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ABSTRACT The increase in road accidents underscores the urgent need for effective methodologies to
evaluate and prioritize road safety improvements. Traditional decision-making processes in road safety
management often confront challenges due to the lack of a comprehensive approach, particularly in handling
multiple evaluation criteria. This study introduces a novel Hybrid Multi-Criteria Decision-Making approach
that amalgamates the Best-Worst Method (BWM), the Technique for Order of Preference by Similarity to
Ideal Solution (TOPSIS), and the Simple Additive Weighting (SAW) method. This approach is designed to
prioritize road safety improvements effectively by analyzing various criteria and alternatives in a structured
manner. Focusing on a 500-meter road section, the study identifies eight distinct road improvement criteria
and divides the road section into five sub-sections for detailed analysis. The BWM is utilized to determine the
criteria weights, which are subsequently integrated into the TOPSIS and SAWmethodologies for prioritizing
improvements in each road subsection. This hybrid approach provides a comprehensive framework for
decision makers, including road safety auditors and transportation professionals, facilitating a nuanced
and systematic evaluation of safety improvements. The methodology’s efficacy is validated through field
expert consultations and comparative analysis with standalone SAW results. The validation underscores the
potential of the proposed approach as a robust tool for road safety stakeholders, enabling them to make
informed decisions based on a detailed, Chainage-wise analysis of road sections. The Python code for
TOPSIS is available at https://github.com/kanak02/TOPSIS.

INDEX TERMS Best-worst method (BWM), multi-criteria decision making (MCDM), road safety
improvement, simple additive weighting (SAW), technique for order preference by similarity to ideal
solution (TOPSIS).

The associate editor coordinating the review of this manuscript and
approving it for publication was Hongli Dong.

I. INTRODUCTION
In the realm of decision-making, individuals frequently
engage in the process of ranking various options to articulate
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relative importance, personal preference, or the likelihood of
different outcomes. Multi-criteria decision-making (MCDM)
has garnered significant attention as an essential facet of deci-
sion theory, finding applications across diverse fields such
as management, economics, and engineering [1], [2], [3].
MCDMs fundamentally involves arranging a set of available
alternatives and then identifying the most optimal choice
using specific methodologies and available decision-related
data, while considering multiple criteria [4].
Before ranking the alternatives, it is critical to establish

a decision criteria system and assign appropriate weights to
each criterion. This is followed by evaluating the options
against these criteria, a process often referred to as con-
structing performance assessments. MCDM methods offer a
structured framework to ensure the consistency of results.

Among the plethora of MCDM techniques, the Analytic
Hierarchy Process (AHP) is renowned for its widespread
application. It is recommended to integrate a consistency
check within the AHP framework to eliminate inaccurate
responses and assess the competency of evaluators [5]. This
involves setting a threshold for the consistency ratio (CR) [6],
where scores above this threshold deem the respondent as
ineligible, and those below as eligible. Over recent decades,
extensive research has been conducted to refine the CR con-
sistencymetric, yet the metrix remains largely unchanged and
extensively used in AHP applications [7].
Apart from AHP, various MCDM methods have been

deployed to ascertain effective ranking decisions based on
decision-makers’ preferences. These include the Analytic
Network Process (ANP) [8], Best-Worst Method (BWM)
[9], Elimination and Choice Translation Reality (ELECTRE)
[10], Technique for Order of Preference by Similarity to Ideal
Solution (TOPSIS) [11], and VlseKriterijumska Optimizacija
I Kompromisno Resenje (VIKOR) [12]. Notably, both AHP
and BWM are based on pairwise comparisons, but BWM
requires fewer comparisons (2n− 3) compared to AHP’s n
(n-1)/ 2, showcasing BWM’s data efficiency [9].
Evaluating road safety is complex issues as there are

multiple factors causing road accidents [13]. In road safety
assessment, MCDM techniques play a pivotal role in iden-
tifying key factors that influence the safest behaviors among
road users [14], [15].Moreover, these techniques can pinpoint
specific geographic boundaries that require substantial safety
improvement [7]. Table 1 presents a summary of notable
recent works onMCDM application in the area of road safety.
As seen from Table 1, there exists a gap in understanding the
factors considered by road safety experts when recommend-
ing necessary safety enhancements. Further, there is a lack of
a decision-support approach that provides a clear prioritiza-
tion of road safety improvements required within a selected
road stretch. Based on the research gaps, the following are the
original contributions of the present research:

• The present research contributes to the novel framework
of a hybrid BWM-PROMETHEE approach for prioritiz-
ing road safety improvements.

TABLE 1. Summary of recent works on application of MCDM for road
safety.
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TABLE 1. (Continued.) Summary of recent works on application of MCDM
for road safety.

• The elaborated approach incorporates the inputs pro-
vided by the road safety experts and clearly delivers the
priority of required road safety improvements within a
selected stretch. Moreover, the required safety improve-
ments can be further prioritized within a selected part of
the road stretch (e.g., Chainage).

• The results provided by the proposed approach are crisp
and easy to interpret.

To address inaccuracies, it is crucial to form specialized
groups of experts and employ a combination of MCDM
methods, given the diverse policy objectives and the vary-
ing weights assigned to different factors by these experts.
This study introduces a methodology for effectively selecting
necessary improvements in road segments to enhance safety.
A panel of experts was convened, and visual representations
of the research area were used to gather their feedback. Sub-
sequently, the weights of the criteria were calculated using
BWM after which TOPSIS and Simple Additive Weighting
(SAW) techniques were employed to determine the prioriti-
zation of improvements. The results of both methods were
compared for validation as per indicated within available
literature [16], [17]. Further, the experts are again consulted
to review and validate proposed framework.

The rest of the paper is structured as follows: Section II
elaborates on the methodology of this study, detailing
BWM, TOPSIS and SAW. Section IV presents an in-depth
analysis and discussion of the chosen study, utilizing the
hybrid BWM-TOPSIS and BWM-SAW techniques. Finally,
Section V concludes with a summary of the study’s findings
and potential directions for future research.

II. METHODOLOGY
A. BEST- WORST METHOD (BWM)
The AHP technique has a notable problem due to the added
complexity and inconsistency that arise from the extensive
number of pairwise comparisons. Hence, BWMproposes that
in evaluating the preference of criterion ci over criterion cj
with respect to a given standard, decision makers (DMs) are
not required to estimate values for all potential comparisons
between pairs of criteria. Instead, DMs only needs to focus
on comparing the criterion in question to the best and worst
criteria in relation to the specific norm being considered.
These comparisons, known as reference comparisons, are the
primary determinants of the estimation of relative weights.
In contrast, secondary comparisons do not play a role in
the estimation process. The decision matrix is firstly defined
as per equation (7). Following are the further steps of the
BWM [38]:

Step 1: Define the best (e.g., most important) criteria (cb),
and the worst (e.g., least important) criteria (cw) based on the
Experts / DMs inputs with respect to decision-making goal.

Step 2: Establish the preference of best criteria (cb) over
all criteria (Best-to-Others) and the preference of all criteria
over worst (cw) using (1)-(9) scale. The resulting preference
vectors are represented as per equations (1) and (2):

Best − to − Others = [pb1pb2 . . . pbn] (1)

where pbi specifies the preference of cb over ci. Further,
pbb = 1.

Others − to − Worst = [p1wp2w . . . pnw] (2)

where: piw specifies the preference of ci over cw. Further,
pww = 1.
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Step 3: Optimal criteria weight are presented as per
equation (3):

W ∗
=

[
w∗

1w
∗

2, . . .w
∗
n
]

(3)

It is important to note that the optimal criteria weight (w∗
i )

of a criterion ci has to satisfy the following conditions as per
equation (4):

wb
wi

= pbi,
wi
ww

= piw (4)

The following equation (5) has to be solved to satisfy the
above conditions for all i:

minξ, such that∣∣wb − wipbi
∣∣ ≤ ξ∀i∣∣wi − wwpiw
∣∣ ≤ ξ∀i

n∑
i=1

wi = 1,

wi ≥ 0, ∀i (5)

The solution of equation (5) concludes the optimal criteria
weights

(
w∗

1,w
∗

2, . . . ,w
∗
n
)
as well as provides the value of CR.

Step 4: Calculate consistency ratio (CR) as per
equation (6), where the values of ξmax varies with the values
of pbm as shown in Table 2.

CR =
ξ∗

ξmax
(6)

TABLE 2. Relation between pbw and consistency index [9].

B. TECHNIQUE FOR ORDER PREFERENCE BY SIMILARITY
TO THE IDEAL SOLUTION (TOPSIS)
TOPSIS is introduced within the work of Hwang and
Yoon [39] as a very appealing approach for addressing
MCDMproblems. The fundamental concept behind the TOP-
SIS method is that the optimal option or alternative should be
located at the closest geometric distance to the positive ideal
solution while simultaneously being situated at the furthest
geometric distance from the negative ideal solution [39].
The positive ideal solution refers to the solution that offers
the greatest advantages and lowest cost among all available
choices. Conversely, the negative ideal solution pertains to the
solution that delivers the lowest benefits at the highest cost.
The following section provides an explanation of the primary
steps involved in the TOPSIS method [39].
Step 1: Consider a collection A consisting of m options,

denoted as A = {a1, a2, . . . , am}, where m is a positive
integer. The evaluation of these options must be conducted in
relation to a set C consisting of n criteria, where C is defined
as {c1, c2, . . . , cn}, and n represents a positive integer. Sub-
sequently, the individual responsible for making the choice
would proceed to construct a decision matrix denoted as X ,

as per equation (7), whereby the options are quantitatively
evaluated across several criteria.

X =

 x11 · · · x1n
...

. . .
...

xm1 · · · xmn

 (7)

where xij specifies the preference score of alternative ai with
respect to criteria cj.

Step 2: The decision matrix is normalized as per
equation (8):

yij =
xij√∑m
i=1 x

2
ij

(8)

where: i = 1, 2, . . . ,m and j = 1, 2, . . . , n. Further, yij is
normalized score of alternative ai with respect to criteria cj.
Step 3: The weight assigned to criterion cj is denoted as wj,

which signifies the comparative significance of cj in relation
to other criteria. The computation of the optimum criterion
weights is conducted using the BWM, following the steps
outlined in the preceding section.

Step 4: The weighted normalized matrix can be concluded
as per equation (9):

zij = wjyij (9)

where zij is the normalized weighted score of ai with respect
to criteria cj.

Step 5: The positive ideal solution v+j and the negative
ideal solution v−j for every criteria can be concluded as per
following equations:

Equations (10) and (11) for beneficial criteria:

v+j = max
{
z1j, z2j, . . . , zmj

}
(10)

v−j = min
{
z1j, z2j, . . . , zmj

}
(11)

Equations (12) and (13) for non-beneficial criteria:

v+j = min
{
z1j, z2j, . . . , zmj

}
(12)

v−j = max
{
z1j, z2j, . . . , zmj

}
(13)

Further, the vector of positive ideal solutions V+ is computed
as per equation (14):

V+
=

[
v+1 v

+

2 . . . v+n
]

(14)

Moreover, the vector of negative ideal solution V− is com-
puted as per equation (15):

V−
=

[
v−1 v

−

2 . . . v−n
]

(15)

Step 6: The identification of the Euclidean Distance for every
alternative from V+ and V− is concluded as per equation (16)
and (17).

d+

i =

√√√√ n∑
j=1

(
zij − v+j

)2
(16)

d−

i =

√√√√ n∑
j=1

(
zij − v−j

)2
(17)

VOLUME 12, 2024 30057



P. Trivedi et al.: Hybrid BWM—TOPSIS Approach for Prioritizing Road Safety Improvements

where, d+

i is the Euclidean distance of alternative ai from the
positive ideal solution V+ and d−

i is the Euclidean distance
of alternative ai from the negative ideal solution V−.

Step 7: The closeness coefficient ri is concluded as per
equation (18):

ri =
d−

i

d−

i + d+

i

(18)

Step 8: Finally, the alternative with the highest value of ri
needs to be concluded as the best alternative.

C. SIMPLE ADDITIVE WEIGHTING (SAW)
The Simple Additive Weighting (SAW) technique is a
MCDMmethod in which the performance values of an option
across multiple evaluation criteria are combined into a single
scalar score by adding the weights given to each evaluation
criterion. By consideringW∗ as the vector that represents the
weights of the evaluation criteria and A = {a1, a2, . . . ,am}

as the vector of the scores of the alternative over all criteria,
where ai represents the score of the alternative with respect
to criterion ci, then the cumulative score, z can be computed
as per equation (19) [40].

z = W ∗A =

n∑
i=1

wiai (19)

III. PROPOSED HYBRID MCDM APPROACH
The proposed hybrid MCDMmethodology used in this paper
is shown in Figure 1.

FIGURE 1. Proposed hybrid MCDM approach.

Phase 1: Identification of evaluation criteria
Based on the codal provisions of Indian Road Congress

(IRC), eight decision-making criteria has been finalized for
further analysis [41]. Different road safety professionals and
researchers are contacted to be provide their inputs for the
present study. Later, five road safety professionals—two
from academia (a professor and a road safety researcher)
and three from government departments (a police officer,
a road engineer, and a road safety consultant)—understood
the aim of this research and were consulted to finalize the
decision-making criteria and provide the comparative impor-
tance scores of the criteria. The selected experts have at least
five years of field experience in road safety.

Phase 2: Prioritisation of evaluation criteria and computa-
tion of criteria weights

This step evaluates the relative significance and theweights
assigned to the completed decision-making criteria, as shown
in Table 3. The current study focuses on a specific road
portion of 500 m. To facilitate the analysis, a comprehen-
sive video recording and photographs of the chosen length
have been provided to a team consisting of five road safety
experts. Initially, experts have determined the best criteria
(criteria with the highest priority for improvement) and worst
criteria (criteria with the least priority for improvement).
Subsequently, each expert has been requested to provide their
note on comparative improvements of best criteria over other
as per Table 4. The structure outlined in Table 5 and Table 6
has been utilized to note the expert inputs. The experts are
asked to select the best and worst criteria and further asked
to provide the importance score as per the formats of Table 5
and Table 6. The BWM has been employed to determine the
weights of all eight criteria based on the inputs provided by
individual experts. The criterion weights obtained from each
expert’s contributions were further examined for consistency,
and only those that demonstrated consistency were further
taken into consideration. Many available literature provided
different weights to each experts based on relevant aim of
study [42], [43]. However, the present research proposes a

TABLE 3. Decision making criteria for road safety improvements.
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TABLE 4. Linguistic importance and score.

TABLE 5. Formate of scoresheet for experts to note the improvement
score of best criteria over other criteria.

TABLE 6. Formate of scoresheet for experts to note the improvement
score of other criteria over worst criteria.

decision-making approach for road safety improvements that
has to be applied to actual field conditions. Generally, the
field practices represent that a road safety team with experts
from different backgrounds and expertise represents a quality
outcome [44]. Therefore, it becomes significant to incorpo-
rate every expert’s input with equal importance. By doing
so, the relevance of each expert’s inputs becomes equally
significant with multi-dimensional perspective. Therefore,
it becomes important to incorporate every expert’s inputs
with equal importance. Consequently, the calculation of the
final average value of consistent criteria weights has been
completed, and these findings have been designated as the
global criteria weights.

TABLE 7. Sample scoresheet for experts to note the priority score of a
road section.

Phase 3: Evaluation and ranking of chainage in a road
section Phase 3 of the proposed methodology effectively
hybridizes the BWM-concluded criteria weights with TOP-
SIS and SAWmethods. The 500-metre study stretch has been
divided into five sections of 100-metre chainage length for
this research. Here, it is important to note that one can select
and divide the length of chainage (e.g., alternatives) based
on their requirement (i.e., a total length of 10 kilometers can
be selected, and alternatives are considered every 1 kilometer
of chainage). Therefore, TOPSIS can be a good-fit solution
to prioritize any selected number of alternatives. Moreover,
a research team has visited this study stretch and provided
a priority score for each 100- meter section of the study
stretches on a scale of 0-3 for every decision-making criterion
as per Table 7. These scores have been provided individually
for both sides of the carriageway (i.e., from point A to B and
from point B to A). Finally, the chainages have been ranked
by hybridizing the priority scores and BWM-generated cri-
teria weights by applying the TOPSIS and SAW methods,
and the final ranking by BWM-TOPSIS and BWM-SAW has
been compared to validate the approach.

IV. RESULTS AND DISCUSSION
A500-meter stretch onNational Highway (NH) 3 inHathijan,
Ahmedabad district, India, was selected for this study. This
particular stretch features a four-lane divided carriageway.
As per the inputs provided by local residents and police
officers, road accidents are being noted on this selected
stretch. Therefore to facilitate a thorough analysis, the stretch
was divided into five 100-meter chainages as illustrated in
Figure 2. This division may provide a clear answer about
‘‘where improvements are required?’’ and the chainage-wise
weighted priority score provide a clear answer about ‘‘what
type of improvements are required?’’. To achieve this,
a detailed videography and photographic survey of the stretch
was conducted and subsequently shared with a team of five
road safety experts. The inputs provided by these experts
were based solely on their interpretation of the videography
and photography evidence. The methodology followed was
as outlined in the previous section.

Table 8 presents the best and worst criteria as selected by
each expert. It is seen that all expert rate C6 as the criteria
with least priority for improvement. 2 out 5 experts’ rate C8 as
the criteria with highest priority for improvement whereas the
other 3 experts’ rate C2 as the criteria with highest priority.
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FIGURE 2. Graphical representation of study stretch.

TABLE 8. Selection of best and worst criteria for study stretch by the
experts.

TABLE 9. The comparative improvement score of the best criteria over
other criteria provided by the experts.

Table 9 and Table 10 represents the improvement rating of
best criteria over other criteria and others to criteria with least
priority provided by each experts. It is important to note that
experts have provided their improvement scores considering

TABLE 10. The comparative improvement score of the best criteria over
other criteria provided by the experts.

TABLE 11. BWM based criteria weights with consistency ratio (CR).

both sides of the carriageway, while the research team has
provided chainage-wise priority scores for individual sides of
the carriageway.

Criterion weights were determined using the BWM tech-
nique, based on the improvement scores fromTables 9 and 10.
Each expert contributed unique scores, resulting in vary-
ing criterion weights. The consistency of these weights was
assessed as per Table 11.
The criterion weights, determined based on the approved

consistency ratio (CR) value referenced in [9], took into
account the average weights assigned to each criterion:
WC1 = 0.086,WC2 = 0.220,WC3 = 0.129,WC4 =

0.091,WC5 = 0.113,WC6 = 0.027,WC7 = 0.098, and
WC8 = 0.236. These weights indicate that improvements
in speed calming measures (C8) are of the highest priority.
Similarly, improvements in Pedestrian Facilities (C2) and
Roadside Hazard (C3) follow in priority. The criterion for
the improvement in road surface (C6) received the lowest
weight, suggesting that this aspect of the study area is already
in good condition. Figure 3 further reinforces these findings
by depicting the cumulative criterion weights as a percentage,
indicating that the top three weighted criteria constitute over
58% of the necessary improvements.
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TABLE 12. Chainages-wise priority scores.

FIGURE 3. Percentage cummlative criteria weight distribution.

Subsequent analysis of the chainages utilized these final
criterion weights. Table 12 displays the priority scores in both
directions (from point A to B and B to A). For an accurate
representation, the priority scores from A to B were consid-
ered for further analysis. These scores were integrated with
the final criterion weights from BWM to create a weighted
normalized decision matrix, as shown in Table 13. Table 14
provided the positive and negative ideal solutions, v+j and
v−j , respectively. The Euclidean distance values (d

+

i and d−

i )
for each chainage were calculated and used to determine the
closeness coefficient ri and the final priority ranking of each
chainage, as shown in Table 15. The chainage with the higher
ri value received a higher rank. This analysis was repeated for
the direction from B to A.

It is evident that the 0-100m chainage (A1) for both A
to B and B to A directions was prioritized as needing

FIGURE 4. Chainage-wise weighted priority scores for every criteria (from
point A to B).

TABLE 13. Weighted normalised decision matrix.

the most immediate improvements. These rankings were
further validated using the SAW methodology, where the
BWM-generated criterion weights were multiplied with the
priority scores from Table 12, and final rankings were con-
cluded as shown in Table 16.

The rankings produced by the hybrid BWM-TOPSIS and
BWM-SAW methods showed complete similarity, indicat-
ing that both hybrid approaches corroborate each other’s
findings. This mutual reinforcement underlines the accuracy
of the current method in evaluating road safety, integrating
diverse expert opinions.
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FIGURE 5. Chainage-wise weighted priority scores for every criteria (from
point B to A).

TABLE 14. The positive ideal solution v+

j and the negative ideal solution
v−

j for every criteria.

TABLE 15. Euclidian distance and final ranking of chainages.

Figure 4 and Figure 5 graphically represent the weighted
priority scores for each 100-meter chainage in both direc-
tions, illustrating the prioritization of necessary improve-
ments. The results indicate the paramount importance of
implementing speed calming measures, particularly in the
0-100m, 300-400m, and 400-500m segments. Conversely,
the improvement of road surface quality (C6) was assigned
the lowest priority, indicating satisfactory conditions in this

TABLE 16. Weighted priority scores and Z values.

aspect. Experts, upon reviewing these findings along with the
videographic and photographic evidence, acknowledged the
potential of the current technique to serve as a robust decision
support system for road safety professionals and researchers.

V. CONCLUSION
This research culminates in establishing a robust Hybrid
Multi-Criteria Decision-Making approach, which
innovatively combines the Best-Worst Method (BWM), the
Technique for Order Preference by Similarity to Ideal Solu-
tion (TOPSIS), and the Simple Additive Weighting (SAW)
method, for prioritizing road safety improvements. The
approach’s application to a 500-meter road section, dis-
sected into five subsections and evaluated against eight road
improvement criteria, demonstrates its practical effectiveness
in a real-world setting. Results of the study underscore the
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nuanced prioritization capabilities of the proposed approach.
The BWM was instrumental in objectively determining
the weights of various safety improvement criteria, which
were then seamlessly integrated into the TOPSIS and SAW
methods. This integration yielded a comprehensive rank-
ing of the road subsections, highlighting specific areas that
require immediate attention. Notably, the study revealed that
improvements in speed calming measures, pedestrian facili-
ties, and roadside hazard mitigation emerged as top priorities.
These findings align with the current trends in road safety
management, emphasizing the need for targeted interventions
in these areas.

The validation of the approach through expert consulta-
tions and a comparative analysis with the standalone SAW
method further solidifies its reliability and applicability. The
concurrence of results from both the hybrid BWM-TOPSIS
and BWM-SAWmethodologies further indicates a high level
of accuracy and consistency in the approach. Further, the
results are shared with the selected experts with the elabo-
ration of proposed the framework as part of face validation
process [16]. The experts are highly convinced with ease
of application and interpretation of results provided by this
research. These aspects are particularly crucial for road safety
stakeholders who rely on precise and dependable practices to
formulate safety strategies.

The study’s analysis also revealed the dynamic nature of
road safety issues, underscoring the importance of a flex-
ible and adaptable decision-making framework. One can
utilize the potential of proposed framework over any selected
stretch and further divide the selected stretch into different
chainage and prioritize the chainage-wise safety improve-
ments quickly. The proposed approach addresses this need by
providing a scalable and versatile hybrid MCDM framework
that can be adjusted according to specific road safety scenar-
ios and requirements. Thus, this studymarks a step forward in
the journey towards safer roadways, offering a strategic tool
to reduce accidents and enhance the overall safety of road
users.

At present, this research considers all expert inputs to have
equal weight. This can be consider as limitation of present
study as the weight difference provided to every expert may
differ the results. It means that the present framework final-
ized criteria weights takes an arithmetical mean of every
expert’s individual consistent criteria weight. If some experts
are not satisfied with the arithmetic mean of the criteria
weight, it may create a conflicting situation. On the other
hand, a well-integrated and supportive team of experts may
be able to accept the final criteria weight computed through
the proposed approach, although it slightly differs from their
individual perspective of the road safety situation.

A mobile-based decision support application can be devel-
oped for road safety professionals based on the elaborate
research. This application may support the road safety audit
and improvement process at the time of the field visit. A team
of stakeholders may select the best and worst criteria within
the said application and provide the chain-wise priority score

for the successful evaluation. The future study in a similar
direction may consider more criteria for road safety improve-
ments andmay build amulti-level decision-making hierarchy.
Further work in a similar direction may provide different
weights to experts based on different criteria such as seniority,
field experience, etc. Also, Fuzzy-BWM can be combined
within future study to evaluate the criteria weights.

CONFLICT OF INTEREST
The authors certify that they have NO affiliations with or
involvement in any organization or entity with any financial
interest or non-financial interest in the subject matter or
materials discussed in this manuscript.

DATA AVAILABILITY
All data generated or analysed during this study are included
in this published article.

REFERENCES
[1] J. Wallenius, J. S. Dyer, P. C. Fishburn, R. E. Steuer, S. Zionts, and K. Deb,

‘‘Multiple criteria decision making, multiattribute utility theory: Recent
accomplishments and what lies ahead,’’ Manage. Sci., vol. 54, no. 7,
pp. 1336–1349, Jul. 2008.

[2] E. Zavadskas and Z. Turskis, ‘‘Multiple criteria decision making (MCDM)
methods in economics: An overview,’’ Technol. Econ. Dev. Econ., vol. 17,
pp. 397–427, Jun. 2011, doi: 10.3846/20294913.2011.593291.

[3] H. Gupta, ‘‘Assessing organizations performance on the basis of GHRM
practices using BWM and fuzzy TOPSIS,’’ J. Environ. Manage., vol. 226,
pp. 201–216, Nov. 2018, doi: 10.1016/j.jenvman.2018.08.005.

[4] S. Guo and H. Zhao, ‘‘Fuzzy best-worst multi-criteria decision-making
method and its applications,’’ Knowl.-Based Syst., vol. 121, pp. 23–31,
Apr. 2017, doi: 10.1016/j.knosys.2017.01.010.

[5] T. L. Saaty, ‘‘Priority setting in complex problems,’’ IEEE Trans. Eng.
Manag., vol. EM-30, no. 3, pp. 140–155, Aug. 1983.

[6] T. L. Saaty and M. S. Özdemir, ‘‘How many judges should there be in a
group?’’ Ann. Data Sci., vol. 1, nos. 3–4, pp. 359–368, Dec. 2014, doi:
10.1007/s40745-014-0026-4.

[7] P. Trivedi, J. Shah, D. Esztergár-Kiss, and S. Duleba, ‘‘Phase-wise
injury integrated severity modeling of road accidents: A two-stage hybrid
multi-criteria decision-making model,’’ Evolving Syst., Jan. 2024, doi:
10.1007/s12530-023-09563-4.

[8] S. Duleba, F. K. Gündoğdu, and S. Moslem, ‘‘Interval-valued spherical
fuzzy analytic hierarchy process method to evaluate public transportation
development,’’ Informatica, vol. 32, no. 4, pp. 661–686, Apr. 2021, doi:
10.15388/21-infor451.

[9] J. Rezaei, ‘‘Best-worst multi-criteria decision-makingmethod: Some prop-
erties and a linear model,’’ Omega, vol. 64, pp. 126–130, Oct. 2016, doi:
10.1016/j.omega.2015.12.001.

[10] A. Ghosh, P. Mal, and A. Majumdar, ‘‘Elimination and choice translating
reality (ELECTRE),’’ in Advanced Optimization and Decision-Making
Techniques in Textile Manufacturing, 1st ed. Boca Raton, FL, USA: CRC
Press, 2019.

[11] P. Trivedi and J. Shah, ‘‘Identification of road crash severity ranking by
integrating the multi-criteria decision-making approach,’’ J. Road Saf.,
vol. 33, no. 2, pp. 33–44, May 2022.

[12] M. K. Sayadi, M. Heydari, and K. Shahanaghi, ‘‘Extension of
VIKOR method for decision making problem with interval numbers,’’
Appl. Math. Model., vol. 33, no. 5, pp. 2257–2262, May 2009, doi:
10.1016/j.apm.2008.06.002.

[13] P. Trivedi and J. Shah, ‘‘Road accident hazard prevention by applying
the Haddon matrix,’’ in A System Engineering Approach to Disaster
Resilience. Singapore: Springer, 2022, pp. 247–257, doi: 10.1007/978-
981-16-7397-9_18.

[14] P. Trivedi, J. Shah, S. Moslem, and F. Pilla, ‘‘An application of the hybrid
AHP-PROMETHEE approach to evaluate the severity of the factors influ-
encing road accidents,’’Heliyon, vol. 9, no. 11, Nov. 2023, Art. no. e21187,
doi: 10.1016/j.heliyon.2023.e21187.

VOLUME 12, 2024 30063

http://dx.doi.org/10.3846/20294913.2011.593291
http://dx.doi.org/10.1016/j.jenvman.2018.08.005
http://dx.doi.org/10.1016/j.knosys.2017.01.010
http://dx.doi.org/10.1007/s40745-014-0026-4
http://dx.doi.org/10.1007/s12530-023-09563-4
http://dx.doi.org/10.15388/21-infor451
http://dx.doi.org/10.1016/j.omega.2015.12.001
http://dx.doi.org/10.1016/j.apm.2008.06.002
http://dx.doi.org/10.1007/978-981-16-7397-9_18
http://dx.doi.org/10.1007/978-981-16-7397-9_18
http://dx.doi.org/10.1016/j.heliyon.2023.e21187


P. Trivedi et al.: Hybrid BWM—TOPSIS Approach for Prioritizing Road Safety Improvements

[15] P. Trivedi and J. Shah, ‘‘Road crash severity ranking by applying a multi-
criteria decision-making tool: Analytical hierarchy process,’’ in Intelligent
Infrastructure in Transportation and Management, J. Shah, S. S. Arkatkar,
and P. Jadhav, Eds. Singapore: Springer, 2022, pp. 123–129.

[16] D. A. Patel, V. H. Lad, K. A. Chauhan, and K. A. Patel, ‘‘Devel-
opment of bridge resilience index using multicriteria decision-making
techniques,’’ J. Bridge Eng., vol. 25, no. 10, pp. 1–14, Oct. 2020, doi:
10.1061/(asce)be.1943-5592.0001622.

[17] L. Oubahman, S. Duleba, and D. Esztergár-Kiss, ‘‘Analyzing university
students’ mode choice preferences by using a hybrid AHP group-
PROMETHEE model: Evidence from Budapest city,’’ Eur. Transp. Res.
Rev., vol. 16, no. 1, Jan. 2024, doi: 10.1186/s12544-023-00626-w.

[18] S. R. S. Ganji, A. A. Rassafi, and A. A. Kordani, ‘‘Vehicle safety anal-
ysis based on a hybrid approach integrating DEMATEL, ANP and ER,’’
KSCE J. Civil Eng., vol. 22, no. 11, pp. 4580–4592, Nov. 2018, doi:
10.1007/s12205-018-1720-0.

[19] N. Khademi and A.-A. Choupani, ‘‘Investigating the road safety manage-
ment capacity: Toward a lead agency reform,’’ IATSS Res., vol. 42, no. 3,
pp. 105–120, Oct. 2018, doi: 10.1016/j.iatssr.2017.08.001.

[20] S. Nanda and S. Singh, ‘‘Evaluation of factors responsible for road acci-
dents in India by fuzzy AHP,’’ in Networking Communication and Data
Knowledge Engineering. Singapore: Springer, 2018, pp. 179–188.

[21] J. Ortega, S. Moslem, J. Palaguachi, M. Ortega, T. Campisi, and V. Torrisi,
‘‘An integrated multi criteria decision making model for evaluating park-
and-ride facility location issue: A case study for Cuenca city in Ecuador,’’
Sustainability, vol. 13, no. 13, p. 7461, Jul. 2021.

[22] D. Farooq and S. Moslem, ‘‘Evaluation and ranking of driver behavior
factors related to road safety by applying analytic network process,’’ Peri-
odica Polytechnica Transp. Eng., vol. 48, no. 2, pp. 189–195, Jun. 2019,
doi: 10.3311/pptr.13037.

[23] S. Sayadinia and M. A. Beheshtinia, ‘‘Proposing a new hybrid multi-
criteria decision-making approach for road maintenance prioritization,’’
Int. J. Quality Rel. Manage., vol. 38, no. 8, pp. 1661–1679, Dec. 2020,
doi: 10.1108/ijqrm-01-2020-0020.

[24] J. Zagorskas and Z. Turskis, ‘‘Location preferences of new pedestrian
bridges based on multi-criteria decision-making and GIS-based estima-
tion,’’ Baltic J. Road Bridge Eng., vol. 15, no. 2, pp. 158–181, Jun. 2020,
doi: 10.7250/bjrbe.2020-15.478.

[25] F. Yakar, ‘‘A multicriteria decision making–based methodology to iden-
tify accident-prone road sections,’’ J. Transp. Saf. Secur., vol. 13, no. 2,
pp. 143–157, Feb. 2021, doi: 10.1080/19439962.2019.1620392.

[26] M. A. Martins and T. V. Garcez, ‘‘A multidimensional and multi-
period analysis of safety on roads,’’ Accident Anal. Prevention, vol. 162,
Nov. 2021, Art. no. 106401, doi: 10.1016/j.aap.2021.106401.

[27] D. Farooq, S.Moslem, A. Jamal, F.M. Butt, Y. Almarhabi, R. F. Tufail, and
M. Almoshaogeh, ‘‘Assessment of significant factors affecting frequent
lane-changing related to road safety: An integrated approach of the AHP-
BWMmodel,’’ Int. J. Environ. Res. Public Health, vol. 18, no. 20, p. 10628,
Oct. 2021, doi: 10.3390/ijerph182010628.

[28] P. Sharma, J. K. Jain, P. Kallaa, and P. Kumar, ‘‘A study of multi criteria
decision analysis of accident data for Indian states,’’ IOP Conf. Ser.,
Earth Environ. Sci., vol. 796, no. 1, Jun. 2021, Art. no. 012036, doi:
10.1088/1755-1315/796/1/012036.

[29] A. Babaei, M. Khedmati, and M. R. A. Jokar, ‘‘A new model for eval-
uation of the passenger and freight transportation planning based on
the sustainability and safety dimensions: A case study,’’ Process Integr.
Optim. Sustainability, vol. 6, no. 4, pp. 1201–1229, Aug. 2022, doi:
10.1007/s41660-022-00272-0.

[30] F. Chen, Y. Zhu, J. Zu, J. Lyu, and J. Yang, ‘‘Appraising road safety
attainment by CRITIC-ELECTRE-FCM: A policymaking support for
Southeast Asia,’’ Transp. Policy, vol. 122, pp. 104–118, Jun. 2022, doi:
10.1016/j.tranpol.2022.04.014.

[31] D. Farooq and S. Moslem, ‘‘Estimating driver behavior measures related
to traffic safety by investigating 2-dimensional uncertain linguistic data—
A Pythagorean fuzzy analytic hierarchy process approach,’’ Sustainability,
vol. 14, no. 3, p. 1881, Feb. 2022, doi: 10.3390/su14031881.

[32] J. Zu, Z. Peng, and F. Chen, ‘‘Overseeing road safety progress using CV-
PROMETHEE II-JSS: A case study in the EU context,’’ Expert Syst. Appl.,
vol. 195, Jun. 2022, Art. no. 116623, doi: 10.1016/j.eswa.2022.116623.

[33] B. Yacheur, T. Ahmed, and M. Mosbah, ‘‘DRL-based RAT selection
in a hybrid vehicular communication network,’’ in Proc. IEEE 97th
Veh. Technol. Conf. (VTC2023-Spring), vol. 53, Jun. 2023, pp. 1–5, doi:
10.1109/VTC2023-Spring57618.2023.10199400.

[34] M. Elshahawy, N. A. Nabeeh, A. Aboelfetouh, and H. M. El-bakr, ‘‘Neu-
trosophic sets and systems neutrosophic model for vehicular malfunction
detection Neutrosophic model for vehicular malfunction detection,’’ Neu-
trosophic Sets Syst., vol. 53, pp. 139–154, 2023.

[35] Y. Li, S. Guan, X. Yin, X. Wang, J. Liu, I. N. Wong, G. Wang,
and F. Chen, ‘‘Measurement of road safety situation by CRITIC-
TODIM-NMF: A lesson system of legislation and regulation for the
United States,’’ Measurement, vol. 220, Oct. 2023, Art. no. 113333, doi:
10.1016/j.measurement.2023.113333.

[36] Y. Li, Y. Ding, Y. Guo, H. Cui, H. Gao, Z. Zhou, N. A. Zhang, S. Zhu,
and F. Chen, ‘‘An integrated decision model with reliability to support
transport safety system analysis,’’ Rel. Eng. Syst. Saf., vol. 239, Nov. 2023,
Art. no. 109540, doi: 10.1016/j.ress.2023.109540.

[37] M. M. Fawzy, A. S. Elsharkawy, A. A. Hassan, and Y. A. Khalifa,
‘‘Prioritization of Egyptian road maintenance using analytic hierarchy pro-
cess,’’ Int. J. Pavement Res. Technol., Jul. 2023, doi: 10.1007/s42947-023-
00351-6.

[38] J. Rezaei, ‘‘Best-worst multi-criteria decision-making method,’’ Omega,
vol. 53, pp. 49–57, Jun. 2015, doi: 10.1016/j.omega.2014.11.009.

[39] H. Ching-Lai and Y. Kwangsun, Multiple Attribute Decision Making.
Berlin, Germany: Springer, 1981.

[40] J. C. Harsanyi, ‘‘Cardinal welfare, individualistic ethics, and interper-
sonal comparisons of utility,’’ J. Polit. Econ., vol. 63, no. 4, pp. 309–321,
Aug. 1955, doi: 10.1086/257678.

[41] Manual on Road Safety Audit, document IRC:SP:88-2019, Indian Roads
Congr. (IRC), New Delhi, India, 2019.

[42] N. Ahmad, G. Hasan, and R. Karim, ‘‘Identification and prioritization of
stratergies to tackle COVID-19 outbreal: A group-BWM based MCDM
approach,’’ Appl. Soft Comput. J., vol. 111, pp. 107642–107654, Jan. 2020.

[43] S. Safarzadeh, S. Khansefid, and M. Rasti-Barzoki, ‘‘A group multi-
criteria decision-making based on best-worst method,’’ Comput. Ind.
Eng., vol. 126, pp. 111–121, Dec. 2018, doi: 10.1016/j.cie.2018.
09.011.

[44] K. Knaap and P. Albritton, ‘‘Multidisciplinary safety team (MDST) factors
of success,’’ Inst. Transp., Ames, IA, USA, Tech. Rep. 14-510, 2014.

PRIYANK TRIVEDI is currently pursuing the
Ph.D. degree in civil engineering with the Institute
of Infrastructure Technology and Management
(IITRAM), Ahmedabad, Gujarat, India. His pri-
mary research interests include road safety and
accident severity assessments. He is often invited
to provide guest lectures on road safety analysis
and transport safety based topics. Along with book
chapters and journal publications, he presented
multiple conference papers at various international

conferences based on his scientific interests. He is having six granted patents,
including one U.K.-based patent. He is also a recipient of an LMIC Scholar-
ship from the Australia’s Department of Infrastructure, Transport, Regional
Development, and Communications to present his research at ARSC 2021.
He is an Indian Green Building Council Authorized Professional (IGBC AP)
of the Confederation of Indian Industry (CII) and a Road Safety Auditor
accredited by the Ministry of Road Transport and Highways (MoRTH) in
India. In addition to his research, he is a part of road safety improvement
consulting initiatives, social works, and voluntary projects for the betterment
of society.

30064 VOLUME 12, 2024

http://dx.doi.org/10.1061/(asce)be.1943-5592.0001622
http://dx.doi.org/10.1186/s12544-023-00626-w
http://dx.doi.org/10.1007/s12205-018-1720-0
http://dx.doi.org/10.1016/j.iatssr.2017.08.001
http://dx.doi.org/10.3311/pptr.13037
http://dx.doi.org/10.1108/ijqrm-01-2020-0020
http://dx.doi.org/10.7250/bjrbe.2020-15.478
http://dx.doi.org/10.1080/19439962.2019.1620392
http://dx.doi.org/10.1016/j.aap.2021.106401
http://dx.doi.org/10.3390/ijerph182010628
http://dx.doi.org/10.1088/1755-1315/796/1/012036
http://dx.doi.org/10.1007/s41660-022-00272-0
http://dx.doi.org/10.1016/j.tranpol.2022.04.014
http://dx.doi.org/10.3390/su14031881
http://dx.doi.org/10.1016/j.eswa.2022.116623
http://dx.doi.org/10.1109/VTC2023-Spring57618.2023.10199400
http://dx.doi.org/10.1016/j.measurement.2023.113333
http://dx.doi.org/10.1016/j.ress.2023.109540
http://dx.doi.org/10.1007/s42947-023-00351-6
http://dx.doi.org/10.1007/s42947-023-00351-6
http://dx.doi.org/10.1016/j.omega.2014.11.009
http://dx.doi.org/10.1086/257678
http://dx.doi.org/10.1016/j.cie.2018.09.011
http://dx.doi.org/10.1016/j.cie.2018.09.011


P. Trivedi et al.: Hybrid BWM—TOPSIS Approach for Prioritizing Road Safety Improvements

JITEN SHAH received the Ph.D. degree from
the Transportation Engineering Planning Division,
Department of Civil Engineering, SVNIT, Surat,
India, in 2015. He is currently an Associate Pro-
fessor with the Department of Civil Engineering,
Institute of Infrastructure Technology and Man-
agement (IITRAM), Ahmedabad. He is also a
Coordinator of Student Startup Innovation Policy
(SSIP), incubation cell with IITRAM.His research
interests include vehicular and human behavior,

transportation planning, traffic facility design, and traffic flow modeling,
including non-motorized traffic. He was involved various consultancy work,
such as intersection design and road safety audit. He has several publications
to his credit in reputed international and national journals. He is a recipient
of the Gold Medal from Gujarat Institute of Civil Engineers and Architects
(GICEA). He is a Reviewer for the journals, such as Transportation Let-
ters, Taylor & Francis, Journal of Traffic and Transportation Engineering,
Transportation Research Record, TRB, and World Review of Intermodal
Transportation Research. He is also a member of renowned society/institute,
including the Transportation Research Group of India (TRG), Institute of
Urban Transportation, India, and the Institute of Engineers, India.

ROBERT ČEP is currently the Dean of the Faculty
of Mechanical Engineering, VSB-Technical Uni-
versity of Ostrava. He is a Researcher and a
Co-Researcher of more than 20 projects and grants
from various providers, such Technologyl Agency
of the Czech Republic, Czech Science Foundation
Ministry of Industry, Ministry of Education, Youth
and Sport all Czech and international. He has
close cooperation with many companies from the
region and beyond, which have resulted in more

than 50 of applied research and development results that are successfully
applied in companies (proven technologies, authorized software, and semi-
operation). He is also the co-author of two international and four national
patents. He trained 11 Ph.D. students and supervised over 100 bachelor’s
and diploma theses that were solved mainly for the application sphere. He
has authored and coauthored more than 130 papers in professional journals
and conferences with more than 1000 citations at SCOPUS.

LAITH ABUALIGAH received the degree in com-
puter information system and the master’s degree
in computer science from Al Al-Bayt University,
Jordan, in 2011 and 2014, respectively, and the
Ph.D. degree from the School of Computer Sci-
ence, Universiti Sains Malaysia (USM), Malaysia,
in 2018. He is currently an Associate Professor
with the Prince Hussein Bin Abdullah College for
Information Technology, Al Al-Bayt University.
He is also a Distinguished Researcher with the

School of Computer Science, USM. According to the report published by
Clarivate, he was one of the highly cited researchers, in 2021 and 2022, and
the 1% influential researchers, which depicts the 6,938 top scientists in the
world, and a first Researcher in the domain of computer science in Jordan,
in 2021. According to the report published by Stanford University, in 2020,
he is one of the 2% influential scholars, which depicts the 100,000 top
scientists in the world. He has published more than 350 journal articles and
books, which collectively have been citedmore than 12 500 times (H-index is
53). His research interests include arithmetic optimization algorithm (AOA),
bio-inspired computing, nature-inspired computing, swarm intelligence,
artificial intelligence, meta-heuristic modeling, optimization algorithms,
evolutionary computations, information retrieval, text clustering, feature
selection, combinatorial problems, optimization, advanced machine learn-
ing, big data, and natural language processing. He also serves as an Associate
Editor for the Journal of Cluster Computing (Springer), the Journal of
Soft Computing (Springer), and the Journal of Engineering Applications of
Artificial Intelligence.

KANAK KALITA is currently a prominent Pro-
fessor and a Researcher in computational engi-
neering, acknowledged among the Top 2% of
scientists, in 2023, by Elsevier-Scopus and Stan-
ford University. With over ten years of experience,
he has authored more than 135 Scopus articles
(including more than 80 SCI), edited more than
ten book volumes, and accumulated more than
1900 citations with an H-index of 24. He has deliv-
ered more than 20 expert lectures and he serves on

the editorial boards of esteemed journals, including Scientific Reports and
Frontiers in Mechanical Engineering. His research interests include machine
learning, fuzzy decision making, metamodeling, process optimization, and
composites. Proficient in Fortran, Python, MATLAB, and ANSYS, he has
developed various codes for finite element analysis and optimization algo-
rithms, making significant contributions to the field.

VOLUME 12, 2024 30065


