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�ree of the most important objectives of the Federal Road Police (Patrol) whenmanaging the traffic on federal roads in Brazil are
to ensure that there is an efficient movement of traffic under stable conditions and minimal traffic congestion problems that the
federal highways are safe and that accidents do not occur.�erefore, multiple matters are relevant for road safety and user security,
such as prompt maintenance of these highways, regular monitoring of their state of conservation and their characteristics;
controlling the traffic; and preventing and combatting criminal activities on the highways. However, considering the vast network
and different conditions of roads, the different types of traffic accidents and their consequences, and different levels of violence on
federal roads, it is essential that these roads undergo regular maintenance and regular inspections, are constantly patrolled, and are
subject to continuous improvements. �erefore, defining the prioritization and criticality of roads takes on the characteristics of
a multicriteria decision, given the multidimensional aspects of the risks inherent in them.�us, this paper presents a multicriteria
decision model for prioritizing road sections, based on their criticality and the risks that users face. �e model was applied using
the FITradeoff method, due to its flexibility and due to it requiring less cognitive effort from the decision-maker with regard to
providing information regarding his/her preferences. A case study was undertaken on a set of the federal roads of the state of
Pernambuco (Brazil), covering 22 different sections with different characteristics. As a result, it was possible to rank and identify
the most critical sections of a highway.�e use of FITradeoff gave support to decision-making on ordering the sections and also let
a general analysis of the data be undertaken.

1. Introduction

Worldwide, about 1.35 million people die every year in
traffic accidents [1]. Moreover, between 20 and 50 million
other people have some degree of physical or psychological
sequelae. In addition to the irreparable loss of human lives,
the sequelae and trauma of victims, and the immeasurable
impact on the families affected and on the communities in
which they live, the monetary costs of traffic accidents for
society as a whole are high. �e social and economic costs
amount to 3% of the gross domestic product (GDP) of all
countries in the world [2].

In 2016, deaths caused by traffic accidents rose by two
positions in the ranking of deaths from all causes due to the

increase in road accident fatalities, which, therefore, became
the eighth leading cause of death. �ere were 1.4 million
such deaths (2.5% of all deaths), and road accidents were the
leading cause of death among young people aged 15 to 29
years. In contrast, when only high-income countries are
considered, traffic fatalities are not among the top ten causes
of death, thus reinforcing how serious this possible cause of
death is for the 15–29-year-old age group, especially in low-
and middle-income countries [3].

In Brazil, tens of thousands of people die on roads and
tens of millions are injured or disabled every year. In 2015,
for instance, 38,651 traffic fatalities were recorded. Brazil was
ranked third among the countries with most traffic deaths in
absolute terms. When the ratio of the number of deaths to
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the total number of inhabitants is taken into account, Brazil
ranks 14th, with an average of 19.7 deaths per 100,000 in-
habitants [1].

Hence, the large number of traffic accidents makes them
the leading cause of adverse impacts on humans such as
death, injury, and hospitalization, resulting in high eco-
nomic and social costs. In 2014, approximately 170,000
traffic accidents generated a cost of R$ 12.3 billion for Brazil,
of which 64.7% were associated with the victims of such
accidents. �is included expenditure on health care and the
costs arising from loss of production due to injuries or death,
and 34.7% were related to vehicles, such as damage to public
and private property, loss of cargo, and the cost of removing
wrecked and damaged vehicles [4].

Intervening in the road system and making improve-
ments to the roads, in order to reduce the number of deaths
and injured victims and thus to reduce the damage and
losses from accidents, is a major challenge for transport
management and engineering. �erefore, studying the most
critical locations is an appropriate way to establish a policy
for improving safety levels on roads, thereby prioritizing
critical roads [5]. Furthermore, considering that resources
are limited, it is not possible to invest in all roads simul-
taneously, so the most critical roads must be targeted [6].

It is noteworthy that the issue of prioritizing road sec-
tions is not restricted only to issues related to traffic acci-
dents, since security issues also affect users of roads. Some of
the crimes that can occur within the jurisdiction of federal
highways are drug trafficking, arms trafficking, human
trafficking, smuggling, environmental crimes, theft of cargo
and theft of vehicles, and sexual exploitation of children and
adolescents. �erefore, in addition to traffic safety issues on
roads, the role of the Federal Road Police (FRP) in Brazil also
includes endeavoring to ensure that federal roads are not
used to support criminal activities such as the transport of
illegal drugs, arms, contraband, and people trafficking nor as
to the stage for crimes such as the hijacking of goods and
vehicles or hold-ups of long-distance buses and robbing
passengers. Similarly, another duty of the FRP is to identify
and arrest perpetrators of crime travelling on federal roads
in public or private transport including stolen vehicles. In
the first half of 2020, about 316 tons of marijuana and about
14 tons of cocaine were seized by the FRP in Brazil, cor-
responding to about 25% and 15% of all marijuana and
cocaine, respectively, seized in Brazil [7]. As to the hijacking
of trucks and the theft of cargo, these are crimes that have
been shown to be constantly increasing in Brazil, and the
FRP has had to devote more and more resources to combat
them. In fact, Brazil is one of the countries in which the
security of cargo is at the highest risk from criminal activity.
�e estimated direct cost of the theft of cargo to the Brazilian
economy is 442 million USD per year, an amount that has
been increasing in the last decade [8].

It is emphasized that some characteristics (condition/
state) of the roads can influence issues associated with crime
[9]. For example, drivers can avoid driving at certain times
on certain roads, for fear of being held up; certain conditions
of the road may also facilitate criminal activity, such as
having to reduce speed on sections of a road which is in

a poor state of repair; road sections that are not regularly
policed favor the circulation of narcotics, and raise issues
about the control of borders. Finally, when looking to im-
prove the “general conditions” of the road, the objective is to
reduce both accidents and criminal actions and thus to
improve safety in a more comprehensive way and from
a wider perspective than other countries in which the extent
of criminal activity on highways is considerably less in
volume and value than in Brazil.

One way to reduce the problems related to the costs and
severity of the consequences generated by road accidents is
by studying the most critical sites to establish a policy of
improving the level of safety on the roads, thus guiding what
priority to give to the most critical road sections. However, it
should be noted that this type of study involving the phe-
nomenon of road safety is complex and should involve
detailed aspects of the causality of accidents and injuries, not
only data on the number of occurrences. Road crashes are
a consequence of multiple factors, which are generally
grouped in relation to the infrastructure (road condition),
the vehicle, and the driver (human state of health and fitness
to drive) [10–15]. Additionally, given that this study ad-
dresses issues associated with the scope of the FRP, violence
on roads is considered to be another dimension that the FRP
must deal with. Such violence can be regarded as a form of
criminality, not only when there are acts of aggression and
physical assault but also when drivers are under the influ-
ence of alcohol and/or drugs or are otherwise incapable of
driving safely (e.g., truck drivers driving continuously for
longer than the law permits and falling asleep at the wheel,
a not uncommon occurrence). �erefore, this involves
a multidimensional concept that cannot be captured by
a single indicator, which implies that there is a multi-
objective feature to the problem [16–18]. It can be seen, from
this overview of the duties of the FRP, that traffic accidents
and violence on the roads compete for common resources,
for example, since the patrol that deals with traffic accident
issues also deals with criminality.

Given this structure, a multicriteria approach to deal
with this type of problem is frequently taken [6, 19–21].
Within the different approaches used in multicriteria
analysis, additive models stand out [22–25]. However, an
inherent difficulty when using these methods concerns the
elicitation of weights, given the cognitive effort required in
this process [19, 20, 24, 26, 27].

�us, this paper proposes using a multicriteria approach
to address the problem [21]. To this end, considering the
advantages that will be discussed below, the FITradeoff
(flexible and interactive tradeoff) method [24], widely used
in the literature [22–25, 28], was used to identify the most
critical road sections in the state of Pernambuco and to
indicate the amount of future investments needed in order to
improve road safety and security.

In view of the difficulty in the elicitation process,
a procedure must be chosen, which in addition to mitigating
the effort required in the process, also takes proper account
of the compensation among the criteria. In this respect, the
FITradeoff method [24] stands out because it offers a pro-
cedure of flexible elicitation of weights or scale constants
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based on the traditional axiomatic procedure of tradeoff
elicitation, which is one of the most used when considering
additive methods. However, unlike the traditional pro-
cedure, which takes into account the relationship of in-
difference, the FITradeoff also admits the relationship of
preference which makes the cognitive effort that the de-
cision-maker (DM) needs to make smaller, while, at the
same time, the possibility of inconsistencies regarding the
DM’s judgments is reduced [24].

�e article is structured as follows: in the related work
section, a literature review on assessing the conditions of
roads using a multicriteria approach is presented; in the
Materials and Methods section, a framework developed for
this application is presented and the FITradeoff method is
explained; the subsequent section is devoted to the Case
study which was used to analyze the decision problem that
prompted this study. �e Results and Discussion section
presents some insights about the results and some conclu-
sions are drawn in the last section.

2. Related Work

Given the complexity of studies related to the factors that
link accidents and road conditions, a multidimensional
analysis is often required. Hence, some authors use a mul-
ticriteria approach in order to analyze the multiple di-
mensions of the problem.

�e performance indicators of traffic safety are listed in
a global index and combined with linguistic descriptors that
are based on the knowledge of experts by a fuzzy TOPSIS
hierarchical model [16]. �e model proved to be useful
because it helps the general public to have a good un-
derstanding of the results, thereby supporting the desired
policy. �is was achieved by displaying several road safety
performance indicators in a single composite index together
with experts’ comments.

�is is also commented on by Tešić et al. [19], who used
data envelopment analysis (DEA) to assess the efficiency of
European countries in terms of traffic safety on the basis of
the following criteria: laws about driving and alcohol, speed
limits, and adequacy of protection systems (e.g., seat belts,
airbags, central reservation or protective barriers, condition
of vehicles, condition of roads, and provision of trauma
management). �e study highlighted the importance of
selecting indicators that have the greatest influence on the
outcome.�e result depends on the collection and quality of
data, on the method used and on the indicators. In addition,
the study pointed out that a greater number of indicators
provide a higher quality result so that DMs can precisely
define actions and identifying strengths and weaknesses. In
contrast, in practice, there is a need to use an index that has
a limited number of indicators that provide enough quality
to compare countries.

Fancello et al. [29] used a multicriteria ranking method
with the objective of comparing different road sections
regarding safety conditions. �erefore, an algorithm based
on the ELECTRE III method was used to rank road sections
in a real study case. Hence, the analysis of intervention
priorities was based on the final ranking. In a similar

approach, Fancello et al. [20] developed a decision support
system (DSS) for road analysis incorporating different in-
dicators. �eir main objective was to determine which
sections require interventions to improve safety conditions.
In multicriteria terms, concordance analysis was used. With
the objective of improving both previous methodologies,
Fancello et al. [6] combined two multicriteria methods
(VIKOR and TOPSIS) for comparison of the concordance
analysis. �ey used eight criteria based on traffic volume and
the geometrics of road sections.

Temrungsie et al. [27] used the analytic hierarchy process
(AHP) method as a tool for learning and prioritizing the
information that can prevent and reduce accidents. �e
subcriteria in the analysis of this study were framed into 4
main criteria: engineering, economic, socioenvironmental,
and safety. To collect the information necessary for the
method, a questionnaire was applied to 100 respondents
distributed in different expert groups.

However, still using the AHP method, Kanuganti et al.
[30] aimed at prioritizing safety requirements of a simple
additive weighting category of rural roads in India. �ree
different methods were analyzed for this purpose: simple
additive weighting, AHP, and fuzzy AHP.

In Khorasani et al. study [31], a multicriteria method for
assessing the safety performance of 21 European countries
was presented. �e evaluation of the countries was based on
a survey of 11 indicators and the simple additive weighting
method was used. To determine the weights, the entropy
method applied to the decision matrix was used.

Castro-Nuño and Arévalo-Quijada [32] presented two
multidimensional safety indicators that combine a set of
criteria related to the economy, demography, and sustain-
ability in urban transport. �ese indicators were used to
determine safety performance in 50 Spanish provinces.�us,
a multicriteria analysis using the PROMETHEE (Preference
Ranking Organization Method for Enrichment Evaluation)
method was applied along with the entropy method of
determining weights.

With the same aim of determining an aggregation index,
Rosić et al. [33] used different models with the aim of in-
creasing efficiency in generating a composite safety index in
relation to roads.�us, the authors based the construction of
their index on a combined analysis using DEA and TOPSIS
to present a model for selecting composite indicators by
using the PROMETHEE-RS method. Based on the same
idea, Chen et al. [34] presented a methodology for formu-
lating a composite index based on the TOPSIS–RSR entropy
methodology.

For Hermans et al. [35], the idea of building a composite
road safety indicator was used on the basis of a methodology
that applies ordered weighted averaging (OWA) operators.
Based on this approach, seven indicators were combined
into a single indicator for evaluating different countries. �e
weights of each indicator were determined by the relative
importance of each criterion by means of the AHP method.

In a broader context, Rodrigues et al. [36] presented
a road network classification model based on traffic acci-
dents integrated with a geographical information system. In
the model, an equation was defined to obtain a road safety

Mathematical Problems in Engineering 3



index based on the following indicators: severity, damage to
property only, and the costs of accidents. In addition to the
advantage of classification, the model enabled the analysis of
the spatial coverage of accidents with a view to determining
the location of regions with the highest accident rates.

In the context of expansion using a DEA model, Shen
et al. [37] presented a generalized multiple layer data en-
velopment analysis (MLDEA)model.�emodel was applied
to a case study that evaluated the performance of safety
measures in a set of 19 European countries and used 13
hierarchical performance indicators of safety.

Furthermore, there are several cases of road accidents
that have been attributed to human factors due to crime-
related activities. A high level of crime may affect road
transport in many different ways. For instance, police
pursuits of criminals; criminals holding up tourist buses and
private cars; intercity or interstate buses and private cars:
robbing drivers and passengers. [38]. �e study by Barreto
et al. [39] reported on criminality with regard to trans-
porting goods in Brazil, where the use of force, violence, and
threats to steal goods is most likely to occur on highways or
when trucks are parked at key locations on the way to the
distribution center.

In this relationship between crime and road safety, Brace
et al. [40] suggested that there is a direct correlation between (i)
the general negative behavior (e.g., involvement in antisocial
behaviors) and risky driving behavior; (ii) criminal behavior
and traffic offenses (specifically violence, theft and burglary and
recidivist/drink driving, and driving whilst disqualified); (iii)
risky traffic behavior contributing to a crash and the criminal
record of the perpetrator (particularly for violent crime,
vandalism, property crime, and involvement in drug or people
trafficking; (iv) involvement in crashes, drink driving, and
general criminal record of the perpetrator including theft, car
theft, drug and alcohol-related crimes, violence and property
damage.

2.1. )e Framework Proposed and the Method FITradeoff.
�e purpose of this section is to address the framework
applied to the case study and to discuss the method used.
Before presenting these, some issues need to be considered.

First, in a multicriteria decision context, a particularly
important issue to deal with is the DM’s preferential in-
formation. In this paper, the DM was judged to have
compensatory rationality and the model presented in the
next section incorporates a method suitable for this. As to
the DM’s rationality, it is important to understand the
meaning of the preferential information that the model
requires. In connection with this, two terms are commonly
used in the literature that refers to intercriteria parameters:
weights and scales constant. �e former represents the
relative importance of criteria and is suitable for non-
compensatory decisions. �e latter is more suitable for
compensatory decisions and represents not only the relative
importance but incorporates the scale information required
for the DM’s tradeoffs over the criteria. Nevertheless, in the
context of compensatory decisions, the term weights are
commonly used for the sake of linguistic simplicity [21]. So,

throughout this paper, when the term ‘weights’ is used, its
meaning is that of scale constants.

�e other issue, still in relation to the criteria weights,
concerns the choice of the FITradeoff method. As discussed
in the literature [26, 41–42], one of the difficulties in using
multicriteria methods to support real-life decisions is the
process of eliciting weights. Many methods require the DM
to provide the values of the weights directly, which often
results in imprecise information, which undermines de-
cision support. Although the methods using the trade-off
procedure have contributed to minimizing the difficulty of
the process of eliciting weights, much information is still
required from the DM. Unlike the traditional trade-off
procedure that takes into account the indifference relations,
the FITradeoff method admits preference relations, which
reduces both the cognitive effort that the DM needs to make
and the possibility of inconsistencies regarding the DM’s
judgment [24].�e procedure for eliciting criteria weights in
the FITradeoff method is more flexible does not require
direct information and requires less information from the
DM. In fact, simulations performed by Mendes et al. [43]
show that, in 5% of the cases, a unique solution can be found
after the criteria weights have been ranked using FITradeoff.
Also, in 98% of the cases simulated, the subset of potentially
optimal alternatives is reduced after the criteria weights have
been ranked.

2.1.1. )e Framework. In order to structure the application
of FITradeoff in the problem addressed, a framework was
developed based on de Almeida et al. [21, 44], based on other
real applications of the FITradeoff [25, 45]. �e framework is
presented in Figure 1.

�e first part of this framework consists of structuring
the problem, during which DMs and other actors in the
process are identified and objectives, criteria, and decision
alternatives are defined. In the problem addressed in this
article, the DM represents the Federal Road Police (FRP),
and the objective is to identify the most critical sections of
a high-traffic road, which is supervised by an FRP unit. �e
criteria were defined based on the objectives and the sections
to be evaluated by these criteria were identified from in-
formation obtained from the National Department of
Transport Infrastructure (NDTI) and also from qualitative
evaluations carried out by the DM.

�e objective of the second part is to obtain a ranking of
the sections in terms of their criticality and for that purpose
the FITradeoff method for ranking was used. Although the
method is detailed in the next section, it is emphasized here
that, it is applied in two stages. In the first stage, based on the
DM’s preferences, a ranking of the criteria weights is ob-
tained, and in the second stage, considering the DM’s
preferences with respect to the performance of some al-
ternatives, a ranking of the road sections is obtained.

�en, the method presents the results and the possibility
of carrying out some sensitivity analysis. Discussions were
held regarding the results, which was of great value since this
helped the DM to understand the tool in greater depth.
Further details about this are given in the discussion section.
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It is important to note that the framework is not a wa-
terfall model. Returning to previous steps is not allowed. In
fact, the return to previous steps due to the knowledge,
which was built up throughout the process, happened a few
times in this application. Also, the framework developed can
be replicated in supporting similar problems to the one
covered in this paper. �erefore, the criteria and alternatives
can be redefined, in addition to which the data used to carry
out the assessment of the alternatives can be obtained from
other sources.

2.1.2. FITradeoff for Ranking. �e decision model that we
present in this paper with a view to prioritizing sections of
Brazilian roads, according to the criticality related to several
aspects associated with the objectives of the institutions
responsible for the roads, is based on the method presented
by Frej et al. [23].

�e decision model calculates the criticality level of each
road section (v(RSi)) using the additive model, described in
the following equation:

v RSi( 􏼁 � 􏽘
m

j�1
wjvj RSij􏼐 􏼑, (1)

where RSi is a road section i, RSij is the finding about the
criticality of a road section i in criterion j, and wj is the scale
constant of criterion j and vj is the intracriterial function of
j, described in the following equation:

vj RSij􏼐 􏼑 �
RSij − RS−

j

RS+
j − RS−

j

, (2)

where RS+
j and RS

−
j are, respectively, the most critical and the

least critical findings among all road sections for criterion j.
�e FITradeoff method was proposed by de Almeida

et al. [24], based on the tradeoff procedure proposed by [46],
which has a strong axiomatic structure. �e FITradeoff
method, however, uses a flexible and interactive procedure
that allows the decision model to recommend the best al-
ternative to the DM without needing him/her to provide
information at a high cognitive cost. �is means that even

though the model receives incomplete information, it can
provide the DM with a soundly-based recommendation in
the context of the objectives set for a choice problematic
which does not require all the alternatives to be ranked.

For a ranking problem, however, the FITradeoff adapted
by [23] is more appropriate, as it incorporates the concept of
pairwise dominance.�us, it provides information that can be
used to obtain a partial or complete ranking, depending on
the information provided by the DM in a certain cycle during
the implementation of the model, so that he/she can be
satisfied with the recommendation provided. In other words,
even without a complete ranking, the DMcan be satisfied with
a partial one that informs him/her of the preferred re-
lationships for the alternatives of his/her greatest interest. �e
FITradeoff method for the sorting problem can be easily
implemented in a decision model using the FITradeoff
software which is available at http://fitradeoff.org/.

Initially, the FITradeoff method consists of ranking the
criteria according to the value of their scale constants. �e
criteria ranking step, in the FITradeoff software, can be
conducted by two procedures, the holistic evaluation and the
pairwise comparison procedure.

In the holistic assessment, the DM is faced with a ficti-
tious consequence, the outcomes of which in each criterion
are the least critical (RS−

j ). �en, the DM is asked which
criterion, assuming the most critical outcome (RS+

j ), would
increase the criticality of the consequence the most. In its
first statement, the DM identifies the criterion with the
highest scale constant. �en, by asking similar questions, the
remaining criteria are ordered so that the order shows which
one increases the criticality of the consequence the most
after those with a higher impact have been identified, thereby
completing the ranking of the criteria.

In the pairwise comparison procedure, two fictitious
consequences are presented to the DM so that he/she can
identify which is the most critical. Each consequence is
represented by the most critical outcome (RS+

j ) in one
criterion and the least critical (RS−

j ) in the other criteria, so
that, in the two consequences, the criterion with the most
critical outcome is different. According to equations (1) and
(2), the value of each consequence is the scale constant value

�e FITradeoff application

Apply step 
2 of 

FITradeoff

Define criteria
Characterise the 
DM and other 

actors

Identify
objectives

Identify road 
sections

(alternatives) 

Apply step 1 
of FITradeoff

Conduct 
sensitivity 

analysis of the 
results

Present and discuss 
results with DM

�e problem structuring

Figure 1: �e framework developed for the road section prioritization.
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of the criterion with the most critical outcome. When the
DM chooses the most critical consequence, this means that
the value of the scale constant represented by the chosen
consequence is greater than the value of the scale constant
represented by the other consequence, even though the value
of neither is yet known. �e rest of the ranking is obtained
from the DM’s answers to questions about similar pairwise
comparisons.

It is important to note that there is an important dif-
ference between the two procedures. �e holistic evaluation
is faster; as the DM only needs to provide m − 1 statements,
while in the ranking procedure by pairwise comparison, this
number can be much higher. However, the ranking pro-
cedure by holistic evaluation can be cognitively more dif-
ficult for the DM, since he/she must consider all the criteria
at the same time, especially when he/she defines which is the
criterion with the highest scale constant, in the first state-
ment. �us, the DM can choose the ranking procedure by
pairwise comparison if he/she does not feel comfortable
about ranking or able to rank the criteria by holistic
evaluation.

After ranking the criteria, the model seeks to find a rank
among the road sections. �e FITradeoff method, Frej et al.
[23], solves a linear programming problem for each pair of
alternatives (i, k), described by the following equations:

Max Ai, Ak( 􏼁 � 􏽘
m

j�1
wjvj Ai( 􏼁 − 􏽘

m

j�1
wjvj Ak( 􏼁, i≠ k, (3)

s.t.

w1 >w2 > · · · >wm, (4)

􏽘

m

j�1
wj � 1, (5)

wjvj xj
′􏼐 􏼑>wj+1, j � 1 tom − 1, (6)

wjvj xj
″􏼐 􏼑<wj+1, j � 1 tom − 1, (7)

wj ≥ 0, j � 1, 2, . . . , m. (8)

Equation (3) calculates the maximum difference in the
value between two alternatives Ai and Ak. In our model, the
alternatives Ai and Ak will be road sections. Equation (4)
represents the constraints related to the ranking between the
scale constants of the criteria. Equation (5) represents the
constraint that obliges the scale constants to be normalized.
Equations (6) and (7) define the maximum and minimum
limits of a scale constant, when compared to a partial value
of the scale constant immediately above in the ranking. In
ourmodel, initially xj

′ and xj
″ assume the values of (RS+

j ) and
(RS−

j ), respectively. Equation (8) represents the non-nega-
tivity constraint of the scale constants.

According to Frej et al. [23], three situations can occur
when comparing two alternatives using the FITradeoff re-
sults for ranking. If Max(Ai, Ak)< 0, then Ak dominates Ai.
If Max(Ai, Ak)< ε and Max(Ak, Ai)< ε, then Ai and Ak are

indifferent, considering the current weight subspace of the
problem. If Max(Ai, Ak)> 0 and Max(Ak, Ai)> 0, then Ai

and Ak are incomparable considering the current weight
subspace of the problem. By using the preference relations
obtained from the pairwise comparisons, the model can
obtain a partial or complete ranking of alternatives based on
the weight subspace obtained with the partial information
that the DM has provided.

If the DM is not satisfied with the information obtained
with the ranking of the criteria, the FITradeoff method for
ranking continues the flexible elicitation procedure. �is
presents the DM with two consequences in each cycle,
similar to the procedure for ranking the criteria by pairwise
comparison. However, in this step, in the consequence that
represents the criterion with the highest scale constant, an
intermediate outcome is presented, between the most and
least critical. �e DM can choose one of the consequences as
being the most critical, or he/she can declare indifference or
not answer the question if he/she does not feel able to or
prefers not to answer, thus moving on to the next question, if
it is still possible to explore the weight subspace.

If the DM chooses one of the consequences or declares
indifference, the current subspace of weights is reduced by
adjusting the vectors Xj

′ and Xj
″, and solving again the linear

programming problems described in equations (3)–(8).
�ese cycles are repeated. �e elicitation procedure ends if
the model finds a complete order, if the DM is satisfied with
the partial result or if it is not possible to obtain more in-
formation from the DM.

3. Case Study

�e model presented was applied to the problem of prior-
itizing sections of roads according to the criticality for action
planning by the Federal Road Police (FRP) in the state of
Pernambuco, Brazil. To do so, several road sections under
the jurisdiction of the FRP team were considered, so that by
identifying the most critical sections, the planning of actions
and investments could be better directed and consequently
dealt with in greater detail. As previously noted, it is
noteworthy that one of the FRP’s functions, besides en-
deavoring to ensure the safety of road traffic, is to be the
police force for the jurisdiction of federal highways, i.e., one
duty of the FRP is to prevent and combat crimes and vio-
lence that occur on these highways.

For the DM, among the objectives considered in the
problem that makes a road section critical are the damage
(impacts) to human beings resulting from traffic accidents,
issues related to violence/crime, and characteristics/condi-
tions of the road and its traffic. �erefore, several criteria j

were chosen, together with the DM, that assess the extent to
which these objectives have been achieved: c1: accident rate
(In); c2: index of accidents with fatal victims (IF); c3: index
of people with serious injuries involved in traffic accidents
(ISI); c4: index of people with minor injuries involved in
traffic accidents (IMI); c5: index of traffic accidents with
damage only to property (IDP), c6: percentage of heavy
vehicles in road traffic (such as trucks, buses) (%NHV); c7:
percentage of motorcycles in road traffic (%NMC); c8:
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Pavement characteristics/conditions (PAV); c9: Signaling
characteristics/conditions (SIN); c10: Characteristics of the
track geometry (GEO); c11: criminality (CRIM). �e cri-
terion C1 is related to the frequency of traffic accidents, c2 to
c4 are related to objective damage to human beings resulting
from traffic accidents. Furthermore, criterion C5 considers
the material losses resulting from a traffic accident. �e
criteria c6 to c10 are related to objective characteristics/
conditions of the road and its traffic, and finally, criterion c11
is related to the objective issues related to violence (crime).

It is important to highlight here the importance of the
decision-maker in a multicriteria decision problem since
issues that range from defining the decision criteria to
eliciting the parameters of the model are relevant to the DM.
In other words, the way that criteria are presented here are
appropriate for this case study, but that does not mean that
they will be relevant in any other problem. Eachmulticriteria
decision problem needs a structuring stage, represented by
the first stage of Figure 1. �e model presented has the
flexibility to adapt to other decision problems, and this
includes being used to elicit parameters for which the
FITradeoff method is used. It takes into account, partially or
totally, the criteria of this case study, as well as other criteria.

�e first seven criteria are continuous and quantitative
criteria, in order to measure the criticality of the roads. �e
DM wishes to maximize them because the DM wants to
identify which road section has the worst indices (or highest
values) that make them critical. �e indices described above
are calculated from equation (9) to equation (13) associated
with road section i.

In �
106ni

365(AADT)iLi

, (9)

IF �
106nFi

365(AADT)iLi

, (10)

ISI �
106nSIi

365(AADT)iLi

, (11)

IMI �
106nMIi

365(AADT)iLi

, (12)

IDP �
106nMDi

365(AADT)iLi

, (13)

where AADTi is the average annual daily traffic; Li is the
length of the road section i in kilometers; ni is the annual
number of accidents in section i; nFi

is the number of traffic
accidents with fatality victims; nSIi is the number of people
with serious injuries involved in traffic accidents related to
section i; nMIi is the number of people with minor injuries
involved in traffic accidents related to section i; nMDi

is the
number of traffic accidents with damage only to property.

Criterion c6 reflects issues associated with the risk of
heavy vehicles being involved in serious accidents and high
secondary accidents. As the demand for freight trans-
portation has increased in recent years, traffic agencies have

become more interested in monitoring the risk of heavy
vehicles being involved in accidents [47].

Criterion c7 reflects exposure to motorcycle accidents
since victims of accidents caused by motorcycles and
nonmotorized means of transport (bicycles and carts) have
higher accident rates with serious injuries on roads when
compared to other types of vehicles [48].

Criterion c8 (pavement) identifies the characteristics
of the road pavement, in which information about the
surface condition, speed due to the condition of the
pavement, and the presence of critical points are con-
sidered and are described on a nominal scale; criterion c9
(signage) identifies the presence and conditions of hori-
zontal signage (central and lateral lanes), vertical signage
(presence of speed signs, indication signs and intersection,
and visibility signs and legibility of all signs, which are
described on a nominal scale. In criterion c10 (road ge-
ometry), the conditions of the geometric characteristics of
the road are identified, subdivided into the type of road,
road profile, presence of additional lane, presence of
bridges and viaducts, presence of dangerous curves, and
condition the dangerous curve, which are described on
a nominal scale. For further details about the qualitative
scales of these criteria see CNT [49].

Finally, criterion c11 (criminality) considers the number
and the frequency and types of road crimes that fall under
the jurisdiction of the FRP. Table 1 presents the qualitative
scales of criteria from c8 to c11.

For the case study, 22 road sections are considered.
Table 2 shows these road sections, the average annual daily
traffic (AADT) of these sections, the length (L) of the road
sections in kilometers, and the performance of these sections
for the criteria considered.

On being given this information, initially, the DM was
informed about the questions that he would be asked and
what options of the answers he could provide. He was also
advised that he could return to previous phases if he so
desired. �e FITradeoff method was applied using software
downloaded from http://fitradeoff.org/.

�e DM was asked to rank the criteria using the holistic
evaluation, which is faster. However, he did not feel able to
do so due to the high degree of complexity of the problem,
the high number of criteria, and his inexperience of working
with multicriteria decision methods.

It is important to note that the FITradeoff software is
flexible. �erefore the procedure for ranking the criteria can
be changed. For this, it was decided to switch to the pairwise
comparison procedure for ranking the criteria, with which
the DM felt more comfortable, even though he would have to
answer more questions to reach the complete ranking of the
criteria when compared to the holistic evaluation. Figure 2
shows one of the steps of ranking the criteria by pairwise
comparison.

�e FITradeoff method asked the DM thirty questions to
rank the criteria. However, the DM had no difficulty in
providing the answers, so that despite there being a higher
number of questions, the procedure was considered quick
and clear. �e criteria were ranked as follows: CRIM>
IF>ISI>IMI>In>IDP>SIN>%NMC>PAV>%NHV>GEO.
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Table 2: Road sections data.

AADT L (km) IN IF ISI IMI IDP %NHV %NMC PAV SIN GEO CRIM

A1 4808 3 3.039 0.000 0.570 2.849 0.570 0.148 0.143 5 3 4 4
A2 5284 3 1.383 0.000 0.346 0.519 0.519 0.128 0.146 5 3 4 4
A3 4808 11 1.295 0.155 0.207 0.829 0.415 0.148 0.143 2 1 4 4
A4 5284 11 0.424 0.047 0.047 0.330 0.094 0.128 0.146 2 1 4 4
A5 4471 9 0.817 0.068 0.272 0.477 0.136 0.178 0.138 4 2 4 4
A6 4693 9 0.843 0.065 0.130 0.714 0.195 0.162 0.140 4 2 4 4
A7 4134 1 0.000 0.000 0.000 0.000 0.000 0.213 0.132 3 4 4 2
A8 4102 1 1.336 0.000 0.000 0.000 1.336 0.206 0.133 3 2 4 2
A9 4134 4 0.166 0.000 0.166 0.166 0.000 0.213 0.070 3 3 3 4
A10 4102 4 0.835 0.000 0.501 0.835 0.000 0.206 0.071 3 3 3 4
A11 4134 7 0.663 0.000 0.000 0.379 0.379 0.213 0.070 3 3 2 3
A12 4102 7 0.668 0.000 0.095 0.859 0.000 0.206 0.071 3 3 2 3
A13 4744 8 0.361 0.000 0.072 0.217 0.144 0.276 0.065 2 3 4 3
A14 4770 8 0.359 0.000 0.000 0.431 0.000 0.281 0.064 2 3 4 3
A15 4723 7 0.580 0.083 0.083 0.663 0.083 0.283 0.064 3 1 2 2
A16 4785 7 0.900 0.164 0.327 0.736 0.164 0.291 0.063 3 1 2 2
A17 2738 53 0.529 0.057 0.227 0.397 0.094 0.354 0.064 4 2 4 2
A18 2743 53 0.603 0.057 0.057 0.452 0.132 0.360 0.063 4 2 4 2
A19 5211 6 0.263 0.000 0.000 0.263 0.088 0.387 0.067 4 2 4 4
A20 5177 6 0.265 0.000 0.265 0.176 0.000 0.391 0.066 4 2 4 4
A21 4147 30 0.198 0.044 0.110 0.110 0.022 0.353 0.071 4 2 3 3
A22 3908 30 0.234 0.023 0.094 0.210 0.023 0.317 0.074 4 2 3 3

Figure 2: Pairwise comparison procedure for ranking the criteria using FITradeoff software.

Table 1: Qualitative scales of the criteria of pavement, signage, road geometry, and criminality.

Level Pavement (c8) Signage (c9) Road geometry (c10) Criminality (c11)

1 Very bad
conditions Missing signage in all (or almost all) the section Very bad geometric characteristics

of the road section
Very high level of

criminality

2 Bad conditions Missing signage in parts of the section. Damaged or
unclear signage in many parts of the section

Bad geometric characteristics of
the road section

High level of
criminality

3 Regular
conditions

Damaged or unclear signage in many parts of the
section

Regular geometric characteristics
of the road section

Moderate level of
criminality

4 Good
conditions

Damaged or unclear signage in some few parts of the
section

Good geometric characteristics of
the road section

Low level of
criminality

5 Very good
conditions Signage in all sections and is very clear Very good geometric

characteristics of the road section
Very low level of

criminality
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After ranking the criteria, the FITradeoff has already
provided partial information with only two ranked positions
for the alternatives (road sections); it has identified that A9
and A19 were the least critical, occupying the second po-
sition, while the other 20 alternatives were in the first
position.

�e DM considered that this information was in-
sufficient. �us, the second step of FITradeoff was carried
out for which the flexible elicitation procedure was used. In
this step, the DMwas asked to choose themost critical of two
consequences, similar to the first step. In this step, however,
the consequence that represented the criterion in a higher
position in the criteria ranking presented an intermediate
outcome between the least and the most critical. Figure 3
presents FITradeoff’s first question for the flexible elicitation
procedure, which, by comparing the first ranked criterion
with the last, seeks to identify the pattern of the distribution
of weights. �e subsequent questions compare adjacent
criteria in the ranking.

After the DM has provided each answer, the model
reduces the weight space according to the information
obtained and recalculates the ranking of the road sections
according to equations (3)–(8). Table 3 describes the first 13
questions of the flexible elicitation step. �e first, second,
and third columns show the outcome of the criteria rep-
resented by the two consequences presented to DM. �e
criteria are numbered by their position in the ranking. �e
fourth column shows the DM’s answer, and the last column
shows how many levels in the ranking of the road sections
have been defined by FITradeoff with the information
obtained.

After thirteen questions, the FITradedoffmethod defined
fourteen ranking levels with the information obtained. Al-
though the model did not provide a complete ranking, the
DMwas satisfied with the result provided after the thirteenth
question. Figure 4 shows the last question answered by the
DM.

�e results identified the ordered ranking of the six most
critical road sections, as well as the three least critical.
Figure 5 shows the Hasse diagram provided by the FITra-
deoff software, which presents the preference relations be-
tween the alternatives, as well as the ordering levels.

4. Results and Discussion

�e results presented by the model identified fourteen
ranking levels.�e first six positions in the ranking were well
defined. �e DM found the Hasse diagram quite enlight-
ening. According to Figure 5, the road section 16 (A16) is
considered the most critical. It can be seen from Table 2 that
this road section has the most critical outcomes for the
criteria of criminality and the index of accidents with fa-
talities. �ese are the criteria with the highest weights
according to the information obtained from the DM.

Despite the incomplete ranking, the DM found the clear
definition of the first six levels in the ranking very useful,

since these show the roads sections that should be prioritized
in future FRP actions.

Road sections 03, 21, and 22 occupy level seven in the
ranking. Although there is no clear definition of which road
section occupies the seventh level, the diagram shows the
preference relations that can be identified between the three
alternatives. �e DM considered that this was very useful.
�is was because, despite there being preference relations
defined for sections 21 and 22, the position itself had not yet
been determined because there was not enough information
to define the criticality of these road sections, when com-
pared to road section 03, with an incomparable relation,
within the information obtained until the thirteenth ques-
tion of flexible elicitation. �is also occurs at level 11, where
it is not possible to establish a preference relationship be-
tween road sections 02 and 04.

�e greatest lack of information, however, can be
identified in position 08, which are occupied by six road
sections (01, 05, 11, 12, 13, and 14). However, some relations
are defined. Many road sections occupy position 08 due to
the difficulty of comparing road section 01 with the other
ones which is considered incomparable with all other road
sections within this level in the ranking. It can also be seen
that with the level of information obtained, it was not
possible to establish a preferential relation among road
sections 05, 11, and 14.

�e DM, however, found the information provided by
FITradeoff quite useful, as in a practical decision, the
identification of the most critical road sections would be
sufficient to prioritize the most important actions and even
for lower positions in the ranking, although the information
is incomplete, nevertheless, it could guide decisions that are
considered less important.

�e DM considered it was very useful to have the
support of the analyst when using the software which he
found easy to understand. He also appreciated the software
being flexible. For example, the fact that it is possible to
change the procedure for ranking the criteria and to return
to previous steps. �e use of graphic visualization to support
the elicitation process was also considered one of the ad-
vantages in the process.

�e results obtained from FITradeoff software also
provided the possible weight values for each criterion
considered in the decision. �e limits that define the sub-
space of weights delimited by the information obtained up to
the thirteenth question are shown in Figure 6 and Table 4.
�ese are partial results from the FITradeoff software.

Note that there is a greater concentration of weights in
the criteria related to the objectives of combatting crime and
the index of accidents with fatal victims. It is important to
note that the scale constant does not only consider the
relative importance of the decision criterion but also in-
formation on the scale of the outcomes of the alternatives in
the problem. �is means that not only does the relative
importance of the criterion affect the value of its scale
constant but also the variation in performance between the
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Figure 3: �e first question for the flexible elicitation procedure using FITradeoff software.

Figure 4: �e last question for the flexible elicitation procedure using FITradeoff software.

Table 3: Data on road sections.

Pairwise assessment Consequence A Consequence B DM’s answer Ranking levels
1 3 of C1 2 of C11 A 2
2 3 of C1 0.164 of C2 B 2
3 0.082 of C2 0.57 of C3 Indifferent 4
4 0.0285 of C3 2.849 of C4 A 4
5 1.425 of C4 3.039 of C5 A 7
6 1.52 of C5 1.336 of C6 A 10
7 0.668 of C6 1 of C7 A 10
8 3 of C7 0.146 of C8 B 10
9 0.105 of C8 2 of C9 B 10
10 4 of C9 0.391 of C10 B 10
11 0.26 of C10 2 of C11 B 10
12 2 of C1 0.164 of C2 A 10
13 0.1425 of C3 2.849 of C4 B 14
14 0.712 of C4 3.039 of C5 B 14
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alternative with the lowest and the highest outcome. Scale
constants of criteria with a greater range can assume a higher
value.

�e information obtained on the criminality criterion is
related to the extent to which the FRP is commonly called for
due to the crimes in each section considered in the problem
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Figure 5: Hasse diagram of the preference relations between the alternatives, as well as the ordering levels provided by the FITradeoff
software.
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and the extent to which this varies between sections. If all
sections have an equally high or equally low level of crime,
the variation in crime between sections would not be large
and that would make the scale constant have a lower value.
�e criteria of pavements, signs, geometry, and crime are
constructed criteria, which means that it does not make
sense to analyze only the difference between classes for each
criterion, but what they mean for the DM, which has an
impact on the definition of the constant of scale. �e
meaning of the classes in these criteria for the DM is
considered in each step of the FITradeoff method.

Although the criteria related to the characteristics and
conditions of the road sections, C7 to C11 in the criteria
ranking have very low weights; it can nevertheless be seen
that together these criteria can significantly affect the crit-
icality of the decision, considering the information obtained
up to the end of the elicitation process. �is demonstrates
that the objectives represented by these criteria should not be
disregarded in the decision.

�e possibility of dealing with partial information is
another advantage of the model. Despite the problem having
eleven criteria, only thirteen questions were necessary before
obtaining a satisfactory result for the DM. Compared with
models that require complete information about weights and
indifference ratios, the DM would have to make at least ten
statements of indifference about the adjacent criteria in the
ranking. However, it is very difficult for the DM to provide
statements of indifference directly.

Considering another scenario that softens the process of
obtaining indifference, two approach questions, and a third
determination question for each indifference would be
asked, totaling 3(n − 1) statements from DM. In this case,
the DM would have to answer thirty questions to define all
weights.

When compared to these complete information ap-
proaches for obtaining weights, note that, in addition to the
model requiring the DM to provide fewer answers, the

questions are based mainly on strict preference relations,
which are easier to provide, resulting in a faster procedure
with fewer inconsistencies.

5. Conclusions

Traffic accidents, in addition to being responsible for one of
the biggest causes of death worldwide, represent a consid-
erable economic and social cost for countries, especially
middle-income countries. In Brazil, this situation is not
different. In 2015, it occupied the fourteenth position in the
world ranking that considers the ratio between the number
of deaths and the total number of inhabitants.

�e risk of accidents can be reduced by first identifying
the most critical locations and then establishing a policy to
improve the level of safety and security on the roads by
prioritizing the most critical road sections. In order to define
the most critical locations, it was noticed that several factors
influence traffic safety and road security, which causes the
problem to be characterized as a multicriteria problem.

After an analysis of the characteristics of the problem, in
terms of the decision actors, the data available, and the
objectives, the applicability of the FITradeoff method for
ranking the most critical road sections was presented as
a tool to support the decision.

Hence, a case study was carried out on 22 road sections
and 11 evaluation criteria. �e variety of criteria considered
by the DM well represents the diversity and multiplicity of
factors that affect the issue of road safety. �e criteria
considered included aspects associated with damage (im-
pacts) to humans, issues related to violence, and charac-
teristics/conditions of the road and its traffic.

FITradeoff was applied considering the DM’s preferences
which were obtained by analysing his answers to the system’s
questions. �e entire process was supported by the software.
As presented, after ordering the criteria weights, 2 levels of
the ranking were defined and after 13 interactions with the

Results
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Figure 6: �e limits that define the subspace of weights delimited by the information obtained up to the thirteenth question.

Table 4: �e limits that define the subspace of weights delimited by the information obtained up to the thirteenth question.

C1 (CRIM) C2 (IF) C3 (ISI) C4 (IMI) C5 (IN) C6 (IDP) C7 (SIN) C8 (%NMC) C9 (PAV) C10 (%NHV) C11 (GEO)

Min k 0.389 0.244 0.122 0.033 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Max k 0.552 0.338 0.169 0.081 0.039 0.019 0.009 0.009 0.009 0.009 0.009
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DM, 14 levels of ranking, and the 6 most critical sections
were identified.

�e criticality of road sections was represented through
a diagram that presents the rank according to the DM
objectives. �e definition of the six most critical road sec-
tions in a precise rank position is provided.

�e criticality of the road sections was represented by
means of a diagram that presents the ranking according to
the DM’s objectives. �e definition of the six most critical
road sections in an accurate ranking position provided the
DM with information that allows for proper planning of
future actions. Other road sections have an intermediate
position in the less defined rank, but still, provide the DM
with partial information that can contribute to the planning
of actions in sections considered less critical.

Given this result, the DM felt more confident in directing
the available resources (such as financial resources, work
team, vehicles, radar, and extrasignage) to prevent and
mitigate traffic accidents for the prioritized sections. �is
reflects the confidence that the DM has in the statements he
provided since themodel requires less information, and such
information is obtained by asking the DM questions that he
found easier to answer.

Future studies could usefully investigate improving the
decision model by examining the DM’s evaluation as to the
effectiveness and efficiency of using the resources available
on the different road sections prioritized. Normally, each
preventive/mitigating action directs “energy” towards
diminishing or eliminating some dimensions of conse-
quences, e.g., an action of the patrol system regarding the use
of police vehicles can reduce the level of violence (crimi-
nality). However, this may have little impact on the issues
associated with the road pavement, with a view to improving
road safety.
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urban road safety through multidimensional indexes: appli-
cation of multicriteria decision making analysis to rank the
Spanish provinces,” Transport Policy, vol. 68, pp. 118–129,
2018.
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