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Foreword

The present PhD thesis is an aggregation of published contributions related to the
application of multicriteria analysis to the evaluation of road projects at the design
stage. The aim of the two introductory chapters is to offer a synthesised and critical
presentation of the scientific contributions that constitute the PhD thesis. The com-
plete version of the journal articles and preprints are found in Chapters 3 to 6. In the
appendices, we also provide reprints of conference papers that are usually related to
one of the main contributions of the thesis.

This study was supported by the Operational Department of Economy, Employ-
ment and Research of the Walloon Region (Belgium), under the First DoCA financ-
ing program [number 1017209].
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Chapter 1
Problem description

1.1 Introduction

Constructing a road is a complex process that may be represented as a series of
correlated steps, from the planning to the construction and usage of the new road.
At the heart of this process, the preliminary and detailed design stages are key ele-
ments that will ensure the quality and the adequacy of the final solution regarding
the constraints and objectives of the project. In particular, infrastructure layout and
design will have a strong impact on the global performances of the road in oper-
ational conditions. Among them, road safety, mobility, environment preservation,
noise pollution limitation, economic feasibility and viability of the project, or even
its socio-economic impact at the local level. Consequently, it is crucial to offer engi-
neers and road planners some tools and methods that may assist them in designing
and selecting the most efficient solutions considering the distinctive features of each
design problem.

For that purpose, during the last decades, many European transport policies have
considered the improvement of road safety and the recognition of sustainable de-
velopment as the main challenges for the road sector. In 2001, the European Com-
mission published the White Paper on Transport Policy [38] in which many objec-
tives in favor of road safety were targeted, such as halving the overall number of
road deaths in the European Union by 2010. Recently, this challenging objective
has been updated and reinforced in the Road Safety Programme 2011-2020 [41].
The European action programme encouraged Member States to adopt national road
safety plans in order to cope with these objectives [103]. In particular, the defini-
tion of actions to improve road infrastructure and monitor road safety performances
were cited as essential topics. Moreover, with the concerns about the environment
and the move towards sustainable mobility, the European Commission published in
2008 the Greening Transport Package about strategies to apply in order to strive for
a transport system more respectful of the environment [40].
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Hence, balancing the safety of the road networks with sustainable concerns is
gradually becoming one of the main challenges faced by engineers and planners
of the road sector. However, despite an increasing and sustained political support
at the national and international levels, few methodologies have been developed to
support the preventive assessment of infrastructure projects regarding their safety
performances or sustainable nature. To the best of our knowledge, the situation is
particularly critical concerning the evaluation of road safety performances while it is
mainly done in a reactive approach from the analysis of accidents databases [59, 60].
In Belgium, an extensive black spot treatment programme has led to promising re-
sults regarding road safety improvement since 2000 [23] but it essentially consists
of curative analysis of the high accident concentration areas. Then, the preventive
analysis of road infrastructure from design parameters remains an unexplored re-
search area. Since then, the road design process mostly depends on the expertise
of the engineers and the selection of a solution is, most of the time, reduced to a
single-criterion decision problem (based solely on global costs).

In this work, a multicriteria analysis methodology is developed to carry out an
integrated and preventive assessment of road projects at the design stage by consid-
ering both their safety performances and some economic and environmental aspects.
Its purpose is to support design engineers in the analysis of their projects and the
identification of innovative, consistent and effective solutions. A block diagram of
the thesis methodology that is applied in this work is represented in Figure 1.1. It
is composed of two main research frameworks. On the one hand, the road design
problem is addressed by focusing successively on the structuring of the multicri-
teria problem, the identification of the approximate set of non-dominated solutions
using a genetic algorithm, and the application of the methodology to a real road de-
sign project. On the other hand, the methodological development of a multicriteria
interval clustering model was performed. Due to the applicability of this model to
the studied problem, the interactions between the two frameworks are also analysed.

The first framework of the proposed approach specifically analyses the road de-
sign process as a combinatorial optimisation problem that is structured in a mul-
ticriteria context. Due to the large size of real design problems and the particular
nature of the criteria, a multiobjective evolutionary algorithm is applied to identify
the non-dominated solutions. However, if decision making is feasible at this stage
in traditional bi-objective optimisation problems, the complexity significantly in-
creases with the number of criteria. To tackle this issue and support decision makers
in the understanding and the characterisation of their problems, it is worthwhile to
simplify them by using complementary models. This is precisely the aim of the con-
tribution that is developed in the second framework of the proposed approach. For
that purpose, a new extension of PROMETHEE to multicriteria interval clustering
was developed and analysed. The good results of the model stress the interest of
using such an approach to identify groups of similar solutions that support a partial
order and then to propose the Decision Maker (DM) a limited set of representative
elements. For simplification reasons, note that this step refers in the following of this
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Framework 1: Addressing the Multicriteria
Road Design Problem

Contribution 1

Structuring the mul-
ticriteria problem

Definition of the set of criteria
Introduction of the combina-
torial optimisation problem

Contribution 2

. . Framework 2: Multicriteria Interval Clustering
non-dominated solutions

Multiobjective evolution-
ary algorithm (NSGA-II)
Performance analysis of the solutions

Extension of PROMETHEE

1 Contribution 3
} to interval clustering

Definition of the PCLUST model
Validation (quality, convergence, stability)
Comparison with existing procedures

Contribution 4

Application to a practical example 3

Study of the secondary rural road N243a
Interpretation of the results

|
1 Identification of the 3

Fig. 1.1 Block diagram of the methodology developed in this thesis

manuscript to the action of simplifying the complex multicriteria problem. Finally,
the interval clustering model is applied to a practical example that is studied in the
fourth contribution of the thesis. The applicability of the global methodology to a
real case-study is then presented as a proof-of-concept.

This thesis presents a methodological contribution that aims to provide elements
of aresponse to the road design problem. Its main purpose is to structure and analyse
the problem in a context of multicriteria decision aid and multiobjective optimiza-
tion. However, considering that such real-world decision problems are by nature
very complex, the “strict” and precise solving of the road design problem goes be-
yond the scope of the proposed work. In sum, the methodological approach devel-
oped in this thesis can be illustrated by the following quote of Samuel Karlin from
the 117" R.A. Fisher Memorial Lecture, “the purpose of models is not to fit the data
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but to sharpen the questions”.

In the following sections, the list of abstracts of each contribution is given. Then,
the research question of this work is precisely described. In Chapter 2, a synthesis
of this thesis is provided. Each paper is first described by focusing on the main
results and conclusions. The hypotheses, limits and validation of each contribution
are then discussed and the general conclusions and perspectives are given. Finally,
the four contributions of the proposed thesis are available in the Chapters 3 to 6 of
this manuscript.

1.2 List of abstracts

Contribution 1: Structuring the multicriteria road design problem

This contribution is available in the Chapter 3 of this manuscript.

e Sarrazin, R. and De Smet, Y. (2011). A preliminary study about the application
of multicriteria decision aid to the evaluation of the road projects performance
on sustainable safety. In: Proceedings of 2011 IEEE International Conference
on Industrial Engineering and Engineering Management, pp. 727-732. (in Ap-
pendix)

e Sarrazin, R. and De Smet, Y. (2015). Applying multicriteria decision analysis
to design safe road projects. Accepted in: European Journal of Transport and
Infrastructure Research, vol. 15(4), pp. 613-634, ISSN: 1567-7141.

Abstract: Over the past decade, the improvement of road safety had been a major
issue in transport strategies in Europe. Simultaneously the concept of sustainable
development has become a key element in many strategic and operational policies
including the road sector ones. However, considering the design stage of road in-
frastructure, there are almost no methodologies that both quantify the road safety
performance of the project and consider its economic and environmental nature.
This study seeks to develop a preventive evaluation model based on a multicriteria
decision analysis. It would allow designers to assess the safety performance and to
evaluate some of the economic and environmental impacts of their road projects at
the design stage. To this intent, we have defined a set of 13 criteria which describe
the problem. The aim of this paper is to highlight the added value and limits of such
an approach. A case study is analysed in order to quantify these arguments. In par-
ticular, we apply the PROMETHEE-GAIA method to our problem and we conduct
a sensitivity analysis to prove the interest of using a multicriteria decision technique
in the context of road designing. A brief presentation of the current and future de-
velopments introduces the notion of Pareto frontier and its characterization with a
genetic algorithm. Finally, the conclusion and discussion point out the possibilities
and impossibilities of this research.
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Contribution 2: Identification of efficient solutions by using a multi-objective
evolutionary approach

This contribution is available in the Chapter 4 of this manuscript.

e Sarrazin, R. and De Smet, Y. (2015). Design safer and greener road projects by
using a multi-objective evolutionary approach. Accepted in: International Jour-
nal of Multicriteria Decision Making, 15(Z):xxx-yyy.

Abstract: Over the past few years, both recognizing sustainable development and
improving road safety have been main issues in policies for transport and mobility
in Europe. However, few methodologies have been developed to support actively
the road sector in the design of safer and greener roads. Consequently, this re-
search project aimed to develop a multicriteria analysis methodology to carry out
an integrated and preventive assessment of the road safety performances and some
sustainable aspects of road projects at the design stage. Due to the combinatorial
nature of design projects, we have investigated how an evolutionary approach, such
as NSGA-II, could help the engineers to identify efficient alternatives. The algo-
rithm was studied by means of well-known performance indicators. These showed
the quality of the solutions generated by the algorithm in terms of convergence and
diversity. In particular, the binary hypervolume indicator pointed out the quality of
the approximation set.

Contribution 3: Development of a multicriteria interval clustering model

This contribution is available in the Chapter 5 of this manuscript.

e Sarrazin, R., De Smet, Y. and Rosenfeld, J. (2014). An extension of PROMETHEE
to interval clustering. Technical Report TR/SMG/2014-009, CoDE-SMG, Uni-
versité libre de Bruxelles, December 2014.

Note. This paper has been submitted to the European Journal of Operational Re-
search in September 2015 after a major revision.

Astract: Multicriteria clustering techniques aim to detect groups of alternatives
evaluated on multiple criteria with similar profiles. The preferential partitioning of
the data set allows the decision maker to get a better understanding of the structure of
his problem. In this paper, we focus on the particular case of interval clustering. This
approach allows us to assign alternatives either in individual or interval clusters. To
this purpose, we develop a model based on the PROMETHEE I outranking method
and the FlowSort sorting procedure. We evaluate its performances on real-world
data sets regarding the convergence, the stability and the quality of the clustering.
In particular, we analyse the impact of three update functions and two initialization
strategies. This analysis has pointed out some promising results that we stress by
comparing the performances of the proposed model with the well-known k-means
procedure and the P2CLUST model.
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Contribution 4: Practical application to a case study

This contribution is available in the Chapter 6 of this manuscript.

e Sarrazin, R. and De Smet, Y. (2015). “Solving a multicriteria road design prob-
lem: a practical example”. In: Technical Report TR/SMG/2015-00X, CoDE-
SMG, Université libre de Bruxelles, September 2015.

Note. This paper has been accepted as a Chapter of the book Multiple Criteria
Decision Making: Applications in Management and Engineering (Springer) in
November 2015.

Abstract: Improving the safety performances of road infrastructures had been a
major issue in recent transport policies in Europe. Simultaneously the concept of
sustainable development has become a key element in many strategic and opera-
tional policies including the road sector ones. However, few methodologies have
been developed to support actively the road sector in the design of safer and greener
roads: road designing remains mainly a single-criterion decision problem based on
the global costs. This study seeks to develop a multicriteria methodology to carry
out an integrated and preventive assessment of road projects at the design stage by
considering both their safety performances and some economic and environmental
aspects. It would support design engineers in the analysis of their projects and the
identification of innovative, consistent and performing solutions. To this intent, we
consider road designing as a combinatorial optimisation problem to be solved in
a multicriteria context. For a given road project, we use an evolutionary approach
to identify efficient solutions. Then, we apply a multicriteria clustering technique
based on PROMETHEE to detect groups of similar alternatives that support a par-
tially ordered structure. We illustrate the methodology on a real design project of a
rural road infrastructure in Belgium.

1.3 Notations

In this manuscript, the following notations are considered.

e A=/{ay,...,a,} represents the set of actions (or alternatives) of the problem
F ={gl,...,g4} represents the set of criteria

P is the preference function associated to gx € F

qy 1s the indifference threshold associated to Py

Py 1s the preference threshold associated to Py

wy are the weights associated to each criterion g, € F

Kk ={C,C;,...,Cx } represents a set of K categories

6 (A, ) represents the clustering distribution of A in the categories of k
R ={ri,ra,...,r } represents the set of reference profiles

r; is the reference profile associated to the category C;

C; represents a principal category in the clustering distribution

C; j represents an interval category in the clustering distribution (i # j)
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1.4 Research question

In this thesis, the road design assessment problem is analysed within the method-
ological context of multicriteria decision analysis. This research question refers both
to the assessment of road infrastructure performances and to the study of real-world
decision engineering problems (i.e. the identification of best design alternatives for a
given road project). On the one hand, the road design problem was analysed by con-
sidering the preventive assessment of road safety and the integration of economic,
environmental and social aspects in the design process. On the other hand, the deci-
sion problem was addressed by developing a methodological approach that gathers
knowledge and material from the fields of multicriteria decision analysis, multicri-
teria clustering and multiobjective optimisation.

Consequently, the main objective of this thesis is methodological. It relates to
the analysis and the improvement of the road design problem by providing elements
that will objectify the decision process and by developing models that will support
the identification of performing and interesting solutions. Then, the added-value of
this work goes over the strict analysis of a practical case-study while it provides a
methodological framework for the analysis of complex decision engineering prob-
lems - including road design assessment.

In the following, the context of the research problem is described by focusing
successively on the road design problem, the scope of the approach and technical
assessment of road safety, and the consideration of the sustainable nature of roads
in the evaluation process. The main outcomes of the proposed approach are conse-
quently presented.

1.4.1 Road design and decision problem

Designing a road project is not an easy task. As introduced previously, it is a com-
plex process that is constituted of successive stages from the planning to the con-
struction of the new infrastructure project (cf. Fig. 1.2). The development of per-
forming and efficient solutions requires a strong technical expertise. Additionally,
it becomes more and more frequent to find in the project specifications some re-
quirements about the analysis of numerous external aspects. Among these aspects,
we may cite environmental impacts, economic performances and social values of
the project, travel safety and comfort, or even some societal and political aspects.
Consequently, the consideration of all these aspects increases significantly the com-
plexity of the road design process. On this basis, several research projects were
conducted during the last decades to assess the impact of some road design char-
acteristics regarding road safety [17, 44, 64, 74, 100], vehicle fuel consumption
[8, 110], mobility aspects and air pollution [18, 51], safety of pedestrians and cy-
clists [33, 45, 66, 72, 80, 84] or even noise pollution [82]. Nevertheless, in practical,



8 1 Problem description

most of these aspects are often neglected (or addressed separately) due to the lack
of tools that might conduct an exhaustive and integrated evaluation of road projects.

‘ 1. Planning | 7> ‘ 2. Pre-design (draft) ‘ - ‘ 3. Design (detailed) ‘ -+

R N
\A& Alt.1 QA& Alt.4
@ § y ::$

B

(R A
\\® ‘f‘{ ( Alt.2 \&/it.;
--------------------- . B _ B
V'i\{\\ poaes &

Fig. 1.2 Illustration of the design stage of an infrastructure project

Consequently, it is crucial to develop models and methods that will consider all
these topics simultaneously. Such approaches might assist engineers and road plan-
ners in the identification of the most efficient solutions considering the distinctive
features of each design problem. For this purpose, the use of multicriteria decision
analysis seems particularly interesting. Due to their flexibility, these methods are
applicable to many kinds of problems in decision engineering [6, 61, 69, 87, 91]
while they handle multiple criteria of different nature. Recently, the growing inter-
est of the road sector in the use of multicriteria decision techniques was pointed out
in a review paper that indexed approximately 300 contributions about the applica-
tion of multicriteria decision techniques in the field of infrastructure management in
1980-2012 [63].

From a more practical perspective, multicriteria decision analysis was recently
used for the design of the new Ax/A11 motorway project that will connect the Port
of Zeebrugge to the E40 and E34 motorways [21]. A limited set of alternatives were
considered for the entire trajectory and a multicriteria model was applied to com-
pare their environmental impacts (fauna and flora, geology), social aspects (noise
annoyance, expropriations) and mobility performances (access to the port and lo-
cal communities). This analysis has led to interesting results while it allowed the
design engineers to identify conception strategies that balance the interest of en-
vironment, public and economical stakeholders from the Zeebrugge area. However,
this approach might be criticized on the basis of the restricted number of criteria that
were considered and the sample of alternatives that were suggested by the engineers.

In France, the project A Safer Road with No Accidents was applied to a 23-km
main road between Yvetot and La Mailleraye in Seine-Maritime with the aim to
improve road safety significantly by avoiding severe accidents to occur [75, 76].
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Concretely, a multidisciplinary approach was applied to consider road safety aspects
at the design stage. The accident statistics of the road were analyzed, a diagnostic
of the infrastructure was established to prioritize the interventions and finally some
solutions were provided for straight sections of road and intersections. In particu-
lar, a multicriteria decision analysis was conducted to assess the performances of
the roundabouts with regards to road safety, road operations (time lost and saved,
overall increase in journey time, influence on traffic micro-flow) and environmental
aspects (fuel consumption, emissions, noise). Most of the indicators were defined
on the basis of in-situ measurements. The results of this project are particularly en-
couraging while no accidents have occurred in the sections of the project since 2010.
However, if this multidisciplinary approach provides inspiring outcomes regarding
the preventive assessment of road design projects, it remains project-specific. The
evaluation of the criteria requires an intensive collection of local data so that the
distinctive features of the project are analysed.

In this thesis, we have developed a methodological approach that aims to support
engineers and road planners at the preliminary design stage of a road infrastructure
(or pre-design stage in the Fig. 1.2). At this step of the design process, alternatives
are modeled by considering essentially their principal characteristics and general de-
sign options [71]. This preliminary stage corresponds to a macroscopic evaluation
of road design strategies so that the precise analysis of local features is not often re-
quired. The main methodological advantage of focusing on this stage of the design
process is that we can use general data and parameters to define global criteria that
would be applicable to a large range of road projects’.

Moreover, at the preliminary stage of a classical design process, a limited set of
alternatives is modeled. Depending on the size of the road project, the characteris-
tics of the roadside environment or the requirements of the specifications, engineers
usually propose between 5 to 15 alternatives to the stakeholders of the project. These
alternatives represent different design options such as alternative layouts, different
type of intersections or various cross-sections of the roadway. All the others design
elements are set by the engineers so that only a few configurations are compared.
Consequently, the preliminary design stage is still an subjective process that mainly
depends on the technical expertise of the design engineers.

Based on these observations, the proposed methodology was developed with in-
tent to meet two main objectives. First, we aim to conduct a multicriteria evaluation
of road design alternatives in order to enrich the design process and support the
identification of innovative and performing solutions (cf. Sect. 3.3.2). Secondly, we
propose to increase the set of alternatives to all the feasible solutions in order to
explore a larger set of design options and then to objectify the decision process (cf.
Sect. 4.4).

' As mentioned in the following section, the proposed methodology is appropriate for the assess-
ment of any secondary road project in rural areas
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1.4.2 Preventive assessment of rural road safety

In this work, the assessment of the performances of road alternatives at the pre-
liminary design stage refers both to technical and sustainable aspects. The tech-
nical performances are closely related to road safety while some environmental,
economic and social aspects tend to represent the sustainable nature of road infras-
tructure projects. The focus on road safety for the technical aspects is motivated
by the strong political support in favor of the reduction of road accidents fatalities
in the European road network by 2020 [23, 38, 39, 41, 57, 103, 107]. Road safety
improvement has then become a priority task for engineers and road planners in
Europe so that it is crucial to support them in the conception of performing and pre-
ventive infrastructures.

Nowadays, the institutional organisation of road safety in Europe is supported by
numerous programs, visions and strategies that define the objectives to reach and the
measures to apply to improve road safety [19]. Among the visions of road safety, the
Dutch concept of Sustainable Safety [1] and the Swedish Vision Zero [104] are prob-
ably the most famous examples while they inspired many national safety policies.
These two global concepts aim to avoid road crashes or to reduce the severity of the
accidents if they occur. These visions define the framework of a global road safety
system through guidelines and principles. However, they do not convey a specific
assessment of road infrastructure in relation to road safety.

The evaluation of the safety performances on an infrastructure is still mainly cor-
related to the analysis of accident statistics [59, 60], the identification and treatment
of black-spot areas [23, 86] or the ex-post evaluation of road projects [4]. Recently,
the RIPCORD-IiSEREST project had conducted an intense review of methodologi-
cal approaches that support a preventive assessment of road projects in relation to
road safety [36, 71]. In particular, the concepts of Road Safety Impact Assessment
(RIA) and Road Safety Audits (RSA) were presented. However, the RIA approach
refers essentially to accident prediction models while the RSA consists of an in-situ
evaluation of the road infrastructure at different stages of the project (cf. Fig. 1.3).

In the proposed methodology, we aim to develop a new approach for the preven-
tive assessment of road safety by evaluating the impact of numerous design parame-
ters and strategies at the preliminary stage. However, the relations between the road
design elements of an infrastructure and its road safety performances still remains
incomplete [103]. Consequently, the development of consistent road safety criteria
was a strong challenge that required an intense literature review and an important
stage of modeling and creation of data (cf. Sect. 3.3.2). To our knowledge, the pro-
posed set of road safety criteria is the first contribution in the field of preventive
road safety assessment while it refers to safety aspects such as visibility, protection
of vulnerable road users, quality of road surface materials, or even the adequacy of
the intersections. As a consequence, some improvements should still be made on
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Types of Road Safety Audits Grouped by Phase and Stage
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Fig. 1.3 Diagram of types of Road Safety Audits grouped by phase and stage [108]

the criteria and the proposed set must be seen as a proof-of-concept.

In addition, the scope of the proposed methodology covers the evaluation of sec-
ondary roads in rural areas. Indeed, when addressing the problem of road safety as-
sessment, it is important to differentiate urban and rural roads while they have very
different characteristics. In urban areas, high density of traffic and road functions are
encountered, a wide range of transport modes are represented, and the roadside en-
vironment is highly heterogeneous [103]. In rural areas, the average operating speed
is significantly higher while the traffic volumes are lower, but the road environment
is constituted of changing situations and inconsistent design characteristics” [84]. In
addition, rural roads are characterized by strong speed variation among users due to
the presence of slower modes such as buses, trucks, agricultural vehicles or even bi-
cyclists. Consequently, rural road accidents are closely related to inappropriate and
excessive speeds and unsafe design configurations. Rural road safety is then com-

2 Inadequate visibility distance, narrow road lanes or shoulders, dangerous obstacles along the
roadway, etc.
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pletely different than urban road safety so that it requires a separate management
approach.

1.4.3 Consideration of the sustainable nature of roads

As mentioned previously, the preventive assessment of road safety at the prelim-
inary design stage constitutes already a promising added-value for the engineers
and road planners. In addition, the use of a multicriteria decision aiding approach
may support the project stakeholders in the evaluation, the understanding and the
comparison of their solutions regarding road safety. However, due to the collective
nature of road infrastructures and their multiple impacts on their surroundings, the
assessment of road project cannot be limited to technical aspects only.

During the last decades, numerous research papers and technical reports were
published and pointed out the growing interest of the road sector in the analysis
of these external aspects. They refer notably to life-cycle assessment of road pave-
ments [55, 92, 102] and lighting equipments [98], the interactions of environmental
and safety measures for road transportation [68], the evaluation of the environmen-
tal efficiency of the road transport system [2, 56], noise disturbance [7, 82], land
use or preservation of the soil quality and the water balance [77] or even the social
impact assessment of roads [35, 97].

Based on these observations, the proposed methodology integrates the evaluation
of some environmental, social and economic criteria. They were selected on the
basis of their correlation with the road design problem. Concretely, we focused on
the aspects that were directly related to design options and infrastructure parameters
(e.g. the global costs of the road project, the emissions and noise pollution due to
the road pavements and road layout, etc.). Then, if the proposed set of criteria only
represents a partial vision of the sustainable nature of roads, we assume that it might
still give decision makers an interesting outcome to enrich the decision problem at
the design stage. In particular, it might allow engineers and road planners to support
the selection of more social or environmental-friendly alternatives and to motivate
this choice to the stakeholders with robust and quantitative arguments.

1.4.4 A support to engineers and road planners

To conclude, the proposed methodology that is developed in this thesis can be seen
as the methodological framework for the preventive and multicriteria analysis of
road alternatives at the design stage. This innovative approach may enrich the pre-
liminary design process by increasing significantly the number of alternatives to be
compared and by evaluating them on multiple criteria related to road safety and
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some environmental, social and economic aspects.

Additionally to the technical support that the proposed methodology may pro-
vide to the design engineers, such a methodological framework may also improve
the communication with the stakeholders and the promotion of new and striking so-
lutions. In particular, by integrating the preferences of different stakeholders in the
multicriteria decision model, different profiles of alternatives could arise so that the
best compromise between the actors of the project could be identified.






Chapter 2
Synthesis

2.1 Brief overview of the contributions

In this section, a brief synthesis of the thesis is provided. Each paper is described by
focusing on the main results and conclusions.

2.1.1 Structuring the multicriteria road design problem
(Contribution 1)

This contribution is available in the Chapter 3 of this manuscript. A preliminary pa-
per that was submitted in the Proceedings of the IEEE conference is also available
in the Appendix.

Sarrazin, R. and De Smet, Y. (2015). Applying multicriteria decision analysis to
design safe road projects. Accepted in: European Journal of Transport and In-
frastructure Research, vol. 15(4), pp. 613-634, ISSN: 1567-7141.

As mentioned in the introduction, considering sustainable development and im-
proving road safety have been two majors concerns in mobility and transport poli-
cies in Europe over the last decades. Several reports and directives were published
by the European Commission about the improvement of the safety level on the Eu-
ropean road network and strategies to apply in order to strive for a transport system
more respectful of the environment. In Belgium, the Federal Commission for the
Road Safety was formed in 2002 with the intent to fulfil the European objectives.
During the last decades, several initiatives have been launched so that actions and
campaigns have been conducted to make the road users sensitive to road safety is-
sues. In Wallonia, the government reaffirmed its willingness to promote sustainable
mobility for every road users in its declaration of regional policy for the period
2009-2014. However, despite an increasing and sustained political support at the

15
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national and international levels, the assessment of the road safety performance of
an infrastructure is still essentially based on reactive approaches. Additionally, the
quantification of the sustainable nature of road projects is not systematically pro-
vided at the design stage neither supported by integrated methods or guidelines.

As a consequence of this observation, this contribution relates to the structuring
of the multicriteria road design problem. In particular, we aim to conduct a preven-
tive assessment of road design alternative with regards to safety performances and
some sustainable concerns. In order to do this, a new technical approach of sustain-
able road safety is defined and a complete set of 12 different criteria is developed
(cf. Table 2.1). They are completely described in the Sect. 3.3.2 of the third chapter.

Table 2.1 List of criteria that represent the concept of sustainable road safety

Dimension Code Name

Infrastructure INF1 Visibility of the infrastructure
Infrastructure INF2 Road design and road safety equipment
Infrastructure INF3 Quality of the road pavement materials
Infrastructure INF4 Protection of the vulnerable roads users (VRU)
Infrastructure INF5 Intersections

Infrastructure INF6 Safety on road works

Services SRV1 Information and intervention services®
Environmental ENVI1 Reduction of greenhouse gases emissions
Environmental ENVI2 Limitation of noise pollution

Social SOCl1 Ensure mobility of all

Economic ECO1 Limitation of the construction costs
Economic ECO2 Limitation of the maintenance costs

“ Due to the complexity of this topic, the criterion was finally not developed

From a methodological point of view, the definition of this set of criteria was a
strong challenge. It required to respect the constraint of using exclusively data and
parameters that are available at the design stage. Among the parameters that may not
be used at this stage, we may cite the real traffic volumes and composition resulting
from counting campaigns, the operational speed on the roadway, accident statistics,
in situ pavement assessment data, data from noise measurement campaigns, etc. At
the same time, it was crucial to ensure the precision of the criteria evaluation to
support the identification of discriminated and efficient solutions. For that purpose,
an important stage of creation and modeling of data was necessary. The key factors
and parameters related to each criterion were then identified.

The application of the proposed multicriteria model to an illustrative case study
has shown the interest of using such an approach (cf. Sect. 3.4). A simple road
design problem was considered so that 10 different alternatives were defined and
evaluated on a restricted set of 6 criteria due to the nature of the problem and the
availability of the data. We applied the PROMETHEE II method to characterise the
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problem and identify performing solutions. It allowed us to observe the diversity
of profiles among the best solutions and the relative robustness of the final ranking
regarding the preferences of the DM.

2.1.2 Identification of non-dominated solutions (Contribution 2)

This contribution is available in the Chapter 4 of this manuscript.

Sarrazin, R. and De Smet, Y. (2015). Design safer and greener road projects by
using a multi-objective evolutionary approach. Accepted in: International Jour-
nal of Multicriteria Decision Making, 15(Z):xxx-yyy.

Once a complete set of criteria has been developed, the next step was to identify
all efficient solutions of the problem. However, due to the combinatorial aspect of
the road design problem and the nonlinear nature of the criteria, the development
of an exact algorithm seemed to be unrealistic. In this contribution, we have studied
how the use of a multiobjective evolutionary algorithm may help in the identifica-
tion of Pareto optimal solutions.

We used the multiobjective evolutionary algorithm NSGA-IIL. It is presented in
the Sect. 4.4.2 of the fourth Chapter of this manuscript. The main idea of this genetic
algorithm lies in the iterative improvement of a limited subset of solutions by apply-
ing successive crossover and mutation operations. When the model converges, the
set of non-dominated solutions is finally identified. Table 2.2 contains the results of
the simplified problem introduced in the Section 4.4.1 of the Chapter 4. The initial
population was composed of 50 alternatives randomly selected and 50 generations
have been conducted in NSGA-II. A limited set of 8 criteria has been considered.
The respect of the maximum width available was set as the only constraint of the
model. At the end of the process, we observe that 186 non-dominated solutions have
been identified. Considering the size of the population and the number of genera-
tions, we finally analysed a problem of 2500 solutions which corresponds to only
0.1% of the complete set. This remarkable reduction of the decision space points out
the strong interest of using a multiobjective evolutionary approach to handle road
design problems.

The interesting results shown in Table 2.2 illustrate the utility of using a mul-
tiobjective evolutionary algorithm to characterise the properties of the problem. It
allows us to identify an approximate set of non-dominated solutions in a limited cal-
culation time, so that it is particularly efficient when dealing with large and complex
decision problems. However, it is crucial to analyse the quality of the approximate
set at the end of the evolutionary process in order to ensure the reliability and va-
lidity of the final results. To this purpose, we analysed the properties of the design
space and the quality of the approximate set of non-dominated solutions by using
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Table 2.2 Amount of Pareto solutions obtained after applying NSGA-II

Variables Values Description (unit)

alt 2350080 Total amount of feasible alternatives

initial_pop 50 Size of the initial population for NSGA-II

gen 50 Number of generations in NSGA-II

time 25.8 Time required to compute the Pareto frontier (s)
pareto_sol 186 Size of the approximate Pareto front

performance indicators. We used classical indicators from the literature in order to
evaluate the convergence of the model (cf. Sect. 4.5.1), the diversity of the non-
dominated solution set (cf. Sect. 4.5.2) or both convergence and diversity (cf. Sect.
4.5.3) [99].

The evaluation of the model with performance indicators allowed us to describe
the properties of the design space. In particular, we verified that the solutions of
the approximate set were both well-performing and diversified. This demonstrates
the methodological interest of applying the NSGA-II algorithm to our multicriteria
problem. To conclude, let us note that the aim of this contribution was neither to
parametrise completely the multiobjective evolutionary algorithm nor to identify
the most efficient one regarding the nature of the problem, but to present a proof
of concept that demonstrate the interest of using such an approach in road design
assessment (cf. Sect. 4.6).

2.1.3 Development of an interval clustering technique
(Contribution 3)

This contribution is available in the Chapter 5 of this manuscript. Note that this pa-
per has been submitted to the European Journal of Operational Research in Septem-
ber 2015 after a major revision.

Sarrazin, R., De Smet, Y. and Rosenfeld, J. (2014). An extension of PROMETHEE
to interval clustering. Technical Report TR/SMG/2014-009, CoDE-SMG, Uni-
versité libre de Bruxelles, December 2014.

When dealing with large multicriteria problems with several criteria, the nature
of the Pareto front may be so complex that decision making can be very difficult
(even impossible). To tackle this issue and support the DM in solving their multicri-
teria problems, it is crucial to simplify the decision process. In this contribution, we
developed the PCLUST model that is an extension of the PROMETHEE method to
interval clustering (cf. Sect. 5.2.3).
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The proposed model is based on the principles of FlowSort (cf. Sect. 5.2.2) and
PROMETHEE methods (cf. 5.2.1). It is completely described in the Sect. 4.3 of
the present manuscript. The aim of this model is to solve a multicriteria clustering
problem by defining a set of categories k* that could be divided in two groups: the
principal categories C; and the interval categories C; j, Vi, j € {1...K} and i # j. The
principal categories are ordered and respect the dominance condition (cf. Condition
1 in Sect. 4.2.2) while the interval categories C; ; are located "between” the princi-
pal categories C; and C;. Considering the preference relation of PROMETHEE, it
means that the profile 7; ; is incomparable with 7; and ;.

In this contribution, we have studied the impact of three different update func-
tions (cf. Sect. 5.3.3) and two initialization strategies (cf. Sect. 5.3.1) on the final
distribution of the clustering. The validation of the model was conducted on two
structured data sets from the literature, as described in Sect. 5.4. In particular, we
analysed the quality of the clustering distribution (cf. Sect. 5.4.1), the convergence
of the model (cf. Sect. 5.4.2) and the stability of the clustering procedure (cf. Sect.
5.4.3). Interesting results were globally observed.

So, we decided to compare the performances of the proposed model with the
well-know k-means procedure [9, 11, 65] and the P2CLUST model [24] that is
the first extension of PROMETHEE 1I to totally ordered clustering. The results are
shown in the Section 5.5. In particular, we observed particularly good results of the
PCLUST model with regards to the quality and stability of the clustering distribu-
tion. As regards the convergence of the model, PCLUST obtains acceptable results
even if it requires slightly higher calculation time in comparison with the P2CLUST
model.

In the field of decision aid, the proposed interval clustering model seems to bring
an interesting added-value to support the solving of particular multicriteria prob-
lems. Indeed, the interval categories give a different information compared to the
principal categories. The particular nature of the interval categories may help the
DM to identify alternatives with a singular profile. In real-world multicriteria prob-
lems such as the road design problem, we assume that the data distribution promotes
the use of multicriteria interval clustering.

2.1.4 Practical application to a case study (Contribution 4)

This contribution is available in the Chapter 6 of this manuscript. This paper has
been accepted for publication as a Chapter of the book “Multiple Criteria Decision
Making: Applications in Management and Engineering” (Springer) in November
2015.

Sarrazin, R. and De Smet, Y. (2015). “Solving a multicriteria road design prob-
lem: a practical example”. In: Technical Report TR/SMG/2015-00X, CoDE-
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SMG, Université libre de Bruxelles, September 2015.

The final contribution of this work relates to the application of the complete
methodology to a practical case study. The main aim was to illustrate practically
how the proposed methodology could assist decision makers in addressing the road
design problem. The case study we have analysed concerns the reconstruction of the
national road N243a in the rural area of Walhain in Belgium. Its complete descrip-
tion is given in the Sect. 6.4.1 of the Chapter 6.

In order to solve the road design problem of the N243a, we applied successively
the multiobjective evolutionary algorithm and the interval clustering model that we
introduced in the previous contributions. First, we defined the parameters and con-
straints of the project in order to support the definition of the alternatives of the mul-
ticriteria problem (cf. Sect. 6.4.1). Next, we used the NSGA-II algorithm to identify
an approximate set of non-dominated solutions (cf. Sect. 6.4.2). Finally, we handled
the solving of the multicriteria decision problem by using the PCLUST model (cf.
Sect. 6.4.3).

The application of the multiobjective evolutionary algorithm to the design prob-
lem of the N243a rural road allowed us to identify an approximate set of 169
non-dominated solutions among more than 2 x 10° possible designs. To support
the DM in the identification of the alternatives that would be the most perform-
ing and adapted to the constraints and distinctive features of the project, we used the
PCLUST model. We arbitrarily set the number of clusters to k = 10. Table 6.5 shows
the evaluations of the reference profiles of each principal category of the clustering
structure. The complete clustering distribution is available in Sect. 6.4.3. A good
distribution of the solutions within the different clusters was globally observed.

Table 2.3 Objective functions values of the reference profiles r; (k = 10)

| INF1 INF2 INF3 INF4 INF5 ENVII ENVI2 ECOI

r 1.000  0.162 1.852 5.627 1.000 42552 2.6957 7,14 x10*
r 1.000  0.173 1.852 5.671 1.000 42582 2.6957 9,99 x 10*
r3 1.000 0.176 1.852 7.000 1.000 42653 2.6957 1,36x 103
4 1.109 0211 1.852 11.000 1.066 42659 2.6957 1,67 x 103
rs 1205 0256 1.852 23.538 1.154 42670 2.6957 1,99 x 10°
76 1421 0282 1852 28667 1316 42685 2.6957 2,17 x10°
7 1.556  0.341 1.852 33579 1.833 42696 2.6957 3,25x 107
rg 1.667 0343 1.859 40.125 2.000 42697 2.6957 4,62x 107
) 2.000 0.388 1.880 40.750 2.000 42703 2.6998 4,91 x 10°
10 2.152 0491 2.083 45.112 2.000 42710 2.7098 1,27 x 10°
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The analysis of the Table 6.6 indicates that several design options were repre-
sented. The local and variable parameters of the N243a design project are described
in Tables 6.1 and 6.2 in the Section 6.4.1 of the related contribution. When fo-
cusing on the roadway lanes (width and number), many configurations are repre-
sented : 2 x 2.5, 2 x 3.0, 2 x 3.5. In addition, four different solutions for the cycling
equipment are also represented and correspond to a mixed traffic on the roadway
(cp-nat = 1), a marked lane on the roadway (cp_nat = 2) and a cycle lane sep-
arated from the roadway without physical separation (cp-nat = 6) or delineators
(cp-nat = 7). Similarly, the nature of the equipments for the road signs and the
marking differs from a category to another. However, the maximum speed limit is
set to 50 km/h for each representative solution, essentially because we did not con-
sidered the mobility criterion in this example (mainly due to a lack of data that are
necessary to compute this objective function).

Table 2.4 Decision variables values of a the non-dominated solutions that are the closest to the
reference profiles of each non-empty principal category of the clustering structure

C; id | wy  ng wy by, cpnat wyeq matnat . om®  1* @t v

C 130 25 2 3 0 7 0 6 2 2 3 3 50
() 19 35 2 3 0 6 0 6 2 2 3 3 50
Cy 67 25 2 3 0 7 0 6 2 1 3 3 50
Cs 158 25 2 3 0 6 0 6 1 2 3 1 50
Cs 114 30 2 3 0 7 0 6 2 1 3 1 50
Gy 107 25 2 1 0 1 0 6 2 1 3 1 50
Cs 163 35 2 1 0 2 0 6 1 1 3 1 50

¢ r=rsign ; m = marking ; 1 = lighting ; it = intertype

Consequently, based on the results of the multicriteria clustering problem, we
were able to identify that a performing solution for the reconstruction of the N243a
should consider an efficient and safe cycling facility (with a physical separation
from the roadway). In addition, the better are the road signs, marking and lighting
equipments, the better is the global performance of the designed solution. Moreover,
we observed that the construction of wide shoulders was strongly recommended.
However, increasing the operational speed limit appeared to be unnecessary. These
first conclusions provide the basis for a strategic discussion between the DM and
the others actors of the project at the end of the pre-design stage. In particular, they
convey preliminary information and guidelines to refine the search of a performing
and consistent solution (e.g. by eliciting the weights associated to each criterion
more precisely). The design of a road project may then be considered as an iterative
process that would involve the different actors of the project at the end of each stage.
This would support the development of performing compromise solutions.
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2.2 Discussion

The development of the methodology that we describe in this work has led to nu-
merous methodological and practical interesting observations. Among them, the ap-
plication of the proposed methodology to a real example pointed out the interest
of applying such a strategy to address the road design problem (cf. Sect. 6.5). We
assume that considering the preliminary design process as a combinatorial optimi-
sation problem evaluated on a complete set of criteria constitutes the first added-
value of this work (cf. Sects. 3.3.2 and 3.3.3). In addition, the combined use of a
multiobjective evolutionary algorithm (cf. Sect. 6.4.2) with a multicriteria interval
clustering technique (cf. Sect. 6.4.3) leads to our point of view to promising results.
This seems to be efficient and appropriate to handle, characterise, simplify and fi-
nally solve large and complex multicriteria decision problems.

Nevertheless, each contribution of the proposed approach is based on a number
of hypotheses, constraints and limits that we should analyse to motivate the validity
and reliability of the methodology on the one hand, and to identify the prospects for
further research on the other hand. In the following section, we describe successively
the hypotheses of the proposed methodology, the limits resulting either from these
hypotheses or from the nature of the problem, and the validation procedures that
ensure the overall pertinence of the methodology. Finally, some perspectives are
presented in the following Section.

2.2.1 Hypotheses

As mentioned in the introduction of this Chapter, the proposed methodology is com-
posed of 4 main blocks that are separated into two frameworks (cf. Fig 1.1). The
first framework contains the analysis of the road design problem from a combinato-
rial optimisation perspective while the second relates to the methodological devel-
opment of an interval clustering algorithm. Therefore, even if the structure of the
proposed approach is not strictly linear, interactions exist between these two frame-
works so that the global methodology forms a coherent whole. However, before we
describe the reliability of the approach and the consistency of the results, it is crucial
to first focus on the hypotheses of the different blocks of the methodology.

Structuring the multicriteria road design problem

First, when structuring the multicriteria road design problem, we stated numerous
hypotheses both for defining the criteria and describing the design process as a
combinatorial optimisation problem (cf. Sect. 3.3). To constitute the set of crite-
ria, we conducted an intensive review of the literature on several technical topics
such as road design process, road safety assessment, secondary rural roads, sustain-
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able safety, road pavement materials, legibility and visibility of the infrastructure,
protection of vulnerable road users, or even configuration of intersections. In order
to consider the sustainable nature of road infrastructure projects, we also focused
on the preliminary developments in sustainable safety and on complementary stud-
ies about road emissions, noise pollution, societal acceptability, accessibility of the
road network or even economic performances (cf. Sect. 3.3.2). A large part of the
references we used are cited in the second Chapter of this work. They are composed
of national and European research reports, scientific papers, academic works, stan-
dards and guidelines, manuals, technical reports and statistics databases. Table 2.5
describes the nature of the criteria that structure the road design problem.

Table 2.5 Nature of the criteria that represent the concept of sustainable road safety

Criteria® Evaluation Nature Scale Units

INF1 Qualitative Discrete Ordinal -

INF2 Quantitative Non-linear Ratio Acc.b per veh.km
INF3 Qualitative Discrete Ordinal -

INF4 Quantitative Non-linear Ratio -

INF5 Qualitative Discrete Ordinal -

INF6 Quantitative Non-linear Ratio Acc.” per km.day
SRV1 Qualitative Discrete Ordinal -

ENVI1 Quantitative Non-linear Ratio ug per m> year
ENVI2 Quantitative Non-linear Interval dB(A)

SOC1 Quantitative Discrete Ordinal Level of service
ECO1 Quantitative Linear Ratio Euros

ECO2 Quantitative Linear Ratio Euros

@ Refer to Table 2.1 for further information
b Acc. = Accidents
¢ Normalized

Complementary, several discussions were organized with experts and actors of
the road sector. Those allowed us to criticize the criteria of the proposed set, to refine
some of them, or even in a few case to develop new objective functions. Regarding
the content of the criteria, we may refer to the profitable talks and share of techni-
cal resources with the scientific staff of the Belgian Road Research Center which
continuously provided this work with interesting inputs. In particular, let us cite the
numerous interactions with X. Cocu, W. Debauche, F. Debelle, O. Van Damme, K.
Redant and L. Goubert. In addition, a 3-month internship at the German Federal
Highway Research Institute (BASt) allowed us to take advantage of their expertise
in the field of road safety assessment and transportation research (K-J Hohnscheid,
A. Liideke, H. Holdik). The preliminary developments of this work were also reg-
ularly presented during the Technical Committee in Road Safety organized by the
Belgian Road Research Center. Finally, our involvement in other research projects
for the duration of this work developed our knowledge of topics such as safety at
roadworks, noise pollution and road traffic emissions. Regarding the methodolog-



24 2 Synthesis

ical nature of multicriteria analysis, we benefited from the strong expertise of the
researchers of the CoDE-SMG laboratory. In particular, many interesting outputs
resulted from discussions and research collaborations with Y. De Smet, A.V. Doan,
S. Eppe, J. Rosenfeld, K. Lidouh, D. Van Assche and M. Bagheri. Additionally, this
work was regularly presented in international conferences and European working
groups in multicriteria decision analysis.

About the definition of the alternatives, the main methodological hypothesis is
to consider the road design process as a combinatorial optimisation problem (cf.
Sect. 3.3.3). Indeed, we define a set of actions a; € A from a finite set of variables
X = {x1,...,xn } and the sets of domains D; = {d\,...,d, } that are associated to each
variable x;. In this problem, each domain is constituted of a finite number of ele-
ments (but they could be infinite). The size of the decision space corresponds to the
cartesian product of all the domains A = D x D, X ... x D,,. Hence, the cardinality
of A can be potentialy very large while it increases exponentially with the number
of variables. To solve the combinatorial problem, we aim to identify a discrete set
of solutions S C A which minimise! the evaluations of each objective function. If
the combinatorial optimisation problem is solved under constraints, we must define
those in the problem so that the set S is strictly composed of feasible solutions.

The combinatorial nature of the studied problem allows us to parametrise com-
pletely the design process and to generate easily all the alternatives of the road
project. In order to respect the feasibility of the alternatives, let us note that we de-
fine a constraint related to the maximum width available (i.e. road right-of-way).
The local and variable parameters of a classical road project were identified by
analysing the recurrent parameters in the objective functions and by consulting the
guidelines and technical manuals about road design. In addition, a few meetings
were organized with design engineers and road planners of the Walloon Region in
order to conduct a complementary field survey about the data that are available and
the parameters that are usually considered at the preliminary design stage.

Identification of the non-dominated solutions

Due to the size of the multicriteria road design problem and the non-linear and com-
plex nature of some criteria of the set, solving the problem with an exact method
seems to be highly intractable. To tackle this issue, we decided to use a multi-
objective evolutionary approach to characterise the problem and identify the non-
dominated solutions (cf. Sect. 4.4). The selection of the NSGA-II algorithm was
done mainly because of the good referencing of this method in the literature, its
good performances when handling problems with numerous objectives, the possi-
bility of integrate constraints, and the fact that NSGA-II is able to deal with discrete

! In this problem, the optimal solution is the solution that minimise all the objective functions
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and continuous evaluations of the criteria (which is the case in our problem).

Concerning the parametrisation of the algorithm, we used classical genetic op-
erators from the literature (i.e. Simulated Binary Crossover and Polynomial Muta-
tion) (cf. Sect. 4.4.2). The value of the spread factor as well as the probabilities of
crossover and mutation were defined on the basis of values that are frequently found
in the literature.

Development of an interval clustering technique

The development of the PCLUST model follows on from the preliminary work that
was made on the extension of PROMETHEE II to totally ordered clustering in the
CoDE-SMG laboratory [24]. This is a methodological contribution in multicriteria
clustering analysis but clear interactions exist with the road design combinatorial
problem that we are dealing with. In particular, we assume that such an approach
may simplify the multicriteria problem so that it may help the DM in the identifica-
tion of the representative solutions of the (approximate) Pareto front. The originality
of this approach lies on the use of preference information among alternatives given
by the PROMETHEE I method to solve the multicriteria interval clustering problem
(cf. Sect. 5.2.3). This limits the loss of preference information during the solving
process so that it ensure the global quality and reliability of the final clustering dis-
tribution.

For the algorithm of the proposed model, we decided to use the PROMETHEE
methods because of the great expertise of our laboratory regarding this methodol-
ogy (cf. Sect. 5.2.1). The PROMETHEE methods were developed at the ULB by
J.P. Brans in the early 80s and since then, the CoDE-SMG laboratory remains very
active in multicriteria decision research, particularly in the developments of this
method.

In the PCLUST model, we developed three different functions to update the ref-
erence profiles (cf. Sect. 5.3.3) and two initialisation strategies (cf. Sect. 5.3.1). The
main difference between these functions lies on the nature of the information that is
used to update the reference profiles. In the first update function Upd1, the alterna-
tives that belong to the interval categories are only considered to update reference
profiles of extreme and empty principal categories. This restrictive use of the pref-
erence information from the interval categories is justified by the singular nature of
the alternatives that belong to these in-between categories. To our point of view, the
interval categories mostly contain alternatives with complex profiles i.e. alternatives
that have some evaluations that are too good to authorize an assignment to a given
category but some others that are too weak to authorize an assignment to a better
one. From a decision making perspective, knowing the existence and the composi-
tion of these interval categories constitute an informative output but we assume that
the composition of the best principal categories (or category) would most probably
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be the most interesting knowledge for the DM. On the basis of these observations,
we decided to update the reference profiles of the principal categories as far as pos-
sible with the evaluations of the alternatives that belong to these categories. In the
second update function Upd2, we refined the assignment rule of the extreme and
empty principal categories by only considering the alternatives from the interval
categories that are the “closest” (regarding the net flows) to the considered princi-
pal category. In the third function Upd3, we simply extended the application of this
rule to the non-extreme and empty principal categories.

Practical application to a case study

Most of the hypotheses of this contribution were cited in the previous Sections. Re-
garding the application, we defined the local parameters of the project on the basis
of all the data we get about the N243a rural road (cf. Sect. 6.4.1). Recently, a precise
analysis of the project was conducted at the Belgian Road Research Center training
session for road safety auditors so that many data were available, among which the
traffic volumes and composition, intersection configuration, presence of obstacles
along the roadway, etc. The variables were set so that their values were technically
relevant (e.g. lane width of 2.5, 3 or 3.5 m).

In this practical road design problem, we did not consider the criteria about the
safety at roadworks, the intervention services, the mobility performance on the in-
frastructure and the maintenance costs (cf. Sect. 6.4.2). This is mainly due to lack of
information and data about these concerns on the N243a project. Consequently, we
preferred not to evaluate the alternatives on these criteria rather than evaluate them
with inconsistent values.

Finally, when applying the interval clustering model, we decided to set arbitrarily
the number of categories to 10 (cf. Sect. 6.4.3). This seemed to be a good compro-
mise between the number of alternatives of the set (169) and the maximum size of
the clustering structure that we may allow to give a sound and useful output to the
DM.

2.2.2 Limits

Structuring the multicriteria road design problem

Concerning the definition of the set of criteria, we consider that it constitutes a
promising added-value in the field of road design regarding the state of the art in
preventive safety assessment. However, some criteria of the set still suffer from
approximations (cf. Sect. 3.3.2). In particular, some evaluations remain imprecise
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or highly qualitative, mainly due to an important lack of information or knowledge
about several topics related to the preventive assessment of road safety. For instance,
the evaluation of roadway elements and equipments regarding the visibility remains
an unexplored research area, so that we had to define an ordinal scale on the simple
basis of our own expertise. Concerning the evaluation of the economic performance
of road projects, precise data are not always available (or very difficult to obtain due
to privacy reasons) so that the evaluation is quite rough at this stage. Then, given
that this approach relates to the assessment of road project at the preliminary design
stage, this relative imprecision in the evaluation of some criteria does not question
the global relevance of the proposed approach, but it should be seriously taken into
consideration when analysing the final solutions or allocating the weights to the cri-
teria.

In addition, among the approximations of the proposed set of criteria, we may cite
the calculation method of the criteria INF1, INF3 and INF5 (cf. Sect. 3.3.2). Those
measures the average performance of a set of elements by considering the arithmetic
mean of their evaluations. However, considering that each element is evaluated on
the basis of an ordinal scale, we might wonder about the precision of this aggrega-
tion procedure. In particular, the phenomenon of compensation between good and
bad values should be carefully analysed.

Another limit of the structuring stage lies on the nature of combinatorial design
problem (cf. Sect. 3.3.3). Due to the methodological constraint of the proposed ap-
proach that is to use exclusively the design parameters of road project to define
the criteria and alternatives of the design problem, it is very complex to handle the
specific nature of a given road project with our methodology. Consequently, the pro-
posed approach must be considered as a high-level description of the road project
performances at the preliminary design stage. Given that it is not obvious how to
generalize the preventive evaluation of road safety for every project, most of the
criteria have then been defined on the basis of systemic features.

Identification of the non-dominated solutions

Concerning the implementation of the multiobjective evolutionary algorithm to the
road design problem, we faced some difficulties when considering decision vari-
ables with discrete values in NSGA-IL. Due to the construction of some objective
functions, continuous variables were not acceptable. To tackle this issue, we had to
develop some corrective operators in the algorithm that we applied after the muta-
tion of the solutions. This allowed us to ensure the reliability of the solutions that
were generated by the NSGA-II algorithm, but it most probably affect the efficiency
of the model regarding the diversity of the Pareto frontier.

In addition, some problems may arise when using multiobjective genetic algo-
rithms in real-world engineering optimisation problems with a large number of com-
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plex objective functions and constraints. The identification of a good approximate
set may cost a lot of computational time or require complex genetic operators to
define feasible solutions. Concerning the quality of the approximate set, we may
have difficulties to maintain the diversity of the Pareto front solutions due to the
discrete nature of the front or the non-uniform distribution of the solutions [28].
Consequently, we may question the pertinence of using such an approach if we aim
to further improve the objective functions of the set of criteria - or eventually to add
new criteria in the set.

Finally, let us note that the multiobjective algorithm was completely developed
in MATLAB due to its ease of use, interactive environment and large referencing.
Nevertheless, from a computational perspective, this high-level language is not the
most efficient. If we aim to apply the proposed methodology to bigger problems
with a more complex structure, it may be worthwhile to export the model on other
languages such as C++.

Development of an interval clustering technique

The use of an interval clustering technique in order to provide a simplified repre-
sentation of complex multicriteria data sets had led to promising and interesting
results. However, a number of limits or challenges must be mentioned. First, the
definition of the number of categories remains a tedious task when addressing the
multicriteria clustering problem. In the proposed approach, we analysed the quality
of the clustering distribution depending on the number of categories and we clearly
observed strong differences (cf. Sect. 5.4.1). In particular, the best quality of cluster-
ing was always observed for the EPI> and CPU? data sets with the lowest number of
categories while it is not intuitively obvious regarding the maximisation of the ho-
mogeneity intra-category. Consequently, the definition of the number of categories
may have a strong influence on the global quality of the final clustering distribution.
Given that the aim of such an approach is to support the DM in the simplification of
the decision process, it may be questionable to let him select arbitrarily this number.

Moreover, the analysis of three different update procedures for the PCLUST
model pointed out the limited interest of using the preference information from
the interval categories (cf. Sects. 5.4.1, 5.4.2 and 5.4.3). This observation probably
needs to be confirmed by further research and by testing the model on data sets with
a more complex structure. In addition, we studied the impact of the equidistributed
and random initialization strategies on the performance of the model. It emerges
from this analysis that the equidistributed initialization of the reference profiles led
to more stable clustering while the random initialization allows the model to con-
verge faster. Again, it may be worthwhile to analyse more precisely these observa-

2 Environmental Performance Index 2014
3 Central Processing Units evaluation from the UCI repository



2.2 Discussion 29

tions on additional data sets with different structures and sizes.

Regarding the global quality index, if the calculation of the penalties seems to
give relevant and consistent results, all the pairwise comparisons between alterna-
tives and reference profiles are not considered (cf. Sect. 5.4.1). In particular, we do
not consider the penalties calculation between the alternatives of an interval cate-
gory and the reference profiles of principal categories that have no relation with the
latter. Also, we do not consider the penalties calculation between the alternatives of
an interval category and the reference profiles of others interval categories. Given
that the dominance relation should always be verified due to the construction of the
categories, this might not alter the calculation of the global quality index. However,
we decided not to consider these specific pairwise comparisons due to the difficul-
ties we encountered to define the related penalty rules.

Similarly to the multiobjective algorithm, the PCLUST model was completely
developed in MATLAB. To compute our problem, the computation times and effi-
ciency were not very good. It may then be worthwhile for further research to export
the model on other languages. It may certainly improve its computational perfor-
mances and allow us to handle efficiently more complex clustering data sets.

Finally, we may consider that the use of PROMETHEE constitutes in some way
a limit of the interval clustering model (or at least a challenge). Indeed, this requires
a relative expertise from the DM to select the preference functions for criteria and
to define the preference and indifference thresholds. In particular, the use of the dif-
ference of the evaluations may induce some difficulties for a DM that is not familiar
with the PROMETHEE methods.

Practical application to a case study

If the proposed methodology conveys interesting information to the DM at the end
of the preliminary design stage, some limits exist regarding its application to a prac-
tical example. Those mainly refer to the relative imprecision of the results. The
number of variables is quite limited at this stage and their interpretation is relatively
macroscopic so that the final output may not give inspiring information to the DM
(cf. Table 6.6 in Sect. 6.4.3). To our point of view, it would be interesting to refine
the criteria of the problem in order to identify more precisely which are the param-
eters that affect the performances of the road design alternative (and how they do).
By doing so, we might enrich the list of variables of the problem, and consequently
the quality of the final outputs of the combinatorial optimisation problem might be
improved. In particular, we might imagine that some of the distinctive features of
road design projects could be taken into consideration.
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2.2.3 Validations

Structuring the multicriteria road design problem

As previously mentioned in the Sect. 2.1.1 of this Chapter, the definition of the cri-
teria was supported by a large literature review and by some discussions with design
engineers, road planners, researchers and experts in the fields of road safety assess-
ment, noise pollution quantification, environmental impact of roads, protection of
vulnerable road users, mobility, multicriteria decision analysis or even transport re-
search. All these interactions allowed us to analyse the proposed approach and to
identify its actual limits. From a methodological perspective, the multicriteria prob-
lem is consistent and reliable but the precision of its results is restricted due to the
nature of some criteria.

Concerning the definition of the alternatives, we applied a top-down approach
from the review of the different topics related to sustainable road safety to identify
which are the key parameters of a road design alternative (i.e. the parameters that
influence the performances of the road design project). Then, we applied a bottom-
up strategy from the analysis of practical case studies - and discussions with design
engineers and road planners - to stress which are the recurrent parameters in road
design projects, which data are available, which parameters are considered as local
or variable elements, etc. This complementary approach allowed us to structure the
set of local and variable parameters of the multicriteria road design problem that
constitute the basis of the combinatorial optimisation approach.

Finally, note that the content of this work had been regularly presented through-
out the PhD thesis in international conferences, working groups and workshops such
as MCDM 2011, 2013 and 20154, IEEM 20115, MCDA 74 and 76°, ORBEL 287,
IMW 2014 and 20158, OPDE 2013°, BIVEC-TRD 2013'°. We also participated in
two Doctoral Schools!! and we did a 3-month internship at the Federal Highway
Research Institute. Those numerous presentations allowed us to appraise the valid-
ity and pertinence of our developments in front of experts and researchers from the
fields of multicriteria decision analysis, road safety analysis and transport research.

4 21st, 22nd and 23rd International Conference on Multiple Criteria Decision Making

5 International Conference on Industrial Engineering and Engineering Management 2011

6 European Working Group on Multicriteria Decision Aiding 74 and 76

7 28th Conference of the Belgian Operations Research Society

8 1st and 2nd International MCDA Workshop on PROMETHEE

9 Colloque Outils Pour Décider Ensemble 2013

102013 Benelux Interuniversity Association of Transport Researchers - Transport Research Day
11 Cost IC0602 International Doctoral School 2011 and MCDM Summer School 2013
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Identification of the non-dominated solutions

Given that we have completely developed our code for the computation of the ge-
netic algorithm, we wanted to verify the reliability of the results given by our al-
gorithm. For that purpose, we computed several benchmark tests. We applied the
algorithm on smaller decision problems so that we solved them both exactly and
by using our metaheuristic. The characterisation of the approximate Pareto frontier
from the analysis of performance indicators was then facilitated. In particular, we
used the hypervolume metric in its binary form (cf. Sect. 4.5.3). It measures the
portion of the graph that is dominated by the exact Pareto frontier but not by the
approximate one. This metric has to be minimized so that the closest is the ratio
to 0, the better is the approximate front. Figure 2.1 shows the results obtained on
this binary hypervolume metric during one of our benchmark test. We clearly ob-
serve that the hypervolume metric completely converges after 30 generations which
highlights the reliability of the results and the validity of the genetic algorithm.
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Fig. 2.1 Evolution of the binary hypervolume values with the number of iterations of NSGA-II.
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Development of an interval clustering technique

In order to analyse the PCLUST model, we defined our own performance metrics
(quality, stability, convergence) while no work has ever been done previously - to our
knowledge - on interval clustering. To measure the quality of the clustering distribu-
tion, we defined a quality index that is based on the calculation on inconsistent as-
signment penalties (cf. Sect. 5.4.1). Concretely, it is commonly accepted in the field
of multicriteria clustering that a high quality clustering would assign the alternatives
to the categories so that the inter-distance between the categories is the highest and
the intra-distance within each category is the lowest. This common rule refers to
the homogeneity intra-category and the heterogeneity inter-categories. Concerning
the interval categories, we assume that they should be at “equal distance” from the
principal categories they are associated with. In that case, the notion of distance be-
tween two alternatives is related to their preference index. The most the alternatives
are similar, the lowest is the value of the preference index (i.e. the “closest” are the
alternatives). The calculation of the penalties intra- and inter- principal categories
is quite obvious, while it simply considers a strong dominance relation. Concerning
the calculation of the penalties between alternatives that belong to an interval cat-
egory and the reference profiles of the associated principal categories, we consider
that we should be in a situation of equi-preference (i.e. the two reference profiles
are equally preferred regarding the preference index).

The calculation of the convergence of the model is simply based on the number
of runs and calculation time that are necessary to converge. The quantification of
the differences in the clustering distribution between two successive iterations (cf.
Fig. 5.6 in Chapter 5) is used to observe the shape of the convergence process.

About the stability of the clustering procedure, we decided to calculate the pro-
portion of occurrence of the most represented clustering distribution after 100 runs
of the model (cf. Sect. 5.4.3). This gives a first information about the global perfor-
mance of the model regarding the stability of the clustering. Then, we completed
this metric with the calculation of the percentage of dissimilarity between the most
represented clustering distribution and the other ones. This notion of dissimilarity
considers any assignment differences of every alternatives between two distributions
(but not the intensity of this difference). The percentage of dissimilarity allows us
to quantify the importance of the difference between the different distributions ob-
tained by the model. Consequently, we might define a percentage of dissimilarity
that is satisfying regarding the stability (e.g. between 1 and 5%) so that two distri-
butions with a small proportion of assignment differences might be considered as
similar.

In addition, we decided to compute the validation process of the PCLUST model
by applying the proposed algorithm to two data sets from the literature that are a
priori structured for totally ordered clustering (cf. Sect. 5.4). The CPU data set was
used in its original form. Concerning the EPI data set, the aggregated version on
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two criteria was used. The use of structured data sets from the literature allows use
to analyse the performances of the model on real-world problems. To our point of
view, this contributes to the global reliability of the validation process. Indeed, we
might have designed a virtual data set with a structure more compatible with in-
terval clustering, but we assume that it would have induce subjectivity (or at least
suspicion of subjectivity) regarding the validation of the proposed model. Moreover,
the parametrisation of the multicriteria problem regarding the preference functions
(i.e. definition of the indifference and preference thresholds) was made by consid-
ering common practices and by analysing the data of each problem. The weights of
the EPI data set correspond to the real weights while equal weights were arbitrarily
considered for CPU due to the lack of information.

Finally, we concluded the validation process of the PCLUST model by compar-
ing its performances with the k-means procedure and the P2CLUST model formerly
developed (cf. Sect. 5.5). The use of the k-means algorithm was strictly illustrative
while it is not a relational clustering technique. The aim was also to point out that
even if the structure of PCLUST seems similar to k-means, the differences in the
assignment rules lead to completely different clustering distributions. Concerning
the comparison with the P2CLUST model, the main motivation was to compare
an extension of PROMETHEE to multicriteria relational clustering. This is pre-
cisely why we did not considered the PROMETHEE CLUSTER method while it
is a non-relational multicriteria clustering technique. As an illustration of this dif-
ference, Figure 2.2 shows the results of the P2CLUST (left) and PROMETHEE
CLUSTER (right) algorithms applied to a virtual bi-objective problem. We clearly
observe that the P2CLUST model generates a clustering distribution that support
an ordered structure while the PROMETHEE CLUSTER algorithm partitions the
decision space without considering the preferential relation between alternatives.

Criterion g2
Criterion g2

0 20 40 60 80 100
Criterion g1 Criterion g1

Fig. 2.2 Clustering distribution of the alternatives in the decision space after applying P2CLUST
(left) and PROMETHEE CLUSTER (right) to a simple bi-objective problem.
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2.3 Perspectives and conclusions

In this work, we presented an multidisciplinary approach that gathers knowledge,
material and models from the fields of multicriteria decision analysis, multiobjective
optimisation and multicriteria clustering. The analysis of these numerous subjects
allowed us to identify and suggest beneficial connections between them. This led to
the development of the proposed methodology that we assume to be added-values
in the fields of road design assessment and multicriteria decision analysis.

As part of road design assessment, the combinatorial nature of the proposed ap-
proach allowed us to enrich the preliminary design process by expanding the size of
feasible solutions to a significantly higher number. In addition, the integration of the
problem into a multicriteria decision approach might encourage the identification of
more efficient and customised solutions considering the constraints and distinctive
features of each project. The combined use of a multiobjective evolutionary algo-
rithm and a multicriteria clustering technique support respectively the handling of
the expanded design problem and the identification of representative solutions to
solve the multicriteria decision problem.

However, we identified some limits in the different steps of the proposed method-
ology that may be considered as suggestions for further research. Among them, let
us cite first the improvement of the set of criteria and the expansion of the variable
parameters set that structure the combinatorial optimisation problem. In particular,
we observed from the analysis of the problem, the review of the literature and dis-
cussions with actors of the road sector that uncertainty is a recurrent concept in the
road design process. It relates both to the organisational uncertainty regarding the
availability of the data at the design stage and to the analytical uncertainty regarding
the impact of some parameters on the criteria evaluations. To tackle this issue, it
might be particularly interesting to integrate some probabilistic analysis within the
decision process in order to allow decision making under uncertainty.

In addition, the extension of the proposed set of criteria to temporal evaluations
might be particularly interesting to enrich the decision process. Given that the trans-
port system is constantly evolving, it seems reasonable to consider that the values
of some parameters related to the road design problem might evolve during the life-
cycle of the infrastructure. Among them, let us cite for instance the volume and
composition of traffic flows (including cyclists and pedestrians), the degree of road
pavement deterioration, the nature of the roadway environment, the performances
of the lighting equipments, etc. Then, the use of temporal evaluations of the crite-
ria might support the integration of predictive models within the decision process
that would consider the dynamic nature of some parameters. Consequently, it would
support the DM in the analysis of both the short-term and long-term performances
of his solutions.
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From an algorithmic perspective, the transposition of the multiobjective evolu-
tionary algorithm and multicriteria clustering model into a more efficient program-
ming language might be viewed as an opportunity to improve the performances
of the global methodology. However, we may also think about the development of
a metaheuristic that might handle better the distinctive nature of the proposed set
of criteria. Regarding the interval clustering model, the analysis of the validation
results pointed out that the number of categories may influence significantly the
quality of the final clustering distribution. Consequently, it might be interesting to
consider this parameter as a variable of the PCLUST model. For instance, we may
study the opportunity of integrating the interval clustering model into a multiob-
jective approach by considering the number of categories as decision variables, the
quality, stability and convergence of the clustering distribution as objectives, and
eventually the minimum and maximum numbers of categories as constraints of the
multiobjective model. This approach is probably complex to develop from a com-
putational perspective but it would support better the DM in the analysis of his
multicriteria problem.

Another interesting perspective for further research refers to the nature of the de-
cision process in road design assessment. Design engineers and road planners are
involved regarding the technical assessment of the project, but due to the collective
nature of road infrastructures, the decision process may also include numerous ac-
tors such as the local authorities and communities, administrative agents, residents,
diverse associations and organizations, transport public companies, etc. As a con-
sequence of this observation, the identification of the best solution(s) for a given
road design project may differ from an actor to the other so that seeking a compro-
mise solution may be difficult. To tackle this issue, it might be interesting to analyse
the opportunity of applying a specific methodology such as the Multi Actor Multi
Criteria Analysis (MAMCA) to handle the multicriteria road design problem with
several stakeholders.

Concerning the practical application of the proposed approach, we do think that
it may be transposed to several topics while the gain of interest of the road sector
regarding the multicriteria decision aiding analysis is continuously growing. For in-
stance, similarly to the black spot treatment programme that was conducted in Flan-
ders recently, we may think about analysing the road network in order to cluster road
segments on the basis of their performances and then to prioritize the interventions.
In the field of road pavement research, the proposed approach might help in the
identification of the most suitable material regarding the composition of the internal
structure of the road, the ground performances, the local environmental characteris-
tics, etc. Regarding mobility strategies, we may think about defining the areas of a
given region regarding multiple criteria such as their accessibility, the profiles of the
road transport users, the development of the public transport offer, the density of the
road network or even the proportion of commercial and industrial activities. Then,
we could use the proposed approach to measure the efficiency of different modes
of transport (e.g. car, bus, train, metro, walk, cycle) in all the areas of the studied
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region and then to cluster the areas regarding the strategies to apply to improve the
mobility from, within and towards each area, to connect areas in the same clusters,
etc.

To conclude, the development of the multidisciplinary approach proposed in this
work to assess both the road safety and the sustainable performance of a project at
the design stage has led to interesting results. In particular, the consideration of the
road design process as a combinatorial optimisation problem and the use of an or-
dered clustering approach seem fully appropriate to solve this multicriteria decision
problem. We also pointed out the interest of applying successively a multiobjective
optimisation approach and a multicriteria clustering technique to assist the engi-
neers during the design process of an infrastructure. Even if we identified several
opportunities to improve the proposed approach, we assume that it is scalable to
numerous decision problems of different natures.
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Abstract Over the past decade, the improvement of road safety had been a major
issue in transport strategies in Europe. Simultaneously the concept of sustainable
development has become a key element in many strategic and operational policies
including the road sector ones. However, considering the design stage of road in-
frastructure, there are almost no methodologies that both quantify the road safety
performance of the project and consider its economic and environmental nature.
This study seeks to develop a preventive evaluation model based on a multicriteria
decision analysis. It would allow designers to assess the safety performance and to
evaluate some of the economic and environmental impacts of their road projects at
the design stage. For this purpose, we have defined a set of 13 criteria which de-
scribe the problem. The aim of this paper is to highlight the added value and limits
of such an approach. A case study is analysed in order to quantify these arguments.
In particular, we apply the PROMETHEE-GAIA method to our problem and we
conduct a sensitivity analysis to prove the interest of using a multicriteria decision
technique in the context of road designing. A brief presentation of the current and
future developments introduces the notion of Pareto frontier and its characteriza-
tion with a genetic algorithm. Finally, the conclusion and discussion point out the
possibilities and impossibilities of this research.

Keywords: multicriteria analysis, PROMETHEE, road design, road safety.
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3.1 Introduction

For many years, considering sustainable development and improving road safety
have been two majors concerns in mobility and transport policies in Europe. Since
2001, the European Commission (EC) had published several reports and directives
about the improvement of the safety level on the European road network. In par-
ticular, the European White Paper on Transport Policy [38] had fixed an objective
of halving the overall number of road deaths in the European Union by 2010. In
2010, this challenging objective has been updated in the Road Safety Programme
2011-2020 and it has been completed with several strategic objectives and princi-
ples. Among them, the development of an integrated approach to road safety has
been highlighted [41]. In 2003, the European Road Safety Charter was published
and submitted to several actors of the road sector, as a commitment to take concrete
actions in order to reduce road accident fatalities [39]. Additionally, in 2010, the EC
had published the Greening Transport Package about strategies to apply in order to
strive for a transport system more respectful of the environment [40].

In Belgium, the Federal Commission for the Road Safety was formed in 2002
with intent to fulfil the objectives of the EC. In 2011, the initiative Go For Zero has
been launched by the State Secretary for Mobility and the Belgian Institute for Road
Safety [57]. Several actions and campaigns have then been conducted to make the
road users sensitive to road safety issues (e.g. speed enforcement, seat belt, alcohol
and driving, etc.). In Wallonia, the government reaffirmed its willingness to promote
sustainable mobility for every road users in its declaration of regional policy for the
period 2009-2014 [107].

However, despite an increasing and sustained political support at the national
and international levels, the assessment of the road safety performance of an infras-
tructure is still essentially based on reactive approaches such as the evaluation of
databases containing accident statistics [60, 59]. In Belgium, an extensive black spot
treatment programme had led to promising results regarding road safety improve-
ment since 2000 [23]. All these methods consist of curative analysis and handling
of the high accident concentration areas. In order to meet the objectives of the EC
(i.e. simultaneously improving road safety and considering sustainable character of
the road transport infrastructure), it has become essential to develop new preventive
and innovative tools.

In the field of operational research, only a few studies were conducted to ad-
dress the problem of road safety assessment from a multicriteria perspective. Among
them, we could cite studies that were related to the development of safety perfor-
mance indicators [20] or aggregated indices [4] based on ex-post evaluation of road
projects or features. Recently, multicriteria decision making techniques were ap-
plied to specific safety assessment problems such as prioritizing the accident hot
spots based on geometric and traffic conditions of the road network [86] or evalu-
ating the safety performances of pedestrian crosswalks [112]. In 2002, the research
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project ROSEBUD was conducted on the assessment of the performance of several
safety measures from benefit-cost and cost-effectiveness analysis [89]. However,
this project focused more on the evaluation of standardized safety techniques than
on the preventive assessment of road designs in their direct environment.

Moreover, a recent review paper pointed out that approximately 300 published
papers were concerned by the application of multicriteria decision techniques in the
field of infrastructure management during 1980-2012 [63]. This result suggests a
growing interest of the road sector in the use of multicriteria decision techniques.
Nevertheless, it is still restricted to infrastructure management applications. In the
field of transportation planning and road designing, we could cite the work of Du-
mont and Tille about the interest of using a multicriteria decision making approach
to design more sustainable road infrastructures [34]. In 2014, de Luca published a
paper about the application of the Analytic Hierarchy Process to support the public
engagement during the whole transportation planning process [67]. The evaluation
of the alternatives was based on several criteria such as the accessibility of the road,
the travel safety and comfort, the impact on the environment and the preservation
of the landscape. However, the assessment of the safety performances was highly
qualitative. In 2008, Brauers developed a multiobjective optimization approach to
support decision makers in the selection of a road design alternatives but the eval-
uation process was restricted to the longevity of the infrastructure, the construction
price and duration, the environment protection and the economic validity [15]. Road
safety performances were not considered.

Based on these observations, this research project was initiated with the aim of
developing a multicriteria analysis method to preventively assess the safety per-
formances of road projects at the design stage. Moreover, in order to consider the
sustainable character of road infrastructures, we enrich the multicriteria evaluation
with some sustainable concerns frequently encountered in road project assessment.

In this paper, we start with a description of the theoretical concept of sustainable
road safety and we address the multicriteria problem by detailing the set of consid-
ered criteria. Next, we illustrate the multicriteria approach on a case study. Then,
the current and future developments on the multiobjective mathematical model are
briefly presented. Finally, a discussion and some conclusions are provided.

3.2 Research motivation

3.2.1 Towards a preventive evaluation of road safety

At first, to define theoretically what road safety is, we can use the elementary tri-
angle of road safety which is composed of the dimensions vehicle, driver and road



40 3 Contribution 1: Structuring the Multicriteria Road Design Problem

equipment (cf. Fig. 6.1). On the basis of this triangle, we may classify all the causes
of an accident in one or more of the three main dimensions (i.e. apexes of the trian-
gle) or their interactions (i.e. sides of the triangle).

Fig. 3.1 Elementary triangle machine factors

of road safety -— —_—

EQUIPMENT,

If we want to improve the global level of road safety of an infrastructure, we
have to take an interest in the components of this triangle. According to a study of
the Organization for Economic Co-operation and Development (OECD), from 18%
to 28% of the accidents are due to an unsafe road environment or infrastructure [84].
Consequently, the improvement of the infrastructure and its compatibility with its
direct environment appear to be a consistent strategy in respect to the objectives of
the EC. Within the framework of this research, we are then focusing on the road
equipment dimension and the human and physical factors. In addition, considering
the major differences between the rural and the urban environment with respect to
road performance assessment, we are focusing in this study on the evaluation of
secondary rural roads of the Belgian network. New road and existing road projects
are both considered.

3.2.2 An integrated and sustainable approach of road safety

Due to its collective nature, the road sector has a significant impact on the environ-
ment, the social development and the economic efficiency of the areas that the roads
cross. It has then become essential to integrate the road sector policies into a more
sustainable approach.
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From a social perspective, the accidents from the road transport caused 26,025
deaths in the European Union in 2013. It corresponds to a year-to-year decrease of
6.2% between 2012, while a reduction of 6.7% is needed over the 2010-2020 period
to reach the objectives of the EC [43].

Regarding the environment, the road sector has close links with sustainable topics
such as energy consumption [42], noise disturbance [82, 7], land use or preservation
of the soil quality and the water balance [77]. In practice, it both implies to recon-
sider current policies by taking into account sustainable development concerns and
to develop some new evaluation processes and decision aiding tools to offer road
sector a common definition about sustainability. As mentioned below, several re-
ports were published during the past years by national and European organizations
in order to promote sustainable roads. In this research project, we have decided to
enrich the technical evaluation of road projects considering road safety, with some
concerns related to their environmental, social and economic performances. By do-
ing so, we define a more complete and integrated assessment model which would
meet the needs of the transport and mobility policies in Europe. For methodolog-
ical reasons, we have decided to limit our evaluation to local and project-related
concerns (e.g. financial design aspects, air pollution, noise disturbance, and acces-
sibility of the infrastructure).

3.2.3 A support to innovative projects

During the design stage of a road infrastructure, several alternatives are modelled by
the engineers in charge of the project. Different design choices are made by varying
several parameters that represent the main characteristics of the project (e.g. num-
ber of lanes, lane width, nature of an eventual cycle lane, nature of the road signs
or vehicle restraint systems, type of intersections, etc.). At the end of this modelling
stage, an alternative is selected among all of those that were modelled (cf. Fig. 3.2).
Even if this selection is not exclusively motivated by the economic criterion, there
is to date no integrated tool that could help the design engineers to analyse each
alternative and to select the most appropriate to the characteristics, the uniqueness,
the challenges and the stakes of the project.

This research aims to fill that void and to offer design engineers assistance in the
evaluation of their project alternatives and the identification of the best candidates.
As mentioned in the previous section, this evaluation quantifies the performances
of the project alternatives from a set of criteria which is composed of road safety,
economic, social and environmental criteria. We propose to use this set of criteria as
a representation of the concept of sustainable road safety even if in a first phase, the
sustainability is limited to a few number of local concerns that are linked to design
aspects.
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OBJECTIVE: AID IN THE EVALUATION OF AN ALTERNATIVE

Fig. 3.2 Design stage of an infrastructure and objective of the project

With the assistance of the multicriteria model, a design engineer would then be
able to evaluate and to compare several alternatives of a road project and to clas-
sify them with respect to their performances. By doing so, the engineers would be
able to identify a priori the profile of the best solutions for a specific road design
project. Considering the multidisciplinary nature of the criteria, some of them are
antagonistic (e.g. small construction costs vs high performance equipment) and the
identification of an optimized solution is then impossible. The use of multicriteria
decision making techniques would allow the decision maker to deal with the con-
flicting nature of the criteria and to find compromise solutions.

In the end, the use of a sensitivity analysis would support the decision makers in
evaluating the robustness of the final solutions. Therefore, it would be possible to
select the best solution according to the nature of the project, the characteristics of
the road environment or the demands of the specification (e.g. more weight should
be allocated to certain criteria).

Moreover, the design stage of a road infrastructure remains an interactive pro-
cess between several actors of the project. So, the use of a multicriteria decision
aiding approach would preserve this collaborative nature while assuring the con-
sistency and robustness of the analysis. In the long run, it should then promote the
development of innovative and sustainable solutions.
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3.3 Multicriteria decision analysis applied to sustainable road
safety

Based on the observations presented in the previous section, this research project
was initiated to fulfil two main objectives. At first, the integration of road project
evaluations into a more sustainable approach by introducing the concept of sustain-
able road safety. Secondly, the development of a multicriteria analysis methodology
which would allow us to carry out an integrated and preventive assessment of in-
frastructure projects at the design stage.

3.3.1 Definition of the concept of sustainable road safety

One of the main developments of this on-going research project is the definition
of the concept of sustainable road safety and its representation into quantitative
criteria. From the analysis of several studies that were conducted on the topic of
road safety issues [20, 50, 84, 111], we define the eight following topics, spread in
the dimensions Infrastructure (INF) and Services (SRV).

Table 3.1 Topics related to the road safety criteria

Dimension Code Name

Infrastructure INF1 Legibility and consistency of the infrastructure®
Infrastructure INF2 Visibility of the infrastructure

Infrastructure INF3 Protection of the vulnerable roads users (VRU)
Infrastructure INF4 Quality of the road pavement materials
Infrastructure INF5 Road design and road safety equipment
Infrastructure INF6 Intersections

Infrastructure INF7 Safety on road works

Services SRV1 Information and intervention services

¢ This criterion was finally abandoned in the following of the work

These topics constitute the first part of the set of criteria that is used in the pro-
posed multicriteria methodology. They will allow us to quantify the social and tech-
nical performances of the road infrastructure projects in relation to safety.

In order to enrich the evaluation of road projects with sustainable concerns, we
need to define the additional topics that would represent the concept of sustainable
road safety. As mentioned in the previous section, the integration of sustainable top-
ics in the analysis was limited in a first stage to a few concerns that are related to
design aspects and choices. Even if this sustainability analysis is not exhaustive and
should be completed with additional topics in the long run, it would most probably
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raise awareness among road designers about the interest of a multidisciplinary eval-
uation of their projects.

Over the past few years, several studies were conducted on the topics of sus-
tainable roads such as the projects GreenRoads [77], NISTRA [83], or the French
approaches Routes durables [81] and Grille RST02 [10]. Additionally, the concept
of sustainable safety was introduced in the projects Vision Zero [104] and Sus-
tainable Safety [1]. But regarding the sustainable safety concept, these studies are
exclusively focused on the social dimension of the sustainable development. As a
part of this project, we have broadened the sustainability notion to the three pil-
lars of sustainable development economic (ECO), social (SOC) and environmental
(ENVI). To illustrate the sustainability issues in our analysis, we have then selected
the five following topics. Given that the aim of the multicriteria model is to evaluate
and distinguish different alternatives of a road project based on their performances,
we limit our selection in a first stage to criteria that would be significantly affected
by local design strategies and characteristics.

Table 3.2 List of criteria that represent the concept of sustainable road safety

Dimension Code Name

Environmental ENVI1 Reduction of greenhouse gases emissions
Environmental ENVI2 Limitation of noise pollution

Social SOC1 Ensure a good level of service

Economic ECO1 Limitation of the construction costs
Economic ECO2 Limitation of the maintenance costs

Finally, the association of all these thirteen topics (cf. Tables 3.1 and 3.2) il-
lustrates the concept of sustainable road safety. We are manifestly dealing with a
typical multicriteria decision aiding problem wherein the alternatives of the prob-
lem are the draft alternatives of the project at the design stage, and the criteria are
the sustainable safety performances.

3.3.2 Structuring the multicriteria problem

In order to solve this multicriteria problem and to ensure the consistency of the
model, it is important to develop a consistent set of criteria by identifying the key
factors and parameters of each topic. As far as possible, even if we cannot com-
pletely avoid the subjectivity of the decision maker within the decision process, we
must try to develop quantitative criteria to maximize the impartiality of the multi-
criteria analysis. In this study, we have developed a set of criteria by conducting
an important literature review. Meetings were organized with experts from the road
sector to criticize and validate the final set of criteria. In addition, an important
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stage of modelling and creation of data was necessary to transform the initial top-
ics sometimes exclusively qualitative or descriptive into quantitative criteria. This
transformation would allow us to ensure a consistent and meaningful analysis. Be-
cause of the complexity of several theoretical concepts, the developments of some
criteria were deliberately limited to a qualitative assessment.

In the following, we briefly describe the set of criteria (by referring to the five
dimensions introduced in the previous section) to illustrate the multidisciplinary
nature of the multicriteria problem and its complexity.

INF1. Legibility and consistency of the infrastructure

When a driver is traveling on a road, he generates a mental representation of the road
which will condition his behaviour on it. The drivers mental representation of the
road will depend on some roadway geometric design elements such as vertical and
horizontal alignments, the type of cross-section or the roadside development [84].
In order to control the adequacy of the operating speed with regard to geometry of
the road, we can measure the sight distance on each section of the road. The sight
distance refers to the distance which is “required for a driver to avoid an obstacle
on the road”. According to the World Road Association [85], there are three main
types of sight distance: the stopping sight distance (or minimum sight distance),
the overtaking sight distance and the manoeuvre sight distance. The stopping sight
distance, denoted DVA, corresponds to the distance required for a driver to stop at
an intersection or in front of an obstacle on the road. This distance is calculated with
the 85" percentile of the speed V; (km/h), the reaction time 7 (s), the coefficient of
longitudinal friction f; and the eventual percentage of the gradient G (%).

i Xt 12
Vix i 3.1)

DVA,, = +
P36 254(f+48)

The measure of sight distance as a criterion to evaluate the legibility of a road
has been introduced in many studies [84, 44]. Consequently, this criterion evaluates
the level of legibility and consistency of the road from the measure of the stopping
sight distance on the n sections of the road (3.2).

R DVA;
Cic = - Y min(1; LoPy (3.2)
i=1

" DVA;

In this equation, DVA; ,,, is the operating sight distance (3.1) and DVA, ;, is the
theoretical sight distance (i.e. minimum sight distance to ensure safety on the section
i) and it is available in the literature [52]. This criterion has to be minimized.
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INF2. Visibility of the infrastructure

The visibility of the road refers to the roadway elements and equipment which con-
vey visual information to the road drivers, such as road signs, geometric design
elements and road lighting. These elements could affect (positively or negatively)
the global understanding of the infrastructure by the road user. Then, the aim of this
criterion is to evaluate the influence of roadway equipment on the visual recogni-
tion of the road by the road users. The level of visibility of the road Cy is measured
by summing the coefficients of visibility ¢ of the m roadway elements and equip-
ment (3.3). The coefficient ¢ is an integer between 0 (very bad) and 10 (very good)
which is attributed by the expert to each roadway element. Due to the lack of in-
formation about this topic in the literature, we have determined the values of this
coefficient by ourselves and we submitted them to the expertise of the members of
the Technical Committee for Road Safety of the Belgian Road Research Centre. By
definition, this criterion has to be maximized.

1 m
Cy==Y o (3.3)
m=

INF3. Protection of the Vulnerable Road Users

One of the main characteristics of a secondary rural road is its multimodal nature.
Many types of users are traveling on the same road with very different speeds and
mass. Thus, as a consequence of these differences among users, the risk of accidents
is high on rural roads for pedestrians, bicycles and motorcycles who are usually
classified as the vulnerable road users (VRU). In 2008, on Belgian rural roads, 30%
of the road killed and 34% of the severe injuries concerned vulnerable road users.

Thus, concerning the bicyclists, suitable equipment must be selected considering
some factors such as the operating speed of the motorized traffic, some geometric
design parameters (e.g. lane width, separation distance between the roadway and
the cycle path) or the volume of traffic. On the basis of the Compatibility of Roads
for Cyclists Index CRCI in rural areas [80] and the Pedestrian and Bicyclist Safety
Indices at Intersections P/BSII [45], we have defined a global index Cgs; which
expresses the global level of safety of a bicycle equipment on a road (3.4).

Cgsi = 0.5 X Cgsy segment + 0.5 X Cpsy inters = 0.5 X CRCI +-0.5 x BSII (3.4

wherein Cggy segmens 18 the CRC Index on straight segments of the road and
Cpgsi inters 18 the Bicycle Safety Index at intersections. Given that the ratio of cy-
clist fatalities in Belgium is slightly the same in section or at the intersections [70],
an equal weight is allocated to the CRCI and BSII indices. These indexes are calcu-
lated by taking into account some parameters such as the average daily traffic, the
speed limit, the separation distance between the roadway and the cycle lane or even
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some signalization factors. The value of Cpgy is expressed on a scale which defines
the level of safety of the cycle facilities.

Concerning the pedestrians, we have defined a similar index Cps; which eval-
uates the global level of safety of a pedestrians equipment (straight sections and
crossings). As regards motorcyclists and moped drivers, it is important to pay at-
tention to the slippery surfaces or road markings and to the roadside safety barriers
[84]. However, due to the lack of information about this topic in the literature, we
have not included this category of users in the criterion for the moment.

Then, we define the criterion Cy gy which expresses the global level of safety for
vulnerable road users on the road (3.5) based on the indexes CBSI and CPSI defined
above. The actual weights were defined on the basis of the probabilities of accidents
of pedestrians and bicyclists on rural roads in Belgium in 2012 [32].

CVRU =0.52x CBS] +0.48 x CPSI (3.5)

INF4. Quality of the road pavement materials

A poor road surface quality can result in a loss of control of the vehicle (e.g. skid-
ding). Combined with the high speeds on rural roads, these structural defects can
lead to highly severe accidents. Consequently, it is crucial to preserve the quality of
the road surface. On the basis on researches about the development of performance
indicators for the selection of road pavements [20, 22], we can define a safety index
for the road surface Cgs. This index is calculated with some performance indicators
about the transverse evenness Plg, the skid resistance Plr, the drainability PIp and
the sensitivity to winter conditions Plyc.

Crs =0.45 x (0.7 x PIg +0.3 x PIp) + 0.4 X PIp +0.15 x Ply¢ (3.6)

The actual weighting has been defined in the mentioned literature. However, a
sensitivity analysis will be conducted on these weights at the end of the calculation
process in order to ensure their robustness. The performance indicators are common
values stored in our model for several road pavement materials. This criterion must
be minimized.

INFS. Road design and safety equipment

According to the Belgian Institute for Road Safety, run-off accidents represent
around 32% of all fatal rural accidents on Belgian rural roads. Then, if we cannot
totally avoid this type of accidents, we can reduce their severity by installing some
safety equipment along the infrastructure. Thus, the criterion Road design and safety
equipment evaluates the performance of the infrastructure regarding to its geometry,
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the environment and the safety equipment (e.g. vehicle restraint systems). The eval-
uation is based on a prediction model from the Highway Safety Research Center
which measures a predictive accident rate from several parameters such as the lane
width, the shoulder width or the roadside safety [111].

Cse = co X AADT ! x céw X céDS X C4UP X c§s X cgERl X C;ERZ (3.7

In Equation (3.7), ¢; are model parameters adapted to the Belgian road network
context, AADT is the annual average daily traffic, LW is the lane width, PS is the
width of paved shoulders, UP is the width of unpaved shoulders, RS is the roadside
safety coefficient and TER are variables related to the roadway environment. Given
that this criterion measures a predictive accident rate, it must be minimized.

INF6. Intersections

This criterion quantifies the consistency of the intersections of the project with the
function of the road, the volume and the composition of the traffic, the operating
speed and some others characteristics of the project. Depending on the type of in-
tersection, we compare the time which is necessary to realize different manoeuvres
in the crossroads with the minimum time that is required to ensure safety condi-
tions to the users. In practice, we evaluate this global required time to manoeuvre
by calculating the operating traffic capacity at the intersection.

INF7. Safety on road works

This last criterion of the dimension infrastructure refers to the protection of workers
and road users during reconstruction or maintenance activities. Indeed, during these
road works, the normal traffic situation is disrupted and this could affect the safety
around the work zones. Then, based on methodology that have been developed for
the European project STARs about the safety on road works [109], we measure a
road worker safety risk score. To date, the calculation procedure of this criterion is
confidential because the STARs project is still an on-going research.

SRV1 Information and intervention services

This criterion has been developed to take into account the quality of the information
and the intervention services in the evaluation of the road safety performances of a
project alternative. However, because of the lack of knowledge and information in
this research area, no pertinent criterion has been defined yet. To date, this criterion
is a descriptive scale that ranks the quality of services regarding to the type of service
equipment available (e.g. emergency call terminal, clear zone or emergency lane
along the road, safety camera, etc.).



3.3 Multicriteria decision analysis applied to sustainable road safety 49

ENVI1 Reducing road emissions

The restriction of road emissions is one of the most frequently used criteria to rep-
resent environmental concerns [49]. The criterion Cgys measures the annual average
concentration of PMg (cpyr) and NO; (cyo) generated by a road project. Based on
the development of a recent study from IBGE, the values of concentration depend
on the traffic volume and composition, some emission factors, the direct environ-
ment of the road, the operating speed and the roadway surface [56].

While we have calculated the values of annual average concentration of PMjq
and NO,, we normalize these values on a scale from O to 5. This normalization is
based on the minimum, maximum and thresholds values of concentration in Bel-
gium measured every year by the Belgian Interregional Environment Agency. From
there, we calculate a weighted sum (3.8) wherein the weights of the normalized
evaluation of concentration |cpy| and |cyo| are respectively the evaluation of |cyo|
and |cpy|. This criterion must be minimized.

_ leeml> +lenol?

Cem =
lepm| + |enol

(3.8)

ENVI2 Limitation of noise pollution

The noise pollution refers to the noise generated by the vehicular traffic on the road-
way. The intensity of the noise depends on the characteristics of the vehicles (e.g.
motor and tire types), the roadway surface type, the operating speed and some ge-
ometric design parameters. Then, if the evaluation of the operating noise pollution
is complex and requires the development of computer models, many studies were
interested in the definition of simplest evaluation of noise pollution. In Switzerland,
a project of the Federal Office for the Environment had led to the development of a
model which calculates the noise pollution generated by a road infrastructure [82].
This evaluation is based on the characteristics of the infrastructure such as the traffic
density and composition, the speed limit, the nature of road surface material or even
the nature of the roadside environment (3.9). Then, this value is compared to the
limit values for noise pollution (or acceptable values with regards to comfort and
health) which were defined by the noise pollution standards.

1%

L=A+10log [1+(50

)3 + (1 Y BxN X (1 - 1;0))} +10log(M)+ AR (3.9)

In Equation 3.9, A is a coefficient depending on the road pavement material,
B is an empirical constant, v is the operating speed, M is the traffic low (vehicles
by hour), 1 is the proportion of heavy trucks and AR is a corrective coefficient for
noise reflections (depending on geometric data such as the width of the roadway, the
height of the potential buildings, etc.). The level of noise L is measured in dB(A). It
can be applied for daytime (Ld), evening time (Le) or night time noise (Ln). Thus,
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the criterion Noise pollution calculates the level of noise generated by the infrastruc-
ture during night time, day time and evening time by referring to the Ln and Lden
indices. The level Lden is calculated as follows (3.10).

12 % 10T +3 x 10“%° +9 x 10“%10)

Lden = 10log; 7

(3.10)
The values Ln (3.11) and Lden (3.12) in dB(A) are normalized on a scale from 0
to 5 as follows. Finally, we obtain the criterion Cyp (3.13) which must be minimized.

0 if:Ln<30
2.5%Ln/30—2.5 if:30<Ln< 60

rl =9 25 % 1n/50-05 if:60<Ln<110 G-1D
5 if:In>110
0 if : Lden <30

|Lden| =< 5x Lden/80—1.875 if:30<Lden <110 (3.12)

5 if : Lden > 110

|Ln|* +|Lden|?

Cyp=—"—"-"—" 3.13
NP Ll + [Lden| (3.13)

SOCI1. Ensure a good level of service

By nature, the assessment of the road safety performance of an infrastructure project
has strong links with social aspects such as the reduction of road accidents for all
the users and the protection of the road workers. However, another social dimension
of road projects could be considered in the multicriteria evaluation by considering
the level of service of the infrastructure. Indeed, guarantying a good mobility and
accessibility on the road infrastructure is an important element with regard to the
social performance of a road project. Then, based on the developments from the
Highway Capacity Manual [105], we assess the quality of service provided by the
road infrastructure by measuring its level of service (LOS).

According to the Transportation Research Board, level of service is a “quanti-
tative stratification of a performance measure or measures that represent quality of
service [the operational performance of the infrastructure from the travellers per-
spective]” [105]. Considering the theoretical traffic capacity of the infrastructure
(which depends on parameters such as the number of lanes, the type of intersection,
the speed limit, etc.) and the predictive traffic flows, the criterion Ensure a good level
of service measures the level of service of the infrastructure on an ordinal scale from
AtoF
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ECO1. Limitation of construction costs

This criterion enables the decision maker to evaluate the economic performance of
a road project simply by calculating the construction costs. However, considering
that it is complex to obtain detailed and updated economic data about road projects
in Belgium (mainly due to some confidential issues), the evaluation of this criterion
remains quite vague for the moment. This criterion is expressed in euros and must
be minimized.

ECO2. Limitation of maintenance costs

This criterion is similar to ECO1, except that it evaluates the maintenance costs.
This criterion is expressed in euros and must be minimized.

3.3.3 Definition of the alternatives of the problem

Once a complete set of criteria has been developed, the next step is to identify all the
efficient solutions that constitute the alternatives of the multicriteria problem [106].
The efficient solutions could be defined as the best candidates to solve the problem.
From a theoretical point of view, a solution q; is called efficient if there is no solu-
tion s; in the set such that a; is at least as good as a; on all the criteria and strictly
better for at least one of them. Obviously, all non-efficient solutions of the problem
can be removed. Only efficient solutions have to be considered.

During the design stage of a road infrastructure, several alternatives are modelled
by the design engineers in charge of the project. In practice, only a small number of
alternatives are defined and they represent a limited set of design choices. However,
it would be an interesting added value to solve the complete problem by generat-
ing all the alternatives that would be technically feasible for a given infrastructure
project. Then, it would allow the decision maker to identify the most relevant alter-
natives considering the road environment, the nature and stakes of the project or the
preferences of the decision maker.

In this study, the set of alternatives of the multicriteria problem is constituted of
all the feasible solutions that could be generated for a specific project. To do so, we
identify all the parameters that represent the main characteristics of the project and
we generate the complete set of alternatives by combining these parameters (e.g.
number of lanes, lane width, nature of an eventual cycle lane, road signs, vehicle
restraint systems, type of intersections, etc.). In order to guarantee the feasibility of
the solutions, we must define the constraints of the project (e.g. maximum width
available).
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As an example, Table 3.3 shows that even for a simplified case study with only
11 input parameters (ranging from 2 to 5 values each, except cp_nat), we could
generate more than 10° feasible alternatives. Obviously, only a small proportion of
these alternatives would be non-dominated and selected as interesting candidates.
In Sect. 3.5, we will see how the use of a genetic algorithm would support us in the
identification of the non-dominated solutions.

Table 3.3 Amount of alternatives for a simplified problem

Variable Values Description (unit)

Winax 14 Maximum width of the roadway lane (m)
wy {2.5;3;3.5} Width of the roadway lane (m)

n {2;3:4} Number of lanes

Weh {0;1;2;3} Width of the shoulder (m)

b, {Y;N} Physical separation with the shoulders
cp-nat {1-17} Type of cycling facility

mat _nat {1;2;3:4;5} Type of road surface material

rsign {1;2} Nature of the signalization equipment
marking {1;2} Nature of the marking equipment
lighting {0;1;2;3} Nature of the lighting equipment
intertype {1;2;3;4} Type of intersection

v {50;70;90} Operational speed limit (km/h)

alt 1,175,040 Amount of feasible alternatives

3.4 Case study

As introduced previously, the aim of this study is to help engineers in the evaluation
and the selection of design road project alternatives. In the following section, we
propose to use the set of criteria developed previously on an illustrative case study
in order to prove the interest of this multicriteria approach and to underline the kind
of results we may obtain.

This case study concerns the redevelopment of a secondary road in a rural area
with a multimodal traffic (cf. Table 3.4). In the following example, we will only
consider a limited set of 10 alternatives to ensure the readability and the global un-
derstanding of the multicriteria approach. However, for a real case study, we define
all the feasible alternatives of the problem by a combination of parameters to ensure
an exhaustive analysis of the design space. In addition, we will consider a limited
set of 6 criteria due to the nature of the case study'. A simplified version of the

! Those are INF3, INF6, INF6, ENVI1, ENVI2 and ECO1
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Table 3.4 Description of the case study

Parameters Values

Area Rural

Function of the road Secondary road
Length 2.0 km
Maximum width 12m

Number of intersections 2

Traffic volume (AADT) 2500 veh/day
Fraction of heavy vehicles 10%

Presence of cyclists Yes

Presence of pedestrians No

Presence of obstacles Yes (trees along the roadway)

criterion Intersection has been used.

Based on the characteristics of the road project and its direct environment, we
have designed 10 different draft alternatives (Table 3.5) by modifying some design
parameters such as the number of lanes, the width of the lanes and shoulders, the na-
ture and width of the cycle path, the speed limit, the nature of the safety equipment
and the type of intersections. Additional information on the parameters is available
in the Appendice 3.6. To limit the size of the problem, we have considered the same
road surface material and the same road signing, marking and lighting equipment
for every alternative. We have then calculated their evaluation on each criterion of
the set (cf. Table 3.6).

Table 3.5 Definition of the alternatives of the case study

Variables a) ap a3 ay as ag a7 ag ag ajo
w; 2.5 3.5 2.5 3 2.5 3 3 3 2.5 2.5
ny 2 2 2 2 2 2 2 2 4 4
W, 2 1 2 2 2 1 3 1 1 1
[0 0 0 0 1 0 0 0 0 0 0
cp-nat 6 7 8 2 3 8 2 6 3 3
intertype 2 1 1 3 2 4 4 2 4 3
v 50 50 70 50 50 70 50 90 70 50

Then, let consider an equal distribution of the weights among the criteria (i.e.
16.7% each), we can generate a multicriteria ranking of the alternatives by using the
net flow scores of the outranking method PROMETHEE I [14, 12, 13]. This method
is based on pairwise comparisons of the evaluations of the alternatives and the repre-
sentation of the preference and indifference with the assistance of preference func-
tions. These functions remove the scale factors between criteria of different units
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Table 3.6 Evaluation table of the multicriteria problem

g1 22 g3 g4 gs £6

VRU Design Intersec. ~ Emissions Noise Costs
aj 37 0.32377 3 4.2842 2.8649 132,450.0
a 7 0.32844 3 4.2867 2.6951 432,780.0
az 12 0.32377 3 4.2842 2.7674 932,770.0
ay 22 0.53063 1 4.2884 2.6951 961,980.0
as 42 049842 3 4.2856 2.6951 102,030.0
ag 12 0.36597 2 4.2856 2.7674 931,780.0
ay 22 049978 2 4.2897 2.6951 162,200.0
ag 37 0.36597 3 4.2856 2.8649 122,310.0
ag 50 0.81102 2 4.2884 2.7674 169,200.0
ajo 45 0.81102 1 4.2884 2.6951 179,270.0

and they allow the decision maker to treat criteria with quantitative or qualitative
evaluations. Moreover, one of the main theoretical concepts of the PROMETHEE
methods is the enrichment of the dominance relation. It means that the comparison
of two alternatives could lead either to preference, indifference or incomparability.
In real-world applications, it could be very interesting given that the alternatives
may have profiles that are different or even incomparable.

The exhaustive description of the methodology of PROMETHEE goes beyond
the scope of this paper but a short overview is presented in Appendice 3.6. In this
example, we have chosen usual preference functions for the criteria INF6, ENVI1
and ENVI2. We have defined U-shape preference functions for the criteria INF3
(g = 5) and INF5 (g = 0.05). And we have defined a linear preference function for
the criterion ECO1 (¢ = 5,000; p = 100,000). We have used the D-Sight software
to generate the ranking on Fig. 3.3 [53].

Table 3.7 and Fig. 3.3 represent the ranking of the solutions based on the
PROMETHEE II net flow scores. The global net flow score is calculated by sub-
tracting the positive to the negative net flow score. The alternatives a,, az and ag are
the preferred solutions of the problem according to the preferences of the decision
maker. Table 3.8 represents the stability of the alternative ag as the first ranked so-
lution of the problem.

Based on the stability intervals of each criterion [12], we can observe that the
alternative a6 is robust on a certain range of weights. Indeed, if we could modify
the weights of criteria INF3 and INF5 on large intervals without changing the top
position of the alternative a6 in the ranking, we have to pay attention when mod-
ifying the weights of the others criteria. In particular, we could invert the position
of a6 and a2 in the ranking by decreasing to 16.0% the weight associated to INF6.
In practice, the definition of the weights could be done on the basis of the project
requirements or by computing an interactive process with the decision maker. A
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Fig. 3.3 Ranking of the alternatives based on PROMETHEE II net flow scores

Table 3.7 PROMETHEE II net flow scores

Alt. Rank  Net flow Flow+ Flow-
aj 5 0.031727 0.37102 0.33929
a 2 0.14815 0.44444 0.2963
as 3 0.097312 0.41213 0.31481
ay 7 -0.0096316 0.38889 0.39852
as 4 0.044889 0.3597 0.31481
ag 1 0.15306 0.44936 0.2963
a7 6 0.0174 0.39163 0.37423
ag 8 -0.050955 0.32239 0.37335
ag 10 -0.34069 0.22321 0.5639
a 9 -0.091259 0.33333 0.42459

Table 3.8 Stability intervals for the first ranked alternative

Criteria ~ Min weight Weight value Max weight
g 8.6% 16.7% 100.0%

2] 5.1% 16.7% 100.0%

23 16.2% 16.7% 35.5%

24 15.7% 16.7% 24.3%

gs 0.0% 16.7% 17.1%

26 0.0% 16.7% 17.6%
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well-known approach is the preference elicitation method in the Analytic Hierarchy
Process. This method generates the weights from a pairwise comparison between all
the criteria and the expression of the preference on an ordered scale from 1 to 9 [90].

delta = 83%

ECO1 s
*

Fig. 3.4 Visual representation of the problem on the GAIA plane

In addition, we may use a global visualization tool given by the GAIA plane to
analyse more precisely the characteristics of the problem and the nature of the solu-
tions. Figure 3.4 represents the plane obtained after applying a principal components
analysis to the alternatives of the problem. Due to the projection, there is a small loss
of information (about 17% here) but the study of the GAIA plane still leads to inter-
esting observations. At first, we may notice that alternative ag and a, perform well
in the criteria INF3, INF5 while they obtain neutral evaluation on INF6, ENVI2 and
ENVII and bad evaluations on criteria ECO1. At the contrary, the alternative ag
performs significantly well on the economic and noise criteria but suffers from bad
evaluations on the criteria related to the infrastructure performances (except INFS).

Moreover, the ranking on the Fig. 3.3 shows that the alternatives a, and a3 ob-
tain a similar net flow score respectively 0.148 and 0.097, while the analysis of the
GAIA plane points out that their profiles are slightly different (on INF6, ENVII and
ENVI2 essentially). This means that the final choice has to be done with caution.
Consequently, the use of complementary tools such as the GAIA plane or the sen-
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sitivity analysis will support the decision maker in the understanding of the results
and the selection of a final solution.

3.5 Current and future developments

Considering that the actions are defined a priori by combinations of parameters (e.g.
number of lanes, width of lanes, roadway materials, type of cycle equipment, type
of safety equipment, type of lighting equipment, etc.), the size of the problem may
rapidly become important. In the Sect. 3.3.3, we have seen that even a simplified
road design project, the set of alternatives could rapidly reach 10° items (cf. Table
3.3). Then, considering the large number of alternatives and criteria of our problem,
the exhaustive enumerations of all the solutions would imply an important calcula-
tion time. Moreover, due to the non-linear nature of the criteria, the use of a linear
programming method was not possible to solve the problem. Therefore, we have
decided to apply a metaheuristic to address this issue.

In this research project, we have used the multi-objective evolutionary algorithm
NSGA-II [31]. This algorithm is a metaheuristic that is able to deal with large prob-
lem and to find solutions with a high convergence speed. From the complete set
of alternatives, we randomly select a limited sample of alternatives that constitutes
the initial population. We generate the evaluation table of this initial population and
then, we identify the non-dominated solutions. We start the genetic process and we
improve the quality of the initial solutions by applying crossover and mutation op-
erations on each successive set of solutions. At the end, the set of solutions has
converged and the set of non-dominated solutions of our problem has been identi-
fied.

Table 3.9 Amount of Pareto solutions obtained after NSGA-II (150 generations)

Variables Values Description

alt. 1,175,040 Total amount of feasible alternatives
initial_pop 150 Size of the initial population for NSGA-II
gen 150 Number of generations in NSGA-II
pareto_sol 61 amount of Pareto solutions

Table 3.9 contains the results of the simplified problem introduced in Sect. 3.3.3
after using NSGA-IIL. The initial population was composed of 150 alternatives ran-
domly selected and 150 generations were conducted in NSGA-II. At the end of the
process, 61 non-dominated (or Pareto) solutions were identified.

Figure 3.5 shows a projection view on the objectives ECO1 (i.e. construction
costs) and INF5 (i.e. safety equipment) of the initial population (blue dots) and
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the non-dominated solutions (red triangles). These interesting results illustrate the
added value of using a multi-objective evolutionary algorithm, given that it proceeds
to an efficient and extensive design space exploration.
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Fig. 3.5 Two-axis projection view of the dominated and non-dominated solutions

This heuristic allows us to consider several criteria at the same time and then
to give relevant information to the decision maker. For example, if we consider the
closest triangles to the axis of the Fig. 3.5, we observe that a small gain on the cri-
terion SafEq from 0.5 to 0.35 accidents per 10% veh.km implies an increase of the
costs from 9,000 to 22,000.

Once the Pareto frontier has been identified, we may analysis the quality of the
solutions and the performance of the NSGA-II algorithm by using performance in-
dicators available in the literature. For instance, we may evaluate the density and
diversity of the solutions which compose the frontier (e.g. spread, binary hyper-
volume indicator), and the convergence of the algorithm (e.g. contribution, binary
-indicator, binary hypervolume indicator) [99].
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Finally, we may use a complementary methodology to solve the multicriteria
problem. However, a detailed analysis of this solving process goes beyond the scope
of this paper (cf. Chapt. 4).

3.6 Conclusion and discussion

In this study, we have developed an innovative model to assess both the road safety
and the sustainable performances of a project at the design stage. Considering the
objectives of the EC to reduce the number of fatalities on the road network by 2020,
we have initiated the development of a preventive approach based on the concept of
sustainable road safety. In addition, we have decided to use a multicriteria decision
aiding methodology to assist the engineers during the design process of an infras-
tructure. At the pre-design stage of the process, we first generate all the feasible
alternatives of the project by applying parameter combinations. Then, we support
the engineers in the evaluation and the selection of the best solutions for a specific
road infrastructure problem by using a multicriteria model. This model is based on
the NSGA-II algorithm.

To date, the first results of this on-going research are promising and due to its
multidisciplinary nature, the use of a multicriteria methodology seems fully rele-
vant. From a multicriteria perspective, the design of a road project is a complex and
challenging problem. The application of the proposed model on a case study showed
that the multicriteria problem involves conflicting criteria. Moreover, the visual rep-
resentation of the solutions on the GAIA plane illustrated the diversity of profiles
among the good solutions. Then, the use of a multicriteria decision aiding model
constitutes a quantitative approach that allows the decision maker to interact with
the other actors of the project. Consequently, all these observations demonstrate the
added value of using a multicriteria decision analysis model to solve the problem.

However, the proposed model has some limitations that would require further
research. The set of criteria should be improved and completed with economic, so-
cial and environmental issues which are related to the design of a road project. The
predictive accident model that we use should be updated with respect to the Belgian
context. In addition, the exhaustive generation of the alternatives causes a lack of
precision in the final results. Indeed, due to the automated nature of the process,
we restrain the alternatives to a finite number of design parameters that are used
by the evaluation formula of the criteria. So, the more we add parameters to define
the alternatives, the more the criteria are complex. Consequently, we have to find
a compromise between the precision of the alternatives and the complexity of the
criteria evaluations.

From a methodological point of view, we will focus in the short term on the study
of the set of non-dominated solutions which constitute the Pareto frontier and the
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final solving of the problem. In the long run, the use of this model may lead to the
definition of innovative and integrated solutions. Additionally, the improvement of
the set of criteria may help us to have a better understanding of the road safety issues
and them quantification.
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Appendices

Additional information on the multicriteria problem

Hereinafter, we describe the meaning of the parameters evaluation from the Table
3.5.

e intertype =

— {1} : give way to right
— {2} : through road

— {3} : traffic signals

— {4} : roundabout

e cp-nat=

— {2} : marked cycle lane on the road width = 1m

{3} : shared lane (mixed traffic)

— {6} : separated cycle lane width = 1,5m no separation
{7} : separated cycle lane width = 1,5m delineators

— {8} : separated cycle lane width = 1,5m barriers

The PROMETHEE methods

The PROMETHEE methods had been developed in 1982 by J.P. Brans and they
offer the decision maker (DM) a support for the problems of multicriteria choice
(PROMETHEE I and II) and the problems of multicriteria ranking (PROMETHEE
II). These outranking methods are based on three main principles: the enrichment
of the preference structure, the enrichment of the dominance relation and decision
aiding.

Concerning the enrichment of the preference structure, the PROMETHEE meth-
ods introduces the preference function which allows us to take into account the
amplitude of the variance between the evaluations of each criteria. Indeed, giving
that the dominance relation is quite weak, we enrich it by using the function P;j(a,b)
which supplies the preference degree for the alternative a over the alternative b
(3.14).

Pj(a,b) = P;(dj(a,b)) (3.14)

0<Pj(a,b) <1 (3.15)

In Equation (3.14), dj(a,b) = g(a)g;(b) is the variance between the evaluations
gj(a) and g;(b). Thus, we can define different types of preference functions de-
pending on the preferences of the decision maker (i.e. the preference threshold p
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and the indifference threshold ¢). Considering a multicriteria problem and the pref-
erence function P;(a,b) associated to each criteria, we can define the multicriteria
preference index 7(a,b) and the ingoing ¢ (a) and outgoing flows ¢~ (a) for each
action by using the weights defined by the DM. By using these outranking flows, we
are able to transform the local information on each action and criterion into global
information:

k
n(a,b) =Y Pj(a,b) x o, (3.16)
Jj=1
k
Y o=1 (3.17)
j=1
0" (@) =+ Y n(a,x) (3.18)
anA
1
0 (a) = - Y 7(x,a) (3.19)
XEA

while A is the set of actions, a the actions on A, n the number of actions, k the
number of criteria and @; the weight of criterion g; (@; > 0 for j = 1...k). Finally,
these two flows are combined to obtain a single net flow:

¢(a)=¢"(a)— ¢~ (a) (3.20)

Then, on the basis of these flows, we can rank all the actions of the problem. In
PROMETHEE II, we use the net flow to obtain a complete ranking of the actions.
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Abstract Over the past few years, both recognizing sustainable development and
improving road safety have been main issues in policies for transport and mobility
in Europe. However, few methodologies have been developed to support actively
the road sector in the design of safer and greener roads. Consequently, this re-
search project aimed to develop a multicriteria analysis methodology to carry out
an integrated and preventive assessment of the road safety performances and some
sustainable aspects of road projects at the design stage. Due to the combinatorial
nature of design projects, we have investigated how an evolutionary approach, such
as NSGA-II, could help the engineers to identify efficient alternatives. The algo-
rithm was studied by means of well-known performance indicators. These showed
the quality of the solutions generated by the algorithm in terms of convergence and
diversity. In particular, the binary hypervolume indicator underlined the quality of
the approximation set.

Keywords: Multi-objective optimization, NSGA-II, Performance indicators, Road
design, Road safety
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4.1 Introduction

For many years, considering sustainable development and improving road safety
have been two majors concerns in mobility and transport policies in Europe. Since
2001, the European Commission had published several reports and directives about
the improvement of the safety level on the European road network. In the European
White Paper on Transport Policy [38], an objective of halving the overall number
of road deaths in the European Union by 2010 had been targeted. This challenging
objective has been updated and reinforced in the Road Safety Programme 2011-
2020. It has been completed with several strategic objectives and principles such
as the development of an integrated approach to road safety [41]. In 2003, the Eu-
ropean Road Safety Charter had been published and submitted to several actors of
the road sector, as a commitment to take concrete actions in order to reduce road
accident fatalities. Additionally, in 2008, the European Commission had published
the Greening Transport Package about strategies to apply in order to strive for a
transport system more respectful of the environment [40].

In Belgium, the Federal Commission for the Road Safety had been formed in
2002 with intent to fulfill the EC objectives. In 2011, the initiative "Go For Zero”
has been launched by the State Secretary for Mobility and the Belgian Institute
for Road Safety. It conducts several actions to make the road users sensitive to
road safety issues (e.g., speed, seatbelt, alcohol and driving, etc.) [S57]. In Wallo-
nia, the government reaffirmed its willingness to promote sustainable mobility for
every road user in its declaration of regional policy for the period 2009-2014 [107].

However, it has become essential to take more practical and effective actions to
meet these objectives of improving road safety and considering more significantly
the sustainable character of the road transport infrastructure. In particular, we should
develop new preventive and innovative tools which may be used during the design
stage to assess the technical and sustainable performances of a project. In the long
run, these tools would allow us to design innovative road infrastructure projects and
to promote solutions more consistent with the sustainable transport policies.

But to date, the assessment of the road safety performances of an infrastructure is
essentially based on reactive approaches such as the evaluation of databases contain-
ing accident statistics. These offer the administration a support in the identification
of the areas or routes with high accident concentration - also called black spots.
These methods consist of curative analysis and handling of the high accident con-
centration areas. Moreover, the selection of project alternatives at the design stage
is still mainly motivated by the economic aspect while the environmental and the
social aspects are often neglected. Based on these observations, we have initiated
the development of a preventive analysis of the sustainable and safety performances
of a road project at the design stage.
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The structure of this paper is as follows. It starts with a description of the re-
search questions where we briefly discuss about the evaluation of road safety and
the integration of sustainability assessment in the design process of a road project.
Next, the concept of sustainable road safety is introduced to structure the multicri-
teria methodology. Thereafter, the method used is outlined. The problem and the
genetic algorithm are introduced. Then, the results are presented with an analysis
of several performance indicators. Finally, a discussion and some conclusions are
provided.

4.2 Research questions and motivation

4.2.1 Towards a preventive evaluation of road safety

In 2013, the level of safety on the Belgian road network had slightly improved with
a global decrease of road deaths by 5.8%. This reduction corresponds to a total of
720 road deaths and it is in accordance with the objectives of the EC of decreasing
to 620 road deaths in 2015 and 420 in 2020. However, when comparing with the
situation in France (-11%) and Germany (-10%), the decrease is slower in Belgium
[58]. Therefore, to accentuate the improvement of road safety in Belgium and to
maintain this orientation in the long run, it would be relevant to assess preventively
the safety performances of a road project during the design stage.

At first, it is important to define theoretically what road safety is. To do so, we
can use the elementary triangle of road safety (Fig. 4.1) which is composed of the
dimensions vehicle, driver and road. On the basis of this triangle, we are able to clas-
sify all the causes of an accident in one or more of the three main dimensions (i.e.,
apexes of the triangle) or their interactions (i.e., sides of the triangle). If we want
to improve the global level of road safety of an infrastructure, we have to take an
interest in one or some of these triangle components. Within the framework of this
research, we focused on the road equipment dimension and the human and physical
factors. Indeed, according to different studies, from 18% to 28% of the accidents are
due to an unsafe road environment or infrastructure [84]. For methodological rea-
sons, we focused in this study on the secondary rural roads of the Belgian network.

4.2.2 An integrated and sustainable approach of road safety

Considering the major environmental, economic and social crisis that the world has
experienced, and due to the collective nature of a road infrastructure, it has become
crucial to integrate the road sector policies into a more sustainable approach. In-
deed, road infrastructures have close links with some sustainable topics such as en-



66 4 Contribution 2: Identification of Efficient Solutions by Using a MOEA
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ergy consumption [42], preservation of environment, economic performance, noise
disturbance [82, 7] or even social impact [96]. In practice, it both implies to recon-
sider current policies by taking into account more precisely sustainable development
concerns and to develop some new evaluation processes and decision aiding tools to
offer road sector a common definition about sustainability. As mentioned previously,
several reports have been published during the past years by national and European
organizations in order to promote sustainable roads. However, there is still a lack of
tools and processes that could assist the actors of the road sector in the practical and
integrated evaluation of the sustainable performances of their projects.

In this research project, we aimed to enrich the evaluation of the safety perfor-
mances of road projects with some fundamental concerns related to the environmen-
tal, social and economic dimensions of sustainable development. By doing so, we
defined a more complete and integrated assessment model which would meet the
needs of the transport and mobility policies in Europe.

4.2.3 A support to innovative projects

During the design stage of a road infrastructure, several alternatives are modeled by
the engineers in charge of the project. Different design choices are made by varying
several parameters that represent the main characteristics of the project (e.g., number
of lanes, lane width, nature of an eventual cycle lane, nature of the road signs or
vehicle restraint systems, type of intersections, etc.). At the end of this modeling
stage, an alternative is selected among all of those that were modeled (Fig. 4.2). But
even if this selection is not exclusively motivated by the economic criterion, there
is to date no integrated tool that could help the design engineers to analyze each
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alternative and to select the most appropriate to the challenges and the stakes of the
project.

OBJECTIVE: AID IN THE EVALUATION OF AN ALTERNATIVE

Fig. 4.2 Design stage of an infrastructure and objective of the project

This research aims to fill that void and to offer design engineers assistance in the
evaluation of their project alternatives and the identification of the best candidates.
As mentioned in the previous section, this evaluation quantifies the performances of
the project alternatives from a set of criteria which is composed of road safety and
sustainable criteria. This set represents the sustainable road safety.

By using this model, a design engineer would be able to evaluate and to compare
several alternatives of a road project based on their technical, economical, environ-
mental and social performances. Therefore, it would be possible to select the best
solution according to the characteristics of the project or the demands of the speci-
fication. In the long run, the use of integrated assessment during the design stage of
road project may promote the development of innovative and sustainable solutions.

4.3 Structuring the multicriteria decision aiding problem

Based on the observations presented in the previous section, this research project
had been initiated in 2010 to fulfill two main objectives. At first, the integration
of road project evaluations into a sustainable approach by defining the concept of
sustainable road safety. And secondly, the development of a multicriteria analysis
methodology which would allow us to carry out an integrated and preventive assess-
ment of infrastructure projects at the design stage.
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4.3.1 Definition of sustainable road safety

One of the main findings of this research project is the definition of the concept
of sustainable road safety and its representation into quantitative criteria. At first, a
large literature review was conducted on the topic of road safety [84, 50]. In par-
ticular, we were focusing on the safety issues or characteristics related to the road
infrastructure. Then, we have defined from this analysis the seven following topics,
spread in the dimensions of Infrastructure (INF) and Services (SRV).

INF1 - Visibility of the infrastructure

INF2 - Protection of the vulnerable roads users (VRU)
INF3 - Quality of the road pavement materials

INF4 - Road design and road safety equipment

INFS5 - Intersections

INF6 - Safety on road works

SRV1 - Information and intervention services

These topics constitute the first part of the set of criteria that is used in our multi-
criteria analysis methodology. They will allow us to quantify the performance of the
road infrastructure projects in relation to safety. Then, we defined additional topics
to enrich the evaluation of road projects with sustainable concerns. Over the past
few years, several studies had been conducted on the topics of sustainable roads;
GreenRoads [77], Routes durables [81], Grille RST02 [10]) and sustainable safety
(e.g., Vision Zero [104], Sustainable Safety [1]). But regarding the sustainable safety
concept, these studies exclusively focused on the social dimension of the sustainable
development. As part of this project, we broadened the sustainability notion to the
three pillars of sustainable development - economic (ECO), social (SOC) and en-
vironmental (ENVI). To illustrate the sustainability issues in our analysis, we then
selected the following five topics.

ENVII - Reduction of greenhouse gases emissions
ENVI2 - Limitation of noise pollution

SOCI - Ensure mobility of all

ECOI1 - Limitation of the construction costs
ECO2 - Limitation of the maintenance costs

To our point of view, the association of all these 12 topics illustrates the concept
of sustainable road safety. And due to the multidisciplinary nature of the concept of
sustainable road safety, we are dealing with a typical multicriteria decision aiding
problem wherein the alternatives of the problem are the draft alternatives of the road
project at the design stage, and the criteria are the sustainable safety performances.
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4.3.2 Modelling of the multicriteria problem

In order to ensure the consistency of the multicriteria evaluation model, it is impor-
tant to develop a complete set of criteria by identifying the key factors and parame-
ters of each topic. As far as possible, we must try to develop quantitative criteria to
limit the subjectivity of the decision maker (DM) during the calculation process. In
this study, we have developed the set of criteria by conducting an important litera-
ture review on topics related to the legibility of the road infrastructure [84, 85, 44],
the protection of vulnerable road users [84, 80, 45], the quality of road pavement
materials [20, 22], the impact of road layout and equipment [111], the design of
intersections [44], the safety on road works and some others sustainable concerns.
Additionally, some meetings were organized with experts from the road sector to
review critically and validate the final set of criteria.

To define these criteria, an important stage of modelling and creation of data had
been necessary to transform the initial topics - sometimes exclusively qualitative
or descriptive - into quantitative criteria which ensure a consistent and meaningful
analysis. Given the complexity of some practical phenomena or theoretical concepts
associated with these topics, the final criteria are of a different nature (quantitative or
qualitative, ordinal or cardinal scales, etc.). In addition, the developments of some
criteria have been deliberately limited to a qualitative assessment, mainly due to
lack of references in the literature. Nevertheless, if some improvements may still be
done in the future, the quantitative nature of these criteria does not undermine the
relevance and the overall consistency of the analysis.

The exhaustive definition of the full set of criteria had been done in previous arti-
cles (cf. Chapt. 3) and it goes beyond the scope of this paper. However, to ensure the
global understanding of the methodology, we briefly introduced the mathematical
expression of eight criteria as described below. They are the ones we have used in
the illustrative example of this paper.

Visibility (INF1)

The level of visibility of the road Cy is measured by summing the coefficients of
visibility oy of the m roadway elements and feature. The coefficient o is an integer
between 0 (very bad) and 10 (very good) which is attributed to each k roadway ele-
ment. The values of this coefficient were submitted to the expertise of the members
of the Technical Committee for Road Safety of the Belgian Road Research Center.

1 m
cv=—Y o A.1)
m;
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Protection of the Vulnerable Road Users (INF2)

To assess the global level of safety for vulnerable road users on the road, we calcu-
late the Compatibility of Roads for Cyclists Index CRCI in rural areas [80]. This in-
dex measures the global level of safety of bicycle facility on a road by summing the
individual scores of several components of the infrastructure, such as the speed limit
on the roadway, the dimension of the cycling space, the motorized and heavy truck
traffic flows or the roadside condition. It is composed of an index base CRCI,,, and
of an optional part CRClptions.

Cyry = CRCI = CRClpy5¢ — CRCl prions 4.2)

Quality of the road pavement materials (INF3)

Based on researches about the development of performance indicators for the selec-
tion of road pavements [20, 22], we have defined a safety index for the road surface
Crs. This index is calculated with some performance indicators about the trans-
verse evenness Plg, the skid resistance Plg, the drainability PIp and the sensitivity
to winter conditions Plyy¢c. The weights were defined in the literature [20].

Crs = 0.45 x (0.7 x PIg +0.3 x PIp) + 0.4 x Plz +0.15 x Plyc 4.3)

Road design and road safety equipment (INF4)

We evaluate the performance of the infrastructure Cgg regarding to its geometry,
the environment and the road safety equipment (e.g. vehicle restraint systems). The
evaluation is based on a prediction model from the Highway Safety Research Center
which measures a predictive accident rate from several parameters such as the lane
width, the shoulder width or the roadside safety [111].

Csg = co X AADT! x c%W X cgs X cf(P X C§S X cgERl X C;ERz 4.4)

In (4.4), c; are model parameters adapted to the Belgian road network context,
AADT is the annual average daily traffic, LW is the lane width, PS is the width of
paved shoulders, UP is the width of unpaved shoulders, RS is the roadside safety
coefficient and TER| » are variables related to the roadway environment.

Intersections (INF5)

We measure the consistency and the adequacy of the intersections C;yr depending
on the speed limit on the road infrastructure v, the function of the roads crossing
at the intersection F; and the environment &, as shown in (4.5). We identified three
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levels of performance for the n intersections of the project: consistent, moderately
consistent and badly consistent to inconsistent corresponding to the values {1,2,3}.
These levels have been defined for each type of intersection based on the research
of Agentschap Wegen en Verkeer on the intersections [3].

1 n
Civr = = ) fiv, Fi &) (4.5)
i=1

Reduction of the greenhouse gases emissions (ENVI1)

The restriction of the greenhouse gases emissions is one of the most frequently
used criteria to represent environmental concerns. The criterion Cgy g measures the
annual average concentration of PMg (cpy) and NO» (cyp) generated by a road
project. The values of concentration depend on the traffic volume and composi-
tion, some emission factors, the direct environment of the road, the operating speed
and the roadway surface. While we calculated the values of annual average con-
centration of PMy and NO,, we normalize these values on a scale from O to 5.
This normalization was based on the minimum, maximum and thresholds values
of concentration in Belgium measured every year by the Belgian Interregional En-
vironment Agency. From there, we calculate a weighted sum wherein the weights
of the normalized evaluation of concentration |cpy| and |cyo| are respectively the
evaluation of |cyp| and |cpy| as shown in (4.6).

. |CPM|2+ |CN0|2

CeuG =
lepu| + |enol

(4.6)

Limitation of noise pollution (ENVI2)

We use a model which calculates the noise pollution generated by a road infrastruc-
ture [82]. This evaluation is based on the characteristics of the infrastructure such
as the traffic density and composition, the speed limit, the nature of road surface
material or even the nature of the roadside environment as shown in (4.7). Then,
this value was compared to the limit values for noise pollution (or acceptable values
with regards to comfort and health) which have been defined by the noise pollution
standards.

;Q3+(1+anx(1—‘“)ﬂ+40bgMy+AR(4n

L=A+10log |1 (
+ og[—i— 150

In (4.7), A is a coefficient depending on the road pavement material, B is an em-
pirical constant, v is the operating speed, M is the traffic flow (vehicles per hour), n
is the proportion of heavy trucks and AR is a corrective coefficient for noise reflec-
tions (depending on geometric data such as the width of the roadway, the height of
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the potential buildings, etc.). The level of noise L is measured in dB(A). It can be
applied for daytime (Ld), evening time (Le) or night time noise (Ln). Thus, this cri-
terion Cyp calculates the level of noise generated by the infrastructure during night
time, day time and evening time by referring to the Ln and Lden indices as shown
in (4.8).

_|Ln|*+|Lden|?

= 4.8
|Ln|+ |Lden| “48)

Cnp

Limitation of construction costs (ECO1)

We simply measured the global construction costs Ccc by summing the costs for
each equipment and materials p; (9). The maintenance costs are evaluated in the
same way (ECO2).

Cec =Y. P (4.9)
k=1

4.4 Implementation of the evolutionary algorithm

4.4.1 Nature of the problem

Once a complete set of criteria has been developed, the next step was to identify all
efficient solutions of the problem. As introduced previously, the aim of this study
was to help engineers in the evaluation step and the selection of road project al-
ternatives at the design stage. Considering that the actions are defined a priori by
different combinations of the design parameters of the project, the size of the prob-
lem may rapidly become important. As an example, Table 1 illustrates the number
of feasible alternatives that could be generated (about 2x 10°) for a very simplified
case study with only 12 input parameters (ranging from 2 to 5 values each, except
cp-nat). Then, considering the large number of alternatives and criteria, the exhaus-
tive enumerations of all the solutions would imply an important calculation time.
As a consequence of this observation and due to the non linear nature of the criteria,
we decided to apply a metaheuristic to address this issue.
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Table 4.1 Total amount of alternatives for a simplified problem.

Variable Values Description (unit)

Winax 14 Maximum width of the roadway lane (m)
wy {2.5;3;3.5} Width of the roadway lane (m)

n {2;3:4} Number of lanes

W {0;1;2;3} Width of the shoulder (m)

bsp {Y:N} Physical separation with the shoulders
cp_nat {1-17} Type of cycling facility

Wined {Y:N} Physical separation between flow and contraflow
mat _nat {1;2;3;4;5} Type of road surface material

rsign {1;2} Nature of the signalization equipment
marking {1;2} Nature of the marking equipment
lighting {0;1;2;3} Nature of the lighting equipment
intertype {1;2;3;4} Type of intersection

v {50;70;90} Operational speed limit (km/h)

alt 2,350,080 Amount of feasible alternatives

4.4.2 Implementation of the NSGA-II algorithm

Structure of the NSGA-II algorithm

In this research project, we decided to use the multi-objective evolutionary al-
gorithm NSGA-II [31]. The model has been completely developed on MATLAB
R2014b. The main steps of this algorithm have been described below. From the
complete set of alternatives, we randomly select a limited sample of alternatives
that constitutes the initial population. Next, we generate the evaluation table of this
initial population and then, we identify the non-dominated solutions. Afterwards,
we start the genetic process and we improve the quality of the initial solutions by
applying crossover and mutation operations on each successive set of solutions. At
the end, the set of solutions has converged and the set of non-dominated solutions
of our problem has been identified.

During the genetic process, we select two parents in the current population by
using binary tournament selection based on the rank and the crowding distance.
When comparing two individuals, we select the one with the smaller rank or with
the greater crowding distance. Then, we allow the parents to make a crossover with
a probability P. of 90%. We used Simulated Binary Crossover to generate new indi-
viduals [30] :

c1k =0.5x [(1=B) p1x+ (14 Be) P2k

4.10
2k =0.5x [(14B) 1+ (1= Be) P2k (4.10)



74 4 Contribution 2: Identification of Efficient Solutions by Using a MOEA

where B, (> 0) is a spread factor, Cik (resp. p;y) is the evaluation of the i child
(resp. parent) on the k" objective.

Then, we allow the individuals of the child population to mutate with a probabil-
ity P, of 30%. We use a polynomial mutation to generate the offspring .

ci=ci+ (c?—cﬁ) & 4.11)

where ¢ (resp. cﬁ) is the upper (resp. lower) bound of the individuals ¢; and §;
is a parameter computed from a polynomial probability distribution [99]. In the
following equation, 7, is the distribution index and r; is a random number between
0O and 1:

P(8) =0.5x (Nn+1) (1 —[8]™) (4.12)
1 .
5 = (2r;)mmTT —1 1 ifr; <0.5 4.13)
1—(2(1—r;))m¥T  otherwise

Results of the simplified problem

Table 4.2 contains the results of the simplified problem introduced previously after
using NSGA-II. The initial population was composed of 50 alternatives randomly
selected and 50 generations have been conducted in NSGA-II. A limited set of 8
criteria has been considered. The respect of the maximum width available was set
as the only constraint of the model. At the end of the process, 186 non-dominated (or
Pareto) solutions have been identified. This value corresponds to the average value
after 30 runs of the NSGA-II algorithm. On average, the Pareto frontier is computed
by the MATLAB model in 25.8 seconds.

Table 4.2 Amount of Pareto solutions obtained after NSGA-II (w5, = 14m ; 50 gen ; 30 tests)

Variables Values Description (unit)

alt 2350080 Total amount of feasible alternatives

initial_pop 50 Size of the initial population for NSGA-II

gen 50 Number of generations in NSGA-II

time 25.8 Time required to compute the Pareto frontier (s)
pareto_sol 186 Size of the approximate Pareto front

Figure 4.3 shows a projection view on the objectives Limitation of the construc-
tions costs and Road design and safety equipment of the successive populations
(dots) and the non-dominated solutions of the final population (triangles). In this
problem, all the objectives must be minimized. We clearly observe a convergence of
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the sets of initial and intermediate solutions towards an improved final population,
even if the projection from eight to two dimensions implies a loss of information.
At the end of the genetic process, we obtain non-dominated solutions with better
evaluations on the criteria of the problem.
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Fig. 4.3 Two-axis projection view of the dominated and non-dominated solutions

These interesting results illustrate the utility of using a multi-objective evolu-
tionary algorithm to describe the problem, given that it proceeds to an efficient and
extensive design space exploration. Moreover, it allows us to consider several crite-
ria at the same time and then to give a relevant information to the DM.

4.5 Performance evaluation and Pareto front structure

Once the genetic algorithm was developed, we could take an interest in the study
of performance indicators and the analysis of the properties of the design space.
These indicators allowed us to quantify the quality of the solution set and the global
performance of the NSGA-II algorithm. In the following section, we use some clas-
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sical indicators from the literature in order to evaluate the convergence of the model
(contribution, binary €-indicator), the diversity of the non-dominated solution set
(spread) or both convergence and diversity (binary hypervolume indicator) [99].
The convergence-based and diversity-based indicators were developed in MATLAB
R2014b. Concerning the binary hypervolume indicator, we used the algorithm de-
veloped in [47] for a set of n non-dominated points in d dimensions.

4.5.1 Convergence-based indicators

According to the literature, the convergence-based indicators allowed us to quantify
the effectiveness of a set of non-dominated solutions by evaluating their nearness to
the optimal Pareto front.

Dimension and convexity of the Pareto front

The dimension of the Pareto front is a simple metric which evaluates the size of
the Pareto frontier and its evolution during the genetic process. Figure 4.4 illus-
trates the evolution of the dimension of the Pareto frontier towards the final value
of 186 non-dominated solutions. Considering the simplified nature of the example,
we have measured the exact Pareto front of the full population. For this example,
it is composed of 552 unique non-dominated solutions in the objective space (but
952 alternatives in the decision space). For a limited population of 50 alternatives
and after 50 generations, the approximated Pareto front was then composed of about
34% of all the non-dominated solutions of the full multicriteria problem (and 44%
after 100 generations, 56% after 150 generations). Consequently, due to the loss of
information, it is crucial to analyse the convergence and the distribution of the ap-
proximated Pareto front in order to determine if it constitutes a good approximation
of the exact Pareto front.

In addition, we measured the convexity of the Pareto front by evaluating the po-
sition of the non-dominated solutions relatively to a hyperplane. Considering a mul-
ticriteria problem with k criteria, this hyperplane is defined from k points randomly
selected on the Pareto front. After 30 runs of the algorithm, we obtain an average
value of convexity of 82.5%. It indicates that the Pareto front is globally convex, but
some non-dominated solutions can be missed due to local concavity.

Finally, solving the exact problem requires a calculation time of about 15 min-
utes while the solving of the limited problem (50 alternatives and 50 generations)
requires a calculation time of 30 seconds. For this simplified example, it corresponds
to only 3% of the calculation time of the full problem. Considering more complex
problems, this significant win constitutes a very interesting finding. All the tests
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Evolution of the size of the Pareto frontier
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Fig. 4.4 Evolution of the dimension of the Pareto front during the evolutionary algorithm

have been conducted on a computer with Intel Core i5 CPU 2.40 Ghz and 4,00GB
of memory.

Contribution

The contribution is a convergence-based binary indicator [99]. During the genetic
process, we measured the contribution of an approximation set PO, relatively to
another approximation set PO, by calculating the ratio of non-dominated solutions
produced by PO in the merged set of Pareto solutions POx (or PO; U PO;). In the
following equation, PO is the set of solutions in PO; N PO,, W the set of solutions
in PO; that dominate some solutions of PO, and N; the set of non-comparable
solutions of PO;.

PO
IPOL |y wy |+ | Vi |
PO |

At each generation, we generated a merged population (POx) from the union of
the new population (PO;) and the previous population (PO3). Then, we calculated
the contribution of the new set relatively to the previous set at each step of the ge-
netic process. Figure 4.5 illustrates the evolution of the contribution indicator.

Cont (PO, /PO,) =

(4.14)
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Fig. 4.5 Evolution of the contribution indicator

The contribution metric of PO relatively to PO, gives values between 1.0 and
0.3 for the first 20 iterations of the experiment, which means that the genetic al-
gorithm quickly improves the set of non-dominated solutions. Then, we observe a
linear decrease of the contribution up to a value of 0.2 in the last iteration of the
model, which indicates a convergence of the model.

4.5.2 Diversity-based indicators

A second type of performance indicators is the diversity-based indicators [99]. Ac-
cording to the literature, they measure the uniformity of distribution of the obtained
solutions in terms of dispersion and extension. Within the framework of this re-
search, we have studied the diversity of the non-dominated solutions with the assis-
tance of the spread indicator only (mainly because of the high computational cost
involved by this type of indicators).
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Spread

The spread indicator is noted Ig. It measures the dispersion of the approximation set
A over the Pareto front with a neighborhood parameter ¢ > 0 and a fitness function
F(u) [99].

_ Lueal{w' €A F(u) —F() |> o}
Al -1

The interpretation of the spread indicator is then quite simple: the closer is the
measure to 1, the better is the spread of the approximated set A. Figure 4.6 illustrates
the result of the spread indicator depending on the value of the neighborhood pa-
rameter ©. For values of ¢ below 1.2, the values of I range from 1.0 to 0.95 which
corresponds to a very good spread of the non-dominated solutions of the approxi-
mated set. For values of ¢ between 1.2 and 1.6, we observe a decrease of the values
of Is up to 0.8 which indicates that the solutions are still well spread over the Pareto
front. Then, the values of Ig drop quickly from 0.8 up to O for values of ¢ between
1.6 and 2.1 and above. We can conclude from this figure that the Pareto-optimal
front is globally well spread for values of o below 1.5.
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4.5.3 Hybrid indicators

Hypervolume

The hybrid indicators both combine diversity and convergence measures. The hy-
pervolume indicator can be declined into its unary and its binary form. Here, we
have only considered the binary hypervolume indicator I. According to [114, 113]
and [29], considering a reference point Z,. ¢, the binary hypervolume metric mea-
sures the volume of the objective space portion which is weakly dominated by the
reference set Zy and not by the approximation set A. The more the value of the
hypervolume metric is close to 0, the more the approximation set A is close to Zy.

In practical, this reference point can be set as the nadir point of the problem, be-
ing the vector of the worst objective function values. For this example, the reference
point Z,,¢ is the nadir point of the multicriteria problem where all the criteria are
simultaneously maximised. Additionally, due to the simplified nature of the exam-
ple, we have calculated the Pareto front of the exhaustive problem to generate the
reference set Zy.

Binary hypervolume indicator
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Fig. 4.7 Binary hypervolume indicator during the genetic process
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Figure 4.7 shows the evolution of the volume of the objective space portion which
is weakly dominated by Zy but not by A. We clearly observe the convergence of the
model after 30 generations. It indicates that the approximation set A is good and
well distributed in comparison with the reference set Zy.

4.6 Discussion

The evaluation of the model with several performance indicators allowed us to char-
acterize the properties of the design space. In particular, the quality of the approx-
imated solution set was underlined. Then, the methodological interest of applying
the NSGA-II algorithm to our multicriteria problem was shown. From a practical
perspective, using such a genetic algorithm allows the DM to reduce drastically the
size of the problem while limiting the loss of information. However, even for a sim-
ple problem, the amount of non-dominated solutions in the final approximated set
remains important. Consequently, solving the multicriteria decision problem is not
trivial.

For the simplified case we have studied, the DM must select the final solution
among a set of 186 non-dominated alternatives. Table 4.3 shows the evaluation of a
sample of 10 solutions randomly selected from the final approximated set. Table 4.4
contains the values of the decision variables of the corresponding alternatives. Based
on the observation of these two tables and considering the full set of non-dominated
solutions, it is not obvious for the DM which alternative to choose. The definition of
a set of weights could help him in the identification of his most preferred solutions.
However, considering the combinatorial nature of the problem when defining the al-
ternatives, several non-dominated solutions are very similar (e.g., id1 and id21, id88
and id104 in the Table 4.4). Then, an interesting approach to solve this multicriteria
decision problem could be to generate clusters of similar solutions and to compare
ultimately the representative solutions of each cluster.

To solve this clustering problem, we apply the well-known k-means procedure
[9, 11, 65] that partition the decision space such that each alternative belongs to the
nearest cluster. Each cluster is represented by a centroid (or the average alternative
of the considered cluster). We set the number of clusters to 10. Table 4.5 shows
the cardinality |K| of the 10 clusters and the decision variables values of the non-
dominated solutions that are the closest to the centroid of each cluster.

The observation of the Table 4.5 illustrates that several design options are high-
lighted by the 10 clusters. When focusing on the roadway lanes (width and number),
many configurations are represented : 2 x 2.5, 3 x 2.5, 2 x 3.0, 2 x 3.5, 3 x 3.5.
In addition, five different solutions for the bicyclist equipment are also repre-
sented and correspond to a cycle lane on the road (cp_nat = 3), a paved shoulder
(cp-nat = 4) and a cycle lane separated from the roadway without physical sep-
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Table 4.3 Objective functions values of a sample of solutions from the final approximated set
(random selection)

id Cy Cse Crs Cvev  Cwr Cone Cnp Ccc

1 1 0.18815 1.8525 2 1 4.2686 2.7667 2.0774e+06
6 2 0.30146  1.8525 64 3 4.2629 29173 76114

15 1 0.15549 2.15 9 1 4.2607 2.7667 5.5196e+05
21 1 0.18815  1.8525 17 1 4.2686 2.7667 1.5738e+05
44 2.6667 0.27481 1.8525 9 1 4.2579 2.7667 4.449e+05
59 1 0.19583  1.8525 4 1 4.2607 2.7667 2.0394e+06
76 1.6667 0.36177 1.8525 39 1 4.2607 2.7667 81660

88 2 0.44915 1.8525 34 1 4.2543 2.7667 4.3216e+05
104 1.3333 0.44915 1.8525 39 1 4.2543 2.7667 92892

133 1 0.18815 1.8525 2 3 4.2686 2.7667 2.0478e+06

Table 4.4 Decision variables values of a sample of solutions from the final approximated set (ran-
dom selection)

id wy n weg, by, cpnat Wyeq matnat r  m® 14 @ty

1 35 3 3 18 0 6 2 2 3 3 50
6 30 2 2 0 1 0 6 1 2 2 2 9
15 25 2 3 18 0 6 1 1 32 50
21 35 3 3 0 6 0 6 2 2 3 3 50
44 25 2 1 0o 7 0 6 1 1 2 3 50
59 30 2 2 1 8 0 6 2 2 3 3 50
76 35 2 0 0o 2 0 6 2 1 3 3 50
88 25 2 0 0 10 0 6 1 1 3 3 50
04 25 2 0 0o 2 0 6 1 2 3 3 50
133 35 3 3 1 8 0 6 2 2 3 2 50

¢ r =rsign ; m = marking ; / = lighting ; i = intertype

Table 4.5 Cardinality of the 10 clusters and decision variable values of the non-dominated solu-
tions that are the closest to the 10 centroids (test conducted on a set of 157 solutions)

K| wy m wg, by cpnat Wpeg matnat v om' IV il oy

6 3.5 2 0 0 4 0 2 2 2 3 3 50
13 3.0 2 3 0 6 0 5 2 2 2 2 50
8 2.5 2 0 0 6 0 6 1 1 3 3 50
27 2.5 3 3 0 7 0 6 2 1 3 3 50
22 3.0 2 0 0 3 0 6 2 1 3 3 50
23 3.5 2 0 0 4 0 6 1 2 3 2 50
16 2.5 3 3 1 8 0 6 1 2 3 2 50
5 3.5 2 0 0 3 0 5 2 2 3 4 50
6 3.5 3 3 1 8 0 6 1 1 0 4 50
31 3.5 3 3 1 8 0 6 2 1 3 3 50

¢ r =rsign ; m = marking ; / = lighting ; it = intertype
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aration (cp_nat = 6), with delineators (cp_nat = 7) or with barriers (cp_nat = 8).
However, the maximum speed limit is set to 50 km/h for each representative solu-
tion.

To conclude, the use of a clustering approach seems fully appropriate to solve
this multicriteria decision problem. It should support the DM in the identification
of groups of solutions that perform similarly, and ultimately in the selection of the
best one according to his preferences. Nevertheless, the k-means procedure is only
based on the euclidean distance between alternatives and it does not really consider
the multicriteria nature of the problem. To tackle this issue, it could be then interest-
ing to develop a clustering approach that partitions the decision space by using the
preferential information between alternatives.

4.7 Conclusions and further developments

In this study, we have developed an innovative model to assess both the road safety
and the sustainable performance of a project at the design stage. Considering the
objectives of the EU to reduce the number of fatalities on the road network by 2020,
we have initiated the development of a preventive approach based on the concept of
sustainable road safety. In addition, we have decided to use a multicriteria decision
aiding methodology to assist the engineers during the design process of an infras-
tructure. At the preliminary design stage of the process, we generate all the feasible
alternatives of the project - by generating parameter combinations and we support
the engineers in the evaluation and the selection of the best solutions for a specific
road infrastructure problem by using a multicriteria model. This model is based on
the NSGA-II algorithm.

To date, the first results of this on-going research are promising and due to its
multidisciplinary nature, the use of a multicriteria methodology seems fully rele-
vant. The performance indicators illustrate the quality of the solutions generated by
the algorithm in terms of convergence and diversity. In particular, the results ob-
tained from the computation of the binary hypervolume indicator show the quality
of the approximation set given by our model. Moreover, the replicability of the re-
sults after several runs of the algorithm proves the robustness of the model.

To solve the multicriteria decision problem, the use of a clustering approach
seems interesting and appropriate. Especially, it may assist the decision maker in
the identification of the representative alternatives of the Pareto frontier. The com-
parison of these alternatives and the selection of a final solution would then be facil-
itated. In order to consider the multicriteria nature of the problem and to guarantee
the relevancy of the clustering, the development of a clustering model based on the
preferential information between alternatives would be very interesting for further
research. In the long run, the use of this model may lead to the definition of inno-
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vative and integrated solutions. Additionally, the improvement of the set of criteria
may help us to have a better understanding of the road project safety issues and their
quantification.



Chapter 5

Contribution 3: Development of a multicriteria
interval clustering model

Sarrazin, R., De Smet, Y. and Rosenfeld, J. (2014). An extension of
PROMETHEE to interval clustering. Technical Report TR/SMG/2014-
009, CoDE-SMQG, Université libre de Bruxelles, December 2014.

Note. This paper has been submitted to the European Journal of Operational Re-
search in September 2015 after a major revision.

Abstract Multicriteria clustering techniques aim to detect groups of alternatives
evaluated on multiple criteria with similar profiles. The preferential partitioning of
the data set allows the decision maker to get a better understanding of the structure of
his problem. In this paper, we focus on the particular case of interval clustering. This
approach allows us to assign alternatives either in individual or interval clusters. To
this purpose, we develop a model based on the PROMETHEE I outranking method
and the FlowSort sorting procedure. We evaluate its performances on real-world
data sets regarding the convergence, the stability and the quality of the clustering.
In particular, we analyse the impact of three update functions and two initialization
strategies. This analysis has pointed out some promising results that we underline by
comparing the performances of the proposed model with the well-known k-means
procedure and the P2CLUST model.

Keywords: Multiple Criteria Analysis, PROMETHEE, FlowSort, Multicriteria In-
terval Clustering
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5.1 Introduction

We consider decision problems than can be modelled as a set of alternatives evalu-
ated on several conflicting criteria. Facing such situations, researchers usually con-
sider three main types of so-called problematic [106]. The first one is the choice
problem that implies the identification of the best compromise solution (or a subset
of interesting solutions). The second one refers to the ranking of the alternatives
from the best to the worst one. Finally, the third problem is the sorting problem that
corresponds to the allocation of alternatives into pre-defined categories. Since a cou-
ple of years, a new kind of problematic has emerged in the multicriteria decision aid
community. This is referred as to multicriteria clustering i.e. the detection of groups
of alternatives in a multicriteria context.

In data mining, a lot of methods have been proposed to solve the different cluster-
ing problems (for instance k-means algorithms, hierarchical methods, support vec-
tor machines, etc.). Most of them rely on a distance measure that allows to built
groups that are as homogeneous as possible but remain highly heterogeneous be-
tween themselves.

In multicriteria contexts, the notion of distance between two alternatives is not
really appropriate. This is due to the fact that criteria have to be optimized. Most of
the time, the comparison between two alternatives will lead to conclude that the first
one is better regarding certain criteria while the second is better for the others points
of views. This observation has led to build (binary or valued) preferences relations.
To our point of view, these asymmetric relations open new doors for clustering; for
instance, the detection of complete or partial relations between the groups.

De Smet and Montano are the first who have investigated the multicriteria clus-
tering problem based on binary preferences [26]. Their model relies on the definition
of a specific distance that takes into account the multicriteria preferential informa-
tion induced by the comparison of alternatives. Unfortunately, their algorithm was
limited to the detection of nominal clusters. Later, De Smet and Eppe proposed a
natural extension of the first work to build relations between the groups (this was
further completed by [37] in the context of valued relations) [25]. In this case, no
warranty was available regarding the transitivity of the cluster relations or the fact
that they were acyclic (even if artificial experiments have shown that such problems
were seldom). [27] also developed an exact algorithm to detect a totally ordered
clustering. [88] proposed a method for multicriteria clustering in which they distin-
guish first the clustering approach (which does not integrate the preferences of the
decision maker) and then a multicriteria technique to find the relations between the
groups. More recently, [73] proposed a formalization of this emerging topic.

In this contribution, we consider a particular multicriteria outranking method
called PROMETHEE. It is known for its ease of use, the presence of user-friendly
software [53] and a large number of real applications [5]. It is worth noting that a
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first extension of PROMETHEE for clustering (and sorting) was proposed in 2004
[46]. Unfortunately, this preliminary work suffered from some drawbacks like the
non respect of the criterion-depency condition given that clusters could not be com-
pared [16]. An extension of PROMETHEE II was recently presented [24]. By con-
struction, the relations between the clusters respect the transitivity conditions. In
this paper, we study the possibility to further extend PROMETHEE I and to ad-
dress the problem of interval clustering i.e. the allocations of alternatives not only
in individual clusters but also to sets of successive clusters. On the one hand, the
proposed extension ensures that relations between the clusters will be acyclic (by
construction). On the second hand, the detection of possible interval clusters allows
to analyse the problem at two levels: individual clusters indicate clear assignments
while interval clusters indicate regions where the allocation is less clear. Such infor-
mation could lead :

1. to build a new cluster if the number of alternatives belonging to the interval
cluster is important;

2. to detect alternatives that could be considered as outliers (if only a few of them
belong to the interval clusters).

The paper is presented as follows. At first, we introduce the main theoretical
concepts of the PROMETHEE and FlowSort methods and we present the multicri-
teria clustering problem. In particular, the P2CLUST and PROMETHEE CLUSTER
methods are briefly described while the notion of interval clustering approach is in-
troduced. Then, we define the proposed model that is based on an extension of the
PROMETHEE I method to interval clustering. In the third section, we validate the
model on three data sets by evaluating the quality and the stability of the clustering
and its convergence. Next, we compare the results obtained with this new approach,
the formerly P2CLUST model and the k-means procedure.

5.2 State of the art

5.2.1 The PROMETHEE methods

The PROMETHEE outranking methods were initiated in the early 80s by Brans
[14, 12, 13, 106]. They offer the Decision Maker (DM) a support to solve multi-
criteria problems by using a valued outranking relation. This relation is based on
pairwise comparisons between alternatives and it defines the preference structure of
the PROMETHEE method.

Let us consider a set of alternatives A = {a; ...a,} and a set of criteria F =
{g1...84}. We suppose in the following that these g criteria have to be maximized.
For each criterion g;, the DM evaluates the preference of an alternative a; over an
alternative a; by measuring the difference of their evaluation on gj.
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di(ai,a;) = gi(ai) — grla;) 5.1

This pairwise comparison allows the DM to quantify how alternative a; performs
on g compared to alternative a;. Then, we use a preference function F; to transform
this value into a preference degree. Depending on the shape of the preference func-
tion, the DM could define the indifference threshold g, and the preference threshold
py for each criterion (cf. Fig. 5.1).

P(ai,aj) = Pildi(ai,a;)] (52)
OSPk(ai,aj) <1 (5.3)
Fig. 5.1 Illustration of a

piecewise linear preference
function.

To quantify the global preference of a; over a;, we define the notion of preference
index 7(a;,a;). It allows us to aggregate all the unicriterion preference P (a;,a;) by
considering the weights @y associated to each criterion.

q
w(ai,a;) Z %ldi(aiaj)] - ok 5.4

q
@;>0and ) @ =1 (5.5)

k=1
The last step of the PROMETHEE methods relies on the calculation of the out-
ranking flows of each action. It allows the DM to quantify simultaneously how an
action ¢, is preferred to all the remaining actions x of the set A and how these actions

x are preferred to a;. These two notions are respectively represented by the positive
flow ¢ and the negative flow ¢~ in PROMETHEE 1.
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0t (a;) = % Z w(aj,x) (5.6)
XEA

0 (a;) = % Y 7(e.a) 57
x€A

The positive and negative flows could be combined into the outranking net flow
¢ which is used in PROMETHEE II.

¢(a;) = 9" (ai) — ¢~ (a;) (5.8)

Based on the positive and negative flow scores, the PROMETHEE I method gen-
erates a partial ranking of the alternatives. In PROMETHEE II, a complete order is
generated from the net flow scores of the alternatives.

5.2.2 The FlowSort method

The FlowSort method was developed by Nemery and Lamboray [79] for solving
multicriteria sorting problems. This method allows the DM to sort the alternatives
into categories based on their positive and negative flows. The categories are defined
a priori and they remain unchanged during the solving process.

Let us consider a set of categories (or clusters) to which the actions will be as-
signed x = {C},C; ...Ck }. We assume that the K categories are completely ordered
such that Cj is preferred to C;. In the FlowSort method, the categories could be
defined either by one central profile or two limiting profiles. In the following, we
will focus on the categories characterized by central profiles. Figure 5.2 illustrates
the central profiles in the FlowSort method for a problem with q criteria and K cat-
egories.

Let us denote them R = {ry,r; ... rg }. These reference profiles are representative
elements of the category which they belong to and they should respect the domi-
nance principle: r;;1 the central profile of C;;; dominates r; the central profile of
C; (cf. Condition 1) [78].

Condition 1 Vry,,r; € Rsuch thath > [ :
Vgk € F, gi(rn) = gk(r) and 3gy € F | gx(ra) > gx(r1)

The fundamental principle of the FlowSort method relies in the association
of an alternative a; € A to a given category using either the net flow scores of
PROMETHEE I or the positive and negative flows of PROMETHEE 1. Later, the
net flow scores will be used to generate a complete clustering while the positive and
negative flows are appropriate in the context of an interval clustering. In practice,
we generate for each alternative a; € A the combined set R; = RU {a;}. Then, the
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Fig. 5.2 Illustration of central
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assignment of the alternative to a category is done in two steps. First, we compare
its flow score to the flow scores of the central profiles. And then, we assign the al-
ternative to the category whose the profile has the closest flow score. With net flow
scores, this is formalized by the following condition [78].

Condition 2 Cy (a;) = Cy if: |@g, (rn) — &, (ai)| = Igijﬂ Pk, (7)) — PR, (ai)|

We denote §(A, ) the final distribution of the alternatives a; € A in the set of cate-
gories k. When the final clustering is of good quality, it produces compact but well-
separated categories. Let us stress that the assignment rule based on PROMETHEE
will be presented in Sect. 5.3.2.

5.2.3 Interval Multicriteria Clustering

Multicriteria clustering relies on the explicit consideration of preference relations
between alternatives in order to build clusters. The resulting groups can be (par-
tially or completely) ordered or considered as being incomparable. In the first case,
we refer to relational multicriteria clustering. In the second case, we speak about
non-relational (or nominal) clustering.

The identification of ordered clusters in a multicriteria context opens new per-
spectives to structure and understand decision problems. For instance, in sorting
problems, categories are assumed to be known beforehand. This assumption is not
always satisfied and decision makers may face difficulties to provide this kind of
information. In such contexts, multicriteria clustering techniques can be applied to
support the DM in the identification of these categories. Other real-world problems
often lie at the boundary between sorting and ranking problems. For instance, we
can cite the academic rankings of universities. In its current version, the first 100
universities are ranked. Then, other institutions are (arbitrarily) merged by groups
of 50. In the later case, threshold effects can appear. Indeed, an improvement of 1 po-
sition in the final ranking can lead to pass from the category 151 —200 to 101 — 150.
In this context, we claim that the identification of ordered clusters could provide an
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alternative view on the problem. While Harvard would remain (alone) at the first
position, we could easily imagine that other (top) institutions could be placed in a
same cluster due to their similar evaluations. Finally, homogeneous groups of (lower
rank) institutions can be identified based on their multicriteria nature (and not based
on a arbitrary parameter).

Recently, the methods PROMETHEE CLUSTER [46] and P2CLUST [24] were
developed to address the problematic of multicriteria clustering by using the method-
ology of PROMETHEE. Both of these two methods are extensions of the k-means
algorithm adapted to the distinctive features of PROMETHEE. We briefly describe
them in the next paragraphs.

PROMETHEE CLUSTER is a non-relational multicriteria clustering technique.
Similarly to the k-means procedure, it works in four steps. At first, the reference
profiles of each category are randomly initialized. Then, the assignment of the al-
ternatives to the categories is done by calculating the deviation of each alternative
a; € A from the reference profiles r; € R based on their the single criterion net flows

¢Ri,k (a,') and d)R’k(rj).

Ork(ai) = =) (Pulai,r) = P(r.a;)) (5.9)
|R| 1 reR
a;€R;
1
Ori(r) = o 3 (Pu(rjsr) = Bi(rj,r) (5.10)
|R| -1 rer

The deviation e;(a;,r,) between an alternative @; € A and a reference profile
rn € R corresponds to the weighted L; distance between the vectors ¢g,(a;) and
Or(r). Then, the alternative g; is assigned to the category Cj, if its deviation is
minimum.

q
ei(ai,rn) = Y (|0r, k(ai) — Or(rn)| - o) (5.11)
i=1

Next, each reference profile is updated so that it corresponds to the centroid of
the corresponding category. Finally, the clustering procedure ends when the clus-
ter membership no longer changes. From a global perspective, this method can be
viewed as a direct application of the k-means algorithm in the unicriterion net flow
scores space. While this procedure does not provide any information about the po-
tential relations between clusters, it has been criticized [16] because it does not
respect the condition of criteria dependency.

The model P2CLUST works similarly to PROMETHEE CLUSTER except that
the FlowSort procedure is used to assign the alternatives to each category. This as-
signment rule allows the DM to generate categories that support an ordered struc-
ture. Concretely, the complete ranking of the actions of the set R; = RU{aq;} is calcu-
lated based on the net flow scores. Each alternative a; is then assigned to a category



92 5 Contribution 3: Development of a multicriteria interval clustering model

Cy, if the reference profile r, satisfies the assignment rule of the FlowSort procedure
(cf. Condition 2). Finally, in order to respect the dominance conditions between the
reference profiles, their evaluations are sorted after each cycle of the model. The
procedure is repeated until the category membership remains unchanged.

PROMETHEE CLUSTER and P2CLUST provide outputs in two extreme con-
texts. First, all clusters are assumed to be incomparable. Secondly, all clusters can
be ranked according to a complete pre-order. Interval Multicriteria Clustering lies
between these two extreme situations; clusters are ranked according to a partial pre-
order. In other words, it is still possible to identify a cluster that is better than another
one. However, if two clusters are too different, the model allows to consider them
as being incomparable. By doing so, the outputs are more flexible and the model is
likely to better fit the data. The aim of PCLUST is to address this issue.

5.3 Proposed model

Based on the principles of FlowSort and PROMETHEE methods, we have devel-
oped the model PCLUST which is an extension of PROMETHEE 1 for interval
clustering. The aim of this model is to solve a multicriteria clustering problem by
defining a set of categories k™ that could be divided in two groups: the principal cat-
egories C; and the interval categories C; j, Vi, j € {1...K} and i # j. The principal
categories are ordered and respect the dominance principle. While the interval cate-
gories C; ; are located “between” the principal categories C; and C;. Considering the
preference relation of PROMETHEE, it means that the profile 7; ; is incomparable
with 7; and r;. In this paper, we assume that the number of categories is defined a
priori by the DM. The clustering procedure of the PCLUST method is composed of
the following steps:

1. Initialization of the central profiles (2 strategies)

a. Random initialization
b. Equidistributed initialization

2. Assignment of the alternatives to the categories
Update of the central profiles (3 functions)
4. Repeat the procedure from step 2 until stop condition

W

a. Distribution remains unchanged during 10 cycles
b. Maximum 100 cycles

In the following, we describe each step of the clustering procedure. The reader
who is familiar with the k-means procedure directly see that our approach follows
the same mains steps. Nevertheless, as in P2CLUST, two distinctive features have
to be highlighted. At first, the allocation is based on a multicriteria sorting method.
Secondly, the update of the reference profiles have to respect the multicriteria nature
of the problem (i.e. the dominance condition).
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5.3.1 Initialization of the central profiles

At first, we determine the central profiles either randomly (Rdm) or by equidistribut-
ing (Eqd) the evaluations on every criterion. When initializing the reference profiles
randomly, we need to sort the evaluations on every criteria in order to respect the
dominance principle between clusters (cf. Condition 1).

5.3.2 Assignment of the alternatives to the categories

Next, the assignment of the alternatives to the categories is done with respect to an
assignment rule. Let consider an alternative a; € A and the set of reference profiles
R = {r;...rg}. As in FlowSort, we define the set R; = RU {a;}. We compute the
preference degrees between the actions of R; and we calculate the positive and neg-
ative flows. Finally, we assign an alternative to a category by following these two
conditions:

Condition 3.1 Cy+ (a;) = G if: | (ra) — 9. (ai)| = n\;ijn |9, (7)) — Bk, (i)
Condition 3.2 Cy- (a;) = C; if: |9 (r1) — 9 (ai)| = fgijn |Pg. (7)) — Og, (a:)]

Based on these conditions, two different categories Cj, and C; could be obtained.
In order to assign each alternative to one category, we define the following assign-
ment rule:

Assignment rule Va; € A,Vh,l € {1...K} :
a; € Cy, if C¢+ (Cli) = C¢7 (ai) =C,
ai €Cp; else

We denote the categories C;, as the principal categories while Cj,; are the interval
categories (h #1).

5.3.3 Update of the central profiles

At the end of each iteration, all the alternatives of the set A are assigned to categories.
So, we need to update the reference profile of each category in order to take into con-
sideration this new distribution. In totally ordered clustering, the updated value of
the reference profile r;, corresponds to the average value of the evaluations of the
alternatives in Cj,. However, in interval clustering, the alternatives of the problem
could be assigned either in principal or interval categories. Consequently, we could
imagine that the updated value of the reference profile r;, would also consider the al-
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ternatives in the interval categories Cj, ; which are related to Gy, Vj = {1...K}, j # h.

In this paper, we present three functions to update the reference profiles and their
respective performances. Considering the principal category Cp,, we denote Cy,; the
interval category that is related to Cj, and C;. The categories C;,; and Cj j, are similar
in the sense of interval clustering, such that we only consider the notation Cj,; (h <)
for simplicity reasons. We denote {C}, ;} the set of all the interval categories that are
related to Cj,.

First update function U pd 1

At first, to describe the structure of the first function, we need to distinguish the
principal categories that contain at least one alternative and the principal categories
that are empty.

(1.NE) Non-empty principal categories.

If the principal category Cj, is not empty, the updated value of its reference profile
ry 1s simply equal to the average value of the evaluations of the alternatives a; that
belong to this category (5.12). If |G| #0 (Vk € {1...q},Vh € {1...K}):

gi(ry) = & Y, ai(ai) (5.12)

(1.E) Empty principal categories.

If the principal category Cj, is empty, we update the reference profiles differently if
the category is extreme (i.e., h = {1,K}) or not.

(1.E.e) Extreme principal categories.

If the principal category Cj, is extreme, the updated value of its reference profile ry,
is equal to the average value of the alternatives a; that belong to the set of interval
categories {Cj, ;} (5.13). If |Cp| = 0 and |{C},;}| # 0 (h € {1,K}, Vk € {1...q},
Vie{l..K}):

1

e ex(a) (5.13)
{Chj}| aie%,,,}

gk(rn)

If this set {Cj,;} is empty, the updated value of r; is equal to a random value
comprised in an interval with an upper bound (respectively lower bound) that corre-
sponds to the evaluations of the next (respectively previous) reference profile (5.14).
If |Cy| =0and [{Cy;}| =0 (Vke {l...q}):
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gk(r1) = rand € [0,8i(r)]
8k(rx) = rand € [gi(rg—1), max(gx(a:))]

i

(1.E.ne) Non-extreme principal categories.

If the principal category Cj, is not extreme, the updated value of its reference profile
rp, is equal to a random value comprised between the reference profiles of the closest
upper category C,, and the closest lower category Cj,,, that are non-empty (5.14).
If |Cy|=0(Vhe{2..K—1},Vke {1...q}):

gk(rn) = rand € [gi(Tiow), 8k (Tup)] (5.14)

Second update function U pd?2

The second update function is very similar to the first one, except for the update of
the principal categories that are empty and extreme (2.E.e).

(2.E.e) Extreme principal categories.

In this configuration, if the principal category Cj, is empty while the set of interval
categories {Cy, j} contains at least one alternative, the updated value of the reference
profile ry, is calculated only by considering the alternatives from the set of interval
categories {Cy, j} that are closer to C;, than to C}, Vj € {1...K}, j # h. For simplicity
reasons, we denote this set of alternatives {Cj, j}h. We use the notion of closeness
within the meaning of PROMETHEE II that is defined by the Condition 2. Then, we
calculate the update value of the reference profile r;, with the following Eq. (5.15).
If |Cy| =0and [{Cy;}| #0 (he {1,K},Vke {l...q},Vje{l..K}):
1
8k(rn) G Y al@) (5.15)

a;e{Cy ;}"

The update procedure for all the others configurations remains the same than for
the first function.

Third update function U pd3

Finally, the third update function is similar to the second one, except for the update
of the principal categories that are empty and not extreme (3.E.ne).

(3.E.ne) Non-extreme principal categories.

In this configuration, we distinguish the cases where the set of interval categories
{Ch.;j} is empty or not. If this set is empty, we apply the same update rule than the
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first function (1.E.ne). If this set is not empty, we apply the same update rule than for
the principal categories that are empty and extreme in the second function (2.E.e) as
expressed in Eq. (5.16). If |C| =0 and |[{C}, j}| #0 (Vk € {1...q}, Vh,j € {1...K},
J#Fh:
1
gi(rn) = W Z g(a) (5.16)
h7] H;E{Ch?_/}h
The update procedure for all the others configurations remains the same than for
the second function.

For each function, the update procedure is concluded by the verification of the
order of the reference profiles. In practice, the evaluations of the profiles on every
criteria are sorted such that the condition 1 is verified. This correction mechanism
is applied to respect the ordering principle of our approach.

By defining these different functions, we aim to compare the performances of
the model during the update procedure. In particular, it will allow us to identify to
what extent the use of the preference information from the interval categories would
impact the convergence of the model and the quality of the final clustering.

5.3.4 Repetition of the procedure until convergence of the model

Given that the clustering procedure is iterative, we have to introduce conditions to
stop the model. At first, we define a convergence condition that stops the clustering
procedure when the distribution 6 (A, k) remains unchanged during 10 successive
iterations. This value was measured experimentally from tests specifically modelled
to provoke a situation of local convergence (e.g. 10 alternatives to cluster in 10
categories). In addition, we define a stopping condition that interrupts the model
after 100 iterations without converging.

5.4 Validation

In this section, we apply the model on two structured data sets from the literature.
The use of structured data sets would allow us to underline the good performance
of the model while assuring the impartiality of the validation stage. The first data
set concerns the Environmental Performance Index 2014 (EPI). It is composed of
178 alternatives and 2 criteria [54]. The second one is a standard benchmark data set
about CPU evaluation from the UCI repository that had been preprocessed by A.F.
Tehrani et al. [101]. It contains 209 alternatives and 6 criteria. For both of these data
sets, linear preference functions have been selected for each criterion. Due to the
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nature of the evaluations, the same indifference and preference thresholds were used
for each criterion (cf. Table 5.1). In PROMETHEE, we assume that the preference
functions P, and the thresholds g; and py are inputs of the problem. Consequently,
we did not study the impact of these values on the final results.

Table 5.1 Parameters of the EPI and CPU datasets

Parameters Values (EPI) Values (CPU)

n 178 209

q 2 6

Wi {0.4,0.6} 0.167

P {qr = 10, pr = 50} {ax=0.1,p = 0.5}

The aim of the validation process is to compare the three update functions and
two initialization strategies of the model. In particular, we would identify if the
use of the preferential information from the interval categories improves the perfor-
mance of the model. We will evaluate the performances of the PCLUST procedure
regarding the quality and the stability of the clustering and the convergence of the
model. Each test was computed with MATLAB R2013b on a Intel Core i5 CPU
2.40GHz with 4.00GB of RAM.

5.4.1 Quality of the clustering

At the end of the procedure, we measure the quality of the obtained partition. We
assume that a high quality clustering sort the alternatives in the categories such that
the inter-distance between the categories is the highest and the intra-distance within
each category is the lowest. In the ideal case, the interval categories are at equal
distance from the associated principal categories. In addition, we suppose that two
clustering distributions with k and k+ 1 clusters would share some similarities. We
use a contingency table to illustrate this point.

Quality indicator

In order to represent the relative quality of the clustering distributions from the
computation of each update functions, we have defined a quality indicator based
on a penalty system that uses the preference information between the alternatives.
For a given distribution (A, k) of the alternatives in the categories and a set of
reference profiles R = {r; ...rx }, we calculate the penalties based on the preference
index 7(a;, ;) of each alternative a; € A with the reference profile r, € R. In the
following, we denote 7(a;,r;) as 7y, for simplicity reasons.
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Three cases are then considered to measure the penalties. First, if we measure the
intra-distance within each principal category, the preference between an alternative
a; with the corresponding centroid 7, must be minimized so that the homogeneity
of each principal category is maximized. In that case, the penalty corresponds to the
sum of m;;, and 7;. Secondly, we consider an alternative a; and a reference profile
r; so that a; € Cj, and h > [. If we measure the inter-distance between the princi-
pal categories, it is necessary to maximize the preference between a; and r;, so that
the heterogeneity of the population of principal categories is maximized. The corre-
sponding penalty is equal to 1 minus the difference between 7;;, and 7;. Finally, if
an alternative a; belongs to an interval category Cj,; with 2 > [, the penalty system
considers that a; would be as much preferred by the reference profile r;, of Cj, that
it prefers the reference profile r; of C;. Consequently, the penalty corresponds to the
difference between the sum of 7;; and 7y,; and the sum of 7; and ;.

Moreover, the aim of the quality indicator is not to compare the interval cate-
gories but to evaluate their position regarding the associated principal categories.
So the penalty system does not consider the case of alternatives that belong to an
interval categories with the reference profiles of others interval categories. Then,
considering the three cases described previously, we evaluate the quality index QI;;
of the alternative a; € A and the reference profile 7; € R as follows:

a; € Cy,
Tij+ Tji if rjECh
he{l..K}
a; € Cy
erCI
OLij=q l—o-(mj—m;) if < hle{l..K} h#l (5.17)
[ 1lifh>1
{—1ifh<l
a; € Cpy
|(7r,~j+7r,~,~)—(7cik+7rki)| if erCh, ry € Cy
hile{l..K}, h>1

Finally, we calculate the global quality index QI of the final clustering by sum-
ming the quality indexes QI;;. In order to obtain a normalized value of QI, we divide
this sum by the total number of pairwise comparisons that we consider when mea-
suring the quality index. We denote this number N. Equation 5.18 expresses that the
highest is QI, the better is the clustering distribution.

1
Ol=1-~ ) Ol (5.18)
Va;€A
VerR



5.4 Validation 99

0.85
Upd1Eqd
0.8 P — — ~ Upd2Eqd
————— Upd3Eqd
— —>%— Upd1Rdm
g 075 — % — Upd2Rdm
5 —-%-— Upd3Rdm
el
£ 07
>
S 065
o
(o))
£
S 06
@
=
© 055
[v]
Q
o
O 05
0.45 -
04 1 1 1 1 1 1 1 1
2 3 4 5 6 7 8 9 10

Number of clusters

Fig. 5.3 Evolution of the clustering quality with the number of clusters, 30 tests, EPI data set.

When comparing the results of different clustering processes, the best distribu-
tion of alternatives in the categories would then obtain the highest global quality
index QI. Figures 5.3 and 5.4 illustrate the evolution of the clustering quality with
the number of categories respectively for the EPI and CPU data sets. The global
clustering quality index QI is calculated for the three update functions and the two
initialization strategies (i.e., Rdm and Eqd as introduced previously). Each test has
been computed 30 times and the average values have been calculated. Note that
both for the EPI and CPU data sets, the number of categories originally referenced
isk=4.

We observe on the Fig. 5.3 that the same clustering quality QI is obtained for the
three update functions with an equidistributed or random initialization of the refer-
ence profiles. Consequently, it is very difficult to differentiate the update functions
or initialization strategies at this point regarding the global clustering quality index
QI. However, we note that the lower is the number of categories, the better is the
quality of the final clustering. For k < 6, we observe values of QI higher than 0.5
which indicates a quite good quality of clustering. Note that the standard deviation
of the values of QI is very limited for each update procedure. The highest deviation
is 0.023 and it is obtained by U pd1Rdm with k = 5.

The analysis of the Fig. 5.4 leads to slightly different observation. In particular,
we observe better results for the global clustering quality index QI for k < 5 when
updating the reference profiles with the third function U pd3. On the contrary, the
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Fig. 5.4 Evolution of the clustering quality with the number of clusters, 30 tests, CPU data set.

others functions are most efficient for kK > 6. Concerning the initialization of the
central profiles, the two strategies generate similar results. Finally, we observe good
values of QI overall. Similarly to the EPI data set, we observe low values of standard
deviation on the CPU data set. The highest deviation is 0.034 and it is obtained by
Upd2Eqd with k = 9.

Contingency table

Obviously, the quality of a clustering distribution does depend on the number of
clusters. However, if the model performs well, we assume that adding an extra cat-
egory should not affect the previous distribution too much. Then, we could imagine
that the distribution of the alternatives between a clustering with k categories and
a clustering with k+ 1 categories would share common features. In other words,
when comparing the two distributions, we expect that the majority of the alterna-
tives would belong either to the same category Cj, or to a category adjoining Cj, (i.e.
Cpa1, Cp—1 or an interval category associated to Cp).

To verify this assumption, we generate the contingency table of the clustering
distributions with respectively 2 and 3 categories for the EPI data set (cf. Table 5.2).
This table allows us to compare the distribution of alternatives in the categories for
the first update function and a random initialization of the central profiles. The use
of the second and third update functions during the clustering procedure leads to the
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same type of results. In the same way, we obtained a similar contigency table with
the CPU data set.

Table 5.2 Contingency table of two clustering distributions with k = 2 and k = 3 categories,
U pd1Rdm, EPI data set

[Cil  [Cr| |G| |Csl |G| |Ci3] X
ol 56 7 7 0 0 0 70
IC2| O 2 50 6 0 0 58
Icsl 0 0 0 13 37 0 50
Y 56 9 57 19 37 0 178

We clearly observe in the Table 5.2 that the alternatives assigned to the cate-
gories C1, C12 and C; of the distribution k;—, are mainly located in the principal
categories C1, C; and C3 of the distribution k;—3. In addition, the spread of the al-
ternatives is limited to maximum two principal categories and one interval category.
Consequently, when adding a principal category to the clustering procedure, the new
distribution of the alternatives seems consistent compared to the previous one. This
observation is also illustrated on the visual representation of the distributions xj_;
and x;—3 on the Fig. 5.5. It shows the consistency of the clustering aside from the
number of categories, the type of update procedure or the initialization conditions.

5.4.2 Convergence

The analysis of the convergence of the model is a good indicator to measure the per-
formance of each update function and the influence of the initialization strategies.
We have run the model 100 times for each update function (U pd) and each initial-
ization strategy (Eqd and Rdm). Table 5.3 indicates the average number of iterations
that are required to observe a convergence of the model and the standard deviation.
We consider that the model converges when it reaches the first iteration of a cycle
of 10 successive unchanged distributions.

For the EPI data set, we clearly see that the influence of the update functions on
the convergence is not significant. For the CPU data set, the first update function
is the fastest while the third one requires more iterations to converge. Concerning
the initialization strategy, it seems that the use of random or equidistributed initial-
ization has a stronger influence on the convergence. Both for the EPI and CPU data
sets, the random initialization of the reference profiles leads to a fastest convergence
compared to the equidistribution of the evaluations when initializing the clustering
procedure. However, the standard deviation of the results is larger when initializat-
ing the central profiles randomly. Note that for the CPU data set, two situations of
non-convergence were observed during the 100 runs of U pd3Rdm (none for the oth-
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Fig. 5.5 Visual representation of the clustering for k =2 and k = 3 (U pd1Rdm), EPI data set.
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Table 5.3 Average number of iterations to converge (i, ), standard deviation (std) and total calcu-
lation time in seconds (¢19p), 100 runs, EPI (k = 4) and CPU (k = 4) datasets.

EPI CPU

itot std t100 (S) tot std t100 (S)
Upd1Eqd 17 0 95.52 16.28 4.57 217.83
Upd2Eqd 17 0 96.98 20.46  6.51 282.52
Upd3Eqd 17 0 96.03 2533 049 328.29
UpdIRdm 10.04 451 72.88 14.89 4.90 204.92
Upd2Rdm 9.70 4.61 69.85 16.38 5.77 217.79
Upd3Rdm 10.39 5.43 73.99 18.81 12.83 253.47

ers procedures). It explains the high value of the standard deviation for U pd3Rdm
(12.83) in comparison with U pd1Rdm and U pd2Rdm.

Figure 5.6 illustrates the evolution of the distribution during the clustering pro-
cedure for all the update functions and initialization strategies. At each iteration, we
measure the amount of alternatives that have changed category as compared to the
previous iteration. Each test has been computed 100 times such that the difference of
distribution between two successive iterations corresponds to an average value. We
observe almost no difference between the three update functions, while the influ-
ence of the initialization strategy is slightly more important especially for the CPU
data set. Nevertheless, the convergence of the model is good for every clustering
procedure.

5.4.3 Stability

We assume that a clustering procedure is stable when the final distribution of the
alternatives in the categories does not vary much from one run of the model to an-
other. In other words, the stability of the algorithm is represented by its ability to
generate the same clustering structure for a given data set.

Then, to measure the stability of the model on the EPI and CPU data sets, we run
the model 100 times and we identify which distribution 6(A, k) is the most repre-
sented at the end of each clustering procedure for each update function and initial
condition. We define the stability .¥ as the occurrence of the most represented dis-
tribution after 100 runs of the model. The results of these measures of stability are
presented in the Table 5.4.

We clearly notice that the stability of the clustering is very high when the ref-
erence profiles are initiated from an equidistribution of the evaluations on every
criteria. On the contrary, the stability drops below 50% for the EPI data set when
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Table 5.4 Stability of the clustering .7 (%).

Procedure Value (EPI) Value (CPU)
Updl1Eqd 100 89

Upd2Eqd 100 96

Upd3Eqd 100 100
Upd1Rdm 36 94
Upd2Rdm 38 93
Upd3Rdm 35 95

initializing the reference profiles randomly. It remains between 93% and 95% for the
CPU data set. The analysis of the results for the EPI data set has pointed out that 11
different distributions were generated when applying the random initialization and
the first update function (9 with Upd2Rdm, 11 with U pd3Rdm). Table 5.5 shows
their percentage %s, of representation in the set of distributions after 100 runs of the
model, as well as the percentage of dissimilarity %p with the reference distribution
51 (A, K‘) .

Table 5.5 Proportion of distribution J;(A, k) after 100 runs and percentage of dissimilarity, proce-
dure U pd1Rdm, EPI dataset.

Distributions Proportion (%) Dissimilarity (%)
01(A, k) 36.00 0.00
5 (A, K) 30.00 1.12
8(A, k) 10.00 64.61
01(A, K) 5.00 64.61
J5(A, ) 5.00 64.61
(A, ) 4.00 3.93
57(A, k) 4.00 55.62
(A, K) 3.00 57.86
(A, K) 1.00 48.88
S10(A, x) 1.00 64.61
811(A, ) 1.00 69.66

Then, we can see on Table 5.5 that 2 of these 8 distributions represent 66% of
then entire set. When focusing on all the distributions with a percentage of dissimi-
larity lower than 4%, it represents 70% of the set (i.e. 8;, &, and J). Consequently,
it is obvious that this stability metric is strongly penalizing given than a neglecting
difference between two distributions affects the final value of . as much as two
distributions totally different. For example, a comparative analysis of the distribu-
tions 8 (A, k) and 6,(A, k) shows that only 1.12% of alternatives are allocated to a
different category (i.e. 2 alternatives among 178). It indicates that if these distribu-
tions are not strictly equivalent, they are highly similar. From that perspective, we
can conclude that the stability of the model on the EPI data set remains generally
acceptable with a random initialization of the reference profiles.
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5.5 Comparison with existing procedures

Once the PCLUST model has been defined and tested on several indicators, we
could compare its performance with the well known k-means procedure [9, 11, 65]
and the P2CLUST model. In the following, we analyse the results of the models on
the EPI and CPU data sets introduced previously.

At first, let us compare the clustering distribution of each model with the
PROMETHEE II ranking. Indeed, PCLUST and P2CLUST are both methods based
on the PROMETHEE methodology and they generate respectively partially and to-
tally ordered clustering distributions. Consequently, we assume that the final cate-
gory membership obtained with these methods should be highly comparable to the
PROMETHEE I ranking. For simplicity reasons, we only consider the U pd1Eqd
procedure for the PCLUST model and the equidistributed initialization strategy for
the P2CLUST model, but similar results are observed with different update func-
tions and initialization strategies. The analysis is done on the CPU data set. We
observe on Table 5.6 that the first alternative of the PROMETHEE II ranking is as-
signed to the best cluster C4 with the PCLUST and P2CLUST models, while it is
located in the category C3 with the k-means procedure. Overall, the structure of the
k-means distribution weakly respects the PROMETHEE ranking. This observation
comes as no surprise given that the k-means model is not suitable for ordered cluster-
ing. It shows that even if the clustering process of the PCLUST model seems to share
some similarities with the k-means procedure, these two methods generate highly
different clustering distributions. In addition, when focusing on the principal cate-
gories in the Table 5.6, we observe that the PCLUST distribution strictly respect the
PROMETHEE II ranking. More precisely, there is no overlap in the PROMETHEE
II ranking between alternatives assigned to different principal categories. With the
P2CLUST model, we detect some ranking issues (e.g. alternatives ranked at posi-
tion 77 and 78, 121 and 122). When analyzing the complete PROMETHEE II rank-
ing, we report 26 ranking issues over the 209 alternatives (12%) with the P2CLUST
model and 0 with PCLUST. Consequently, the use of interval clustering approach al-
lows the DM to generate a clustering distribution that is closer to the PROMETHEE
II ranking than when using a totally ordered clustering model.

The comparison of the global clustering quality index scores on the CPU data
set also underlines the better performances of the PCLUST model in comparison
to P2CLUST. Figure 5.7 shows that the values of QI are always higher than 0.45
for PCLUST. In comparison, the P2CLUST model obtains values that are always
lower from 0.1 to 0.2 points (when comparing similar initialization procedures).
Concerning the k-means procedure, it is not surprising to observe very bad quality
values given that the quality index is based on the relational nature of the clustering
distribution. Finally, note that the comparison of the global clustering quality index
scores on the EPI data set showed quite similar results for both the PCLUST and
P2CLUST models. This is due to the structure of the data set and the limited interest
of using interval categories in that case.
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Table 5.6 Comparison of the clustering distribution of the PCLUST, P2CLUST and k-means mod-
els with the PROMETHEE II ranking, 100 runs, CPU dataset (k = 4).

PROMETHEE II Clustering distribution (category)
Rank  Net flow PCLUST P2CLUST k-means
1 0,664 4 4 3
2 0,495 4 4 4
3 0,491 4 4 4
4 0,486 4 4 4
5 0,446 4 4 4
6 0,421 4 4 3
7 0,397 4 4 3
8 0,368 4 4 3
9 0,359 4 4 3
10 0,326 4 4 4
11 0,300 3-4 4 3
12 0,300 3-4 4 3
13 0,289 3-4 4 3
14 0,255 3-4 4 2
15 0,237 3 4 3
16 0,193 3 4 2
71 -0,001 3 4 2
72 -0,001 3 4 2
73 -0,001 2-3 4 1
74 -0,002 2-3 4 2
75 -0,005 2-3 4 2
76 -0,005 2-3 4 2
77 -0,006 2 3 2
78 -0,009 2-3 4 2
79 -0,012 1-3 3 1
120 -0,066 1-2 1 1
121 -0,068 1-2 1 1
122 -0,069 2 2 1
123 -0,069 1 2 1
124 -0,069 1-2 1 1
204 -0,102 1 1 1
205 -0,103 1 1 1
206 -0,106 1 1 1
207 -0,106 1 1 1
208 -0,107 1 1 1
209 -0,109 1 1 1
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Fig. 5.7 Evolution of the clustering quality with the number of clusters, 30 tests, CPU data set.
Comparison of the models PCLUST, P2CLUST and k-means.

Concerning the convergence of PCLUST and P2CLUST, Table 5.7 shows the
performance of the two models on both data sets. We observe that the P2CLUST
model converges significantly faster than PCLUST when comparing the number of
iterations. However, the gain remains low to moderate when focusing on the total
calculation time. On the EPI data set, the PCLUST model requires about 70 to 95
seconds to compute 100 runs while the P2CLUST method takes only 50 to 65 sec-
onds. When focusing on the number of iterations, it corresponds to a gain between
34% and 57% for the P2CLUST model. Concerning the CPU data set, the gain in
total calculation time varies between 0% (U pd1Eqd) and 41% (U pd3Rdm) in fa-
vor of the P2CLUST model. In addition, P2CLUST is 18% to 55% quicker when
focusing on the average number of iterations to converge.

Finally, concerning the stability of the clustering, the Table 5.8 shows that the
P2CLUST model performs very well on the EPI and CPU data sets with equidis-
tributed initialization strategy while it obtains bad to average results when generat-
ing the initial reference profiles randomly. Concerning the PCLUST model, it ob-
tains also good results in equidistributed initialization but it performs better than
P2CLUST in random initialization (especially on the CPU data set). When con-
sidering all the distributions with a percentage of dissimilarity lower than 4%, the
stability .%%,,<4 of PCLUST on the EPI data set increases up to 67% in the worst
case while it remains around 30% for P2CLUST. On the CPU data set, the stability
remains unchanged and strongly in favor of PCLUST.
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Table 5.7 Average number of iterations to converge (i), standard deviation (std) and total cal-
culation time (100 in seconds), methods PCLUST and P2CLUST, 100 runs, EPI (k = 4) and CPU
(k = 4) datasets.

EPI CPU
iror std t100 (s) iror std t100 (s)
PCLUST
UpdlEqd 17 0 95.52 16.28 4.57 217.83
Upd2Eqd 17 0 96.98 2046 6.51 282.52
Upd3Eqd 17 0 96.03 2533 049 328.29
UpdlRdm 10.04 4.51 72.88 14.89 4.90 204.92
Upd2Rdm 9.70 4.61 69.85 16.38 5.77 217.79
Upd3Rdm 10.39 543 73.99 18.81 12.83  253.47
P2CLUST
Eqd 8.00 0.00 64.26 13.33 0.84 217.07
Rdm 6.40 2.59 52.14 8.48 2.80 149.99

Table 5.8 Stability of the clustering .’ and ., <4, methods PCLUST and P2CLUST, 100 runs,
EPI (k =4) and CPU (k = 4) datasets.

N S%D<4
(EP) (CPU) (EPI) (CPU)

PCLUST

UpdlEqd 100 89 100 89

Upd2Eqd 100 96 100 96

Upd3Eqd 100 100 100 100

UpdlRdm 36 94 70 94

Upd2Rdm 38 93 67 93

Upd3Rdm 35 95 68 96
P2CLUST

Eqd 100 100 100 100

Rdm 25 61 30 68

Consequently, the comparison of the PCLUST model with the k-means proce-
dure and the P2CLUST method has shown interesting results. At first, when com-
paring the clustering distributions with the PROMETHEE II ranking, we observed
that PCLUST was more efficient to generate distributions that respect the prefer-
ential relations among alternatives. In addition, the PCLUST model obtains great
performance regarding the stability and the quality of the final clustering. Never-
theless, the performance results on the convergence indicator are weakly in favor of
P2CLUST.

Thus, the interval clustering which has been proposed brings something new in
the field of decision aid. In fact, the interval categories give a different information
compared to the principal categories. The alternatives belonging to an interval cat-
egory do not have a relation between them, unlike the alternatives belonging to a
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principal category which should be similar. In many data sets, the data distribution
promote the use of the interval clustering, which refines the ordering clustering of
P2CLUST.

5.6 Conclusions

In this paper, we developed an extension of PROMETHEE I to interval clustering
and we tested the performance of the proposed model on several indicators. The
originality of this approach relies on the use of the preferential information among
alternatives given by the PROMETHEE I method to solve the multicriteria prob-
lem of interval clustering. The proposed model uses the PROMETHEE positive and
negative flow scores to assign the alternatives to the corresponding categories. We
solve the problem by strictly using the preferential information among alternatives
on every criteria. Thus, it limits the loss of information during the solving process
and it allows the DM to generate clustering with higher quality.

Moreover, the performance analysis of the model on the EPI and CPU data sets
has shown interesting results. In particular, the stability and the quality of the final
clustering are particularly good with the PCLUST model. Concerning the cluster-
ing quality, the comparison of the PCLUST model with the P2CLUST approach
(and more clearly with the k-means procedure) pointed out that the proposed model
improves the quality index score from 20% with 5 categories up to 75% with 10
categories on the CPU data set. Moreover, the PCLUST model obtains on average
a better stability than the P2CLUST approach. As regards the convergence of the
model, PCLUST obtains acceptable results even if it requires slightly higher calcu-
lation time in comparison with the P2CLUST model.

Furthermore, the analysis of three different update procedures for the PCLUST
model pointed out the limited interest of using the preferential information from the
interval categories. In addition, we studied the impact of the equidistributed and ran-
dom initialization strategies on the performance of the model. It emerges from this
analysis that the equidistributed initialization of the reference profiles led to more
stable clustering while the random initialization allows the model to converge faster.

To conclude, the PCLUST model developed in this paper had led to promising
results. The use of the PROMETHEE I flow scores in the context of interval clus-
tering constitute an added-value in the field of research of multicriteria clustering.
Moreover, the analysis of the performance of the model on real-world data sets are
encouraging. The comparison of the proposed model with the well-known k-means
procedure and the formerly developed P2ZCLUST method has underlined a strong
interest in using such an approach to characterize complex multicriteria clustering
problems.
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Contribution 4: Practical application to a case
study
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Note. This paper has been accepted as a Chapter of the book Multiple Criteria Deci-
sion Making: Applications in Management and Engineering (Springer) in Novem-
ber 2015.

Abstract Improving the safety performances of road infrastructures had been a ma-
jor issue in recent transport policies in Europe. Simultaneously the concept of sus-
tainable development has become a key element in many strategic and operational
policies including the road sector ones. However, few methodologies have been
developed to support actively the road sector in the design of safer and greener
roads: road designing remains mainly a single-criterion decision problem based on
the global costs. This study seeks to develop a multicriteria methodology to carry
out an integrated and preventive assessment of road projects at the design stage by
considering both their safety performances and some economic and environmental
aspects. It would support design engineers in the analysis of their projects and the
identification of innovative, consistent and performing solutions. To this intent, we
consider road designing as a combinatorial optimisation problem to be solved in
a multicriteria context. For a given road project, we use an evolutionary approach
to identify efficient solutions. Then, we apply a multicriteria clustering technique
based on PROMETHEE to detect groups of similar alternatives that support a par-
tially ordered structure. We illustrate the methodology on a real design project of a
rural road infrastructure in Belgium.

111
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6.1 Introduction

Designing a road project is not an easy task. It requires a strong technical expertise
to develop efficient and performing solutions that would respect the design stan-
dards. Simultaneously, many external aspects should be taken into consideration in
order to develop the most appropriate solutions according to the characteristics of
the project and the demands of the specification. Among these aspects, we may cite
the economic performances and the social values of the project, the environmental
impacts of the road infrastructure, the travel safety and comfort, the preservation of
the landscape, or even some societal and political aspects.

Over the past few decades, designing safer and greener roads has became a ma-
jor concerns of mobility and transport policies in Europe. Since 2001, several re-
ports and directives were published by the European Commission (EC) about the
improvement of the safety level on the European road network. In the European
White Paper on Transport Policy [38], an objective of halving the overall number
of road deaths in the European Union by 2010 had been targeted. Then, this chal-
lenging objective has been updated and reinforced in the Road Safety Programme
2011-2020. It has been completed with several strategic objectives and principles
such as the development of an integrated approach to road safety [41]. In 2003, the
European Road Safety Charter had been published and submitted to several actors
of the road sector, as a commitment to take concrete actions in order to reduce road
accident fatalities. Additionally, in 2008, the European Commission had published
the Greening Transport Package about strategies to apply in order to strive for a
transport system more respectful of the environment [40].

In Belgium, the Federal Commission for the Road Safety had been formed in
2002 with intent to fulfill the EC objectives. In 2011, the initiative ”’Go For Zero”
has been launched by the State Secretary for Mobility and the Belgian Institute
for Road Safety. It conducts several actions to make the road users sensitive to
road safety issues (e.g., speed, seatbelt, alcohol and driving, etc.) [57]. In Wallo-
nia, the government reaffirmed its willingness to promote sustainable mobility for
every road user in its declaration of regional policy for the period 2009-2014 [107].

However, this increasing political support is not followed by practical and effec-
tive actions while they would be essential to meet the objectives of the EC. In partic-
ular, an effort should be made to develop preventive and innovative tools which may
be used during the design stage to assess the technical and sustainable performances
of a road project. In the long run, these tools would allow us to design innovative
road infrastructure projects and to promote solutions that are more consistent with
sustainable transport policies.

To date, the assessment of the road safety performances of an infrastructure is es-
sentially based on reactive approaches such as the evaluation of databases containing
accident statistics. These offer the administration a support in the identification of
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the areas or routes with high accident concentration - also called black spots. These
methods consist of curative analysis and handling of the high accident concentra-
tion areas. Moreover, the selection of project alternatives at the design stage is still
mainly motivated by the economic aspect while the environmental and the social
aspects are often neglected. Based on these observations, we have initiated the de-
velopment of a preventive analysis of the sustainable and safety performances of a
road project at the design stage.

In the field of operational research, only a few studies were conducted to ad-
dress the problems of infrastructure management, road design and road safety as-
sessment from a multicriteria perspective. Concerning the evaluation of road safety,
we could cite studies that were related to the development of safety performance
indicators [20] or aggregated indices based on ex-post evaluation of road projects
or features [4]. Recently, multicriteria decision making techniques were applied to
specific safety assessment problems such as prioritizing the accident hot spots based
on geometric characteristics of the road infrastructure and traffic conditions of the
road network [86] or evaluating the safety performances of pedestrian crosswalks
[112]. In 2002, the research project ROSEBUD was conducted on the assessment of
the performance of several safety measures from benefit-cost and cost-effectiveness
analysis [89]. However, this project focused more on the evaluation of standardized
safety techniques than on the preventive assessment of road designs in their direct
environment.

Moreover, a recent review paper pointed out that approximately 300 published
papers were concerned by the application of multicriteria decision techniques in the
field of infrastructure management during 1980-2012 [63]. This result suggests a
growing interest of the road sector in the use of multicriteria decision techniques.
Nevertheless, it is still restricted to infrastructure management applications. In the
field of transportation planning and road design, we could cite the work of Dumont
and Tille about the interest of using a multicriteria decision making approach to de-
sign more sustainable road infrastructures [34]. In 2014, de Luca published a paper
about the application of the Analytic Hierarchy Process to support the public en-
gagement during the whole transportation planning process [67]. The evaluation of
the alternatives was based on several criteria such as the accessibility of the road,
the travel safety and comfort, the impact on the environment and the preservation
of the landscape. However, the assessment of the safety performances was highly
qualitative. In 2008, Brauers developed a multiobjective optimization approach to
support decision makers in the selection of road design alternatives but the evalu-
ation process was restricted to the longevity of the infrastructure, the construction
price and duration, the environment protection and the economic validity [15]. Road
safety performances were not considered.

Based on these observations, this study was initiated with the aim of developing a
multicriteria analysis method to assess the performances of road project alternatives
at the design stage. This assessment both consider the road safety performances
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from a preventive perspective and some environmental and economic concerns re-
lated to the sustainable character of road infrastructures. In practice, our approach
is composed of two main models. At first, we use a multiobjective evolutionary ap-
proach that allow us to consider road design as a combinatorial optimisation prob-
lem and to extend the analysis to all feasible solutions of a given road project. The
approximated set of the best solutions is then identified. Secondly, we use an mul-
ticriteria ordered clustering technique that regroup the solutions according to their
similarity and separate those that are not. The groups of solutions finally obtained
support an ordered structure so that it is possible to rank them from the best to the
worst one (while allowing incomparability between some pairs).

The structure of this paper is as follows. First we provide a description of the
research motivation where we briefly discuss the evaluation of road safety and the
integration of sustainability assessment in the design process. Next, the methodol-
ogy is presented. We introduce briefly the state of the art of our approach and we
describe the multiobjective evolutionary approach and the multicriteria clustering
technique. Thereafter, the method is applied on a practical case study to underline
the results that could be obtained. Finally, some conclusions are provided.

6.2 Research Motivation

During the design process of a road infrastructure project, a limited set of alter-
natives is defined. Different design choices are made by varying parameters that
represent the main characteristics of the project, such as the number of lanes, their
width, the nature of the pavement materials, the type of intersections, etc. At the end
of this modeling stage, an alternative is selected among the limited set of proposed
solutions. But even if this selection is not exclusively motivated by the economic
criterion, there is to date no integrated tool that could help the design engineers to
analyze the performances of each alternative on multiple criteria. As a consequence,
the selected solution might not be the most appropriate regarding all the character-
istics, challenges and constraints of the project.

In this paper, we propose an approach that aims to support design engineers in
the evaluation of their project alternatives on the one hand, and the identification of
the best possible solutions on the other hand. This assessment is done in a multi-
criteria context so that it would be possible to select the best solution according to
the characteristics of the project or the demands of the specification. Each alterna-
tive is evaluated on a set of criteria which is composed of road safety performances
and some sustainable aspects related to environmental, social and economic issues.
In the long run, we assume that the use of integrated assessment during the design
stage of road project may promote the development of innovative and sustainable so-
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lutions. In addition, the preventive evaluation of the road safety performances may
support engineers in designing safer projects in accordance with the EC policies.

6.2.1 An Innovative Approach of Road design

6.2.1.1 For a Preventive Assessment of Road Safety

In 2013, the level of safety on the Belgian road network had slightly improved with
a global decrease of road deaths by 5.8%. This reduction corresponds to a total of
720 road deaths and it is in accordance with the objectives of the EC of decreas-
ing to 620 road deaths in 2015 and 420 in 2020. However, when comparing with
the situation in France (-11%) and Germany (-10%), the decrease is slower in Bel-
gium [59]. Therefore, to reinforce the improvement of road safety in Belgium and
to maintain this orientation in the long run, it would be relevant to assess the safety
performances of a road project during the design stage. We assume that this preven-
tive evaluation of road projects would allow design engineers to identify and avoid
potential safety issues.

From a theoretical point of view, we may define road safety as a complex concept
resulting from the association of the dimensions vehicle, driver and road equipment.
On the basis of this so-called triangle of road safety, we are able to classify all the
causes of an accident in at least one dimension of the triangle, or even a combination
of them (cf. Fig. 6.1). To improve the global level of safety of a road infrastructure,
it is then relevant to take an interest in the dimensions of this triangle. According
to different studies, from 18% to 28% of the accidents are due to an unsafe road
environment or infrastructure [84]. These safety issues might occur either due to
the misapplication of the guidelines or because of the local characteristics of the
project. In our approach, we then focus on the analysis of safety issues related both
to the road equipment dimension and the interactions road-driver and road-vehicle.
Regarding the nature of the roads concerned by our analysis, we concentrate specifi-
cally on the evaluation of secondary rural roads. Indeed, the Belgian road network is
composed of roads with different functions' and roadside environment? so that their
characteristics may differ significantly with regard to traffic volume and composi-
tion, density of the road network, travel patterns, roadside obstacles, etc. Then, the
safety issues that may occur on these different roads are related to different causes.
Consequently, the methodology that we would use to assess the performances of
these roads should also differ in order to consider their distinctive features.

A large literature review was conducted on the topic of road safety [84, 50].
In particular, we analyzed the safety issues or characteristics related to the legibil-

1 Highway, primary, secondary or local
2 Urban, peri-urban or rural
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Fig. 6.1 Elementary triangle machine factors

of road safety - —_—

EQUIPMENT,

ity of the road infrastructure [84, 85, 44], the protection of vulnerable road users
[84, 80, 45], the quality of road pavement materials [20, 22], the impact of road
layout and equipment [111], the design of intersections [44] and the safety on road
works [109]. The seven following criteria were identified and sorted in the categories
Infrastructure (INF) and Services (SRV).

INF1 - Visibility of the infrastructure

INF2 - Road design and road safety equipment

INF3 - Quality of the road pavement materials

INF4 - Protection of the vulnerable roads users (VRU)
INFS5 - Intersections

INF6 - Safety on road works

SRV1 - Information and intervention services

They constitute the first part of the set of criteria that is used in our multicriteria
analysis methodology. They will allow us to quantify the performance of road in-
frastructure projects in relation to safety. As mentioned previously, our approach is
based on a preventive assessment of road project at the design stage. Consequently,
we need to develop criteria exclusively from design parameters and data that are
available at this stage (e.g. operational traffic volumes either from predictive models
or preliminary collect sessions in case of an existing road infrastructure). Due to this
constraint, the definition of the criteria was a strong methodological challenge that
required an important stage of modelling and creation of data. Additionally, a few
meetings were organized with experts from the road sector to review critically and
validate the selected criteria.
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6.2.1.2 A Support to Sustainable Road Projects

Considering the major environmental, economic and social crisis that the world has
experienced, and due to the collective nature of a road infrastructure, it has become
crucial to integrate the road sector policies into a more sustainable approach. In-
deed, road infrastructures have close links with some sustainable topics such as en-
ergy consumption [42], preservation of environment, economic performance, noise
disturbance [82, 7] or even social impact [96]. In practice, it both implies to recon-
sider current policies by taking into account more precisely sustainable development
concerns and to develop some new evaluation processes and decision aiding tools to
offer road sector a common definition about sustainability. As mentioned previously,
several reports have been published during the past years by national and European
organizations in order to promote sustainable roads. However, there is still a lack of
tools and processes that could assist the actors of the road sector in the practical and
integrated evaluation of the sustainable performances of their projects.

In this study, we aim to enrich the evaluation of the safety performances of road
projects with some fundamental concerns related to the environmental, social and
economic dimensions of sustainable development. By doing so, we define a more
complete and integrated assessment model which would meet the needs of the trans-
port and mobility policies in Europe. Over the past few years, several studies have
been conducted on the topics of sustainable roads [77, 81, 10] and sustainable safety
(e.g., Vision Zero [104], Sustainable Safety [1]). But regarding the sustainable safety
concept, these studies exclusively focused on the social dimension of the sustainable
development. As part of our approach, we broadened the sustainability notion to the
three pillars of sustainable development - economic (ECO), social (SOC) and envi-
ronmental (ENVI). The five following criteria were selected.

ENVII - Reduction of greenhouse gases emissions
ENVI2 - Limitation of noise pollution

SOCI - Ensure mobility of all

ECOI1 - Limitation of the construction costs
ECO?2 - Limitation of the maintenance costs

The association of these criteria with the ones introduced in the previous section
illustrates the concept of sustainable road safety. They constitute the set of criteria
of our multicriteria decision aiding problem. The exhaustive definition of the full
set of criteria goes beyond the scope of this paper but we refer to [94] for further
information. Obviously, the importance of each criterion might vary depending on
the characteristics of the road project, the specifications or the preferences of the de-
cision maker. For instance, we may consider a rural road project in a non-developed
area that would exclusively support motorized traffic. In that case, the criteria about
noise pollution (ENVI2), mobility (SOC1), or even protection of the VRU (INF2)
would be of low importance.
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6.2.2 Towards a Multicriteria Analysis of the Design Process

Once a complete set of criteria has been developed, we could imagine to evaluate
the alternatives that were defined at the design stage on every criteria. By doing so,
it would be possible to identify which would be the set of best solutions among
the ones defined by the design engineers. However, the actual design process only
consider a limited set of alternatives (generally from 5 to 15 alternatives) while it
would be very interesting to consider the exhaustive set of all the feasible solutions.
It would allow the decision maker to analyse more precisely his problem and to
finally select the most performing and consistent solution considering his own pref-
erences and the characteristics of the project.

In this study, we assume that the design process of a road infrastructure could
be considered as a combinatorial optimisation problem. Each alternative of a road
project is composed of a list of variables, such as the number of lanes, their width,
the type of road surface materials, the nature of the road signs, lighting equipments
or vehicle restraint systems, the nature of the pedestrians and cyclists facilities, the
speed limit on the roadway or even the type of intersections. Each of these variables
could take a finite number of values so that a complete set of alternatives could
be generated by simply combining them. As an example, if we consider a simple
combinatorial optimisation problem with 10 parameters that can take 4 different
values each, the number of feasible alternatives that could be generated is already
quite important (about 10° possible combinations). In Sect. 6.4, we will see that
even for a design problem that involves 12 variables ranging from 2 to 5 values, the
size of the problem is significantly large. Efficient solutions are then identified by
using a metaheuristic approach. Finally, a multicriteria clustering model is used to
structure the multicriteria problem and identify groups of similar solutions that are
partially ordered.

6.3 Methodology

The methodology we present in this paper is composed of two successive ap-
proaches. First, we use a multiobjective evolutionary approach to identify a set of
performing solutions. Then, a multicriteria ordered clustering approach is applied
to group similar solutions, rank them according to their performances and solve the
multicriteria problem by selecting the best ones. In the following section, we briefly
define the proposed model by introducing the main theoretical concepts that are
related to the proposed method.
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6.3.1 Multiobjective Evolutionary Algorithm

Optimization techniques are applied with the aim to find a global optimal solution
(or a set of global optimal solutions). When a model is always able to identify the
global optimal solution of a problem in a reasonnable amount of time, it is clas-
sified in the family of exact optimization algorithms. However, computing optimal
solutions could be sometimes difficult, or even impossible, when dealing with very
large and complex decision problems. In many situations, decision makers are then
satisfied with a set of performing and acceptable solutions, so called a good approx-
imated set of solutions that can be computed quickly. To obtain this approximated
set, we may use approximate algorithms such as metaheuristics. Due to their effi-
ciency and applicability, metaheuristics are then used in many real-world optimiza-
tion problems in the fields of engineering, system modeling or data mining [48].

When solving multiobjective optimization problem with a metaheuristic, a good
approximated set is obtained when the solutions are both well-performing and di-
versified. It corresponds to an approximation of the Pareto front that is as close as
possible to the optimal Pareto front and with solutions that are well-spread. These
characteristics refer respectively to the exploitation of the best solutions that are
found (i.e. intensification) and to the examination of nonexplored areas of the search
space (i.e. diversification) [99]. In this paper, we use the popular non-dominated
sorting-based genetic algorithm called NSGA-II*[31].

The main steps of the multiobjective evolutionary algorithm NSGA-II are de-
scribed below. From the complete set of alternatives, we randomly select a limited
subset that constitutes the initial population. Next, we generate the evaluation table
of this initial population and then, we identify the non-dominated solutions. After-
wards, we start the genetic process and we improve the quality of the initial solutions
by applying crossover and mutation operations on each successive set of solutions.
At the end, the set of solutions has converged and the set of non-dominated solutions
of our problem are identified.

During the genetic process, we select two parents in the current population by
using binary tournament selection based on the non-dominated rank of the alter-
natives and the crowding distance. When comparing two individuals, we select the
one with the smaller rank (i.e. the most performing) or with the greater crowding
distance (i.e. the most diversified). Then, we allow the parents to make a crossover
with a probability P. of 90%. We use Simulated Binary Crossover to generate new
individuals [30] :

c1k =0.5x [(1=B) pri+ (14 Br) P2k ©.1)
2k =0.5x [(14B) prx+ (1= Br) P2k '

3 Nondominated Sorting Genetic Algorithm IT
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where B, (> 0) is a spread factor, Cik (resp. p;y) is the evaluation of the i child
(resp. parent) on the k" objective.

Then, we allow the individuals of the child population to mutate with a probabil-
ity P, of 30%. We use a polynomial mutation to generate the offspring c;.

ci=ci+ (c;‘ - Cf) 0; (6.2)

where ¢ (resp. cf) is the upper (resp. lower) bound of the individuals ¢; and &;
is a parameter computed from a polynomial probability distribution [99]. In the
following equation, 7, is the distribution index and r; is a random number between
0 and 1:

P(8)=05x(Nm+1)(1—[8]™)
s @mT -1 it r; < 0.5 6.3)
l 1—(2(1— rl-))ﬁ otherwise

6.3.2 Multicriteria Ordered Clustering Model

After applying the multiobjective evolutionary algorithm to the combinatorial road
design problem, we obtain an approximated set of good solutions. However, the size
of this set of solutions may remain quite important so that it may not be trivial to
make decisions. To this end, we propose to use a multicriteria clustering approach to
simplify the multicriteria problem. Multicriteria clustering refers to the detection of
groups of alternatives in a multicriteria context. It relies on the explicit consideration
of preference relations between alternatives in order to build clusters. The resulting
groups can be (partially or completely) ordered or considered as being incompara-
ble. Instead of considering all Pareto optimal solutions, we can focus ourselves on
representative elements of the different class in order to guide the DM.

In this study, we apply the PCLUST model which is an extension of the out-
ranking method PROMETHEE 1 for interval (or partially ordered) clustering. The
aim of this model is to structure a multicriteria clustering problem by defining a set
of categories that supports a partially ordered structure. In other words, it groups
the alternatives that are similar and separate those that are not. As a consequence,
it partitions the decision space (i.e. the alternatives of the approximated set) into a
set of partially ordered clusters. Then, we consider two different types of clusters in
the PCLUST model: the principal clusters that are completely ordered from the best
one to the worst one, and the interval clusters that are located between two principal
clusters and then induce a partial order. We assume that the use of principal and
interval clusters allows the decision maker to generate a clustering structure that re-
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flects better the preferential information in a complex multicriteria problem.

In the following, we briefly introduce the PROMETHEE and FlowSort methods.
Then, we describe our PCLUST model.

6.3.2.1 The PROMETHEE methods

The PROMETHEE outranking methods were initiated in the early 80s by J.P. Brans
[12, 13, 14, 106]. They offer the decision maker a support to solve multicriteria
problems by using a valued outranking relation. This relation is based on pair-
wise comparisons between alternatives and it defines the preference structure of
the PROMETHEE method.

Let us consider a set of alternatives A = {a; ...a,} and a set of criteria F =
{g1...84}. We suppose in the following that these g criteria have to be maximized.
For each criterion g;, the DM evaluates the preference of an alternative a; over an
alternative a; by measuring the difference of their evaluation on gj.

di(ai,a;) = gi(a;) — gi(a;) (6.4)

This pairwise comparison allows the DM to quantify how alternative a; performs
on g compared to alternative a;. Then, we use a preference function F to transform
this value into a preference degree. Depending on the shape of the preference func-
tion, the DM could define the indifference threshold g; and the preference threshold
pi for each criterion.

Pi(ai,aj) = Pld(ai,a;)] (6.5)

0 S Pk(d,‘,aj) S 1 (66)
To quantify the global preference of a; over a, we define the notion of preference

index 7(a;,a;). It allows us to aggregate all the unicriterion preference Py(a;,a;) by
considering the weights @y, associated to each criterion.

q
n(aj,a;) Z [di(aiya ;)] - @ 6.7)

q
>0 and Y =1 (6.8)
k=1

The last step of the PROMETHEE methods relies on the calculation of the out-
ranking flows of each action. It allows the DM to quantify on average how an action
a; is prefered to all the remaining actions x of the set A and how these actions x are
prefered to a;. These two notions are respectively represented by the positive flow
¢ and the negative flow ¢~ in PROMETHEE I.
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¢" (a;) = % Y 7(ai,x) (6.9)
XEA

¢ (a;) = % Y 7(x,a) (6.10)
XEA

The positive and negative flows could be combined into the outranking net flow
¢ which is used in PROMETHEE II.

¢(a;) = 9" (ai) — ¢~ (a;) (6.11)

Based on the positive and negative flow scores, the PROMETHEE I method gen-
erates a partial ranking of the alternatives. In PROMETHEE II, a complete order is
generated from the net flow scores of the alternatives.

6.3.2.2 The FlowSort method

The FlowSort method was developed by Nemery and Lamboray [79] for solving
multicriteria sorting problems. This method allows the DM to sort the alternatives
into categories based on their positive and negative flows. The categories are as-
sumed to be defined a priori and to remain unchanged during the sorting process.

Let us consider a set of categories (or clusters) to which the actions will be as-
signed x = {C},C; ...Cx }. We assume that the K categories are completely ordered
such that C; is preferred to C; 1. In the FlowSort method, the categories could be de-
fined either by one central profile or two limiting profiles. In the following, we will
focus on the categories characterized by central profiles [78]. Let us denote them by
R = {ry,ry...rk}. These reference profiles are representative elements of the cate-
gory which they belong to. In order to be consistent with the categories definition,
they should respect the dominance principle as mentioned in Definition 6.1.

Definition 6.1. Vr),,r; € R such that h <[ :Vg, € F, gx(ry) > gi(r;) and g, € F |
gx(rn) > gx(r1)

The fundamental principle of the FlowSort method relies in the association
of an alternative a; € A to a given category using either the net flow scores of
PROMETHEE I or the positive and negative flows of PROMETHEE 1. Later, the
net flow scores will be used to generate a complete clustering while the positive and
negative flows are appropriate in the context of an interval clustering. In practice,
we generate for each alternative a; € A the combined set R; = RU {a;}. Then, the
assignment of a given alternative to a category is done in two steps. First, we com-
pare its score to the scores of central profiles. And then, we assign the alternative to
the category whose the profile has the closest flow score. With net flow scores, this
is formalized by the following condition [78].

Definition 6.2. Cy (a;) = Cj, if: g, (rn) — 9r, (ai)| = min |9r, (r7) — Or,(ai)|
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We denote J(A, k) the final distribution of the alternatives a; € A in the set of
categories K. When the final clustering is of good quality, it produces compact but
well-separated categories.

6.3.2.3 The PCLUST Model

Based on the principles of FlowSort and PROMETHEE methods, we have devel-
oped the PCLUST model which is an extension of PROMETHEE 1 for interval
clustering [95]. The aim of this model is to solve a multicriteria clustering problem
by defining a set of categories k* that could be divided in two groups: the principal
categories C; and the interval categories C; j, Vi, j € {1...K} and i # j. The principal
categories are ordered and respect the dominance principle. While the interval cate-
gories C; ; are located “between” the principal categories C; and C;. Considering the
preference relation of PROMETHEE, it means that the profile 7; ; is incomparable
with 7; and r;. In this paper, we assume that the number of categories is defined a
priori by the DM. The clustering procedure of the PCLUST method is composed of
the following steps:

Initialization of the central profiles

Assignment of the alternatives to the categories
Update of the central profiles

Repeat the procedure from step 2 until stop condition

el s

In the following, we describe each step of the clustering procedure. The reader
who is familiar with the k-means procedure directly see that the proposed approach
works similarly. Nevertheless, two distinctive features have to be highlighted. At
first, the allocation is based on a multicriteria sorting method. Secondly, the update
of the reference profiles has to respect the multicriteria nature of the problem (i.e.
the dominance condition).

Initialization of the central profiles

At first, we determine the central profiles either randomly (Rdm) or by equidistribut-
ing (Eqd) the evaluations on every criterion. When initializing the reference profiles
randomly, we need to sort the evaluations on every criteria in order to respect the
dominance principle between clusters.

Assignment of the alternatives to the categories

Let us consider an alternative a; € A and the set of reference profiles R = {r|...rx}.
As in FlowSort, we define the set R; = RU{a;}. We compute the preference degrees
between the actions of R; and we calculate the positive and negative flows. Finally,
we assign an alternative to a category by refering to these two definitions:
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Definition 6.3. Cy+ (a;) = Cy if: ¢ (r) — Og. (ai)] = n;/ijn 0. () — ¢z (ai)]
Definition 6.4. Cy(a;) = C; if: [0z (r1) — O, (a;)| = min| 9y, (75) — b, (a)

Based on these conditions, two different categories Cj, and C; could be obtained.
In order to assign each alternative to one category, we apply the following assign-
ment rule:

Definition 6.5. Va; € A,Vh,l € {1...K}

if C¢+ (a,-) = C¢,— (a,-) =Cy, a; €Cy

else, a; € Cyy

We denote the categories Cy, as the principal categories while Cj, ; are the interval
categories (h #[).

Update of the central profiles

At the end of each iteration, all the alternatives of the set A are assigned to cat-
egories. So, we need to update the reference profile of each category in order to
take into consideration this new distribution. In completely ordered clustering, the
updated value of the reference profile r;, corresponds to the average value of the eval-
uations of the alternatives in Cj,. However, in interval clustering, the alternatives of
the problem could be assigned either in principal or interval categories. So, we could
imagine that the updated value of the reference profile 7, would also consider the al-
ternatives in the interval categories C, ; which are related to C, Vj = {1...K}, j #h.

The description of the update procedure goes beyond the scope of this contribu-
tion but we refer to Chapter 5 for further information.

Repetition of the procedure until convergence of the model

Given that the clustering procedure is iterative, we have to specify stopping condi-
tions. At first, we define a convergence condition that stops the clustering procedure
when the distribution d(A, x) remains unchanged during 10 successive iterations.
This value was measured experimentally from tests specifically modelled to provoke
a situation of local convergence (e.g. 10 alternatives to cluster in 10 categories). In
addition, we define a stopping condition that interrupts the model after 100 iterations
without converging.

6.4 Case Study: a Rural Road Project in Belgium

In order to illustrate the interest of using multicriteria decision aiding tools during
the design process of a road project, we propose to apply the proposed approach to a
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real case study. It concerns the reconstruction of the national road N243a in the rural
area of Walhain in Belgium. This road section connects the highway E411/A4* and
the national road N243%, so that important motorized traffic volumes are observed
including numerous commuters and a local heavy traffic of trucks and agricultural
vehicles.

The N243a is 2 kilometers long and it presents 4 at-grade intersections with ru-
ral roads. It was previously a small rural road with a speed limit of 50 km/h and
some strong horizontal and vertical curves. Due to the growing traffic it supports,
the N243a was under standard (i.e. narrow width, lack of marking and safety equip-
ments, etc.) and the pavement was deteriorating on some sections of the road. On the
basis of these observation, a reconstruction project was initiated to improve both the
level of safety and the mobility on the infrastructure. In particular, the installation of
safety equipments and the creation of a cycling facility were identified as priorities.

6.4.1 Definition of the problem

At first, we structure the road design problem of the N243a in our model by defin-
ing the local parameters of the project and the considered variables of the road. The
local parameters refer to the characteristics and the constraints of the project such
as the geometrical parameters (e.g. maximum road width, road length, etc.), the en-
vironmental parameters (e.g. roadside environment, presence of eventual obstacles
along the roadway, number of intersections, number of retails, industrial or resi-
dential entrances, etc.) and operational parameters (e.g. function of the road, traffic
volume, fraction to traffic congestion, proportion of heavy vehicles, etc.). These lo-
cal parameters are available in the Table 6.1. Note that the maximum road width is
also used as the feasible constraint of the combinatorial design problem.

The variables of the combinatorial optimisation problem refer to the parameters
that are used to build the different alternatives of the problem. Each alternative may
be defined as a vector of variables (see the Table 6.2). Depending on the value of the
feasible constraint and the range of values take the variables, the size of the problem
varies. For the case study of the N243a, we must handle about 2 x 10° alternatives.
Obviously, this practical example is used as a proof of concept so that 10° solu-
tions constitutes a lower bound. It is clear that bigger problems would involve many
more alternatives. Consequently, given that computing the exhaustive multicriteria
analysis would be intractable regarding the calculation time, we use the multiobjec-
tive evolutionary algorithm NSGA-II to identify an approximated set of performing
solutions.

4 2x3 lanes motorway section between Namur and Brussels

5 2x1 lanes carriageway connecting the city of Wavre with the village of Perwez (and numerous
local connections with smaller villages)
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Table 6.1 Local parameters of the N243a rural road

Parameter Values Description (unit)

Winax 14 Maximum width of the road reserve (m)

Lo 2400 Total length of the road (m)

rdfct secondary Function of the road

AADT 3246 Annual average daily traffic (veh/day)

AADT hv 13.7 Proportion of heavy vehicles in the AADT“ (%)
FS 5.0 Fraction of the traffic congestion (%)

typeroad 1 Roadside environment coefficient?

typespeed 2 Roadway average speed type?

dops 6 Average distance obstacles—road (m)

obs, 10 Obstacles at less than 1 m of the road lanes (%)
entr 0 Number of entrances per kilometer®

cr 3 Number of crossroads along the road

Ay er {1;2;2;2} Number of lanes of each crossing road

rdfct., local Function of each crossing road

AADT,, {20;120;450;250}  AADT on each crossing road (veh/day)

¢ AADT = Annual Average Daily Traffic.
b These parameters are defined in the CAR model [62].
¢ Residential, retail and industrial entrances are considered.

Table 6.2 Variables of the design combinatorial optimisation problem of the road N243a

Variable Values Description (unit)

wy {2.5;3;3.5} Width of the roadway lane (m)

n {2;3;4} Number of lanes

Wah {0;1;2;3} Width of the shoulder (m)

b {Y;N} Physical separation with the shoulders
cp-nat {1-17} Type of cycling facility

Wined {Y;N} Physical separation between flow and contraflow
mat _nat {1;2;3;4;5} Type of road surface material

rsign {1;2} Nature of the signalization equipment
marking {1;2} Nature of the marking equipment
lighting {0;1;2;3} Nature of the lighting equipment
intertype {1;2;3;4} Type of intersection

v {50;70;90} Operational speed limit (km/h)

6.4.2 Identifying the approximated set of performing solutions

The application of the NSGA-II to the studied problem allows us to identify an ap-
proximated set of performing solutions. The initial population was composed of 50
alternatives randomly selected and 50 generations have been conducted in NSGA-
II. A limited set of 8 criteria has been considered for methodological reasons®. At
the end of the process, 169 non-dominated (or Pareto) solutions have been identified

6 The criteria INF6, SRV1, SOC1 and ECO2 were not considered.
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Table 6.3 Parameters and results of the NSGA-II algorithm applied to our problem.

Data Value Description (unit)

alt 2350080 Total amount of feasible alternatives
initial_pop 50 Size of the initial population for NSGA-II
gen 50 Number of generations in NSGA-II

time 25.8 Average time to compute the Pareto front (s)
pareto_sol 169 Size of the approximated Pareto front

as illustrated in Table 6.3. Concerning the computational time, the Pareto frontier is
computed in 25.8 seconds on MATLAB R2014b with Intel Core i5 CPU 2.40 Ghz
and 4,00GB of memory. This value is determined on an average basis after 30 runs
of the NSGA-II algorithm.

These interesting results illustrate the utility of using a multiobjective evolution-
ary algorithm to describe the problem, given that it proceeds to an efficient and
extensive design space exploration. Moreover, it allows us to consider several cri-
teria at the same time and then to give a relevant information to the DM. However,
it is crucial to analyse the quality of the approximated set at the end of the genetic
process. In particular, we must verify that the convergence of the model and the
diversity of the final solutions on the Pareto front. To this end, we use the unary
hypervolume indicator.

According to Zitzler et al. [114, 113] and Deb [29], when considering a reference
point Z,, ¢, the unary hypervolume metric quantifies the volume of the multiobjective
space portion which is weakly dominated by the approximation set A. The more the
value of the hypervolume metric is close to 1, the more the quality of the approx-
imation set A increases. We set the reference point Z,..; as the nadir point of the
problem, being the vector of the worst objective function values. Fig. 6.2 shows the
evolution of the unary hypervolume indicator during the genetic process. We clearly
observe the convergence of the model after 20-25 generations. It indicates that the
approximation set A is good and well distributed. The methodological interest of
applying the NSGA-II algorithm to our design combinatorial optimisation problem
is also underlined.

From a decision perspective, using such a metaheuristic allows the decision
maker to reduce significantly the size of his problem - from 2.35 x 10° to 169 so-
lutions, while preserving the quality of the final solutions. However, the selection
of the most preferred solution from the approximated set remains a non-trivial task.
In order to structure the set of efficient solutions, we decide to apply the PCLUST
algorithm. This allows to identify the set of best solutions but also to point out dif-
ferent groups of profiles within road projects. To our point of view, this qualitative
information will help the DM in the selection of the most interesting solution.
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Fig. 6.2 Evolution of the unary hypervolume indicator during the genetic process (N243a)

6.4.3 Solving the multicriteria decision problem

In the design problem of the N243a rural road, the decision maker must select the
best compromise alternative from a set of 169 non-dominated solutions. To sup-
port him in the identification of the solutions that would be the most performing
and adapted to the design problem of the N243a rural road, we propose to use the
PCLUST model. We set the number of clusters to k = 10. We use the equidistributed
strategy to initialize the reference profiles.

Concerning the PROMETHEE parameters instantiation, we consider usual pref-
erence functions for the criteria ENVI1 and ENVIS because of their few evaluation
levels. We select the linear preference function for the remaining criteria and we
set the preference threshold py to the third quartile of the difference between all the
evaluations on each criterion. Besides, equal weights are considered given that the
preferences of the DM were not defined a priori. This allows to study the problem
neutrally by considering that each criterion has the same importance.

Table 6.4 shows the distribution of the 169 solutions of the approximated set
among the principal and interval categories of the clustering structure. For the pur-
poses of clarity, Table 6.4 is a double-entry table with the clustering distributions
04+ (A, k) and &4- (A, k) respectively obtained with the positive and negative flows
of PROMETHEE I. The distribution 6+ (A, k) is readable vertically while the dis-
tribution &,- (A, k) is readable horizontally. The final distribution corresponds to
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Table 6.4 Clustering distribution for the N243a design problem (169 alternatives, k = 10)

5¢+
IC1l [Co| |Gs] [Cal |C5[ [Ce| |G| |G| |Col [Ciol
(e 0O 0 0 0 0 0 0 0 0 0
G| -1 4 0 0 0 0 0 0 O
G5 - - 5 9 0 0 0 0 0 0
(A - - - 26 11 5 0 1 0 0
8y ICs] - - - - 19 29 3 1 0 0
|Cs| - - - - - 1211 6 0 0
(e - - - - - - 4 130 0
|Cs] - - - - - - - 8 1 0
L T B T B
Col | - - - - - - - - - 0

Table 6.5 Objective functions values of the references profiles r; (k = 10)

| INF1  INF2 INF3 INF4 INF5 ENVII ENVI2 ECOI1

r 1.000 0.162 1852 5.627 1.000 42552 2.6957 7,14 x10*
r 1.000 0.173 1.852 5.671 1.000 42582 2.6957 9,99 x 10*
3 1.000  0.176 1.852 7.000 1.000 42653 2.6957 1,36x 10°
4 1.109 0211 1852 11.000 1.066 42659 2.6957 1,67 x 103
rs 1205 0256 1.852 23538 1.154 42670 2.6957 1,99 x 10°
76 1421 0282 1.852 28.667 1316 42685 2.6957 2,17x10°
r7 1.556 0341 1.852 33.579 1.833 42696 2.6957 3,25x10°
g 1.667 0343 1.859 40.125 2.000 42697 2.6957 4,62x10°
) 2.000 0.388 1.880 40.750 2.000 42703 2.6998 4,91 x 10°
10 2.152 0491 2.083 45.112 2.000 42710 2.7098 1,27 x 10°

the combination of the assignment in the rows and columns. For instance, the alter-
natives that are assigned to C4 in the both direction are in the principal cluster Cy,
while the alternatives that are assigned to Cy4 horizontally and Cs vertically belong
to the interval category C4_¢. Table 6.5 shows the objective functions values of the
reference profiles of each principal category of the clustering structure.

On the basis of these two tables, we clearly observe that the distribution of the
solutions within the different clusters is quite well-spread. However, the best and
worst clusters are empty. It may indicate that the two extreme reference profiles
are too exclusive or that any alternatives of the set maximise (resp. minimize) their
evaluations on every criteria. In addition, we see that 1 alternative is assigned to
the best non-empty principal category C, while 4 alternatives belong to the interval
category C>_3 and 5 alternatives are assigned to Csz. To select the best alternative of
the multicriteria problem, the DM should then focus on these solutions. In order to
define the composition of each category, we may analyse the values of the decision
variables of each representative solution.



130 6 Contribution 4: Practical application to a case study

The analysis of the Table 6.6 indicates that several design options are repre-
sented. For simplification reasons, we only considered the non-empty principal cate-
gories and the best non-empty interval category C>_3. At first, when focusing on the
roadway lanes (width and number), many configurations are represented : 2 x 2.5,
2 x 3.0, 2 x 3.5. In addition, four different solutions for the cycling equipment are
also represented and correspond to a mixed traffic on the roadway (cp_nat = 1),
a marked lane on the roadway (cp-nat = 2) and a cycle lane separated from the
roadway without physical separation (cp-nat = 6) or delineators (cp_nat = 7). Sim-
ilarly, the nature of the equipments for the road signs and the marking differs from
a category to another. However, the maximum speed limit is set to 50 km/h for
each representative solution, essentially because we did not considered the mobility
criterion (SOC1).

Table 6.6 Decision variables values of a the non-dominated solutions that are the closest to the
reference profiles of each category of the clustering structure

C; id | wp ng o wg, by, cpnat Wyeq matnat r¢ m® ¢ it v

C, 130 25 2 3 0 7 0 6 2 2 3 3 50
Cy_3 131 25 2 3 0 6 0 6 2 2 3 3 50
Cs 19 35 2 3 0 6 0 6 2 2 3 3 50
Cy 67 25 2 3 0 7 0 6 2 1 3 3 50
Cs 158 25 2 3 0 6 0 6 1 2 3 1 50
Ce 114 30 2 3 0 7 0 6 2 1 3 1 50
C; 107 25 2 1 0 1 0 6 2 1 3 1 50
Cg 163 35 2 1 0 2 0 6 1 1 3 1 50

4 r=rsign ; m = marking ; | = lighting ; it = intertype

Consequently, based on the results of the multicriteria clustering problem, a per-
forming solution for the reconstruction of the N243a should consider an efficient
and safe cycling facility (with a physical separation from the roadway). In addi-
tion, the better are the road signs, marking and lighting equipments, the better is
the global performance of the designed solution. These two observations constitutes
an interesting output while they were the main requirements in the specifications
for the reconstruction of the N243a. Moreover, we observe that the construction of
wide shoulders is strongly recommended. However, it seems that increasing the op-
erational speed limit is not necessary.

These first conclusions provide the basis for a strategic discussion between the
DM and the others actors of the project at the end of the pre-design stage. In par-
ticular, they convey preliminary information and guidelines to refine the search of a
performing and consistent solution (e.g. by eliciting the weights associated to each
criterion more precisely). The design of a road project may then be considered as
an iterative process that would involve the different actors of the project at the end
of each stage. This would support the development of performing compromise so-
lutions.
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6.5 Conclusions

Considering the objectives of the EU to reduce the number of fatalities on the road
network by 2020, it is crucial to take practical and effective actions in favor of road
safety. In this study, the development of an innovative model to assess both the road
safety and the sustainable performance of a project at the design stage had led to
interesting results. In addition, we underlined the interest of applying successively
a multiobjective optimisation approach and a multicriteria clustering technique to
assist the engineers during the design process of an infrastructure. In particular, the
consideration of the road design process as a combinatorial optimisation problem
and the use of an ordered clustering approach seem fully appropriate to solve this
multicriteria decision problem. Moreover, we do think that the proposed methodol-
ogy is scalable to more complex problems.

About the use of a multiobjective evolutionary approach to characterize the de-
sign problem, the main added-value lies in the consideration of the design process as
a combinatorial optimisation problem. By doing so, we enrich the preliminary stage
of the road design process by considering all the feasible solutions of a specific
project. Then, it may support the engineers in the identification of new challeng-
ing solutions and the comparison of several design options. From a methodological
point of view, performance indicators illustrate the quality of the solutions gener-
ated by the algorithm in terms of convergence and diversity. In particular, the results
obtained from the computation of the unary hypervolume indicator show the quality
of the approximation set given by our model. Let us point out that a quantified study
of this approach has been provided in [93].

To structure the multicriteria decision problem, the use of a multicriteria clus-
tering approach seems also interesting and appropriate. Especially, it may assist the
decision maker in the identification of the representative alternatives of the Pareto
frontier. The comparison of these alternatives and the selection of a final solution
would then be facilitated. In order to consider the multicriteria nature of the prob-
lem and to guarantee the relevancy of the clustering, the development of a clustering
model based on the preferential information between alternatives is particularly in-
teresting. This approach allows the decision maker to partition the set of performing
solutions by taking into account the preferential relations between them. In the end,
the definition of a partially ordered clustering structure constitutes a strong infor-
mation in a decision aiding context, while it indicates which are the best and worst
categories or even the categories of alternatives with singular profiles (i.e. interval
categories).

Additionally, some improvement could be done in the proposed approach to give
an even more relevant, precise and useful output to the decision maker. In particular,
the improvement of the set of criteria may help to have a better understanding of the
road project safety issues and their quantification. Concerning the methodology, it
may be interesting to integrate the weights elicitation procedure in the multiobjec-
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tive evolutionary algorithm in order to identify efficient solutions that illustrate the
preferences of the DM. To help structuring the multicriteria decision problem, we
may also imagine to consider the number of categories as a variable of the multi-
criteria clustering model. By doing so, we may suggest to the DM the clustering
structure that partitions the set of alternatives by maximising the quality of the dis-
tribution.

In the long run, the use of this model may lead to the definition of innovative
and integrated solutions. It may also help design engineers in the promotion of their
solutions by the others actors of the project and to set off constructive discussions.
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Abstract— Since 2002, improving road safety has been a On the basis of this triangle, we are able to classifof

main issue in policies for transport and mobility h Europe.
In Belgium, the Federal Commission for the Road Saty
had defined an objective of reducing the number ofleaths
on Belgian roads to 500 by 2015. Then, this resedwaims to
improve road safety on Belgian roads by developinga
multicriteria decision aid model for the evaluation of
sustainable road safety on secondary rural roads.nl this
preliminary study, we describe the approach whichdd us to
the development of the first elements of our methailogy. At
first, we define the set of criteria that structures the
problem, and then, we apply them to a specific castudy —
the redevelopment of the N243a. Finally, we analyzéhe
results to prove the complexity of this type of prblems and
to point out the usefulness of a multicriteria deion aid
methodology to resolve them.

Keywords— multi criteria analysis, decision aiding, road
infrastructure, sustainable road safety

[. INTRODUCTION

the causes of an accident in one of the three main
elements (i.e. apexes of the triangle) or their interactions
(i.e. sides of the triangle). Then, according to differen
studies, from 18% to 28% of the accidents are due to an
unsafe road environment or infrastructure [4]. Then,
improving the safety of a road and its environment
appears to be an important part of all the measures which
should be taken in order to achieve the national and
European objectives of reducing the number of fatalities.
Otherwise, the Belgian road network is composed of three
main types of roads — the highways (1.1% of the whole
road network), the primary roads (9.2%) and the
secondary roads (89.7%) [5] — and it is divided into the
urban network and the rural network. Moreover, there are
fewer of accidents on rural roads (35.3%) than on urban
roads (56.9%) but the rural road accidents are far more
severe (50.2% of all the road deaths; 45.4% of all the
severe injuries) [6]. Therefore, within the framework of
this research, we are focusing on the potential

For many vyears, both improving road safety andimprovement of road safety on secondary rural roads.
recognizing sustainable development have been centrdlo achieve this goal, we have to evaluate the performance
issues in policies for transport and mobility in Europe. Inof the road project during the design process i priori
2001, the European Commission had published th@pproach). However, the actual evaluation methods are
European White Paper on Transport Policy [1] in whichbased on aa posterioriapproach. It means that the road
an objective of halving the number of road deaths in thesafety of the Belgian roads is evaluated on the basis of
European Union had been targeted. According to thisome accident statistics and improvements are planed
report, the Federal Commission for the Road Safety iraccording to the level of road safety which has been
Belgium had supported this decision by defining anmeasured by these statistics. Consequently, using an
objective of reducing the number of deaths on Belgiarpriori evaluation method would lead to the application of
roads to 500 by 2015 [2]. The road safety can be definedome preventive actions (in contrast with the actual
in theory by use of the elementary triangle of roadtgafe reactionary policies) and to provide decision makers with
(Fig. 1) — driver, vehicle and the road environment [3]. @ better understanding of the infrastructure-related
parameters which could influence the global road safety
level of a road infrastructure. To be relevant, this
evaluation should be global and exhaustive with regards
to road safety and to some additional concerns related to
sustainable development (environmental, economic and
social concerns). To do so, the use of multicriteria
decision aid appears to be appropriate and consistent
considering the multidisciplinary nature of this topic. In
addition, by using a MCDA method, we would be able to
evaluate and rank the different alternatives defining a
given road project after thdraft designstage. Then, it
would be possible to support the design engineer in the
selection of an alternative (for the continuation of the
design process) in accordance with the preferences of the
decision maker and thesustainable road safety
performances of the alternative.

machine factors

- -

Fig. 1 Triangle of road safety [4]
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II. METHODOLOGY B.1 Infrastructure

In practical terms, we would like to rank the diffdren This group of criteria enables the decision maker to
draft alternatives of a road project with the assistarfiGe  evaluate the road safety performance of a road project b
multicriteria decision aiding method. Then, eachanalyzing the infrastructure-related factors which
alternative would be evaluated on a set of criteria whiclcontribute to road safety on secondary rural roads.

would describe thesustainable road safety This

represents a typical MCDA problem wherein the B.1.1 Road legibility and consistency

alternatives of the problem are the draft alternativahef

road project and the criteria illustrate the sustbiea road When a driver is traveling on a road, he generates a
safety performances of this project. A major addedeval mental representation of the road which will condition his
of this paper mainly relies on the proposition of a set ofbehaviour on it (e.g. safe operating speed). The driver's

criteria that correctly represent this main objective. mental representation of the road will depend on some
roadway geometric design elements such as vertical and
A. Global methodology horizontal alignments, the type of cross-section or the

roadside development [3]. In order to control the
The methodology used to obtain a ranking of the draftadequacy of the operating speed with regard to geometry
alternatives of a road project is composed of two mairof the road, we can measure the sight distance on each
stages. In the first place, we have to build the evanati section of the road. The sight distance refers to the
table Alternatives x Criteria. This part of the methodologydistance which is required for a driver to avoid an
is crucial and could be very complex. Indeed, theobstacle on the road. According to the PIARC [10], there
definition of the criteria implies an important stage of are three main types of sight distance: the stopping sight
modeling and creation of data. This constitutes a mairdistance (or minimum sight distance), the overtaking sight
part of the preliminary study this will be explained in distance and the manoeuvre sight distance (e.g. téettirn
details in what follows. In the second place, we have tat intersections). In order to guarantee the legibilityhef t
resolve and analyze the MCDA problem. In practicalroad, these sight distances must never be greaterhtban t
terms, this means that we have to build an aggregatiotheoretical sight distance which corresponds to the
and evaluation procedure by defining notably theminimum sight distance to ensure safety on the road. This
characteristics of the criteria and the preferencehef t theoretical sight distance is defined by the standards [11
decision maker. For now, we have chosen to use @&ccording to these parameters, the criteriRoad
multicriteria decision aid software -D-Sight — legibility and consisten¢yevaluates the level of legibility
implementing the PROMETHEE and GAIA method [7]. and consistency of the road from the measure of the ratio
The PROMETHEE rankings are used as prescriptive toolbetween the operating and the theoretical stopping sight
while GAIA is a visual interactive module which supply distanceDVA on then sections of the road (1).
the decision maker some additional information about the

results and the data of the problem Finally, a sensitivi 18 A,

analysis can be realized to observe the robustness of the Cic :—Z Min (L p) (1)

problem. A description of this methodology is, of course, i=1 DVA ,

beyond the scope of this paper. We refer the interested

reader to [8] for a good introduction to this topic. In the previous formulaDVA, is the operating sight
distance (i.e. measured with the operating sp&gdand

B. Definition of a set of criteria DVAy is the theoretical sight distance. The measure of

sight distance as a criterion to evaluate the legibilitg of
In order to structure the problem, we have to define a safoad has been introduced in many studies [3;12;13].
of criteria which represent the sustainable road safetybviously, this criterion has to be minimized.
performances of a road project. These criteria should
describe the factors contributing to rural road accilent B.1.2 Visibility
and the factors which promote sustainability. Then,
according to the results of the project SafetyNet ablwut  The visibility of the road refers to the roadway elatse
development of road safety performance indicators [9and equipments which convey visual information to the
and to some personal assumptions, we can define fiveoad drivers (e.g. road signs, geometric design elements,
families of criteria which completely describe the road lighting, etc.). These elements could affect
problem: Infrastructure  Services Environmental  (positively or negatively) the global understanding of the
Economicand Social The Infrastructure and Services infrastructure and its environment by the road user.
families of criteria describe the performances of th& roa Then, the aim of the criteriavisibility” is to evaluate the
infrastructure and road environment with regards to roadnfluence of roadway equipments on the visual
safety whereas thEnvironmental Economicand Social ~ recognition of the road by the road users. Unfortunately,
families of criteria are the expression of the sustainabldor now, there is lack of information about this topic.
concerns of the road project. Then, the level of visibility of the roa@dy is measured by
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summing the coefficients of visibility, of themroadway traveling on the same road with very different speeds an
elements and equipmentg.is an integer between 0 (very mass. Thus, as a consequence of these differences among
bad) and 10 (very good) which is attributed by the DM tousers, the risk of accidents is high on rural roads for
eachk roadway element. For the moment, this scale ipedestrians, bicycles and motorcycles — who are usually
temporary but it will be submitted to experts for classified as the vulnerable road users (VRU). In 2088, o
consideration. This criterion has to be maximized. Belgian rural roads, 30% of the road killed and 34% of
the severe injuries concerned vulnerable road users.
18 Thus, concerning the bicyclists, suitable equipments must
CV = —Za’k 2) be selected considering some factors such as the opperati
miz speed of the motorized traffic, some geometric design
parameters (e.g. lane width, separation distance between
B.1.3 Safety equipments (roadside obstacles) the roadway and the cycle path) or the volume of traffic.
On the basis of the studies of Davis and Epperson [16;17]
On Belgian rural roads, run-off accidents represent aroundbout the Bicycle Safety Index Rating (BSIR), we have
32% of all fatal rural accidents [3]. Then, if we cannot defined a criterion g5 which expresses the global level
totally avoid this type of road accidents, we can reducef safety of a bicycle equipment on a road:
them severity by installing some safety equipments along
the infrastructure. Thus, the criterioBdfety equipmerits Casi = 05[Cq; cogmen™ 05[C gy imers (4
measures the influence of these equipments on the ' '

reduction of accident severity. Furthermore, thewhereinCBs.vsegmenjs the Bicycle Safety Index on straight

evaluation of the equipments at the intersections of thFSegments of the road anhs e is the Bicycle Safety

roa_d IS qlone separately because of the smgu_lar approaq:lqdex at intersections. These indexes are calculated by
which is required for these road sections. The

i . taking into account some parameters such as the average
performance of the safety equipments is expressed o

. Haily traffic, the speed limit, the separation disn
each section of the r(_)a(_j through a scalg from 0 (v_ei)/ b_a betv)\//een the roadw%y and the cycle Igne or even some
to 10 (very good). Similarly to the previous criteria, this

le is t d it will b bmitted t ot signalization factors. The value og&is expressed on a
zgﬁsﬁc;(seraiirgﬁorary and it will be submitted 1o expeits — goa1e defining the level of safety of the cycle ftiei.

Concerning the pedestrians, we have defined a similar

index Cps; Which evaluates the global level of safety of a

pedestrians’ equipment (straight sections and crossings).
s regards motorcyclists and moped drivers, it is

) ; ; - ) . mportant to pay attention to the slippery surfaces or road

of the drivers’ vehicle (e.g. skidding). Combined with the markings and to the roadside safety barriers [3]. On the

high spegds on rural roads, these structural dgfepts “YLsis of these observations, we have defined the index
lead to highly severe accidents. Consequently, it ig Ver ¢ about the safety of motorcyclists.

important to preserve the quality of the road surface. Then, we define the criteriony@, which expresses the
On the basis on some researches about the development ba,l level of safety for vulnerable road users on the

performance indicators for road pavements evaluatio oad:
[14;15], we can define a safety index for the road surface ™
(Crg). This index is calculated with a weighted sum of

B.1.4 Road surface quality

A poor road surface quality can result in a loss of contro

performance indicators about the transverse eventigss Cry = 04[Cpg + 02[Cpg +041Cyg ©
the skid resistance?lg, the drainability Pl and the . . )
sensitivity to winter conditionBlyc. The actual weights have been defined on the basis of the

statistics of accidents on rural roads [6] but they bl
Coe= 0'45[(0'7[P|R+0'3[PID)+0'4[PIF +015PL,. (3) submitted to experts for consideration.

A . . B.1.6 Work zones
The actual weighting has been defined on the basis of

some research from COST [15] or BRRC [14] but theqpjs |ast criterion of the groupirifrastructuré refers to
selected values will be submitted to experts forye protection of workers and road users during
consideration in the next couple of months. Thereconstruction or maintenance activities. Indeed, during
performance indicators are common values stored in gese road works, the normal traffic situation is dismipte
database (for several road pavement materials). Thighy this could affect the safety around the work zones.
criterion must be minimized. But, due to the complexity of this topic and to lack of
information about it, this criterion has not been devedope
yet. This will constitutes one of our further researcines

. _ the next couple of months.
One of the main characteristics of the secondary rural

roads is their multimodal nature. Many types of usees

B.1.5 Protection of Vulnerable Road Users
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TABLE |
Project N243a — Evaluation of alternatives on eadkrion

. Criteria
Alternatives

C\/ CLC CSE CRS C\/RU CWZ CCC CMC CEmS CGHG CNP
Altl 7,04 8,75 6,33 3,58 3,04 7,55 650000 25000 4 573 3
Alt2 7,04 8,75 6,33 2,63 3,04 7,55 695000 25000 4 373 2
Alt3 7,04 8,75 6,33 3,58 3,52 7,55 475000 15000 4 573 3
Alt4 7,04 8,75 6,33 2,63 3,52 7,55 520000 15000 4 373 2
Alt5 7,04 8,75 6,33 3,58 2,98 7,55 725000 30000 4 573 3
Alté 2,4 5,35 1,67 3,58 3,62 7,55 216000 5750 4 715 3
Alt7 6,4 8,75 8,6 3,58 3,52 7,55 650000 11500 4 233 3

B.2 Services our evaluation of the noise pollution to the characiesdst

of the road surface. Then, depending on the nature of the
This group of criteria enables the decision maker toroad surface material of the projentt the criterion Gp
evaluate the performance of emergency and trauma careeasures its noise sensitivifys The parametep,s is
services. There is no criterion about the informationavailable in the literature for several materials [Ifis
services because the latter are already measured in tleterion must be minimized.
criterion “Visibility” (and “Work zone€s concerning the
information  services during maintenance  and Cyp(mat) = y,o(mat) )
reconstruction activities). However, no criteria have yet
been developed to evaluate the performance of serviceg.4 Economic
Both emergency services and trauma care services are
evaluated by the decision maker with a subjective scalehis group of criteria enables the decision maker to
(from very good to very bad). The definition of relevant evaluate the economic performance of a road project by
criteria “Service$ will constitutes one of the main analyzing the construction and maintenance costs. The
objectives of our further research in the next few month. evaluation of the operating costs will be implemented
soon. These criteria are expressed in euros (€) and must
B.3 Environmental be minimized.

This group of criteria concerns the evaluation of theB.5 Social
environmental performance of a road project.
B.5.1 Mobility and accessibility
B.3.1 Greenhouse gases emissions

To guarantee a good mobility and accessibility on the
The restriction of the greenhouse gases emissions is ongad infrastructure is an important element with regard to
of the most frequently used criteria to representthe social performance of a road project. Indeed, JM.
environmental concerns. The criteriogdg measures the  Huriot defines the accessibility as a measure of the@fase
global emissions generated by a road project by summingeaching a particular location [18]. The SETRA adds that
the emissions of all of theconstruction and maintenance accessibility can be used to quantify the efficiency of a
activities Emghe,). The emissions generated by the traffic road or network [19]. Then, in order to measure the
are not considered for the moment. This criterion mast b efficiency of a road, we can use the Speed Efficiency
minimized. CoefficientSECwhich measures the extent of a road that
performs at least as well as the target or threshmed
(i.e. theoretical operating speeg).

Zli(vi,op 2Vi,th)
B.3.2 Noise pollution SEC=_ (8)

tot

Cone = z Em;HG,i (6)
i=1

The noise pollution refers to the noise generated by the

vehicular traffic on the roadway. The intensity of the To calculate this parameter, we sum the length of the
noise depends on the characteristics of the vehicles (e.gections of the roati(viop > Vi) on which the operating
motor and tire types), the roadway surface type, thespeeds,, is equal or higher than the theoretical spggd
operating speed and some geometric design parametersmd we divide this sum by the total length of the rigad
But, the evaluation of noise pollution is very complex andThis criterion must be maximized.

requires the development of computer models. As a

consequence, we had decided to limit — for the time being
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C. Application to a case study TABLE Il

) o ) N243a — Analysis of sensitivity: stability levelrfihe ' position
In order to validate this first model, we adopt a parscul

approach by studying a specific project: the ('\e/'”nhts Weights M_aﬁt
redevelopment of the N243a, a Belgian secondary road in = Wo'g — WT(?OO/S
. L v 0 (] (]

a rl_JraI area near Wavre. The main characteristicsisf th Cic 0% 10% 100%
project are the following: Cer 0% 13% 20%
Crs 5% 10% 100%

- Length: 2.4 km Cvru 0% 16% 47%

0, 0, 0,

- Number of lanes: 2 avcz 202 172{)"/0 lf%/f’

- Ava|IabI§ width (road platform): 13.70 m Cuc 0% 3% 11%

- Intersections: 5 Cems 0% 5% 100%

- Cycle lane: Yes Cono 0% 11% 34%

Crp 0% 4% 100%

- Average daily traffic: 3250 vpd

Seven alternatives had been designed for this projelet witAdditionally, one may determine that two groups of
different solutions about the road surface material, sometriteria are in opposition. On one hand, we have: work
geometric design parameters, the type of cycle pathsgones, legibility and consistency, safety equipments and
some roadside equipments (lighting, signalization andvisibility. On the other hand, we have: GHG emissions,

safety barriers) and maintenance activities. noise pollution and emergency, protection of VRU and
road surface quality. Obviously, the strong conflict
Ill. RESULTS between these two families makes the problem hard to

solve. In addition, the red area on the GAIA plane
As mentioned in section Il.A, a preliminary computation represents the so-call@ecision Maker BrainThis is the
was conducted in order to evaluate the differentarea including all the extreme points of the PROMETHEE
alternatives according to the selected criteria. Thedecision axis (red axis with a big red point to its endpfor
evaluation matrix is presented in table 1. Then, the Dset of allowable weights [8]. Then, for this probleng w
SIGHT software was used in order to assess the qudlity can observe that theM Brain is including the origin of
these alternatives. Preference parameters are présante the graph but being principally in the left area of the
table 2 (second column “Weights”). GAIA plane. That means that the problem is quite hard to
A detailed discussion about the values of these parametergsolve and that compromise solutions can be in all
goes beyond the scope of this paper. They have beetirections of the graph — but preferentially in its tof-le
assessed on the basis of subjective judgments and thanea. Finally, if we carry out a sensitivity analysig
presented to a road research specialist who judged them gnodifying the weights, we can verify the robustness of
not too arbitrary — given that this evaluation process iour problem. On Table 2, we can observe the stability
innovative and not comparable to current methods. level for the first ranking position. Then, if the weights o
The first analysis leads us to the ranking presenté&dgin  the criteria Gic, Ccc and Ge cannot be modified on a
2 (PROMETHEE Il net flow scores of the seven large interval, the rank of the first alternative wibt be
alternatives).We can conclude from this ranking that theaffected by an important modification of the weights on
alternatives 3, 4, 7 seem to be the best according to tHe others criteria. Then, the selection of alternative 4 is
DM's preferences. Indeed, if we refer to the Table 1, wequite robust.
observe that these alternatives obtain some good — or even

average — results on every criterion. In addition, the®®™>"%* PELERE T

analysis of the GAIA plane (Fig. 3) illustrates thagdé L g
alternatives are quite similar because they are located i /’

the same area. Moreover, this tool allows us to conclud
that both maintenance and construction costs are highl

/

© Alternative &

correlated.
:'_\.iternative 3
Alkernative 7

e . blternatlve 4

075

o ﬁlternatlve 1

oo — — _D - _DI14 _D 0 i GHE Emissions
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. o \hisise pollution
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-0.50

075

-1,00

al a2 a3 ad a5 a6 a7

Fig. 2 Final ranking of the draft alternatives (pr N243a) Fig. 3 Project N243a - GAIA plane



IV. DISCUSSION

Considering the complexity of the theory about road[1]
safety on rural roads, the set of criteria which hasibee
defined within the framework of this preliminary stuidy

not completely consistent. However, given this 2]
complexity, one of the main interests of this resedsch
based on the development of a relevant set of criteriztag]
which could define sustainable road safety. Then, further
research will be necessary to improve the criteriatand [4]
better understand some complex phenomenon about road
safety. For example, road lighting generates positivg5]
effects on visibility during night-time but it could leéa

an increase of the operating speeds and then to tHE]
accident risk (due to the inconsistency of the road, for
example). 7]
Moreover, about the quantification of tmeal level of
performance of some equipments (or combination of
equipments), there is uncertainty due to the unpredictable
behaviour of road users. As a consequence, uncertainty
should be taken into account in the evaluation of criteria[8]
Finally, as regards the complexity of the road safety
theory, the study of a specific road project se¢émbe
relevant so as to develop a multicriteria decision aid tool
But it will be crucial not tgarticularizethe evaluation of (]
road safety. Indeed, as regards the unigueness of every
road project, one of the main challenges of this research
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