.3333 1.0000

F8 A1 A2 A3 A4

A1 1.0000 0.1111 1.0000 0.5000
A2 9.0000 1.0000 9.0000 8.0000
A3 1.0000 0.1111 1.0000 0.5000
A4 2.0000 0.1250 2.0000 1.0000

F9 A1 A2 A3 A4

A1 1.0000 1.0000 0.1429 1.0000
A2 1.0000 1.0000 0.1429 1.0000
A3 7.0000 7.0000 1.0000 7.0000
A4 1.0000 1.0000 0.1429 1.0000

F10 A1 A2 A3 A4

A1 1.0000 6.0000 9.0000 9.0000
A2 0.1667 1.0000 4.0000 4.0000
A3 0.1111 0.2500 1.0000 1.0000
A4 0.1111 0.2500 1.0000 1.0000
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