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This special issue has been requested by developers of the
publisher based on the success of “Building Mathematical
Models for Multicriteria and Multiobjective Applications
2016.” As a result, this special issue is one of the publisher’s
Annual Special Issues. That is, it is the first issue in a
series of special issues which will be published each year.
It is hoped that such a series will attract the MCDM/A
community and have a long-term impact on researchers
and practitioners alike, particularly on those interested in
building mathematical decision models for applications in
real or realistic situations.

Therefore, this special issue addresses decision prob-
lems involving multiple criteria, which may be conflict-
ing and explicitly incommensurable. Multicriteria decision-
making/aid (MCDM/A) and multiobjective methods can
be highly useful for decision-makers (DMs) in such tasks.
A large number of high-quality papers were submitted for
consideration in this special issue. After a rigorous peer-
review process, thirteen papers were accepted (an acceptance
rate of around 20%).They cover and discuss a variety of appli-
cations for real-world problems, while combining theoretical
methodology andmathematical analysis.The authors of these
papers are active in different countries around the world,
namely, Brazil, Mexico, Canada, China, India, Pakistan, and
Spain.

In the field of supplier selection, four papers are presented
that deal with different methodologies and problems in that

context. Q. Pang et al. propose a method that integrates
fuzzy set theory and grey relational analysis (a fuzzy-grey
approach) in order to select a green supplier in a low-carbon
supply chain. Based on the demand of companies in a low-
carbon supply chain, 4 main criteria and 22 subcriteria are
established for selecting a green supplier.

R. Krishankumar, S. Ravichandran, and R. Ramprakash
present a computational framework for cloud vendor selec-
tion by proposing IVIF-ELECTRE (IVIFE), an interval val-
ued intuitionistic fuzzy (IVIF) environment based on ELEC-
TRE method. This proposal was formulated and integrated
with the popular TOPSIS method so as to obtain a linear
ranking. The practicality of the proposed framework is
demonstrated by using a supplier selection example while its
strength is made apparent by comparing it with other similar
methods.

E. A. Frej et al. developed a decision model for solving a
supplier selection problem in a food industry by conducting
preference modeling using a flexible and interactive elicita-
tion technique with the decision-maker (DM), aided by the
FITradeoff method. FITradeoff DSS also provides graphical
visualization for the DM at each step in a flexible way, so
that the DM can holistically analyze the performance of the
potentially optimal alternatives.

X. Sun puts forward a max-max model to facilitate
selecting the optimal combination of suppliers. The paper
presents an analytical model that describes the synergies
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between components of a product and supplier selection
criteria that enhance the effectiveness of supplier selection.

To enhance air traffic control, F. Tello et al. present a mul-
tiobjective perspective on a scheduling problem regarding the
work-shifts of air traffic controllers (ATC). This approach,
given a fixed number of ATCs and an airspace sector to cover,
optimizes several objectives.These are to do with ATC duties,
rest periods, and positions; the structure of the solution; the
number of control center changes, or the distribution of ATC
workloads, while satisfying a set of ATC working conditions
set out in Spanish regulation.

Still using the multiobjective perspective, Y. Yang et al.
propose a new multiobjective optimization design method,
which combines a support vector regression (SVR) surro-
gate model and a nondominated sorting genetic algorithm
(NSGA-II), in order to undertake the multiobjective opti-
mization of the location and layout of fixtures of sheet metal
parts (SMP) and to reduce the excessive cost of computing
fine element analysis (FEA) during the iterative optimization.
The authors illustrate the proposed method by locating and
fixing the layout of the skin of an aircraft fuselage.

As to the problem of planning the response to and
recovery from a disaster, L. B. Cavalcanti, A. B. Mendes,
and H. T. Y. Yoshizaki propose a method of how to improve
planning for delivering cargo in the aftermath of a disaster
by using value-focused thinking (VFT) and the SMARTER
method. VFT was applied to elucidate the objectives of deliv-
ering cargo to disaster victims during response operations
and to create solution alternatives. SMARTER method was
applied to evaluate the alternatives; in this case, strategies for
planning the delivery of aid to disaster victims.

For the problem of product selection, S. Latif et al. intro-
duce the optimum selection of the next forwarder vehicle
(NFV) which is used to disseminate data in a vehicular ad
hoc network (VANET) using the analytical network process
(ANP).The NFV is selected on the basis of three parameters,
namely, direction, position and distance. This paper also
presents a mathematical model to compute the priorities of
vehicles within a network.

As to the construction sector, C. C. G. Famá and L. A.
Alencar put forward a model for classifying managers by
competencies, using the NeXClass method in order to match
each manager to the position that is the most appropriate for
thembased on assessing their competencies and performance
on construction projects to date.Thismodel can be useful not
only for those responsible for selecting managers but also for
the employee who aspires to be a manager.

H. Liang, S. Zhang, and Y. Su develop a composite index
tomeasure themultidimensional concept of industrialization
efficiency in prefabricated residential buildings, by applying
the fuzzy analytic hierarchy process (fuzzy AHP) and the
fuzzy technique for order preference by similarity to ideal
solution (fuzzy TOPSIS), thereby combining the hierarchical
structures of indicators into one overall index.

X.-Z. Zheng, F. Wang, and J.-L. Zhou develop the human
factors analysis and classification system (HFACS) frame-
work to deal with a hydropower project construction for
evaluating faulty behavior risk (FBR) of high-risk operations
using ANP and evidence theory.

Dealing with joint methodologies, A. Frini proposes
multicriteria intelligence aid (MCIA) which extends multi-
criteria decision aid (MCDA) to the context of analyzing
intelligence. The MCIA steps consist of (i) structuring the
competitor/threat decision problem, (ii) handling imperfect
data, (iii) modeling the analyst’s attitude towards risk, and
(iv) aggregating the performance of the potential actions
generated. An example of its application is provided based on
a military context.

N. Rangel-Valdez et al. set out and discuss the robustness
of a preference-disaggregation analysis (PDA) metaheuristic
method to estimate the parameters for a model of an
outranking-based relational system of preferences. This pro-
posal presents a method for analyzing the robustness of PDA
strategies that workwith the complete set of the parameters of
the ELECTRE III model. The method is considered robust if
the solutions obtained in the presence of noise can maintain
the same performance in predicting preference judgments
in a new reference set. The research shows experimental
evidence that the PDA method keeps the same performance
in situations with up to 10% of noise level, thus making it
robust.

Despite the significant spread of MCDM/A methods, the
variety of applications discussed in this special issue can
only cover a small diversity of contexts in which they might
be applied. The papers demonstrate the extensive range of
contexts over which these methods can be used and we hope
that they will prompt and encourage readers to contribute
towards further developments in building MCDM/A models
in the future.
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We address an air traffic control operator (ATCo) work-shift scheduling problem. We consider a multiple objective perspective
where the number of ATCos is fixed in advance and a set of ATCo labor conditions have to be satisfied.The objectives deal with the
ATCo work and rest periods and positions, the structure of the solution, the number of control center changes, or the distribution
of the ATCo workloads. We propose a three-phase problem-solving methodology. In the first phase, a heuristic is used to derive
infeasible initial solutions on the basis of templates. Then, a multiple independent run of the simulated annealing metaheuristic
is conducted aimed at reaching feasible solutions in the second phase. Finally, a multiple independent simulated annealing run is
again conducted from the initial feasible solutions to optimize the objective functions. To do this, we transform the multiple to
single optimization problem by using the rank-order centroid function. In the search processes in phases 2 and 3, we use regular
expressions to check the ATCo labor conditions in the visited solutions. This provides high testing speed. The proposed approach
is illustrated using a real example, and the optimal solution which is reached outperforms an existing template-based reference
solution.

1. Introduction

The core of air traffic control operator (ATCo) activity is
to facilitate airspace and airport surface traffic flow, while
avoiding collisions between aircraft. To satisfy this essential
safety constraint, theymust detect and solve possible conflicts
between trajectories.

As a human ATCo can only handle a limited amount
of traffic, the airspace is divided into a number of sectors.
These sectors are operated by two ATCo working positions
(executive and planner). All the sectors open at any one time
are referred to as sectorization. The sectorization changes
throughout the day depending on the air traffic.

The sectorization required to handle the estimated traffic
for a time period can be designed beforehand. Therefore,
a very important problem in air traffic control is to deter-
mine the minimum number of ATCos necessary to cover a
sectorization structure for a given time period, denoted as

airspace sector configuration, while satisfying certain ATCo
labor conditions, including, for instance, resting and working
time distributions. Alternatively, the number of ATCos could
be fixed.The aim then would be to distribute ATCos to cover
the corresponding airspace sector configuration.

These optimization problems belong to the class of
timetabling and scheduling problems. The size and complexity
of these combinatorial problems make them hard or even
impossible to solve with exact methods.

Different problem-solving approaches have been pro-
posed in the literature to deal with timetabling problems [1].
TheThird International Timetabling Competition (ITC2011)
[2] motivated the development of several approaches for
the extended markup language for high school timetabling
(XHSTT) problem [3]. The four finalists employed meta-
heuristics as part of or as the main problem solver [4–7].

Recent problem-solving approaches for theXHSTTprob-
lem are based on variable neighborhood search (VNS) [8],
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simulated annealing (SA) [9], or matheuristics (the integra-
tion of metaheuristics and mathematical programming) [10,
11].

Different approaches can also be found in the literature
concerning other timetabling problems, including opera-
tional research, metaheuristics, or novel intelligent methods,
such as university course timetabling problems [12], job shop
scheduling problems [13–15], and sports scheduling problems
[16].

Regarding work-shift scheduling problems in the context
of air traffic management (ATM), shiftwork management is
addressed in [17], which contains a literature review about
the impact of shiftwork, its consequences for health, safety,
productivity, and efficiency, as well as social implications. It
also refers to the EC Directive 93/104 that establishes the
European regulation for working time design in ATM.

A study on shiftwork practices in both ATM and other
industries, such as medical, police, and airline industries, is
presented in [18]. It concludes that although there are a range
of software tools, in many cases involving ATM, they are
costly and not completely suited to the needs. The strengths
and weaknesses of automated scheduling tools have already
been outlined [19].

More recently, Stojadinovic [20] gives an in-depth
description of three problem encodings capable of formu-
lating a very broad set of different scheduling requirements
considering a time period of a month or a year. The prob-
lem was solved using propositional satisfiability (SAT, [21]),
MaxSAT, the pseudo-Boolean, satisfiability modulo theory,
constraint satisfaction, and integer linear problem solvers. In
combination with these solvers, three different optimization
techniques were presented. Results suggest that SAT-related
approaches outperform other problem-solving methods.

Later, Stojadinovic [22] presents a combination of the
SAT problem-solving and the hill climbing method. First,
the SAT solver is used to generate a feasible solution. Then,
hill climbing is used to improve this solution in terms of the
number of satisfied ATCo demands. Finally, SAT problem-
solving is used to further improve the identified solution by
fixing some parts of the solution.The process is repeated until
an optimal solution is found.

A simplified version of the ATCo work-shift scheduling
problem considered in this paper was previously solved.
This solution considered a single core, accounting for only
one type of sector. Consequently, all available ATCos were
able to operate in all sectors. Another aim was to minimize
the number of ATCos required to cover a given airspace
sector configuration, while satisfying a set of ATCo working
conditions. Additionally, the different shifts per day were
simultaneously optimized.

In this paper, however, we consider the possibility there
being more than one core with common sectors, taking
into account the en route and approach sectors and ATCos
with different operating credentials. The number of available
ATCos to cover a given airspace sector configuration is now
known in advance, and only one shift is optimized. Besides,
we consider a multiobjective perspective, accounting for
issues such as some conditions with respect to ATCo work
and rest periods and positions, the structure of the solution,

the number of control center changes, or the distribution of
the ATCo workloads.

The problem-solving methodology used in both papers is
similar in the sense that a heuristic is first proposed to build
different initial solutions based on the use of an optimized
template and themodification of rest period lengths and then,
multiple independent runs of the simulated annealing (SA)
metaheuristic are used to reach the optimal solution.

However, the heuristic in the simplified version derives
different feasible solutions, whereas the new heuristic pre-
sented in this paper accounts for the sector types and ATCo
credentials and derives infeasible initial solutions (more than
the number of available ATCos may be used and some
working conditions are violated). Hence, simulated annealing
is conducted based on a multiple independent run algorithm
aimed at reaching feasible solutions from the infeasible
solutions derived by the heuristic. Then, a second multiple
independent run of SA is conducted to reach the optimal
solutions accounting for the different objectives functions
mentioned above.

Note that regular expressions (Regex) [23] are used in
both search processes. A Regex is a sequence of characters
that define a search pattern that is matched to the string
representation of every solution. In our context, the patterns
represent the violation ofATCoworking conditions.Theben-
efits of using Regex are high testing speed andmodularity for
a clear and maintainable implementation of the optimization
model.

The paper is structured as follows. Section 2 describes
the ATCo work-shift scheduling problem, together with the
constraints accounting for ATCo working conditions and
the objective functions under consideration. The proposed
problem-solving methodology together with regular expres-
sions and their application for checking working conditions
are described in Section 3. An example is used to illustrate
the proposed methodology in Section 4. Finally, some con-
clusions are outlined in Section 5.

2. Problem Description

One of the core tasks of ATCos is to avoid collisions between
aircraft. To do this, the ATComust assure that the aircraft are
always separated by a minimum safety distance, denoted as
separation standards.

The airspace is composed of volumes (elementary unit
of airspace). As a human ATCo can only handle a limited
amount of traffic, the airspace is divided into a number of
sectors. These sectors may include one or more volumes. All
the sectors open at any one time must cover all the volumes
of the corresponding airspace. This is referred to as airspace
sector configuration.

Additionally, a core consists of a set of sectors, and a
sector may belong to several cores. A control center may be
responsible for managing one or more cores, depending on
the control center under consideration. If more than one core
have sectors in common, then the ATCo assignment process
for the respective cores should be simultaneous. Otherwise,
each core should be solved separately.
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Figure 1: Daily working shifts in Canary Islands control center.

Two sectors are called related sectors if they share a
volume. As explained later, the existence of related sectors
plays an important role in some working conditions and
an affinity matrix specifying which sectors are related to
each other will be an optimization problem input. Moreover,
sectors can be categorized as approach and en route sectors.
Approach sectors are generally 5 to 10 nautical miles (9 to
18 km) from the airport depending on the airport procedures,
whereas en route sectors are further away.

Each sector is operated by two ATCos, the executive and
the planner ATCos. The executive ATCo talks to the aircraft
and gives instructions to the pilots to avoid conflict situations
between aircraft, whereas the planner ATCo is responsible
for anticipating possible conflicts between aircraft and com-
municating with the executive ATCo the problem before it
materializes. ATCos are qualified to operate on a particular
core and can be categorized as PTDorCONATCodepending
on the type of sector for which they are accredited. A PTD
ATCo can operate en route and approach sectors, whereas a
CON ATCo can only operate en route sectors.

The sector configuration changes throughout the day
depending on the air traffic. A higher volume of air traffic
means more sectors with smaller dimensions will be opened,
thus requiring more ATCos. As a result, sectors are dynam-
ically divided and merged over time depending on the air
traffic, and the number of ATCos necessary to cover the open
sectors varies accordingly.

The sector configurations needed to handle the estimated
traffic for a time period (usually a day) can be designed
beforehand. This is denoted as airspace sector configuration.

Therefore, a very important problem in air traffic control
could be to determine the minimum number of ATCos
necessary to cover an airspace sector configuration for a
given time period, while satisfying certain strong constraints
accounting for ATCo working conditions, including, for
instance, resting and working time distributions.

In this paper, however, we consider that the number
of available ATCos is fixed in advance and the problem is
to cover the given airspace sector configuration taking into
account working conditions but accounting for the opti-
mization of the ATCo work and rest periods and positions,

the structure of the solution, the number of control center
changes, or the distribution of the ATCo workloads.

Besides, ATCos can work different shifts. Shift lengths
may vary at different control centers, and some may not even
be considered. Figure 1 shows the five ATCo shifts used at
Canary Islands: long morning (LMS) (6:30–15:00 h.), morn-
ing (MS) (7:30–15:00), afternoon (AS) (15:00–22:00), long
afternoon (LAS) (15:00–23:00), and night (NS) (22:00–7:30).

Note that ATCos working AS and LAS shifts simulta-
neously work in the afternoon, as shown in Figure 1. The
same applies for ATCos working NS and LAS shifts in the
time period (22:00–23:00), for ATCos working NS and LMS
shifts in the time period (6:30–7:30), and for ATCos working
MS and LMS shifts in the morning. In the time period
(23:00–6:30), only the NS ATCos are working.

The stated problem will address the optimization of the
morning, afternoon, or night shifts. With regard to the
optimization of the morning shifts, we account for MS and
LMSATCos and, consequently, some sectors belonging to the
end of the previous night will be assigned to LMS ATCos.
With regard to the optimization of the afternoon shifts, we
account for AS and LAS ATCos and, consequently, some
sectors belonging to the beginning of the following night will
be assigned to LMS ATCos.

However, when we optimize the night shift, only NS
ATCos are considered, and sectors (at the beginning)
assigned to LAS ATCos when optimizing the previous after-
noon and sectors (at the end) assigned to LMS ATCos when
optimizing the following morning are removed from the
analysis.

Figure 2 shows an example of an airspace sector con-
figuration for a night in Spain’s Canary Islands, considering
two cores. Three sectors are always open during the night
shift, but the total number of sectors involved in the airspace
sector configuration is 5. Specifically, the sectorGCCCOCE is
opened throughout the shift, sectors GCCAAC andGCCRE2
are open at the beginning (until 23:00 and 00:00, resp.) and
at the end (from 6:45 in both cases) of the shift, and sectors
GCCCTM3 and GCCCRU6 are open in the middle of the
shift (from 0:00 and 23:00, resp., to 6:45).
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Figure 2: Canary Islands airspace sector configuration.

As already mentioned, a number of constraints account-
ing for ATCo working conditions have to be taken into
account. In Spain, all these conditions were compiled and
published in the Official State gazette (Bolet́ın Oficial del
Estado, BOE), Royal Decree 1001/2010, and Law 9/2010,
regulating the provision of air traffic services. ATCo working
conditions are as follows:

(1) (LC1) ATCos can only operate sectors belonging to
the core for which they are qualified.

(2) (LC2) CONATCos can only operate en route sectors.
(3) (LC3) ATCos must rest for 25% of the work shift in

day shifts (MS, LMS, AS, and LAS). The night shift
(NS) rest periods account for 33% of working time.

(4) (LC4) A sector opened during the entire night shift
must be operated by four ATCos.

(5) (LC5) ATCos cannot work for more than two consec-
utive hours.

(6) (LC6) ATCos can only operate during one shift.
(7) (LC7) ATCos should rest at least half an hour every

two hours.
(8) (LC8) Sector changes are not allowed without resting

unless there is an emergency. ATCos can change to a
related sector without resting.

(9) (LC9) The minimum work period length of a con-
troller between two breaks is 15 minutes.

(10) (LC10) Each rest period should last at least 15minutes.
(11) (LC11) ATCos must remain in the same sector and

position for at least 15 minutes (minimum time in a
position).

(12) (LC12) Each ATCo canwork in atmost three different
nonrelated sectors in the respective shift.

(13) (LC13) Eachwork shiftmust have oneATCo assigned.
And each ATCo must be responsible for one shift.

(14) (LC14) Each ATCo must work at least 15 minutes and
cannot rest all the shift.

As pointed out previously, we will account for several
objectives in the ATCo work-shift scheduling problem under
consideration.

First, the ATCo work and rest periods and positions
should be as close as possible to fixed values. Specifically,
the time that ATCos remain in the same sector and working
position (planner or executive) should be as close as possible
to 45 minutes, the working time between two rest periods
should be as close as possible to 90 minutes, and the

percentage of time ATCos work an executive position must
be between 40%and 60%of the total working time (excluding
rest periods).

Secondly, the problem-solving structure should be sim-
ilar to previous template-based solution. This makes the
solution easier to understand for the control center staff and
would facilitate possible hand-made changes. Additionally,
the number of control center changes should be minimized.
To do this, the number of rest periods should be minimized.
Finally, a balanced ATCo workload distribution is desirable.

Note that ordinal information regarding the relative
importance of the above objectives was provided by experts
from the Reference Center for Research, Development and
Innovation in ATM (CRIDA, http://www.crida.es), a non-
profit joint venture between ENAIRE, responsible for the
air traffic management and control and for communication,
navigation, and surveillance networks in Spain, Universi-
dad Politécnica de Madrid, and Ineco, a global leader in
infrastructure engineering and consultancy. The order of
importance of the objectives matches up with the order in
which they have been introduced.

In summary, the information necessary (inputs) to solve
the ATCo work-shift scheduling problem under considera-
tion is the number of cores managed by the control center
together with the lists of sectors that they control specifying
the type of sector (approach or en route), a binary affinity
matrix, the airspace sector configuration established for each
core, the shift to be optimized (morning, afternoon, or night),
and the number of available PTD and CON ATCos, together
with their shifts morning (MS or LMS) or afternoon (AS or
LAS) shift optimization.

3. Problem-Solving Methodology

In this section, we introduce a methodology to solve the
ATCo work-shift scheduling problem under consideration.
The proposed methodology is a three-phase process. In the
first phase, a heuristic is proposed to build different initial
infeasible solutions based on the use of an optimized template
and the modification of the rest period lengths. These initial
solutions violate some labor conditions and, even worse,
possibly use more than the available number of ATCos.

In the second phase, a multiple independent run (MIR)
algorithm based on simulated annealing (SA) is applied to
the infeasible solutions achieved in the first phase, in order to
yield feasible solutions. To do this, we apply a fitness function
to try to reduce the number of ATCos used until the number
of available ATCos is met while penalizing the number of
times labor conditions is violated. Note that the first two
phases should be performed as fast as possible since it is

http://crida.es/webcrida/
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Figure 3: Solution representation.

important to know as soon as possible whether or not there
is a feasible solution for the available number of ATCos.

In the third phase, a SA-based MIR is again applied
starting from the feasible solutions output in the second
phase. The aim now is to optimize the objective functions
described in the previous section taking into account the
ordinal information about their relative importance provided
by experts from CRIDA. The original multiobjective opti-
mization problem is then transformed into a single weighted
optimization problem, whose weights are derived from the
centroid function, which accounts for the available ordinal
information.

Note that regular expressions (Regex or Regexp) are used
throughout the second and third phases to check most of the
constraints associated with working conditions. The benefits
of using RegExps are high testing speed and modularity for
a clear and maintainable implementation of the optimization
model.

Before describing the above phases in detail, let us first
examine how the proposed methodology represents the
solutions. We use a matrix where the number of columns is
the number of time slots in the shift (morning, afternoon, or
night) for optimization, and each row is associated with an
ATCo. A slot is equivalent to five minutes. The number of
rows is established when applying the heuristic to build an
initial solution.

Note that initial infeasible solutions and solutions visited
throughout the second phase may have different numbers of
ATCos. However, the number of rows in the solutions in the
third phase will always match up with number of available
ATCos.

Each matrix element (𝑖, 𝑗) refers to the state of the ATCo
𝑖 in the time slot 𝑗 and is represented by three letters. We use
the 111 combination to represent a resting ATCo. Otherwise,
a combination of three letters starting with aaa identifies
the sector that the ACT is operating in the respective time
slot. Uppercase letters are used to signify that the ATCo
is working as an executive ATCo in the respective sector,
whereas lowercase letters are used for planner positions.

Colors are used to represent sectors when displaying
solutions; see Figure 3. Rest periods and out-of-shift periods
are in white. Figure 3 is a representation of the airspace
sector configuration shown in Figure 2. It consists of 114 slots
(columns), nine and a half hours, and it is covered by 14
ATCos (rows).

3.1. A Heuristic for the Construction of Initial Solutions. We
propose a heuristic to build a set of initial solutions with
different rest periods. They will be used afterwards in the
MIR algorithm based on SA to reach feasible solutions. The
proposed heuristic is based on the use of an optimized
template (see Figure 4), with three ATCos covering a sector
during 96 time slots (eight hours) without specifying the
ATCo positions (executive or planner), which are assigned
afterwards.

The duration of the work periods is twice as long as for
the rest periods in the template. However, if different rest
period durations are used, we have different templates, and
the heuristic will build different initial solutions, albeit with
a similar structure. As the working conditions establish that
each rest period should last at least 15 minutes (three slots),
and the maximum work period is two hours (24 slots), the
duration of a rest period must be between three and 12 slots.
Thus, the heuristic builds ten different initial solutions.

The template in Figure 4 corresponds to an eight-hour
shift (96 slots) and a six-slot rest period, where R and W
represent rest and work periods, respectively, and lower and
uppercase case letters differentiate the working positions.

We denote the number of columns in the solutionmatrix,
that is, the number of slots in the shift to be optimized by
𝑛Col. The steps of the heuristic are as follows.

Step 1 (add templates to cover the airspace sector configura-
tion). For each open sector 𝑖 ∈ {1, . . . , 𝑠} do the following:

(1) Insert an empty template in the solution matrix.
(2) For each time slot 𝑗 ∈ {1, . . . , 𝑛Col} do the following:

(a) If sector 𝑖 is open during the time slot 𝑗, then
enter the slot corresponding to the template in
the solution matrix in position 𝑗 with the name
of sector 𝑗.

(b) If sector 𝑖 is not opened during the time slot 𝑗,
then enter resting slots in the solution matrix in
position 𝑗.

At the end of Step 1, all the sectors are assigned a pair
of ATCos, for which the necessary templates have been
inserted. However, certain ATCo working conditions may
be violated. We denote the number of rows in the solution
matrix, corresponding to the number of ATCos considered,
by 𝑛Row. Step 2 is aimed at improving the feasibility of the
solution matrix.
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Step 2 (repair the solution to improve feasibility). For each
row 𝑙 ∈ {1, . . . , 𝑛Rows}, in the solution matrix that does not
meet a minimum work period length, we try to assign the
work period whose length is not the minimum to another
ATCo. To do this, do the following:

(1) Try to transfer a work period without the minimum
length from one ATCo to another.

(a) Check if there is another ATCo working in the
same sector who starts at the start of the work
period to be transferred (this would be ideal
since the ATCo would continue to work in the
same sector) and the length of that rest period is
greater than the respective work period. Then,
check if the following constraints are met before
making the transfer:
(i) ATCos have to rest for 30 minutes every

two working hours.
(ii) The maximum continuous work period is

two hours.
(iii) The minimum continuous rest period is 15

minutes.
(iv) The minimum continuous work period is

15 minutes.
(b) Check if there is another ATCo who starts

working in that same sector just when the work
period to be transferred ends and has a rest
period with a length greater than the fragment
to be assigned. Then, as in (a), check the above
conditions before making the transfer.

(2) Try to extend a work period without the minimum
length using a work period from another ATCo:

(a) Check if there is another ATCo working in the
same sector who started at the same time as the
work period began (this would be ideal since
the ATCo would be working in the same sector)
and has enough slots to complete the minimum
working time. Before making the handover,
check that it does not imply increasing the
infeasibility.

(b) Check if there is another ATCo who started
working in that same sector just after the work

period fragment that we want to expand and has
enoughworking slots to complete theminimum
working time.

(c) Check the list of constraints that the ATCos
must meet.

Step 3 (allocation of available resources). For each row 𝑙 ∈
{1, . . . , 𝑛ATCo}, in the solution matrix do the following:

(1) If row 𝑙 contains approach sectors during the long
shift, then we search for an available PTD ATCo
associated with the long shift who can operate in that
core. This ATCo is assigned to row 𝑙.

(2) If row 𝑙 contains approach sectors during the short
shift, then search for an available PTD ATCo asso-
ciated with the short shift who can operate in that
core. This ATCo is assigned to row 𝑙. Otherwise, we
search for an available PTDATCo associated with the
long shift who can operate in that core and assign this
ATCo to that row.

(3) If row 𝑙 contains en route sectors during the long shift,
then we search for an available CONATCo associated
with the long shift who can operate in that core. This
ATCo is assigned to row 𝑙. Otherwise, we search for
an available PTD ATCo associated with the long shift
who can operate in that core and assign this ATCo to
that row.

(4) If row 𝑙 contains en route sectors during the short
shift, then we search for an available CON ATCo
associated with the short shift who can operate in that
core. This ATCo is assigned to row 𝑙. Otherwise, we
search for an available CONATCo associatedwith the
long shift, an available PTDATCo associated with the
short shift, or an available PTDATCo associated with
the long shift (following that order) who can operate
in that core and assign this ATCo to that row.

At this point, some ATCos may not have been assigned since
they do not meet the requirements per row. These ACTs are
assigned as follows.

Check if each ATCo 𝑐 ∈ {1, . . . , 𝑛ATCo} is assigned to a
row in the solution matrix.

If ATCo 𝑐 has not been assigned and is a COM (PTD)
ATCo, thenwe search for a row including en route (approach)
sectors.
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(1) If there is an available row including en route
(approach) sectors, then this row will be assigned to
ATCo 𝑐.

(2) Otherwise, a random available row is assigned to
ATCo 𝑐.

Once all the available ATCos have been assigned, there
may still be rows without an assigned ATCo. In this case, we
add artificial ATCos; that is, the initial solution includesmore
ATCos than available.These artificial ATCos will be removed
in the second phase of the problem-solving method, leading
to feasible solutions.

There is an exception to the application of the above
heuristic for night shifts. If there is an open sector throughout
the entire night shift, then a template including four ATCos
with rest period lengths of 9 slots (45minutes) is used to cover
the sector.Note that theseATCoswill onlywork in that sector.
Consequently, we would have a lower dimensional problem
(sectors open throughout the night shift are already covered)
where there are fewer available ATCos (some of the originally
available ATCos have been assigned to the above sector).

3.2. AMIRAlgorithm Based on SA to Reach Feasible Solutions.
The MIR algorithm based on SA starts with the infeasible
solutions output in the first phase with the aim of reaching
feasible solutions.

First, we will briefly describe the simulated annealing
metaheuristic, which is used in both this and the third phase.
We discuss how it is adapted to the problems addressed in
both phases later.

Simulated annealing (SA) [24, 25] is a trajectory-based
metaheuristic which is named for and inspired by annealing
in metallurgy. The basic idea of SA is as follows. An initial
feasible solution, 𝑥0, is randomly generated. Then, in each
iteration 𝑖, a new solution (𝑦) is randomly generated from
the neighborhood, 𝑁(𝑥𝑖), of the solution considered in that
iteration, 𝑥𝑖. If the new solution is better than the current
one, then the algorithm moves to that solution. Otherwise,
there is some probability of it moving to a worse solution.The
acceptance of worse solutions makes for a broader search for
the optimal solution and avoids trapping in local optima in
early iterations.

The search is initially very much diversified, since prac-
tically all moves are allowed. As the temperature drops, the
probability of accepting a worse moves decreases, and only
better moves will be accepted when it is zero. This makes SA
work like hill climbing.

SA pseudocode for aminimization optimization problem
is as follows.

Initialization. Do 𝑥∗ = 𝑥0, 𝑓∗ = 𝑓(𝑥0), 𝑖 = 0. Select the initial
temperature 𝑡0 = 𝑇 (𝑡𝑖: temperature in step 𝑖).

Repeat until stopping criterion is satisfied:

Randomly generate 𝑦𝑖 ∈ 𝑁(𝑥𝑖)
If 𝑓(𝑦𝑖) − 𝑓(𝑥𝑖) ≤ 0, then

𝑥𝑖+1 = 𝑦𝑖
If 𝑓(𝑥∗) > 𝑓(𝑦𝑖), then 𝑥∗ = 𝑦𝑖, 𝑓∗ = 𝑓(𝑦𝑖)

Else
𝑝 ∼ 𝑈(0, 1)
If 𝑝 ≤ 𝑒−(𝑓(𝑦𝑖)−𝑓(𝑥𝑖))/𝑡𝑖 , then 𝑥𝑖+1 = 𝑦𝑖
Else 𝑥𝑖+1 = 𝑥𝑖

Update temperature, 𝑖 = 𝑖 + 1
Some elements in the above algorithm require clarifica-

tion. Generally, the initial temperature is set such that the
acceptance ratio of worsemoves is equal to a certain specified
value [26].

The cooling schedule defines the way in which the tem-
perature decreases across the iterations. A common cooling
schedule is for the temperature to be kept constant for a
number of iterations (𝐿) and then be decreased it according
to a geometric schedule: 𝑇𝑘 = 𝛼𝑘𝑇0, the typical value for 𝛼
being 0.95 [27].

Themost commonly used stopping criteria is to stopwhen
the improvement in the fitness function is less than a given
percentage during a fixed number of iterations.

The SA algorithm is adapted to deal with the search
for feasible solutions in the second phase of the proposed
methodology as follows: the initial solutions in the multiple
independent runs of SA are the infeasible solutions output by
the heuristic in the first phase.

The aim of the fitness function in this phase is to reduce
the number of ATCos used until it matches the number
of available ATCos while penalizing the working conditions
violated. To do this, we consider the maximization of two
weighted components (𝑓 and 𝑔) in the fitness function as
follows:

max 𝑓

= {
{{
𝑤1 ∗ ℎ + 𝑤2 ∗ 𝑔, if 𝑛ATCo > 𝑛ATCoaval
𝑔, if 𝑛ATCo ≤ 𝑛ATCoaval,

(1)

where 𝑤1 and 𝑤2 represent the relative importance of the
components, 𝑛ATCo is the number of ATCos used in the
current solution and 𝑛ATCoaval is the number of available
ATCos.

ℎ is the component aimed at reducing the number of
ATCos:

ℎ = 1
𝑛ATCo2

𝑛ATCo
∑
𝑖=1

𝑖ℎ𝑖, (2)

where ℎ𝑖 is the number of slots that the 𝑖th ATCo is working
in.

Note that all visited solutions in the search process are
reorganized as follows: the ATCo with the smallest workload
is placed on the first row of the solution codification, the
ATCo with the second smallest workload is placed on the
second row, and so on, where the ATCos with the highest
workloads are placed on the last rows; that is, the solution
matrix is changed by row permutation.

The term 1/𝑛ATCo2 implies that when the number of
ATCos decreases, the fitness value is greatly improved. For
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a given number of ATCos, fitness values are higher for
solutions with a high workload for ATCos with higher
indexes (in the bottom rows of the solution matrix).

Thus, if we take into account the considered fitness
function and the row reorganization of the visited solutions,
we find that the search process tends to reallocate work
periods from ATCos in the top rows to ATCos in the bottom
rows (with the highest workload). In this way, we increase
the rest periods of the first ATCos and tend to decrease
the number of ATCos needed to cover the airspace sector
configuration.

In order to correctly use the weighted fitness function, we
must normalize the values of this component:

ℎ = 1 − ℎmax − ℎ
ℎmax − ℎmin

, (3)

where

ℎmax =
𝑛ATCo
∑

𝑘=𝑛ATCo−𝑛ATCo∗

𝑘 × 𝑛Slot
𝑛ATCo2 , (4)

and 𝑛ATCo∗ is the number of ATCos needed to cover the
airspace sector configuration without resting and 𝑛Slot is the
number of slots in the considered shift (number of columns
in the matrix solution), whereas

ℎmin =
𝑛ATCo∗

∑
𝑘=1

𝑘 × 𝑛Slot
𝑛ATCo2 , (5)

associated with a solution where the workload is shared
among in the ATCos located in the top rows of the solution
matrix, whereas no workload is assigned to ATCos in the
bottom rows.

𝑔 is the component representing the number of times
working conditions are violated. To normalize its values, we
proceed as follows:

𝑔 = 𝑔max − 𝑔
𝑔max

, (6)

where 𝑔max is the maximum of number times that the
working conditions can be violated, and its value is different
depending on the shift that we are optimizing. If we are
optimizing a night shift, then

𝑔max = 8 × 𝑛ATCo + 2 × 2𝑛ATCo
+ 4 (𝑛ATCo × +𝑛ATCo × 𝑛Slot × 1

𝑛Slot)
= 12 × 𝑛ATCo
+ 4(𝑛ATCo × +𝑛ATCo × 𝑛Slot

𝑛Slot)
= 20 × 𝑛ATCo,

(7)

since there are eight constraints (LC3, LC5, LC6, LC9, LC10,
LC11, LC12, and LC14) not met by 𝑛ATCo controllers, two
constraints (LC4 and LC13) not met by 2 × 𝑛ATCo, and

four constraints (LC1, LC2, LC7, and LC8) not met by
𝑛ATCo, whose degree of default is accounted for and every
noncompliance for each slot in the shift is multiplied by
1/𝑛Slot.

If a morning or afternoon shift is being optimized, then
LC4 is not considered and

𝑔max = 10 × 𝑛ATCo + 4 (𝑛ATCo + 𝑛ATCo) . (8)

Regarding the neighborhood structure, the process for
randomly selecting a solution in the neighborhood of a given
solution is as follows:

(1) An ATCo is selected randomly. The aim is to reallo-
cate part of this ATCo’s workload to another ATCo.

(2) A work period of the chosen ATCo is selected ran-
domly. Then, a part of that work period is considered
for reallocation. The number of slots containing this
part is randomly chosen from possible 3, 6, 9, and 12;
that is, if the work period length is 10 or 11 slots then
only the values 3, 6, and 9 are used and so on.

(3) A second ATCo is selected at random and we check
if the whole work period for reallocation can be
assigned to that ATCo. If this is not possible, then
we try with another ATCo and so on. To do this, we
check that the ATCo under consideration is resting
in the slots corresponding to the work period to be
reallocated.
If it is not possible to reallocate the considered work
period to any ATCo, then we again randomly select
the number of slots in the part of the work period
for reallocation, considering lower candidate values
lower than the one we used previously and repeat the
process.
We repeat the process until the work period is
reallocated or all four possible piece sizes (3, 6, 9, and
12) have been considered, in which case we go back to
Step (1).

As mentioned above, the first two phases should be
performed as fast as possible since it is important to know
as soon as possible whether or not there is a feasible solution
for the available number of ATCos.

3.3. A MIR Algorithm Based on SA to Reach the Optimal
Solution. In the third phase, a MIR of SA is again conducted
starting from the feasible solutions output in the second
phase. The aim now is to optimize four objective functions
taking into account the ordinal information about their
relative importance provided by experts from CRIDA.

First, the ATCo work and rest periods and positions
should be as close as possible to fixed values. Specifically, the
time ATCos remain in the same sector and working position
(planner or executive) should be as close as possible to 45
minutes, the working time between two rest periods should
be as close as possible to 90 minutes, and the percentage of
time ATCos work in executive positions must be between
40% and 60% of the total working time (excluding rest
periods).
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Second, the solution structure should be similar to the
previous template-based solution. This makes the solution
more understandable for the control center staff and would
facilitate any possible hand-made changes.

Additionally, the number of control center changes
should be minimized. To do this, the number of rest periods
should be minimized. Finally, the ATCo workload distribu-
tion should be balanced.

The original multiobjective optimization problem is then
transformed into a single weighted optimization problem,
whose weights are derived from the rank-order centroid
(ROC) method, which accounts for the available ordinal
information provided by CRIDA experts. The ROC method
has an appealing theoretical rationale and appears to perform
better than the other rank-based schemes in terms of choice
accuracy [28].

Accordingly to the ROC method,

𝑤𝑖 =
∑𝑛𝑗=𝑖 1/𝑗

𝑛 , 𝑖 = 1, . . . , 𝑛; (9)

hence

𝑤1 = 1 + 1/2 + 1/3 + 1/4
4 = 0.52,

𝑤2 = 1/2 + 1/3 + 1/4
4 = 0.27,

𝑤3 = 1/3 + 1/4
4 = 0.15,

𝑤4 = 1/4
4 = 0.06.

(10)

As mentioned above, the number of rows in the solution
matrices will always be the same in the third phase, represent-
ing the number of available ATCos, since the solutions (initial
and visited throughout the search) are feasible. Besides, the
permutation process applied to all solutions (initial and
visited) in the second phase will not be necessary in the third
phase since a different fitness function is considered.

Now, we describe how the different objective functions
have been modeled.

3.3.1. Objective 1: Desirable ATCo Work and Rest Periods and
Positions. This objective accounts for three equally important
subobjectives.

(1) The Time ATCos Remain in the Same Sector and Working
Position (Planner or Executive) Should Be as Close as Possible
to 45 Minutes. The procedure for checking this point is as
follows: for each row in the solution matrix, we compute the
number of consecutive slots during which the ATCo remains
in the same sector and work position and the difference
between this value and the optimum value (9 slots = 45
minutes).Then, we add up all the differences for the different
work periods in the row and again for all the rows in the

solution matrix. Finally, we compute the mean value by
dividing the above amount by the number of ATCos:

𝑓1,1 =
∑𝑛ATCo𝑖=1 ∑𝑛𝑖𝑗=1 45 − 𝑙𝑖,𝑗

𝑛ATCo , (11)

where 𝑛𝑖 is the number of work periods during which the 𝑖th
ATCo remains in the same sector and working position and
𝑙𝑖,𝑗 is their duration in minutes.

This objective function is then normalized:

𝑔1,1 = 𝑓max
1,1 − 𝑓1,1
𝑓max
1,1

, (12)

where 𝑓max
1,1 = |45 − posMin| × 8 × (𝑛Slot/30), posMin is the

minimum time an ATCo can remain in a position without
violating any working condition, and 𝑛Slot/30 is the number
of times; there is a two-hour work period (24 slots) followed
by a 30-minute (6 slots) rest period in the shift.

(2) The Optimal Working Time between Breaks Should Be
90 Minutes. Now, we compute for each row the length of
each work period (in minutes) and its difference from the
optimumwork period (90minutes).We add these differences
for the row and then for all rows. Finally, we divide the result
by the number of rows (ATCos) to derive the mean value:

𝑓1,2 =
∑𝑛ATCo𝑖=1 ∑𝑚𝑖𝑗=1 90 − 𝑟𝑖,𝑗

𝑛ATCo , (13)

where𝑚𝑖 is the number of work periods of ATCo 𝑖 and 𝑟𝑖,𝑗 is
their duration in minutes.

Now, we proceed to normalization:

𝑔1,2 = 𝑓max
1,2 − 𝑓1,2
𝑓max
1,2

, (14)

where 𝑓max
1,2 = |90 − workMin| × (𝑛Slot/6) is the maximum

value of 𝑓1,2, with workMin being the minimum working
time for an ATCo (15minutes).We divide the number of slots
by six because the minimumwork period length is three slots
and the minimum rest period length is also three.

(3) The Percentage of ATCo Working Time in Executive
Positions Must Be between 40% and 60% of the Total Working
Time (Not Including Rest Periods). We divide the time that
an ATCo is working in the executive position between the
total working time in each row, yielding the percentage of
working time in the executive position in that row (𝑓1,3). If
this is less than 40% or greater than 60%, we compute the
difference to the nearest value (40 or 60 if lower or greater
than the respective value), which we multiply by 0.4 (40%,
themaximumdifference) for normalization.Then,we add the
differences for all rows in the solution matrix and divide by
the number of rows:

𝑔1,3 = 1
0.4
𝑛ATCo
∑
𝑖=0

{{{{
{{{{{

0.4 − 𝑓1,3
𝑛ATCo , if 𝑓1,3 < 0.4
𝑓1,3 − 0.6
𝑛ATCo , if 𝑓1,3 > 0.6.

(15)
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Since, as mentioned above, the three subobjectives are
equally important, Objective 1 is

𝑔1 = 𝑔1,1
3 + 𝑔1,2

3 + 𝑔1,3
3 . (16)

3.3.2. Objective 2: Solution Structure Similar to Previous
Template-Based Solution. The second objective is to reach a
solution structure that is similar to possible to the template-
based solutions already used. This makes the solution easier
to understand for the control center staff and would facilitate
possible hand-made changes. To do this, the template-based
structure was analyzed and used as a reference. The conclu-
sion is that rest periods and work periods for the same sector
should be as grouped as possible. The following function is
used for this purpose:

𝑓2 =
𝑛ATCo−1
∑
𝑖=1

𝑛Slot−1
∑
𝑗=1

{
{{
1, if element𝑖,𝑗 = element𝑖+1,𝑗
1, if element𝑖,𝑗 = element𝑖,𝑗+1.

(17)

This function runs through all the elements of the solution
matrix checking if the right-hand (sm𝑖,𝑗+1) and bottom
(sm𝑖+1,𝑗) elements contain the same sector and working
position. If so, we add 1 to the function. Then, we perform
the normalization:

𝑔2 = 1 − 𝑓max
2 − 𝑓2
𝑓max
2

, (18)

where the theoretical maximum value is

𝑓max
2 = (𝑛Slot − 1) × (𝑛ATCo − 1) × 2, (19)

derived without taking into account the constraints.

3.3.3. Objective 3:Minimization of the Number of Control Cen-
ter Changes. This objective can be achieved by minimizing
the number (not the duration) of rest periods. To do this,
we count the number of res periods in each row. In order
to normalize this value, the minimum value is matched to
the number of rows, 𝑓min

3 = 𝑛ATCo, since all ATCos must
have at least one rest period, whereas the maximum value is
computed as follows:

𝑓max
3 = 𝑛Slot

6 × 𝑛ATCo, (20)

where the value 6 in the denominator denotes the sum of the
minimum work and rest period lengths.

Finally,

𝑔3 = 𝑓max
3 − 𝑓3

𝑓max
3 − 𝑓min

3

. (21)

3.3.4. Objective 4: Balancing ATCo Workloads. The aim now
is to balance theATCoworkloads to avoid highworkloads for
some ATCos and low workloads for the other. Thus, we will
use the standard deviation of the work periods of the different
rows in the solution matrix.

Themaximum value of the standard deviation (regardless
of the problem constraints) is equal to themean. For example,
if we have a workload of 200 slots, and we have four ATCos
who can work a maximum of 100 slots, the mean will be 50
working slots. To maximize the variance, 100 working slots
will be assigned to two ATCos and 0 to the other two ATCos.
This would mean a variance equal to 502; that is, the standard
deviation is 50, whichmatches up with the mean value.Then,

𝑔4 = 𝜇 − 𝑓4
𝜇 , (22)

where 𝜇 is the mean and 𝑓4 is the standard deviation of the
ATCo workloads.

3.4. Regular Expressions. A regular expression (Regex or
Regexp for short) is a special text string for describing a search
pattern [23]. Regexs are composed of metacharacters (), [],
and {}, characters classes like \A (start of string), \s (white
space), or \d (digit), and quantifiers ∗ (0 or more), + (1 or
more), and ? (0 or 1).

Their main application in programming is to automate
search and analysis processes for use on many occasions.
There are many tools whose pattern search engines use
Regexs: Java (RegEx; see Package java.util.regex); JavaScript
since version 1.2; Perl; C and C ++ (the library PCRE); PHP;
Python; and .Net languages.

Regexs have a large number of applications, including
pattern identification inDNA sequences [29], the reconstruc-
tion of DNA strands, and the derivation of a similarity mea-
sure for supervised learning [30] or in pattern recognition
[31].

In our ATCo work-shift scheduling problem, Regexs are
used to check the LC3, LC4, LC5, LC9, LC10, and LC11
working conditions. The verification of the other working
conditions was programmed.

For instance, 12 regular expressions are used to check LC5
(ATCos cannot work for more than two consecutive hours)
according to the following structure:

∧ (111) ∗ [a-zA-Z] {3,tMax} (111)
+ [a-zA-Z] {3,tMax} (111) ∗ $. (23)

LC5 is verified if at least one out of the twelve Regexs is met. If
we want to count the number of times LC5 is violated (part of
the fitness function in the first phase), we go through the rows
of the solutionmatrix checking the 12 Regexs and adding one
to the penalty function when the corresponding row does not
meet all 12 Regexs.

Regarding LC9 (the minimum work period length of an
ATCo between two rest periods is 15 minutes), 12 Regexs are
used again:

∧ (111) ∗ [a-zA-Z] {tMin,} (111)
+ [a-zA-Z] {tMin,} (111) ∗ $. (24)

As in LC5, LC6 is verified if at least one out of the 12 Regexs
is met, and we can go through the rows of the solutionmatrix
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CON ATCo1

CON ATCo2

CON ATCo3

CON ATCo4

PTD ATCo1

PTD ATCo2

PTD ATCo3

PTD ATCo4

PTD ATCo5

PTD ATCo6

PTD ATCo7

PTD ATCo8

PTD ATCo9

Artificial ATCo1

GCCCOCE

GCCCRE2 GCCCRU6 GCCCRE2

GCCCAAC GCCCTM3 GCCCAAC

AAZ 111 aaz 111

111 aaa 111 AAL 111

111 AAA

111 AAA 111 aal 111 AAL

111 aaz AAZ 111 aaz AAZ 111 aaz AAZ 111

111 aaz AAZ 111 aaz

111 AAL AAA 111

111 AAZ 111 aaz AAZ 111 aaz AAZ 111

aal 111 AAL 111 aal

111 aal 111 AAL 111 aal aaa 111

111 AAL 111 aaa

AAL 111 aalAAA 111 aaa aal 111 AAL 111 aal 111

aal 111 AAL 111 aalaaa 111 AAA AAL 111

111 aaq 111

111 aaq 111 AAQ 111 aaq 111 AAQ 111 aaq 111 AAQ 111

AAQ 111 aaq 111 AAQ111 AAQ 111 aaq 111

AAQ 111 aaq

AAQ 111 aaq 111 AAQ 111 aaq 111 AAQ 111 aaq 111 AAQ

111 AAQ 111 aaq 111aaq

aaw 111 aaw

111 AAQ 111 aaq

AAW 111 aaw AAW

111 AAW 111

(a) Initial solution

COM ATCo1

PTD ATCo1

COM ATCo2

PTD ATCo5

PTD ATCo4

COM ATCo3

COM ATC4

PTD ATCo2

PTD ATCo8

PTD ATCo6

PTD ATCo7

PTD ATCo3

PTD ATCo9

GCCCRE2

GCCCAAC

GCCCOCE

GCCCRU6

GCCCTM3

GCCCRE2

GCCCAAC

aaq aaw AAW aaz 111 AAQ 111 AAQ 111 AAQ 111 AAQ aaq AAZ 111

aaa AAQ 111 AAA aaq AAA 111 aaq 111 aal 111 AAL aaq AAA aaqaaa111

111 aaw 111 AAQ 111 AAZ aaq 111 AAQ aaz 111 aaz

aaq AAL 111 aalAAL 111 aal 111

aaq aaz aaw 111

AAA aaa aaq aaa AAA aaq 111 aaq aal 111 aal AAL

AAQ aaz AAZ 111 aaz

111

111 aaq

111 aaq aaz AAQ 111 AAQ 111 aaz AAL aaq aaz aaq aaz aaq 111

aaq aal 111aal AAQ AAA aaaaal AAQ 111

AAL aaz AAQ

AAW 111 aaq AAQ 111 AAQ aaq 111 aaz aaq 111 AAZ aaz 111 AAW aaq

111 AAZ 111 AAQ 111

aaa

111

aaw aaq AAW aaq AAZ 111 aaq 111 aaq AAZ 111 aaw

111 AAA aaa AAQ aaz 111 AAQ 111 AAQ

aaz AAL 111 aal AAZ

aaw AAW

111 aaz 111 aaq 111

aaz AAQ aaq 111 AAZ aal 111

aaq 111

111 AAZ

111AAQ 111 AAL aaq 111 aaz aal aaz aaq

111 AAZ

AAL aaq 111

111 AAA 111 aaa AAZ aal AAL 111 AAL aal aaz AAL

aaz AAL 111 AAL aazaaz aal 111 AAQ

111 AAQ aal 111 AAZ

aaz 111 aal 111

AAZ aaq 111aal 111 AAL 111 aalaal aaz AAQ 111 AAZ

AAA

(b) Feasible solution

COM ATCo1

COM ATCo2

PTD ATCo5

COM ATCo3

PTD ATCo4

PTD ATCo6

PTD ATCo3

COM ATCo4

PTD ATCo7

PTD ATCo2

PTD ATCo1

PTC ATCo9

PTD ATCo8

111 aaz 111 AAZ 111 AAZ aaq aaw AAW

aaq 111 aaz AAQ

111 AAQ aaz 111 aaz AAZ aal 111

111 aaq AAQ 111 aaz

aaw aaq

111 AAL aal AAL 111 AAL aaz 111 aaz AAA

aaz AAZ aaq 111 AAZ111 AAZ aaz 111 AAQ

aal 111 aal AAL 111111 AAZ aaq 111 AAL

aal 111

AAL aaz AAQ 111

aaw AAQ aaz 111 AAZ aaq AAQ aaz 111

111 aal AAL aal 111

AAW aaw

aaa AAA 111 aal AAL

AAL aaq AAQ 111

AAA aaa 111 AAL aal 111 aal AAZ aal 111

AAW aaq 111

aaq 111 aaa

GCCCOCE

GCCCRE2 GCCCRU6 GCCCRE2

GCCCAAC GCCCTM3 GCCCAAC

AAQ aaz AAQ 111 AAQ

111 AAL 111

aaq AAZ 111 aaq AAQ 111

(c) Optimal solution

COM ATCo1

COM ATCo2

COM ATCo3

COM ATCo4

PTD ATCo1

PTD ATCo2

PTD ATCo3

PTD ATCo4

PTD ATCo5

PTD ATCo6

PTD ATCo7

PTD ATCo8

PTD ATCo9

GCCCOCE

GCCCRE2 GCCCRU6 GCCCRE2

GCCCAAC GCCCTM3 GCCCAAC

AAL 111

111 aal AAA

AAA aaa 111 AAL aal 111 AAL aaa

aaa AAA 111 aal

111 AAL aal 111 AAL aal 111

111 aal AAL 111 aal

AAL

AAZ 111
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Figure 5: Solutions of the airspace sector configuration under consideration.

checking the 12 Regexs to count the number of times LC6 is
violated.

Additionally, we can use Regexs to check if all the
elements in the rows are 0 and, consequently, the
respective ATCos are not working and can be removed:
Pattern.compile(" ∧(111){"+nSlot+" }$").
4. Illustrative Example

We consider a control center in the Canary Islands (Spain)
managing two cores. The approach sectors GCCCTM3 and

GCCCACC belong to Core 1, whereas sectors GCCCOCE,
GCCCRE2, and GCCCRU6 are en route sectors belonging to
both cores (Core 1 and Core 2). Figure 2 shows the airspace
sector configuration corresponding to a night shift for both
cores.

The number of available ATCos is 13, four of whom are
CON ATCos and can work in the Core 1, and the other nine
are PTD ATCos working in the Core 2.

First, we run the heuristic to build the initial solutions.
Ten initial solutions are output using different templates, as
described in Section 3.1. Figure 5(a) shows the solution built
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Table 1: Comparing the objectives in Phase 2 between the initial feasible, the optimal, and the reference solutions.

ATCo work and rest periods and positions Control center changes ATCo workloads
Subobject. 1 Subobject. 2 Subobject. 3 Number of rest periods 𝜎 Min Max

Initial sol. 1.5, 1.5, 20.7% 3.6, 21.8, 21.8% 7, 9, 10 56 87.38 120 390
Optimal sol. 34.7, 34.7, 68.4% 8.3, 41.6, 41.6%∗ 13, 13, 13∗ 35 30.91∗ 210 315
Reference sol. 20, 20, 100%∗ 0, 27.2, 27.2% 10, 11, 13 34∗ 58.42 180 345
∗ denotes best values in the corresponding objectives.
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Figure 6: Acceptance ratios for 𝑇0 = 0.125.

using the template with a rest period lasting 12 slots (60
minutes). Note that as sector GCCCOCE is open throughout
the night shift, it is covered by a special template with four
ATCos (CON ATCo4, PTD ATCo1, PTD ATCo2, and PTD
ATCo3) and rest periods of nine slots. The same applies for
sectors GCCCACC and GCCCTM3, which can be viewed as
a single sector open throughout the night shift and covered
by the same special template with four ATCos (PTD ATCo4
to PTDATCo7). Rest period lengths of 12 slots are considered
for the other ATCos.

Note again that colors are used to represent sectors,
whereas rest periods and out-of-shift periods are in white.
The three-letter codes are used for sectors, and uppercase
letters [A-Z] denote ATCos working as executives, whereas
lowercase letters [a-z] denote planner positions.

The number of ATCos used in the initial solutions is
always 14 but the labor conditions violated are different
in each case. The only violated constraint in the solution
illustrated in Figure 5(a) is the number of ATCos used (14)
which is greater than the available number of ATCos (13). All
working conditions are met.

Then, the first MIR of simulated annealing is conducted
with the following parameter values: we run the algorithm
proposed in [26] with different initial temperatures for
adjustment using an acceptance ratio of 0.95, leading to 𝑇0 =0.125; see Figure 6.Thenumber of iterations duringwhich the
temperature does not change is 𝐿 = 1200 and, following [27],
we set 𝛼 = 0.9. The search stops when the fitness of the best
solution does not improve by at least 0.005% during 30000
iterations.

TheMIR of simulated annealing yielded different feasible
solutions with 14 ATCos. Figure 5(b) shows the feasible
solution which is reached when simulated annealing starts

the search from the initial infeasible solution shown in
Figure 5(a).

Figure 7(a) shows the evolution of the fitness value
during the search process, clearly illustrating the iteration
where the ATCo number decreases in the first iterations
of the algorithm and how the number of violated working
conditions decreases throughout the iterations until a feasible
solution is reached (fitness value = 1).

A second MIR of simulated annealing is executed, in
order to output optimal solutions starting from the different
feasible solutions derived in the previous phase. Now, 𝑇0 =0.075,𝐿 = 3000,𝛼 = 0.9, and the search stopswhen the fitness
of the best solution does not improve by at least 0.001%during
50000 iterations.

Figure 5(c) shows the optimal solution, which is reached
when simulated annealing starts the search from the initial
feasible solution shown in Figure 5(b).

Figure 7(b) shows the evolution of the optimal value of
the fitness value during the search process and the values for
the four objectives under consideration.

Figure 5(d) shows the reference solution yielded by the
tools available before the proposed template-based approach.
First, the optimal solutionwhich is reached using the solution
method proposed in this paper outperforms the reference
solution; the fitness values for both solutions are 0.8860 and
0.8838, respectively.

Note that the structure of the optimized solution (see
Figure 5(c)) is more similar to the reference solution than the
initial feasible solution (see Figure 5(b)). This was the second
most important objective in the second phase of the problem-
solvingmethod.Moreover, Table 1 shows information regard-
ing the other objectives considered in the secondphase for the
feasible initial, optimal, and reference solutions.

The first three columns in Table 1 refer to the targets fixed
for the ATCo work and rest periods and positions (Objective
1): 45 minutes for the time ATCos remains in the same
sector andworking position, 90minutes for the working time
between rest periods and a ratio of from 40% to 60% for
ATCo working times in executive positions to total working
time. In subobjetive 1, the three values correspond with the
percentage of work periods in which the time ATCos remain
in the same sector and working position differ in less than 10,
15, and 25minutes from45, respectively. In subobjective 2, the
three values correspondwith the percentage of working times
between breaks differing in less than 15, 20, and 25 minutes
from 90, respectively. Finally, in the third subobjetive, the
three values correspond with the number of ATCos that
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Figure 7: Fitness evolution in Phases 1 and 2.

verify the condition, those differing in less than 5, 10, and 15%
from the target, respectively.

We can find that the optimal solution outperforms the
reference one in subobjectives 2 and 3. Moreover, taking
into account the fact that the three subobjectives are equally
important, the reference solution (0.9274) slightly outper-
forms the optimal one (0.9218).

The number of control center (CC) changes (Objective 3)
was minimized by counting the number of rest periods. Its
value in our optimal solution is 35; it is 56 and 34 for the initial
and reference solutions, respectively.

Finally, regarding the homogeneous distribution of ATCo
workloads (Objective 4), the ATCo workload standard devi-
ation for our optimal solution is the lowest (30.91). Moreover,
ATCo workloads are within the interval [210, 315] in the
optimal solution, which is narrower than [180, 345] corre-
sponding to the reference solution.

We can conclude that our optimal solution is very similar
to the reference one regarding the target fixed for the ATCo
rest periods and positions and the number of control center
changes, and the ATCo workload is more balanced than for
the reference solution.

5. Conclusions

We proposed a new approach to solve the ATCo work-shift
scheduling problem that, given a fixed number of ATCos and
an airspace sector configuration to cover, optimizes several
objectives dealing with the ATCo work and rest periods and
positions, the structure of the solution, the number of control
center changes, or the distribution of the ATCo workloads,
while satisfying a set of ATCo working conditions according
to Spanish regulations.

This is a three-phase approach: a heuristic to build
initial infeasible solutions and two multiple independent
runs of the simulated annealing metaheuristic. The first
run aims to achieve feasible solutions, whereas the second,
where only feasible solutions are visited, aims to achieve
an optimal solution transforming the multiobjective into a
single optimization problem by means of the rank-order
centroid function, which exploits ordinal information about
the relative importance of the objectives provided by the
experts.

Regular expressions are used to checkworking conditions
in the solutions, thus providing high testing speed and
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modularity for a clear and maintainable implementation of
the optimization model.

We illustrated the proposed approach using a real exam-
ple and compared its performance with a template-based
reference solution. Note that our optimal solution and the
benchmark solution have a similar structure, which was one
of our stated goals. Their performance is very similar regard-
ing the target fixed for the ATCo rest periods and positions
and the number of control center changes. However, our
optimal solution has a more balanced ATCo workload than
the reference solution.

The developed software is currently being used to solve
more complex airspace sector configurations at Barcelona-El
Prat control center, outperforming the reference solutions in
all cases.

One line of future work that we propose is to use
additional regular expressions to verify other working con-
ditions, which are now programmed. Besides, we have to test
more airspace sector configurations, some of which should
represent extreme cases, in order to ensure proper operation
before its adoption at control centers.

Besides, we have considered the use of ordinal informa-
tion and the ROC method as a starting point to represent
the relative importance of objectives. This is less demanding
for experts. However, a sensitivity analysis is currently being
carried out with the support of experts on the basis of
different instances of the problem to adjust these weights. For
instance, tradeoffs between the performance with respect to
the target fixed for the ATCo rest periods and positions and
the structural similarity between our optimal solution and the
reference solution have to be considered.
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One of the main concerns inMulticriteria Decision Aid (MCDA) is robustness analysis. Some of the most important approaches to
model decisionmaker preferences are based on fuzzy outrankingmodels whose parameters (e.g., weights and veto thresholds)must
be elicited.The so-called preference-disaggregation analysis (PDA)has been successfully carried out bymeans ofmetaheuristics, but
this kind ofworks lacks a robustness analysis. Based on the above, the present research studies the robustness of a PDAmetaheuristic
method to estimate model parameters of an outranking-based relational system of preferences. The method is considered robust
if the solutions obtained in the presence of noise can maintain the same performance in predicting preference judgments in a new
reference set. The research shows experimental evidence that the PDA method keeps the same performance in situations with up
to 10% of noise level, making it robust.

1. Introduction

In Multicriteria Decision Aid (MCDA), one of its main
concerns is the robustness of methods developed in this field.
The term robust refers to the capacity for withstanding “vague
approximations” and/or “zones of ignorance” to prevent the
degradation of the properties that must be maintained [1].
Having this idea inmind, it is important to depict how robust
a new method in MCDA is.

A wide variety of problems in decision aiding often
involve multiple objectives to be minimized or maximized
simultaneously. Because of the conflicting nature of the
criteria, it is not possible to obtain a single optimum, and con-
sequently, the ideal solution to a multiobjective optimization
problem (MOP) cannot be reached. Therefore, the analysts
resort to approaches that can handle multiple criteria and
at the same time can shrink the number of solutions they
provide to those concerning specific interests of a decision
maker.

Several approaches that solve MOPs are based on Mul-
tiobjective Evolutionary Algorithms (MOEAs) and assume a
model of the decision makers’ (DM) preferences. This work
focuses on the preference model proposed by Fernandez et
al. in 2011. The model uses fuzzy outranking relations to
incorporate preferences in MOEAs, such as the strict, weak,
and 𝐾-preference. Also, it allows the mapping of a many-
objective problem into a surrogate problem with only three
objectives. The method has been applied in a wide variety
of problems, including the portfolio problems with many
objectives and project partial support [2].

In order to apply the preference model of Fernandez et
al. [3], the outranking model’s parameters must be elicited,
for example, weights and thresholds required by the index
of credibility of the outranking, a cutting level, and some
additional symmetric and asymmetric parameters.

Information about the model’s parameters can be
obtained either directly or indirectly. On the one hand, the
direct eliciting method has been criticized by Marchant [4]
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and Pirlot [5] arguing that the only valid preference input
information is that arising from the DM’s preference
judgments about actions or pairs of actions. As stated by
Covantes et al. [6] andDoumpos et al. [7], these criticisms are
even more significant in the frame of outranking methods,
since the DMmust set parameters that are very unfamiliar to
her/him (e.g., veto thresholds). On the other hand, indirect
elicitation methods use regression-inspired techniques for
inferring the model’s parameters from a set of decision
examples [6, 7].

In the frame of outranking methods, preference-
disaggregation analysis (PDA) approaches were pioneered
by Mousseau and Slowinski [8]. They proposed to infer the
ELECTRE TRI model’s parameters (except veto thresholds)
from a set of assignment examples by using nonlinear
programming. Mousseau et al. [9] proposed a method to
infer the weights from assignment examples through linear
programming. Ngo The and Mousseau [10] used assignment
examples to elicit the boundary profiles in ELECTRE
TRI. Methods dealing with indirect elicitation of weights
under inconsistent sets of assignment examples have been
addressed by Mousseau et al. [11, 12]. Dias et al. [13] integrate
interactively the elicitation phase with a robustness analysis.

Most of the related papers elude the inference of veto
thresholds because eliciting all the parameters simultane-
ously requires solving a very complex nonlinear program-
ming problem. Two papers proposed the use of evolutionary
algorithms (EAs) to infer the entire set of ELECTRE model’s
parameters from a set of assignment examples (cf. [7, 14]).
EAs are powerful tools for the treatment of nonlinearity and
global optimization in polynomial time [15], as a more recent
example, Álvarez et al. [16] used it to infer parameters that aid
in the decision process at the collective level.

To the best of our knowledge, Fernandez et al. [17] was the
first paper in which the reference information did not come
from assignment examples, but from preference statements
as “𝑥 is at least as good as 𝑦” and “𝑥 is not at least as good
as y.” This paper infers the entire set of the ELECTRE III
model’s parameters and the generalized outranking model
with reinforced preferences proposed by Roy and Słowiński
[18].

Cruz-Reyes et al. [19] proposed a PDA method to infer
the entire parameter set of the relational system of prefer-
ences from Fernandez et al. [3]. This approach allows the
introduction of the DM’s preferential judgments through
pairwise comparisons of different actions.However, thiswork
lacks a robustness analysis which would allow measuring its
capacity forwithstanding vague approximations and/or zones
of ignorance derived from its formal representation.

Based on the above, this research proposes a method
for robustness analysis of the solutions offered by PDA
methods based on metaheuristics. The study case is the
Genetic Algorithm from the work of Cruz-Reyes et al. [19],
which is used as a PDA method for the relational system of
preferences proposed by Fernandez et al. [3]. The method is
considered robust if it maintains the same performance with
or without noise in the reference set; otherwise, it can be
concluded that the method provides sensitive solutions. As a
result, the experimental design proves themethod robustness

by identifying that it estimates parameter value sets with a
statistically nonsignificant difference when the noise levels
are equal to or smaller than 10%.

Hence, the main contributions of this work are the
proposed method for robustness analysis, and the noise
model developed to introduce noise in a reference set. It is
important to emphasize that both the method and model are
the first in considering the full set of parameters in Fernandez
et al. [3]. Also, an important part of the contributions of
this work is the identification of the zone in the parameter
space and the level of noise where the response sets are most
compatible with the DM’s preferences. It needs to be noted
that the noise concept is related to the inconsistencies, or
errors, between the preference model and the DM.

Aside from this introduction, the paper is organized as
follows. Section 2 presents the optimization approach to
estimate parameter values which are subject to the robustness
analysis, the associated surrogate model, and the elements
required for its definition. Section 3 shows the method
followed in this work to perform the robustness analysis.
Sections 4 and 5 present the experimental design conducted
to evaluate the robustness of the optimization approach and
the results obtained from it. Finally, Section 6 brings some
concluding remarks derived from the research.

2. Optimization Approach for Inferring the
Model’s Parameter Values

This section is organized as follows. Firstly, it gives the
definition of the optimization problem used as inference
approach for the estimation of parameter values. This is
followed by the optimization approach used to solve the
studied problem and the description of the metaheuristic
used. Finally, it presents the method that served as a basis
to perform the analysis of robustness of the optimization
approach for inference of the parameter values.

2.1. The Inference Approach. The best compromise is a solu-
tion of a problem associated with the DM’s preferences. As
was stated by Branke et al. [21], there has been an increasing
interest in incorporating the DM’s preference information in
the search process. This situation is due to its influence on
the reduction of the cognitive effort to identify a solution that
best matches those preferences and to reinforce the selective
pressure toward the Pareto frontier, for example, Cruz et al.
[22].

A survey of strategies to incorporate preferences into
multiobjective approaches can be found in [23, 24]. Partic-
ularly, this research deals with preference models based on
outranking relations, such as the one developed by the works
of Roy [20] and Fernandez et al. [3]. In these works, the pref-
erence model approaches situations concerning the behavior
of real DMs using a relational system of preferences. The six
binary relations that lie on that system are indifference, strict
preference, weak preference, incomparability, 𝐾-preference,
and nonpreference. These relations are associated with the
predicate “the DM considers that option 𝑥 is at least as good
as 𝑦” through a degree of truth 𝜎(𝑥, 𝑦) in [0, 1].
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Table 1: Formal definition of outranking relations defined in [3, 20].

Relation Notation Formal Definition

(𝜆, 𝛽)-strictly preferred x𝑃(𝜂, 𝜆, 𝛽)y
(i) 𝑥 dominates 𝑦;OR
(ii) 𝜎(𝑥, 𝑦) ≥ 𝜆 ∧ 𝜎(𝑦, 𝑥) < 0.5;OR
(iii) 𝜎(𝑥, 𝑦) ≥ 𝜆 ∧ (0.5 ≤ 𝜎(𝑦, 𝑥) < 𝜆) ∧ (𝜎(𝑥, 𝑦) − 𝜎(𝑦, 𝑥)) ≥ 𝛽

(𝜆, 𝜀)-indifferent x𝐼(𝜂, 𝜆, 𝜀)y (i) 𝜎(𝑥, 𝑦) ≥ 𝜆 ∧ 𝜎(𝑦, 𝑥) ≥ 𝜆 ∧ |𝜎(𝑥, 𝑦) − 𝜎(𝑦, 𝑥)| < 𝜀

(𝜆, 𝛽, 𝜀)-weakly preferred x𝑄(𝜂, 𝜆, 𝛽, 𝜀)y
(i) 𝜎(𝑥, 𝑦) ≥ 𝜆 ∧ 𝜎(𝑥, 𝑦) > 𝜎(𝑦, 𝑥); AND
(ii) 𝑥 not 𝑃(𝜆, 𝛽)𝑦; AND
(iii) 𝑥 not 𝐼(𝜆, 𝜀)𝑦

(𝜆, 𝜀)-𝐾-preferred x𝐾(𝜂, 𝜆, 𝜀)y
(i) 0.5 ≤ 𝜎(𝑥, 𝑦) < 𝜆; AND
(ii) 𝜎(𝑦, 𝑥) < 0.5; AND
(iii) (𝜎(𝑥, 𝑦) − 𝜎(𝑦, 𝑥)) > 𝜀

Incomparability relation x𝑅(𝜂)y (i) 𝜎(𝑥, 𝑦) < 0.5 ∧ 𝜎(𝑦, 𝑥) < 0.5

(𝜆, 𝛽, 𝜀)-nonpreference x∼(𝜂, 𝜆, 𝛽, 𝜀)y

(i) 𝑛𝑜𝑡 𝑥𝑃(𝜆, 𝛽)𝑦 ∧ 𝑛𝑜𝑡 𝑦𝑃(𝜆, 𝛽)𝑥; AND
(ii) 𝑛𝑜𝑡 𝑥𝑄(𝜆, 𝛽, 𝜀)𝑦 ∧ 𝑛𝑜𝑡 𝑦𝑄(𝜆, 𝛽, 𝜀)𝑥; AND
(iii) 𝑛𝑜𝑡 𝑥𝐾(𝜆, 𝜀)𝑦 ∧ 𝑛𝑜𝑡 𝑦𝐾(𝜆, 𝜀)𝑥; AND
(iv) 𝑛𝑜𝑡 𝑥𝐼(𝜆, 𝜀)𝑦; AND
(v) not 𝑥𝑅𝑦

Table 1 shows each outranking relation and its notation
in columns one and two, and the necessary conditions
that need to be satisfied for each relation in column three.
The parameters 𝜂 used in the computation of the function
𝜎(𝜂, 𝑥, 𝑦) (cf. [19]), in combination with the credibility (𝜆),
symmetry (𝛽), and asymmetry (𝜀) thresholds, determine the
preference relations.

Taking into account the fact that 𝜎(𝜂, x, y) is calculated
in Table 1 as in ELECTRE III, then 𝜂 = (𝑤, 𝑞, 𝑝, 𝑢, V) where
(a) 𝑤 = {𝑤1, 𝑤2, . . . , 𝑤𝑛} is the vector of weights; (b) 𝑞 =
{𝑞1, 𝑞2, . . . , 𝑞𝑛} is the vector of indifference thresholds; (c)
𝑝 = {𝑝1, 𝑝2, . . . , 𝑝𝑛} is the vector of preference thresholds;
(d) 𝑢 = {𝑢1, 𝑢2, . . . , 𝑢𝑛} is the vector of veto thresholds; and
(e) V = {V1, V2, . . . , V𝑛} is the vector of discordance thresholds,
onlywhen the simplification suggested byMousseau andDias
[25] is used.

An inference approach for the previous relational system
would be a strategy that could properly estimate the values of
the parameters (𝜂, 𝜆, 𝛽, 𝜀); that is, it locates the configuration
of the parameters that minimizes the inconsistencies among
the DM’s preferences and those identified by the model. This
problem can be formally defined as follows. Let 𝑃fr be the set
of feasible parameter vectors (𝜂, 𝜆, 𝛽, 𝜀), 𝐴 = {𝑃, 𝐼, 𝑄,𝐾, ∼, 𝑅}
the set of preference relations, and𝑇 a reference set formed by
pairs (x, y) of possible alternatives with an associate relation
x𝐴y reflecting the preference judgment from a DM. The
ideal solution of the parameter elicitation problem would be
(𝜂0, 𝜆0, 𝛽0, 𝜀0) ∈ 𝑃fr such that the following equivalences are
satisfied for all (x, y) ∈ 𝑇:

O1: x𝑃y ⇐⇒ x𝑃 (𝜂0, 𝜆0, 𝛽0) y, (1a)

O2: x𝐼y ⇐⇒ x𝐼 (𝜂0, 𝜆0, 𝜀0) y, (1b)

O3: x𝑄y ⇐⇒ x𝑄 (𝜂0, 𝜆0, 𝛽0, 𝜀0) y, (1c)

O4: x𝐾y ⇐⇒ x𝐾(𝜂0, 𝜆0, 𝜀0) y, (1d)

O5: x∼y ⇐⇒ x∼(𝜂0, 𝜆0, 𝛽0, 𝜀0) y, (1e)

O6: x𝑅y ⇐⇒ x𝑅 (𝜂0) y. (1f)

The best parameter setting should be the closest solution
to the ideal one in the sense of certain acceptable metric.
Following the works of Fernandez et al. [3, 17], we propose
a metric based on the so-called inconsistencies. Shortly, an
inconsistency arises when an equivalence in (1a)–(1f) is not
fulfilled. For example, given a DM’s judgment in (x, y) ∈
𝑇 and inferred parameter values (𝜂, 𝜆, 𝛽, 𝜀) ∈ 𝑃fr, we call
inconsistency with (1a) the fact that x is strictly preferred to
y by the DM and however not (x𝑃(𝜂, 𝜆, 𝛽)y), or vice versa,
x𝑃(𝜂, 𝜆, 𝛽)y but x is not strictly preferred to y by the DM.
Let𝑁1, 𝑁2, . . . , 𝑁6 be the number of inconsistencies in𝑇with
(1a) through (1f), respectively.

Since themethod by Fernandez et al. in 2011 gives priority
to finding the nonstrictly outranked set,𝑁1 is by far the most
importantmeasure.The information coming from𝑄 and𝐾 is
also considered and turns out to be more important than that
provided by I, R, and ∼. So, the best values for (𝜂, 𝜆, 𝛽, 𝜀) can
be obtained from the solution of the following optimization
problem:

Minimize (𝐸1, 𝐸2, 𝐸3)

s.t. (𝜂, 𝜆, 𝛽, 𝜀) ∈ 𝑃fr,
(2)

where 𝑃fr is the feasible region of parameter values, 𝐸1 = 𝑁1,
𝐸2 = 𝑁3 + 𝑁4, and 𝐸3 = 𝑁2 + 𝑁5 + 𝑁6, with preemptive
priority favoring 𝐸1 over 𝐸2 and 𝐸2 over 𝐸3. Note that, in this
problem, 𝑥𝐴𝑦 represents a preference judgment established
by a DM, x𝐴(𝜂0, 𝜆0, 𝛽0, 𝜀0)y represents an ideal preference
statement derived from the outranking relational system,
and x𝐴(𝜂, 𝜆, 𝛽, 𝜀)y represents a preference statement from
estimated parameters, which is derived from the outranking
relational system. This problem has been studied by Cruz-
Reyes et al. [19], and the PDA method used to properly
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＂ＩＯＨ＞E1 ← ！ＦＡＩＬＣＮＢＧ(P, E1)

＂ＩＯＨ＞E2 ← ！ＦＡＩＬＣＮＢＧ(P, E2, ＂ＩＯＨ＞E1)

(∗, ∗, ∗, ∗) ← ！ＦＡＩＬＣＮＢＧ(P, E3, ＂ＩＯＨ＞E1, ＂ＩＯＨ＞E2)

Figure 1: Strategy followed to solve problem (2) using monoobjec-
tive algorithms.

estimate the values of its parameters is described in the
following section.

2.2. Optimization Approach Based on a PDA Method. The
multiobjective indirect elicitation method studied herein is
the one proposed by Cruz-Reyes et al. [19]. The method is
based on monoobjective optimization algorithms that solve
problem (2). It exploits the preemptive priority established
for the problem and finds the best value for the first objective;
then, this value is used as a bound when the second objective
is minimized. Finally, 𝐸3 is minimized keeping the minimum
values previously obtained for (𝐸1, 𝐸2).

Figure 1 depicts the general procedure followed by
the approach. Each metaheuristic algorithm solves 𝑃 =
(DMsim, 𝑇), that is, an instance of problem (2) formed by
the parameter values that define the model of preferences
for a simulated DM, denoted as DMsim, and its reference set
𝑇, trying to minimize only the objective 𝐸1. The best value
Best𝐸1 is used as a bound in the next step of the method,
where the same algorithm seeks theminimization of objective
𝐸2 while it validates that the solutions achieved a yield value
on 𝐸1 equal to or smaller than Best𝐸1. Finally, in the last step,
the algorithm now minimizes the third objective of problem
(2), that is, 𝐸3, while keeping the values for 𝐸1 and 𝐸2 not
greater than Best𝐸1 and Best𝐸2, respectively.The best solution
(𝜂∗, 𝜆∗, 𝛽∗, 𝜀∗)will arise from the parameter vectors obtained
from the last step of this procedure.

The algorithm that was analyzed in this work was the
Genetic Algorithm, the one with the best performance in the
previous study. The evaluation function in each stage of the
general procedure is related to objective 𝐸𝑖 of problem (2).
The encoding, the algorithms, and the fine-tuning process of
the algorithms’ parameters have been reported byCruz-Reyes
et al. [19].

3. Method for Robustness Analysis

Based on the work of [26], the concept of noise can be under-
stood as random errors that are introduced in a sample. The
presence of noise in an optimization process that seeks the
adjustment of parameters of another strategy can affect the
quality of its results. For example, a classification approach
trained with an incorrect sample leads to misclassification of

Begin
Step 1. 𝑆small ← GenerateInstances(𝜏)
Step 2. 𝜏∗ ← GeneticAlgorithm(𝑆small)
Step 3. 𝑆small ← NoiseModel(𝑆small)
Step 4. 𝜏 ← GeneticAlgorithm(𝑆small)
Step 5. 𝑆large ← GenerateInstances(𝜏)
Step 6a. Δ∗perf ← EvaluatePerformance(𝜏, 𝜏∗, 𝑆large)
Step 6b. Δperf ← EvaluatePerformance(𝜏, 𝜏, 𝑆large)
Step 7. H0 ← RobustnessEvaluation(Δ∗perf , Δ


perf )

End

Algorithm 1: Strategy followed to analyze the robustness of the
PDA method.

new outcomes, or a preference model with parameters esti-
mated from a reference set containing erroneous preference
judgments can derive inconsistencies with theDM’s behavior.
Because in many situations the presence of noise cannot be
avoided, it is convenient to study the performance ofmethods
that work over it and to identify how robust can they become
in its presence.

This work uses the concept of noise to lead an inves-
tigation oriented to perform a robustness analysis of the
strategy proposed by Cruz-Reyes et al. [19], summarized in
the previous section. For this purpose, this section presents
the general methodology to evaluate its quality, and details
its components.The section is organized in three parts which
involve (a) the presentation of themethod; (b) the generation
of random instances; (c) the model of noise for the instances.
The definitions of the function that evaluates the quality
of solutions of the optimization approach and the strategy
followed to evaluate its robustness are given in the next
section, related to the experimental design.

3.1. Description of the Method. Algorithm 1 depicts the
method followed to analyze the robustness of the opti-
mization approach described in Section 2. The method is
developed in an ordered sequence of seven simple steps
detailed in this section.

Firstly, in Step 1, the method randomly generates the
set of instances 𝑆small, which is formed by small reference
sets 𝑇 associated with a DM. In this work, the DM will
be represented by a simulated DM and will be denoted by
𝜏 = (𝜂, 𝜆, 𝛽, 𝜀). The generation of 𝑆small is done through the
instance generator.

In Step 2, after the construction of 𝑆small, the method
solves it by using the Genetic Algorithm proposed by Cruz-
Reyes et al. in 2017, as optimization approach (i.e., the opti-
mization approach based on a PDA method). The obtained
solutions will be the best sets of parameter values 𝜏∗ that
characterize the inference approach defined in problem (2)
(see Section 2); these solutions represent estimations of
parameter values of the outranking model for each instance
in 𝑆small.

Once the parameter values 𝜏∗ are computed, the method
uses the noise model during Step 3 to introduce a small
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amount of noise in 𝑆small in order to produce a new set of
instances 𝑆small. The noise is represented by a percentage
of random modifications from correct preference statements
towardwrong preference statements in 𝑆small.Then, in Step 4,
the method, through the Genetic Algorithm, again infers the
best sets of parameter values 𝜏 of the outranking relations in
the new set of instances 𝑆small.

The performance evaluation in the method is done in
Steps 5 and 6. In Step 5, the method randomly generates a set
of instances 𝑆large formed by larger reference sets 𝑇. In Step
6, it compares the quality of the solutions in 𝜏∗ and 𝜏 that
were previously obtained by the Genetic Algorithm, against
the correct parameter values 𝜏, that were used to produce the
instance sets 𝑆small and 𝑆


small. The indicators Δ∗perf , Δ


perf

obtained in this step measure the number of inconsistencies
found in 𝑆large when using 𝜏∗ and 𝜏, respectively, as inferred
parameters of the preference model and 𝜏 as the real DM.

Finally, the robustness analysis of the Genetic Algorithm
is analyzed statistically in Step 7. This step evaluates if there
is a significant difference between the performance of the
approach when using the noisy instances 𝑆small and its
performance when it uses instances without errors in the
preference relations, that is, 𝑆small. The result on this step is
the validity of the null hypothesis H0.

In summary, the seven steps of the method involve five
main components: (1) the instance generator; (2) the opti-
mization approach; (3) the noise model; (4) the performance
evaluation of the optimizer; and (5) the robustness analysis.
These components are detailed in the remainder of this
section with the exception of the Genetic Algorithm used as
optimization approach, whose description can be seen in the
work of Cruz-Reyes et al. in 2017.

3.2. Instance Generation. Given that this work studies the
robustness of an optimization approach that characterizes
DMsim, it requires sets of instances which can aid this
purpose. Two types of sets were identified, the training set
formed by small reference sets, denoted by 𝑆small, and the
testing set formed by large reference sets, denoted by 𝑆large. A
third set 𝑆small was created from 𝑆small by adding some noise
to it; as a result, both were used to estimate the parameter
values of the preference model.

Each instance is characterized by (i) a reference set 𝑇
formed by a finite number of alternatives and (ii) a set of
statements made over pairs (𝑥, 𝑦) ∈ 𝑇 × 𝑇, which are given
by the DM as his/her preference judgments. The process of
construction is depicted as follows.

A reference set 𝑇 in any instance of 𝑆𝑖 has 𝑖 alternatives
with 10 objectives whose values are randomly generated in
the range [1, 10]. Every pair of alternatives (𝑥, 𝑦) ∈ 𝑇 × 𝑇 has
one preference statement defined by the DM. This statement
is selected from 𝐴 = {𝑃, 𝐼, 𝑄,𝐾, 𝑅, ∼, 𝑃−1, 𝑄−1, 𝐾−1}, that is,
the preferences that the real DM establishes in the instance.

This work defines DMsim-parameters = (𝜂0, 𝜆0, 𝛽0, 𝜀0),
or just 𝜏0, as a DM. The DMsim-parameters is constructed
using random values for each criterion in the parameter
vector 𝜂0 = {𝑤, 𝑞, 𝑝, 𝑢, V} and one tuple (𝜆0, 𝛽0, 𝜀0) from
the set {(0.51, 0.15, 0.07), (0.67, 0.15, 0.07), (0.70, 0.20, 0.10),

(0.75, 0.20, 0.10)}. In order to simulate the DM’s responses,
we assume that (s)he states 𝑥𝐴 𝑖𝑦 if 𝐴 𝑖 ∈ 𝐴 and the relation
𝑥𝐴 𝑖(𝜂0, 𝜆0, 𝛽0, 𝜀0)𝑦 given in Table 1 results from 𝜏0. In other
words, 𝑥𝐴 𝑖(𝜂0, 𝜆0, 𝛽0, 𝜀0)𝑦 is considered to be the response
from the real DM when (s)he is questioned about his/her
preference on a pair (𝑥, 𝑦).

Particularly, the set of instances in this work are 𝑆10 and
𝑆20, which use small reference sets with 10 and 20 alternatives,
respectively.These small sets involve amanageable number of
preference judgments for which a DM can still have time to
define. The set of instances 𝑆100 uses large reference sets with
100 alternatives; this increased number of alternatives allows
a better study of robustness of the inference approach.

The best set of solutions 𝜏∗ and 𝜏 were contrasted in
their ability to establish properly the preference relations.
For this purpose, the 9900 preference judgments of each
instance in 𝑆100 were used. The quality of 𝜏∗ and 𝜏 was
measured as the number of inconsistencies they had with
respect to the real DM (the parameters 𝜏), in the same
preference statements. The method followed for generating
these instances is described below.

3.3. Noise Model: Incorporation of Noise into Instances. This
section describes the noise model, that is, the general proce-
dure used to insert noise in the instances generated through
the instance generation method.

Given an instance of 𝑆𝑖, a level of noise is introduced on
it through incorrect pairwise statements 𝑥𝐴𝑦, also denom-
inated errors. For this purpose, the noise model uses three
steps: (1) the specification of a percentage of error 𝑉; (2) the
computation of the number of wrong statements; and (3) the
modification of the statements in the instance.

In the first step, the model specifies the percentage 𝑉
of preference statements that will be modified from the
original reference set. These statements reflect the incorrect
information present in the reference set 𝑇. Let us note that
the percentage values 𝑉 considered in this work were taken
from {0%, 5%, 10%, 20%, 50%}.

The second step of the model determines the amount of
preference statements that are chosen to be incorrect. This
value is denoted by𝑉 ( 𝑖2 ), where ( 𝑖2 ) is themaximumnumber
of preferences defined with 𝑖 alternatives, in the instance 𝑆𝑖,
and 𝑉 is the chosen percentage of such preferences that will
be modified to represent errors.

Finally, in the third step, a total of 𝑉 ( 𝑖2 ) preference
statements 𝑥𝐴𝑦 are selected at random from 𝑇. Then, they
are modified accordingly to its original statement under the
opposite rules applied to the specific relation 𝐴 involved,
which are shown with (3a) through (3e) as conditionals.

𝑥𝑃𝑦 → 𝑥𝑄𝑦 ∨ 𝑥𝐼𝑦 ∨ 𝑥𝐾𝑦, (3a)

𝑥𝐼𝑦 → 𝑥𝑄𝑦 ∨ 𝑥∼𝑦, (3b)

𝑥𝑄𝑦 → 𝑥𝑃𝑦 ∨ 𝑥𝐼𝑦, (3c)

𝑥𝐾𝑦 → 𝑥𝑃𝑦 ∨ 𝑥𝑅𝑦, (3d)

𝑥𝑅𝑦 → 𝑥∼𝑦. (3e)
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The new set with the incorrect preference statements is
denoted by 𝑆𝑖. In the previous rules, the left-hand side
denotes the original judgment 𝑥𝐴𝑦 in 𝑇 ∈ 𝑆𝑖, and the
right-hand side represents the options for which they can be
changed in 𝑆𝑖 (where ∨ is the disjunctive operator). Let us
point out that whenever a preference statement𝑥𝐴𝑦 hasmore
than one option, it is chosen at randomwith equal probability.

4. Experimental Design

The method to analyze the robustness of the optimization
approach based onPDA is presented in Section 3.This section
details the experiment conducted to implement suchmethod,
whose content is organized as follows.The first part describes
the indicator of quality used to evaluate the solution set
offered by the Genetic Algorithm; this indicator is based
on the inconsistencies produced by the approach using the
estimated value parameters obtained from each reference
set 𝑇. The second part describes the robustness evaluation
performed over the optimization approach; this part details
the statistical analysis used to demonstrate whether there
is significant difference between the performance of the
optimization approach when using reference sets with and
without noise.

4.1. Performance Evaluation. The method in Section 3.1
generates the sets 𝜏∗ = (𝜂∗, 𝜆∗, 𝛽∗, 𝜀∗) and 𝜏 = (𝜂, 𝜆, 𝛽, 𝜀).
These are sets of solutions produced by the PDA strategy
that solves the sets of instances 𝑆small and 𝑆


small with and

without noise, respectively.The quality of the sets 𝜏∗ and 𝜏 is
evaluated using the indicator 𝐼𝑃. This indicator measures the
error in the prediction capacity of the sets as the differences
in the estimation of preference statements.The details on this
indicator are presented in the remainder of this section.

The calculation of the estimated error 𝐼𝑃 requires
𝜏0 = (𝜂0, 𝜆0, 𝛽0, 𝜀0), that is, the parameter value settings
of DMsim-parameters that were used in the generation of a
reference set𝑇.The expected preference judgment𝑥𝐴(𝜏0)𝑦 in
𝑇 is compared for similarity against the estimated preference
statements 𝑥𝐴(𝜏)𝑦, and 𝑥𝐴(𝜏∗)𝑦. Then, the error is mea-
sured as the amount of inconsistent preference statements
that each solution set 𝜏∗ and 𝜏 had accumulated with respect
to the ones defined by 𝜏0.

Hence, the indicator 𝐼𝑃 counts as an inconsistency each
time that a strict preference 𝑥𝑃(𝜏0)𝑦 does not match the
estimated relation 𝑥𝐴(𝜏∗)𝑦 (or the relation 𝑥𝐴(𝜏)𝑦 obtained
from instances with noise). In other words, the parameter
values obtained from PDA failed to predict the desired
judgment and instead, produced a relation 𝐴 ̸= 𝑃. The
indicator 𝐼𝑃 is formally defined in (4).

Note that 𝐼𝑃 can be seen as a measure of the level of
discordancewith theDMproduced by the elicited parameters
estimated by the PDA strategy. Also, let us point out that
𝐼𝑃 is also known as the performance indicators Δ∗perf and
Δperf ; these symbols are used to represent the quality of
the solutions from 𝑆small and 𝑆small, respectively, in the
robustness analysis method of Section 3.1. Finally, let us
indicate that the sets of instances with small reference sets are

𝑆10 and 𝑆20, and the set of instances with large reference sets
is 𝑆100.

𝐼𝑃 = ∑
(𝑥,𝑦)∈𝑇×𝑇

𝑓1 (𝑥, 𝑦) , (4)

where 𝑓1(𝑥, 𝑦) is a function whose value is 1 if the bicondi-
tional 𝑥𝑃(𝜏0)𝑦 ⇔ 𝑥𝑃(𝜏∗)𝑦 is false and 0 otherwise, and 𝑇 is
the reference set.

4.2. Robustness Evaluation. The experimentation on evo-
lutionary algorithm implementations is needed to achieve
better predictions about their performance and robustness.
Statistical testing plays a central role to make the analysis
of experiments on algorithms a more rigorous area. Many
state-of-the-art publications report conclusions in terms of
statistically meaningful coefficients such as 𝑝 values [27, 28].

A 𝑝 value is the probability, under an assumed model
for the data including the null hypothesis that a statistical
summary of the data (e.g., the sample mean of differences
between two compared groups) would be equal to or more
extreme than its observed value in the analyzed sample. The
𝑝 value is an index of the incompatibility between the data in
the sample and the proposed model. The smaller the 𝑝 value,
the greater the statistical incompatibility of the data with the
null hypothesis. A small𝑝 value, for example, a value less than
a level of significance of 0.05, offers some evidence against the
null hypothesis. Likewise, a large 𝑝 value gives some evidence
in favor of the null hypothesis. A formal definition of 𝑝 value
is presented by Bartz-Beielstein et al. in 2010 [29].

The analysis of robustness of the Genetic Algorithm, used
for parameter values estimation by Cruz-Reyes et al. in 2017,
is performed by nonparametric statistical tests because the
results of evolutionary algorithms regularly do not satisfy
the assumptions of parametric tests [30]. The robustness
evaluation is centered on the demonstration that there is no
significant difference between the performance of Δ∗perf and
Δperf . In other words, the quality of solutions measured by
IP has similar means when using a set of instances 𝑆small or
𝑆small with or without noise.

The statistical analysis uses the indicators Δ∗perf and
Δperf of the quality of solutions derived from the method
in Section 3.1. The indicator Δ∗perf is computed for each
instance in the sets 𝑆10, 𝑆20. The value of the indicator Δperf
is also computed but using different levels of noise 𝑉 =
{5%, 10%, 20%, 50%} for each instance in 𝑆10 and 𝑆


20. The

different values for Δ∗perf and Δ

perf are grouped according

to the level of noise (where a zero percent means no noise).
After that, a statistical evaluation of their mean is carried out.

This work uses the STAC Web Platform (Statistical
Web Tool found at URL: http://tec.citius.usc.es/stac/ranking
.html), a statistical tool equipped with different statistical
tests. Within this platform, the selected tests to perform the
statistical evaluationwere theNon-parametricmultiple groups
One vs All, with the particular case of FriedmanAligned Ranks
Test as Ranking Test. Additionally, the following tests were
specified as post hoc methods for p value adjustment: (a)
Bonferroni-Dunn; (b) Holm; (c) Finner; and (d) Li.

http://tec.citius.usc.es/stac/ranking.html
http://tec.citius.usc.es/stac/ranking.html
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During the statistical tests, the significance level was set
at 0.05. In the Ranking Test, the null hypothesis H0 was as
follows:Themeans of the results of two or more algorithms are
the same. In the post hoc analysis, the null hypothesis H0 was
as follows:Themean of the results of the controlmethod against
other groups is equal (compared in pairs).

The results from the evaluation of the performance of
each solution and from the analysis of robustness are given
in the following section.

5. Results

This section presents the results derived from the analysis of
robustness of the Genetic Algorithm that are organized in
two subsections.Thefirst subsection presents the summary of
the values of performance indicator 𝐼𝑃 from the estimations
obtained with the sets of instances 𝑆10 and 𝑆20 to predict
preference statements on the new set of instances 𝑆100; in both
cases, the results are shown in the presence and absence of
noise. The second subsection summarizes the results from
the statistical evaluation; according to this data, the method
reveals tolerance of the optimization approach to the presence
of noise of up to 10%, a result considered to be robust.

5.1. Results from Evaluation of the Performance. The first
part of the experiment measured the performance using the
indicator 𝐼𝑃. Table 2 presents its values achieved for each
instance of the sets 𝑆10 and 𝑆20. The first column of this table
shows the number of instances, which were 40, or reference
sets 𝑇, per set. From column two to six, the values of 𝐼𝑃 are
presented for 𝑆10 at 𝑉 = {0%, 5%, 10%, 20%, 50%}, that is,
each different level of noise considered; observe that the value
𝑉 = 0% corresponds to the case without noise. From column
seven to eleven, the values of 𝐼𝑃 are presented analogously for
𝑆20.

From the results in Table 2, the accumulated number
of inconsistencies varies by at most 250 from Δ∗perf , with
noise levels of up to 10%, in both sets. The difference is
at least 500 inconsistencies when the noise level is 20%
or greater. This result is similar when the instances are
considered individually. For example, there are more than 20
instances in 𝑆10 and 𝑆20, with noise level of up to 10% that has
inconsistencies deviated at most 10% from that produced by
Δ∗perf ; the number of such instances is considerably reduced
for greater values of noise when keeping the same deviation
value.This result raises the question,what level of noise can be
considered different from a situation when it does not exist?
This question is addressed in the next part of the experiment,
where the use of statistical evaluation provided an answer to
it. Note that, from these results, it can be considered that the
level of disagreement increases, as it was expected, with the
increment in the level of noise.

5.2. Results from the Statistical Evaluation. Table 3 summa-
rizes the results obtained fromRanking through the Friedman
Aligned Ranks Test. It presents the 𝑝 value obtained for the
considered relations, as well as the result of the hypothesis H0
that is being validated. Note that there is significant difference
for the relations 𝑥𝑃𝑦.

Tables 4(a) and 4(b) summarize the results of post hoc
analysis, for 𝑆10 and 𝑆20, respectively.The relationships where
the null hypothesis H0 is accepted (i.e., that there is NO
significant difference in the performance of the PDAmethod)
are highlighted in bold. The results clearly show that the
comparisons between the reference set without noise (noise
level of 0%) against the other strategies present significant
difference from a noise level of 20%. These results support
the claim that the significant difference in the quality of the
results of the PDAmethod studied starts with a noise level of
20%.

According to the results obtained, the method of learning
the preferences of a DM based on the PDAmethod proposed
by Cruz-Reyes et al. [19] proves robust, since it is statistically
demonstrated that there is no significant difference in the
quality of solutions provided by the method, when applied
to two different sets of instances 𝑆10 and 𝑆20, each formed of
reference sets with 10 and 20 alternatives, respectively. The
conducted experiment showed that with noise levels 𝑉 of up
to 10%, the solutions produced by the method had the same
performance in predicting the preference statements as a new
set 𝑆100 formed by instances with larger reference sets 𝑇.

On the other hand, themethod starts to have a significant
difference in performance when the error rate is greater
than 10%. Therefore, when the DM introduces a small
number of errors in his/her preferences within the provided
reference set, the analyzed optimization approach, based on
the PDA method, may still produces an appropriate estimate
of parameter values of the ad hoc preference model used by
the DM. These results make the method robust (i.e., fault
tolerant).

6. Concluding Remarks

The present work proposes a method for robustness anal-
ysis of PDA strategies that work with the complete set of
the ELECTRE III model’s parameters and the generalized
outranking model with reinforced preferences proposed by
Roy and Słowiński [18]. The method does the parameters’
elicitation with different levels of noise and validates whether
there is or not significant difference in the use of such values
to model preferences of a decision maker (DM).

Another contribution of this research is the noise model.
This model arises from the need, in the robustness analysis,
of defining bias in the reference set toward a region that
represents incorrect preference statements of a DM, that is,
his/her errors. The proposed noise model randomly replaces
a percentage of the original preference statements by others
that are closely related (resembling a vague approximation of
the real desires of a DM).

The main finding derived from the experiments on the
analyzed case of study, the PDA method of Cruz-Reyes et al.
[19], was the identification that the method elicits parameters
with a tolerance of up to 10% of error in the reference set.This
tolerancemeans that even though theDM could introduce by
mistake some wrong preference statements in the reference
set, the PDAmethod is still able to estimate proper parameter
values for the preference model that characterize him/her.
Within this context, it could be possible to use the proposed
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Table 2: Results from the evaluation of the performance of the optimization approach.

Instance

𝐼𝑃 = inconsistencies on 𝑂1 (𝑥𝑃𝑦) with set 𝑆10 𝐼𝑃 = inconsistencies on 𝑂1 (𝑥𝑃𝑦) with set 𝑆20
Noise level

Δ∗perf Δperf Δper Δper Δper Δ∗perf Δperf Δper Δper Δper
0% 5% 10% 20% 50% 0% 5% 10% 20% 50%

1 60 68 84 65 82 65 65 64 79 61
2 33 43 52 67 32 100 134 104 132 109
3 21 22 29 21 96 41 61 90 80 94
4 24 19 18 77 120 37 57 87 82 35
5 75 106 70 56 135 89 93 76 71 134
6 107 181 35 111 117 102 82 64 120 146
7 64 43 42 202 196 66 75 87 124 112
8 99 80 82 94 33 68 39 74 53 57
9 68 64 79 76 80 40 57 55 46 54
10 77 116 78 124 148 76 55 59 114 89
11 71 51 49 24 149 31 42 35 33 115
12 31 111 31 172 97 21 24 50 35 80
13 123 117 61 97 65 39 30 36 138 48
14 64 36 57 41 132 58 43 93 83 85
15 59 48 62 54 43 27 31 32 63 54
16 38 50 55 178 184 27 56 40 37 50
17 69 65 75 142 103 43 52 37 62 169
18 53 57 161 87 41 35 127 49 41 137
19 53 78 67 112 79 32 24 31 85 168
20 69 69 71 57 140 68 43 40 91 41
21 122 65 109 73 95 26 44 30 31 69
22 54 146 61 86 77 68 46 40 159 50
23 40 59 33 173 180 66 36 38 181 154
24 79 71 133 271 62 31 25 26 51 63
25 65 69 74 89 68 36 42 76 62 153
26 45 60 34 43 53 114 63 116 152 122
27 39 15 117 34 125 62 40 37 72 62
28 74 14 32 17 31 72 68 104 25 32
29 64 56 80 63 91 37 32 86 45 149
30 144 113 44 48 67 23 31 22 27 30
31 110 126 99 116 106 113 145 142 87 138
32 32 49 28 103 83 31 44 31 36 64
33 62 82 46 76 100 22 34 55 15 68
34 78 45 54 34 110 37 36 82 25 39
35 46 76 41 62 53 44 54 44 53 76
36 54 41 46 175 25 31 43 29 38 53
37 77 93 83 87 70 43 37 50 52 139
38 32 44 45 56 51 41 49 53 56 35
39 25 26 28 121 97 92 88 84 29 93
40 160 140 117 142 180 72 61 22 21 76

Table 3: Summary of results from Ranking Test using Friedman Aligned Ranks.

Set Relation Adjusted 𝑝 value Result
𝑆10 𝑥𝑃𝑦 0.00023 H0 rejected
𝑆20 𝑥𝑃𝑦 0.00000 H0 rejected



Mathematical Problems in Engineering 9

Table 4: Results of post hoc analysis for sets S10 and S20. Summary of the adjusted 𝑝 values obtained from different tests.

(a) Adjusted 𝑝 values obtained for set 𝑆10 with different tests

Test Indicator Comparisons among levels of noise
0% versus 5% 0% versus 10% 0% versus 20% 0% versus 50%

Bonferroni-Dunn 𝐼𝑃 1.00000 1.00000 0.00954 0.00121
Holm 𝐼𝑃 1.00000 1.00000 0.00716 0.00121
Finner 𝐼𝑃 0.60988 0.76832 0.00476 0.00120
Li 𝐼𝑃 0.68609 0.76832 0.01019 0.00130

(b) Adjusted 𝑝 values obtained for set 𝑆20 with different tests

Test Indicator Comparisons among levels of noise
0% versus 5% 0% versus 10% 0% versus 20% 0% versus 50%

Bonferroni-Dunn 𝐼𝑃 1.00000 0.73796 0.02730 0.00000
Holm 𝐼𝑃 0.55575 0.36898 0.02407 0.00000
Finner 𝐼𝑃 0.55575 0.23809 0.01360 0.00000
Li 𝐼𝑃 0.55575 0.29343 0.01513 0.00000

method on other PDA strategies in the frame of outranking
approaches that handle reference set as pairs of alternatives.

It is important to note that this work assumes that the
reference set is provided as preference statements over pairs of
alternatives and does not consider cases where the preference
information could be given by a set of sorted alternatives.
For the latter case at least a different noise model would be
required, and hence, it would constitute a line of research for
future work.
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Many companies have difficulties in fillingmanagerial positions.This is because there is a lack in understanding of the competencies
that a manager must have. This is as true for those responsible for selecting managers as it is for the employee who aspires to be a
manager. Furthermore, the construction industry seeks to appoint managers who are likely to excel in several different managerial
roles. However, currently, there is no model that classifies managers by the different competencies they need to perform specific
functions. This paper presents how a nonordered classification method was applied in a construction company in order to select
managers for different roles. While no manager is considered to be more important than any other, they nevertheless need to have
different competencies thatmatch those needed for the job assigned to them.Themodel also serves as a guide for evaluatingwhether
or not those already in or being considered for a managerial position have the competencies required.

1. Introduction

According to Firouzi et al. [1], the construction industry is
one of the most unreliable industries in terms of controlling
project costs and completing jobs on time.Many construction
projects exceed the estimated costs and completion date and,
subsequently, disputes arise between stakeholders. Increases
in the scale and complexity of construction projects have
made it all the more difficult to control such projects [2].

Therefore, Hanna et al. [3] say that a strategy for solv-
ing these persisting problems and achieving better project
performance lies in further study of the human component,
particularly project managers (PMs). Russell et al. [4] also
affirm that it is PMs who are responsible for ensuring the
general success of a construction project, which includes their
seeing to it that objectives associated with cost, schedule,
quality, and safety are met.

On the assumption that if people who manage and work
on projects are competent their performance will be effective
and that this leads to projects and organizations being

successful, Ofori [5] emphasizes the importance of examining
competencies closely above all in private companies. Jantti
and Greenhalgh [6] also state that it is only when the
competencies needed to develop leadership have been fully
identified that greater clarity is given to goals. This is also
likely to lead to insights into how a manager can become
skilled in a given competency and to determining points of
reference that can be evaluated.

In organizations focused on the principles and techniques
of project management, several studies [7–10] have recom-
mended that different styles of managing projects, as well
as different profiles of competencies and leadership styles of
PMs, must be selected appropriately for different types of
projects and situations.

Therefore, employees are actively encouraged and sup-
ported to participate in leadership programs and engage in
other professional development activities. However, despite
these efforts, filling leadership positions at both middle and
senior levels has been proven to be a challenge recently [6].
According to Rashidi et al. [11], selecting a project manager
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for construction projects is one of the most important and, at
the same time, one of the most complicated decisions to be
made.

One cause of this problem is that both those responsible
for selecting PMs and employees who aspire to be in this
position lack a good understanding of what skills a PM
needs to have [12]. The human reasoning that leads to
choosing a candidate is often ambiguous, biased, and lacking
in accuracy; yet the existing selectionmethods donot account
for this ambiguity and hence carry little validity and lack
efficiency [11].

Thus, it is essential to conduct further research on the
dimensions of each of the most critical skills a PM should
have in order to provide insight into gaps in the training
programs for those in the construction industry as a whole.
In addition, it would be helpful for engineering companies
to have an assessment tool that would better enable them to
identify strengths and weaknesses in key individuals which
a company can then use to plan training for professional
development [13].

According to Dainty et al. [14] and Hanna et al. [3],
although there have been numerous frameworks developed
to evaluate PMs, the literature reveals that how the relative
importance of PMs’ competencies is evaluated has been
based on subjective techniques rather than techniques based
on empirical data. Furthermore, people who are employed
as managers in the construction sector are given different
job titles and roles despite the fact that the responsibilities
assigned to PMs are often very similar, while in other
cases, some roles given to PMs should be undertaken by
other managers. Standard guidelines are needed for these
matters [15]. Cheng et al. [2] affirm that coordination between
differentmembers of the construction team is vital if a project
is to run smoothly. They also state that the key element
for carrying out a huge construction project is to have a
suitable project organizational structure, as this will improve
the efficiency of communication between different groups of
project members. Thus, in sum, the construction sector lacks
a model for classifying managers for different jobs by their
competencies.

2. Relevance of This Paper for
the Construction Industry

The importance of this article for companies in the con-
struction sector arises from reexamining their practice of
delegating different functions to the engineers who make up
the team assigned to each project. Many projects suffer from
implementation failures such as delays, significant increases
in estimated costs, and poor quality due to failures in the
performance of their managers. The importance of these
managers having the competencies needed for projects to
succeed has already been highlighted above. However, the
various models in the literature assess only the competencies
that should be required of PM posts, not the performance of
those who fill them, and the current models use subjective
approaches.

This article emphasizes the need to classify managers
prior to construction companies filling different positions

in projects. After classifying managers, a company can then
appoint the manager that best suits a particular function,
based on their previous performance when measured against
the competencies previously defined for the post he/she will
fill. In addition, a company may also use the information
on managers’ previous performance to design and deliver
training for managers in competencies in which they have a
major deficiency.

3. Theoretical Relevance of This Paper

There are several decision problems in our daily life involving
multiple criteria, which may be conflicting and unmeasur-
able. Consequently, implementing solid theoretical structures
to structure decision-making processes arises from the com-
plexity of making real-world decisions and the multiplicity
of factors that must be taken into account. Multicriteria
Decision Aid (MCDA) can be highly useful for decision-
makers (DMs) in such tasks [20].

However, MCDA has many methodologies that tackle
classification problems, one ofwhich is theNeXClassmethod,
whichwas proposed byRigopoulos et al. [21].They affirm that
NeXClass is a Decision Support System (DSS) that supports
classifying alternatives into predefined nonordered categories
according to their performance set against evaluation criteria
and implements a novel classification algorithm based on
multicriteria analysis and outranking relations.

This paper puts forward the NeXClass method in order
to classify different types of construction industry managers
and then this classification is used to match each manager
with the PM position that is the most appropriate for them,
based on assessing their competencies and performance on
construction projects to date.

This model is relevant to the construction industry since
the category of manager does not have a hierarchical order
but only requires different competencies according to what
function will be exercised. Moreover, using a classification
model is of fundamental importance, since this type of
model can be used with noncompensatory relations. This is
ideal whenever the lack of these competencies will not be
counterweighed by others that are at a higher level.

4. Literature Review

Competency models began to be developed in the early
1970s. Since then, the two main reasons, emphasized in the
literature, for the continuing interest in them are, firstly, their
usefulness in responding to changes in organizations and in
the workplace and, secondly, the fact that they are a response
to the needs of people since competency models can be used
in order to meet specific needs within organizations [22].

Thus, Sandwith [23] developed a competency model
based on domains, or segments of a job or task, and included
aspects of leadership and management, namely, the need
to develop interpersonal, conceptual, creative, and technical
skills. However, it only focuses on hospitals and the tourism
sector. Later, other researchers from other areas felt that there
was a need to develop their own competency model based on
elements of Sandwith’s [24].
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Goodwin [12] examined the PM’s role in relation to the
skills needed to fill a PM position. He concluded that a
PM’s effectiveness depends on his/her conceptual, human,
negotiation, and technical skills. However, this study has
gaps when it comes to training employees as it does not
adequately address how they can acquire other skills, for
example, in integration and development, human relations,
and communication.

To fill this gap, Gushgari et al. [13] drew up a list of twenty
skills that they considered were critical, or very important,
for PMs to have, and they also listed what they deemed as the
preferred methods of training members of an organization.

The research limitations in Gushgari et al. [13] are that
they compiled this list of skills based on interviews and did
not consider how such skills are deployed in practice nor
did they measure managers’ performance after they had been
trained. Thus, this article puts forward a model that allows
top management to measure managers’ performance as well
as giving suggestions on identifying possible deficiencies in
current training.

Arditi and Balci [18] evaluated the managerial competen-
cies of female PMs and compared the results with those of
male PMs in the context of the construction industry. How-
ever, the assessment of managers’ competencies took into
account neither the managers’ performance nor the team’s
competencies during the project. Therefore, Margerison [25]
proposed a competencies model for teams based on the fact
that, given global competition and technological advances,
organizational success depends more on a team’s efforts than
on an individual’s.

Dulewicz and Higgs [26] demonstrated that there is little
correlation between leaders’ competencies and functions
and commonly identified staff behaviors; only some roles
within a team and personality factors are correlated with
a leader’s performance. These authors suggested that three
types of competencies, namely, intellectual, management,
and emotional competencies, explained much of managerial
performance.Theymeasured these leadership constructs and
also the organizational context in terms of the degree of
change that a leader needs to undergo. In addition, they
show that a leader’s performance depends on the relationship
between leadership styles and the type of project itself;
namely, different leadership styles achieve better or worse
outcomes (relatively stable, significant change of context;
transformational change).However, application of their study
is limited to the private sector only and does not incorporate
measures of performance at work nor does it investigate the
link between style and context.

Cheng et al. [16] studied PMS in the construction indus-
try. A list of criteria to measure excellence in performance
was drawn up by a focus group of key stakeholders and
used to identify a “superior” group of managers and an
“intermediate” group. Interviews with “superior” level man-
agers were used to identify competencies associated with
high performance.The results indicated that seniormanagers
could be distinguished from middle managers by measuring
12 competencies. However, this study has limitations, since
the managers’ training and development was only based on
the competencies it measured.

In order to identify competencies in the project man-
agement area, Ofori [5] conducted an exploratory study
using a sample of 200 intentionally selected managers. In
this instance, competence scores were used to determine
management competence levels in organizational projects.
The research used a structured, two-part questionnaire as
the basis of collecting primary data. The first part collected
demographic data from respondents, while the second part
sought information about knowledge and skill levels as a
proxy to determine the respondents’ competency levels in a
number of project management areas [5]. Nevertheless, the
study did not assess the most important competencies for
each type of management nor did it consider the fact that
managers in different jobs require different competencies.

Hanna et al. [3] distinguish outstanding PMs from
average ones and reflect on the relative importance that
professionals in the construction industry attribute to each
competence of a PM. By using an additive model in their
research, they consider that a PM’s particular deficiency in
a competence area could be compensated by another where
this same PM has greater success. In this case, whatever
important competencies for success that PMs have in a given
project could be balanced by others that are less necessary.
However, the study focuses only on PMs, without considering
other posts and the activities that holders of these other
posts undertake in the construction sector. In other words,
the study ignores the fact that the competencies or mix
of competencies needed by holders of different posts with
different functions vary from project to project.

5. Multicriteria Approach

MCDA seeks to support DMs to organize and summarize
information in a way that makes them feel comfortable
and confident when they make decisions. MCDA is used to
assess multiple objectives, which are variables that frequently
have different measurement units, in an integrated manner
[20].

The classification used in this article is to allocate a set
of alternatives into predefined homogeneous classes [27].
According to Rigopoulos et al. [21], classification methods
are divided into two groups: supervised and unsupervised
groups. The supervised group is when we have data or
cases with predefined classes and the objective is to build
a model to classify unlabeled data; that is, these data will
be classified in predefined classes. Depending on whether
categories are ordered or not, they are defined as sorting or
classification. The unsupervised group is when we have the
unlabeled data to cluster them into different clusters, based
on appropriate algorithms. Categories are not predefined,
and this approach is denoted as clustering. Doumpos and
Zopounidis [27] emphasize that the difference between clas-
sification and clustering is that in classification problems the
groups are defined a priori, whereas in clustering the objective
is to identify groups (clusters) of alternatives sharing similar
characteristics.

Among the existing classification methods, the following
stand out for our purposes: ELECTRE TRI which is based
on the outranking relations approach [28, 29]; the UTADIS
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method, a classification model using an additive utility
function ([27, 30]); and the fuzzy method PROAFTN [31].

However, to apply PROAFTN, the values of several
parameters need to be determined prior to classification, such
as boundaries of intervals, weights, and preference thresh-
olds. In an MCDA context, defining what the “boundaries”
of the attributes and the weights are depends on the DM’s
judgment. Unfortunately, this process is complex so it is often
difficult for a DM to assign accurate quantitative values to
these parameters. Moreover, the parameters that represent
the preferences are often unclear and may change over time
[32].

NeXClass differs from all the existing methods in that it
introduces a novel classificationmethod based on a threshold
entry level for each category instead of a central category
prototype. Another benefit of the proposed methodology is
that DMs can use it whenever the number of training data
sets is low or is difficult to define [21].

According to Rigopoulos et al. [21], the NeXClass
methodology (Figure 1) is a classificationmethod based on an
entry-level limit for each category.This is a noncompensatory
method with nominal classes which this article uses to assign
managers to different roles in a project in the construction
sector in accordance with how their skills have been evalu-
ated.

6. Methods

This article puts forward amethod based onMCDA concepts
which classifies managers in the construction industry in
terms of their ability to perform different roles. This is
measured against their performance in the competencies that
are most appropriate and which such a professional in each
of these roles needs to have in order to be successful in their
respective duties.

In addition to identifying competencies and their level
of importance in predetermined jobs, the proposed method
also offers guidelines on how to evaluate whether or not
managers have such competencies.These guidelines are based
on conclusions drawn from reviewing the literature and
propose what kind of training is best suited to overcome
weaknesses identified that a PM may have in some of the
competencies. Finally, feedback is provided on factors that
were critical for the project’s success or failure.

The research approach is carried out in three stages: (1)
describing the problem, (2) applying the MCDA method
in the company studied, and (3) evaluating the results. The
sequence of steps is given in Figure 2.

6.1. Step 1: Describing the Problem. Themain objectives of this
stage are to describe the research problem and to do so by
drawing on observations made from reviewing the literature
and to conduct an exploratory study of the company.

6.1.1. Description of the Company and Its Managers. The
construction company in the study is currently running
six projects and directly employs approximately 650 people.
The team includes 12 civil engineers: the director, the cost
manager, the schedule manager, the contract manager, the
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End Final results
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Figure 1: NeXClass algorithm [20].

quality manager, and the project manager and the other six
are residents.

Although there are no major flaws in how projects are
carried out, problems such as late delivery of buildings and
increases in budget costs are frequent, causing the company’s
topmanagement to feel the need tomicromanage their active
managers to ensure that projects progress efficiently.
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Step 1: describing the problem

(a) Describe the company and its 
managers

(b) Identify the main competencies
adopted in the paper

(c) Prepare guidelines on how to
evaluate managers’ competencies

Step 2: apply the MCDA

(a) Set the parameters

(b) Set the criteria weights

(c) Set the category profiles

(d) Define the alternatives

Step 3: evaluate the results

(a) Classify the results

(b) Validate the results

(c) Present results to the company

Based on the literature review and
exploratory study of the company

NeXClass methodology Show and discuss the results with the
company and then make any necessary

adjustments in training and/or the
allocation of managers

Figure 2: Steps for applying the NeXClass method so as to classify managers by competencies.

Therefore, this article set out to verify, by applying the
classification model NeXClass, if the managers currently
assigned had the most appropriate competencies in each one
of their functions and if these enabled them to exercise their
respective positions. Otherwise, projects in progress could be
hampered by the lack of competence of one or more of their
managers. One solution to this problem would be to train the
manager in the competency in which he presents a deficiency
or, alternatively, to assign managers to other positions.

In the present study, theDMwas identified as the director,
since he was responsible for changing the function of some
managers at the end of each project.Thefive positions chosen,
which are listed below and to which the method was applied,
were only those that changed from project to project. Their
functions were defined by the director and also from some of
those identified from the literature (see [33, 34]).

𝐶1: Cost Manager. The cost manager must be a profi-
cient estimator with capabilities ranging from conceptual
design to drawing up construction documents and must be
knowledgeable about the requirements and mechanics of
project budgets. He/she must also have a broad and accurate
understanding of project expenses besides construction costs.

𝐶2: Schedule Manager. The schedule manager must not only
be an excellent scheduling technician; he/she must know
what types of schedules will be most effective in every
situation and how to make scheduling work effectively on a
project. Also, he/she must have a full understanding of the
time requirements for all aspects and elements of project
delivery, as well as intimate knowledge of production rates of
geographically located construction trades.

𝐶3: Contract Manager. The contract manager must have
experience in all the facets of contractingwhichmight emerge
during the project. Some of these consist of awareness of
contract language/requirements, contract procedures, labor
relations, passive and active contract enforcement, liability
and forms of property insurance, contracting forms of surety,

standards of performance, contractor procedures, construc-
tion safety, testing and quality practices, dispute resolution,
contractor qualification, purchasing practices, design office
practice, subcontracting, consultant practices, and other
unstated facets inherent to project delivery.

𝐶4: Quality Manager. In order to contribute to setting quality
standards, the quality manager must possess expertise in
specifying materials and equipment. To develop a quality
management program that effectively monitors both the
design and construction processes, he/she must also have
an intimate knowledge of the functions of both the design
professional and trade contractors. These abilities must be
adequately available in any qualitymanager considered by the
DM.

𝐶5: Project Manager. Project manager coordinates all of those
functional specialists (i.e., designers, estimators, purchasers,
and constructors) who are required for the particular project.
He/she must have experience in their area of expertise and in
project management; he/she must have mastered techniques,
management processes, and tools and preferably must be
specialized in the project area or possess an international
certification in construction management.

6.1.2. Identify the Main Competencies Adopted in the Paper.
Assuming that the company’s managers were assessed on
their knowledge of and abilities inmanagement functions, the
study sought to define a set of appropriate assessment criteria,
namely, those used to evaluate the most important aspects of
a managers’ performance, and the level of competence they
achieved when matched against each of these criteria. The
criteria selected, and how these were defined, were based on
observations made after reviewing the literature.

These competencies were divided into three groups:
intellectual, management abilities, and emotional. The first
group covers those related to technical and scientific aspect
of the job; the reality of the organization, processes, products,
the market, and technology; models and instruments of
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management; knowledge of mechanisms of human interac-
tion at work; and theories of leadership, motivation, cre-
ativity, and teamwork. Managerial ability concerns the skills
required to achieve positive results in human interaction, to
tackle process management successfully, and to constantly
search for quality. The emotional group entails being able to
manage successfully the emotional, behavioral, and motiva-
tional factors of an individual.

6.1.3. Prepare Guidelines on How to Evaluate Managers’ Com-
petencies. Having described the problem and its values,
the study proposes a guide to identify whether each class
of managers already has the competencies that the Guide
suggests it should have. Therefore, the main objective of the
guide was to use it as a means to indicate themain limitations
of the company’s managers: in their respective assignments
or classes. Thus, each criterion was presented and explained
to the company’s top management, which was responsible
for evaluating the managers. The evaluation was made by
using a nominal scale from 1 to 5, where 1 = very competent
(VC); 2 = competent (C); 3 = somewhat competent (SC); 4
= uncertain (U); and 5 = not competent (NC). The meaning
of each of these levels for each of the criteria is explained
in the Appendix, which also presents the guide for measur-
ing the criteria which is adapted from the study of Ofori
[5].

6.2. Step 2: Apply the MCDA—NexClass Method. The appli-
cation of the NeXClass method set out to classify company
managers by predefined classes using the competencies listed
in Table 1.

6.2.1. Set the Parameters. The NeXClass methodology is rep-
resented by an algorithm which has the following notation:

(1) 𝐴 = {𝑎1, 𝑎2, . . . , 𝑎𝑚}: a set of alternatives which are to
be classified into a number of categories.

(2) 𝐺 = {𝑔1, 𝑔2, . . . , 𝑔𝑛}: a set of evaluation criteria.

(3) 𝐶 = {𝐶1; 𝐶2; . . . , 𝐶𝑘}: a set of categories.

(4) 𝐵ℎ = {𝑏ℎ1 , 𝑏ℎ2 , . . . , 𝑏ℎ𝑘 }: a set of prototypes for category h,
where 𝐵ℎ = {𝑏ℎ𝑖 | 𝑖 = 1, . . . , 𝑘, ℎ = 1, . . . , 𝐿ℎ} and 𝑏ℎ𝑖 is
the 𝑖th prototype of the ℎth category.These prototypes
define the category as thresholds of entrance into a
category.

(5) The performance of the alternatives against the cri-
teria is calculated in such a way that �𝑎, 𝑔(𝑎) =
(𝑔1(𝑎), 𝑔2(𝑎), . . . , 𝑔𝑛(𝑎)) and �𝑏ℎ𝑖 , 𝑔(𝑏ℎ𝑖 ) = (𝑔1(𝑏ℎ𝑖 ),
𝑔2(𝑏ℎ𝑖 ), . . . , 𝑔𝑛(𝑏ℎ𝑖 )).

Two processes are used to perform allocations: an opti-
mistic one and a pessimistic one. In the case of the pes-
simistic process, the alternatives are compared successively
to reference profiles 𝑏ℎ, starting with the ordering of the
best alternatives. The process then moves on to the next
reference profile 𝑏ℎ until the credibility index exceeds the
cutting level. At that point, the process allocates alterna-
tive “𝑎” to the delimited category for that lower reference
profile.

In the case of the optimistic process, the comparison
begins with the worst reference profile 𝑏ℎ. The process
then moves on to the next profile until reference profile
𝑏ℎ is found, where the credibility index exceeds the cut-
ting level. When that occurs, alternative “𝑎” is allocated
to the category defined as the highest by reference profile
𝑏ℎ.

The NeXClass algorithm was implemented by using the
following steps:

(i) Compute the partial concordance index [𝑐𝑗(𝑎, 𝑏ℎ𝑖 ),
𝑐𝑗(𝑏ℎ𝑖 , 𝑎)] (see (1)):

𝑐𝑗 (𝑎, 𝑏ℎ𝑖 ) =

{{{{{{
{{{{{{
{

0, 𝑔𝑗 (𝑎) ≤ 𝑔𝑗 (𝑏ℎ𝑖 ) − 𝑝𝑗 (𝑏ℎ𝑖 ) ,
𝑔𝑗 (𝑎) − 𝑔𝑗 (𝑏ℎ𝑖 ) + 𝑝𝑗 (𝑏ℎ𝑖 )

𝑝𝑗 (𝑏ℎ𝑖 ) − 𝑞𝑗 (𝑏ℎ𝑖 )
, 𝑔𝑗 (𝑎) ∈ (𝑔𝑗 (𝑏ℎ𝑖 ) − 𝑝𝑗 (𝑏ℎ𝑖 ) , 𝑔𝑗 (𝑏ℎ𝑖 ) − 𝑞𝑗 (𝑏ℎ𝑖 )) ,

1, 𝑔𝑗 (𝑎) ≥ 𝑔
𝑗
(𝑏ℎ𝑖 ) − 𝑞𝑗 (𝑏ℎ𝑖 ) ,

𝑐𝑗 (𝑏ℎ𝑖 , 𝑎) =

{{{{{{
{{{{{{
{

0, 𝑔𝑗 (𝑎) ≥ 𝑔𝑗 (𝑏ℎ𝑖 ) + 𝑝𝑗 (𝑏ℎ𝑖 ) ,
𝑔𝑗 (𝑏ℎ𝑖 ) − 𝑔𝑗 (𝑎) + 𝑝𝑗 (𝑏ℎ𝑖 )

𝑝𝑗 (𝑏ℎ𝑖 ) − 𝑞𝑗 (𝑏ℎ𝑖 )
, 𝑔𝑗 (𝑎) ∈ (𝑔𝑗 (𝑏ℎ𝑖 ) + 𝑞𝑗 (𝑏ℎ𝑖 ) , 𝑔𝑗 (𝑏ℎ𝑖 ) + 𝑝𝑗 (𝑏ℎ𝑖 ))

1, 𝑔𝑗 (𝑎) ≤ 𝑔
𝑗
(𝑏ℎ𝑖 ) + 𝑞𝑗 (𝑏ℎ𝑖 ) .

(1)

(ii) Compute the global concordance index 𝑐(𝑎, 𝑏ℎ) and
𝑐(𝑏ℎ, 𝑎) (see (2)):

𝐶 (𝑎, 𝑏ℎ𝑖 ) =
𝑛

∑
𝑖=1

𝜔𝑖𝑐𝑗 (𝑎, 𝑏ℎ𝑖 ) ,

𝐶 (𝑏ℎ𝑖 , 𝑎) =
𝑛

∑
𝑖=1

𝜔𝑖𝑐𝑗 (𝑏ℎ𝑖 , 𝑎) .

(2)

(iii) Compute the discordance index𝑑𝑗(𝑎, 𝑏ℎ) and𝑑𝑗(𝑏ℎ, 𝑎)
(see (3)):
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Table 2: Ranking of the competencies needed by managers.

Rank Subset of ex aequo Number of cards by rank

1 (i) Conceptual thinking (𝑔1)
(ii) Analytical thinking (𝑔2)

2

2 (i) Risk (𝑔10) 1

3 (i) Creativity and innovation (𝑔15)
(ii) Focus on customer’s needs (𝑔9)

2

4 (i) White card 1

5 (i) Self-control (𝑔14)
(ii) Flexibility and adaptability (𝑔16)

2

6
(i) Technical knowledge (𝑔3)
(ii) Impact, influence, and negotiation
(𝑔12)
(iii) Directivity/assertiveness (𝑔13)

3

7
(i) Achievement orientation (𝑔8)
(ii) Initiative (𝑔4)
(iii) Information search (𝑔7)

3

8 (i) White card 1
9 (i) Team leadership (𝑔6) 1
10 (i) Decision-making (𝑔11) 1

11 (i) Teamwork, cooperation, and
communication (𝑔5)

1

𝑑𝑗 (𝑎, 𝑏ℎ𝑖 ) =

{{{{{{
{{{{{{
{

0, 𝑔𝑗 (𝑎) ≥ 𝑔𝑗 (𝑏ℎ𝑖 ) − 𝑝𝑗 (𝑏ℎ𝑖 ) ,
𝑔𝑗 (𝑏ℎ𝑖 ) − 𝑔𝑗 (𝑎) − 𝑝𝑗 (𝑏ℎ𝑖 )

V𝑗 (𝑏ℎ𝑖 ) − 𝑝𝑗 (𝑏ℎ𝑖 )
, 𝑔𝑗 (𝑎) ∈ (𝑔𝑗 (𝑏ℎ𝑖 ) − V𝑗 (𝑏ℎ𝑖 ) , 𝑔𝑗 (𝑏ℎ𝑖 ) − 𝑝𝑗 (𝑏ℎ𝑖 )) ,

1, 𝑔𝑗 (𝑎) ≤ 𝑔
𝑗
(𝑏ℎ𝑖 ) − V𝑗 (𝑏ℎ𝑖 ) ,

𝛾𝑖 (𝑎, 𝑏ℎ𝑖 ) =
{{{
{{{
{

𝐶(𝑎, 𝑏ℎ𝑖 ) , If 𝑑𝑗 (𝑎, 𝑏ℎ𝑖 ) < 𝐶 (𝑎, 𝑏ℎ𝑖 ) ,

𝐶 (𝑎, 𝑏ℎ𝑖 )∏
1 − 𝑑𝑗 (𝑎, 𝑏ℎ𝑖 )
1 − 𝐶 (𝑎, 𝑏ℎ𝑖 )

, Otherwise.

(3)

(iv) Compute the excluding degree 𝛾tot𝑖 = 𝛾𝑖(𝑏ℎ𝑖 , 𝑎)/(1 +
𝛾𝑖(𝑎, 𝑏ℎ𝑖 )) of the subordination relationship (see (4)):

𝛾𝑖 (𝑏ℎ𝑖 , 𝑎)

=
{{{
{{{
{

𝐶(𝑏ℎ𝑖 , 𝑎) , If 𝑑𝑗 (𝑏ℎ𝑖 , 𝑎) < 𝐶 (𝑏ℎ𝑖 , 𝑎) ,

𝐶 (𝑏ℎ𝑖 , 𝑎)∏
1 − 𝑑𝑗 (𝑏ℎ𝑖 , 𝑎)
1 − 𝐶 (𝑏ℎ𝑖 , 𝑎)

, otherwise.

(4)

6.2.2. Set the Criteria Weights. The criteria weights were
defined according to the DM’s preferences, in this case, the
top level manager. To establish these weights, we used the
Simos method [35].

Initially, a set of cards containing the name of each
criterion (competence) was given to the DM. White cards
of the same size were also given out which had additional
information that described these competencies. Then the
DM had to classify these cards (or criteria) from the least

important to the most important. If certain criteria had the
same importance (i.e., same weight), he created a subset of
cards. Consequently, a complete preorder of all the 𝑛 criteria
was obtained, where 𝑛 is the number of categories for this
preorder (most of these categories being reduced to just one
card or a single criterion).The first category is named Rank 1,
the second one Rank 2, and so on.

In line with senior management’s preferences, the man-
agers’ most important competencies were defined in a rank-
ing order (see Table 2).

The weight ratio is given by (5), where “𝑇” is the total
number of cards, “𝑞” is a subset of themost important criteria,
and “𝑝” is the subset of less important criteria. In the present
study, 𝑇 = 18, 𝑞 = 1, and 𝑝 = 2. Thus, the value of 𝑧 is equal
to 12.

𝑧 =
(∑𝑞−1𝑖=0 (𝑇 − 𝑖)) 𝑝
(∑𝑝−1𝑖=0 (1 + 𝑖)) 𝑞

. (5)
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Table 3: Determining the normalized weights of each criterion for 𝑤 = 2 and 𝑧 = 12.

Rank Criteria Normalized weights 𝑘∗𝑖 Norm. w. 𝑘𝑖 Ratio 𝑑𝑖 Ratio 𝑑𝜄 Norm. w. 𝑘𝑖
1 𝑔1 0.982318271 0.98 0.007820000 0.002360000 0.98
1 𝑔2 0.982318271 0.98 0.007820000 0.002360000 0.98
2 𝑔10 2.062868369 2.06 0.003457143 0.001390476 2.06
3 𝑔15 4.223968566 4.22 0.001427907 0.000939535 4.22
3 𝑔9 4.223968566 4.22 0.001427907 0.000939535 4.22
4 𝑔14 5.304518664 5.30 0.001033333 0.000851852 5.30
4 𝑔16 5.304518664 5.30 0.001033333 0.000851852 5.30
5 𝑔3 6.385068762 6.38 0.000772308 0.000793846 6.39
5 𝑔12 6.385068762 6.38 0.000772308 0.000793846 6.39
5 𝑔13 6,385068762 6.38 0.000772308 0.000793846 6,39
6 𝑔8 8.546168959 8.54 0.000448276 0.000721839 8.55
6 𝑔4 8.546168959 8.54 0.000448276 0.000721839 8.55
6 𝑔7 8.546168959 8.54 0.000448276 0.000721839 8.55
7 𝑔6 9.626719057 9.62 0.000340816 0.000697959 9.63
8 𝑔11 10.707269155 10.70 0.000255046 0.000678899 10.71
9 𝑔5 11.787819253 10.78 0.000185000 0.000663333 11.79
Sum 16 100 99.92 100.01

Table 3 shows the normalizedweights of each criterion for
𝑤 = 2.

6.2.3. Set the Category Profiles. After creating the guide, it was
necessary to know what the most important competencies
would be for each class ofmanagers, since it would be difficult
for the same employee to be excellent in all competencies
at the same time. Next, the category limits were defined
by setting appropriate values for each criterion. The profile
of each category of managers was defined by applying the
questionnaire shown in theAppendix to the company’s senior
management for which the results are shown in Table 4.

6.2.4. Define the Alternatives. A subgroup of five engineers
was selected at random in the company. The performance of
the alternatives against the evaluation criteria was defined by
top management. Their answers to the questionnaire which
was used to evaluate the competencies that managers need
are shown in the Appendix. The questionnaire reveals what
the ability of each manager is in the various competencies
mentioned above. The responses are shown in Table 5.

6.3. Step 3: Evaluate the Results. In Step 3, the results of the
classification and validation are shown and discussedwith the
company after which they may be adjusted and then the final
results are presented.

6.3.1. Classify the Results. The company’s managers were
classified in accordance with predefined categories, based on
the core competencies obtained from applying the NeXClass
model, explained in Step 2. The classification is shown in
Table 6.

From Table 6, it can be seen that the 𝑎1, 𝑎2, and 𝑎5
alternatives of managers have higher values of 𝛾tot in class 𝐶4
referring to the quality manager. This fact occurs due to the
lower level of competencies that managers require to exercise

this position. Also it can be verified that the alternative of
manager 𝑎3 was more apt to act like a schedule manager and
that manager 𝑎4 was vetoed to exercise any function due to
the low level of his competencies.

6.3.2. Validate the Results. In order for each manager to
act in a particular class, Table 6 was adjusted so that the
manager of the 𝑎1 alternative was assigned to act as the
quality manager, since his level of competencies, according
to 𝛾tot, was a little lower than that of other managers and
thus wasmore appropriate for a position that requires a lower
level of competencies. Table 7 shows the new classification of
managers for each position.

6.3.3. Presentation of Results to the Company. The revised
results were presented to the company, based on which it
appears that managers represented by alternatives 𝑎1 and 𝑎2
have similar profiles to those required for the position of
quality manager.This can be explained by the range and level
of competencies needed for this job being lower than those
for more critical management jobs.

Manager 𝑎3 can assume the role of schedule manager,
while manager represented by alternative 𝑎5 can work as
a cost manager. None of the managers surveyed had the
competencies necessary to exercise the role of contract
manager (𝐶3) or of project manager (𝐶5). However, the
model can be used to find out what competencies managers
require for such positions which they do not currently
have.

Also, the manager of alternative 𝑎4 has an insufficient
level of competencies to assume the positions evaluated.
In this case, this manager needs to be trained, especially
in the following competencies: initiative (𝑔4); teamwork,
cooperation, and communication (𝑔5); and team leadership
(𝑔5).
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Table 4: Category profiles.

𝑔1 𝑔2 𝑔3 𝑔4 𝑔5 𝑔6 𝑔7 𝑔8 𝑔9 𝑔10 𝑔11 𝑔12 𝑔13 𝑔14 𝑔15 𝑔16
𝐶1 2 2 2 3 1 2 1 2 2 2 2 3 3 3 2 2
Indif 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Pref 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
Veto 3 3 3 4 3 3 3 3 3 3 3 4 4 4 3 3
𝐶2 1 1 1 3 3 3 1 2 2 2 2 3 3 3 2 2
Indif 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Pref 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
Veto 3 3 2 4 4 4 3 3 3 3 3 4 4 4 3 3
𝐶3 2 2 2 2 1 1 2 2 2 2 2 1 1 1 2 1
Indif 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Pref 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
Veto 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3
𝐶4 3 3 2 3 3 3 1 2 1 3 3 3 3 3 2 3
Indif 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Pref 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
Veto 4 4 3 4 4 4 3 3 3 4 4 4 4 4 3 4
𝐶5 1 2 2 1 2 1 1 2 2 1 1 1 2 1 2 2
Indif 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Pref 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
Veto 3 3 3 4 3 3 4 3 3 4 3 3 3 3 3 3

Table 5: Performance of the alternatives after being evaluated by the criteria.

𝑔1 𝑔2 𝑔3 𝑔4 𝑔5 𝑔6 𝑔7 𝑔8 𝑔9 𝑔10 𝑔11 𝑔12 𝑔13 𝑔14 𝑔15 𝑔16
𝑎1 1 1 1 2 3 3 2 1 1 1 2 2 2 2 2 2
𝑎2 2 2 2 1 3 3 1 2 2 2 2 1 2 1 3 1
𝑎3 3 3 1 2 1 1 2 3 3 1 2 2 1 2 1 3
𝑎4 1 2 1 4 4 4 2 2 2 1 1 3 3 2 2 2
𝑎5 3 3 1 1 1 2 2 2 2 1 1 2 1 3 1 3

Table 6: Classification of the alternatives by category.

Alternatives Classes 𝛾tot
𝑎1 𝐶4 = quality manager 0.51
𝑎2 𝐶4 = quality manager 0.57
𝑎3 𝐶2 = schedule manager 0.57
𝑎4 Veto
𝑎5 𝐶4 = quality manager 0.62

7. Discussion

From the point of view of the company involved in the study,
the model proved that it could make a valuable contribution
especially with regard to identifying gaps in competencies
presented by the managers evaluated. The model’s benefit for
the company is that it orientates themost suitablemanager for
each of project roles. It also can be used to evaluate managers,
while a project is in progress by using the questionnaire
presented in the Appendix. However, one of the problems
cited by the company is the time spent in applying the model.
This fact can be explained because it was the first time the
company used the model; however, it is better to invest

Table 7: New classification of the managers for available positions.

Alternatives Classes 𝛾tot
𝑎1 𝐶4 = quality manager 0.51
𝑎2 𝐶4 = quality manager 0.57
𝑎3 𝐶2 = schedule manager 0.57
𝑎4 Veto
𝑎5 𝐶1 = cost manager 0.54

a certain amount of time with themodel before executing the
projects than to delay them or significantly underestimate the
costs with planned projects.

Regarding the theoretical contribution, the present study
covers five different categories of construction industry man-
agers: cost manager, schedule manager, contract manager,
quality manager, and project manager. The most important
competencies for each class of manager are also highlighted,
whereas previous studies such as Cheng et al. [16], Dainty et
al. [14], and Hanna et al. [3] focused only on the PM role in
order to distinguish exceptional PMs from average ones.

Cheng et al. [16] made this distinction by focusing on
the role of the job (job-task competencies associated with
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the project management function) and the characteristics of
the individual person (behavioral competencies linked to the
managers’ personal characteristics), while Hanna et al. [3]
used an additive model in their research to make the same
distinction. Dainty et al. [14] also used the same steps as set
out inCheng et al. [16] and only added the step of applying the
model to a range of human resource management functions.

Also focusing on construction projects but without
emphasizing the organizational level, Omar and Fayek [19]
introduced a data aggregation method to measure qualita-
tive competencies and performance indicators. The authors
emphasize the importance of future research tackling how
to develop a more advanced application of the aggregation
method so that it can combine both qualitative and quantita-
tive criteria.

Using additive aggregation models, Omar and Fayek [19]
andHanna et al. [3] consider that a PM’s particular deficiency
in a competence area could be compensated by anotherwhere
this same PM has greater success. On the other hand, the
advantage of using a noncompensatory model in this current
study, where a better performance in one criterion may not
compensate for a poor performance in another criterion,
was that a manager’s lack of one or more competencies may
not be compensated by excellence in another competence.
That is in line with the realities of project management,
whereby a specific competence can rarely be replaced by
another.

8. Conclusion

The model provides benefits for the construction industry,
where there are many managers working together simulta-
neously for a company in the same project or acting at the
same time on different projects. In that case, no manager
is considered more important than any other. However, the
range and level of competencies that they should have depend
on the job assigned to them and that inevitably means the
competencies they currently need to exercise will be different
from each other.

This study also found that, in some companies, managers
had deficient or faulty competencies. In this case, this study
contributes by guiding top management on what core com-
petencies a manager should have in order to be hired for a
given position. Similarly, the model also sheds light on what
kind of training needs to be developed for managers before
they are appointed to such positions.

The article adds depth to the body of knowledge of
classification models of unordered categories and applies
the NeXClass model in the construction industry to clas-
sify managers into different categories according to their
competencies. It also features a wider study of various
types of competencies required in this industry and how to
measure them. The questionnaire to evaluate managers can
also be used as a tool for developing competencies that are
necessary for each position held.Therefore, the article makes
a significant contribution in the theoretical and practical
sense.

Thus, the articlemakes a practical contribution to helping
to develop construction managers professionally in the sense

that it allocates a given position to the manager who is the
most apt to occupy it. If a manager is weak in some com-
petencies, the model, as it identifies these weaknesses, also
offers the possibility of the company training the manager
in whatever competencies are needed to act in a certain
role. It is worth noting that the application is valid for
assessing functions other than those needed in the company
studied, in addition to the fact that the model can also be
used to assess competencies that may vary from project to
project.

However, the study could not measure competencies
throughout the life of a project or several projects at the same
time in order to determine if managers were successful in
their jobs and to determine themain problems anddifficulties
that they encountered.

Therefore, further studies must be conducted to deepen
how to identify the competencies that constructionmanagers
need, keeping in mind the fact that new classes of managers
may be required for different projects. Additionally, further
research also needs to monitor managers’ behavior in these
competencies over the course of several projects, especially
for long-term projects, where more uncertainty will arise
during its execution (with deadlines equal to or greater than
two years).

Finally, the NeXClass model adequately classified man-
agers in different positions according to their competencies
and it can also be applied in other construction companies
that have different PM positions and for which different
competencies are needed.

Appendix

The questionnaire for assessing managers’ competencies is
given as follows (source: adapted from Ofori (2014) and
Roquette and Murici (2007)).

Conceptual Thinking (𝑔1)
Themanager:

(1) Updates and revises the project plan as needed.
(2) Plans, performs, and rapidly reaches major

milestones or gates.
(3) Performs end-of-phase closure, reviews results,

and updates the project documents.
(4) At project closure, evaluates and records project

plan vs. actual metrics.
(5) Performs project closure, and this includes

evaluating if objectives were met and lessons
learned.

(6) Performs contract close-out and evaluation.

Evaluation: VC = the manager often performs all items; C =
the manager performs 5 of the 6 items; SC = the manager
performs 4 of the 6 items; U = the manager performs 2 or 3
of the items; NC = the manager performs, at most, 1 of the 6
items. VC = very competent; C = competent; SC = somewhat
competent; U = uncertain; and NC = not competent.
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Analytical Thinking (𝑔2)
Themanager:

(1) Develops effective, clear, and measurable objec-
tives.

(2) Identifies project stakeholders and maintains
communication with them throughout the
project.

(3) Assures a meaningful project charter that in-
cludes a vision of the needs of the business,
the preliminary scope or a description of the
product.

(4) Prioritizes the portfolio of projects based on
the business case for each one, linkages to the
company’s strategy, and other factors.

(5) Ensures that the project has an unambiguous
statement of scope, statement of work, or clear
requirements, as appropriate.

Evaluation: VC = the manager often performs all items; C
= the manager performs at least 4 of the 5 items; SC = the
manager performs 3 of the 5 items; U = themanager performs
2 of the 5 items; NC = themanager performs, at most, 1 of the
5 items.

Initiative (𝑔3)
Themanager:

(1) Has a positive attitude in different situations e.g.
knows how and when to surprise, thrill staff
which they will transmit to other employees.

(2) Anticipates facts, by carrying out activities
before being asked or forced to by circum-
stances.

(3) Knows when to withdraw from a business in
decline at the right time, thereby preserving
gains or reducing losses.

(4) Is connected with the world and always recep-
tive to information; uses certain situations to
meet new demands or niches quickly, thus
exploiting opportunities.

(5) As a pioneer, gets concrete and significant
results before others.

Evaluation: VC = the manager often performs all items; C
= the manager performs at least 4 of the 5 items; SC = the
manager performs 3 of the 5 items;U= themanager performs
2 of the 5 items; NC = themanager performs, at most, 1 of the
5 items.

Impact, Influence and Negotiation (𝑔4)
Themanager:

(1) Is able to engage in a discussion and achieve the
company’s interests by influencing the decisions
of others.

(2) Has the power to persuade, convince, influ-
ence or impress others, in order to support his
agenda.

(3) Has effective communication skills, and knows
when the right time to talk is and when to listen.

(4) Is able to focus on ideas, and does not let negoti-
ations be influenced by personal aspects; meets
the real needs and expectations.

(5) Knows how to discuss proposals, by focusing
on relevant aspects, without being held up by
sporadic situations.

(6) Provides alternatives to the other party.
(7) Is objective when addressing the problems to

find the most appropriate solution.
(8) Makes concrete proposals to avoid doubts and

misunderstandings.

Evaluation: VC = the manager often performs all items; C
= the manager performs at least 7 of the 8 items; SC = the
manager performs 5 or 6 of the 8 items; U = the manager
performs 3 or 4 of the 8 items; NC = the manager performs
two or fewer items.

Directivity/Assertiveness (𝑔5)
Themanager:

(1) Has presence/authority, likes to be in control, is
the leading spirit.

(2) Ensures that subordinates meet his wants.
(3) Communicates clearly and objectively, speaking

and acting honestly without fear or inhibition.
(4) Stands decisively and convincinglywithout harm-

ing relationships, focusing on factual actions
and not on agents.

(5) responds to situations positively or negatively
as a result of a thorough, unbiased and well-
founded analysis of the facts.

Evaluation: VC = the manager often performs all items; C
= the manager performs at least 4 of the 5 items; SC = the
manager performs 3 of the 5 items;U= themanager performs
2 of the 5 items; NC = themanager performs, at most, 1 of the
5 items.

Teamwork, Cooperation and Communication (𝑔6)
Themanager:

(1) Demonstrates effective listening.
(2) Clearly communicates, using effective writing

skills and assuring that communications look
professional.

(3) Manages meetings effectively, including elimi-
nating unneeded ones.

(4) Effectively facilitates multidisciplinary groups.
(5) Empowers the project team by removing barri-

ers of communication.
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(6) Shares management responsibilities with the
team.

(7) Holds informative, constructive, efficientlyman-
aged status review meetings.

(8) Analyzes status information to perform
progress and status reporting.

(9) Keeps executive management apprised of
project status (avoids surprises).

(10) Maintains a stakeholder information retrieval
and distribution process.

(11) Manages effective communication for both sin-
gle-site collocation and distributed teams.

Evaluation: VC = the manager often performs at least 10 of
the 11 items; C = the manager executes 7 to 9 of the 11 items;
SC = performs the manager 4 to 6 of the 11 items; U = the
manager performs 3 of 11 items; NC = the manager performs
two or fewer items.

Team Leadership (𝑔7)

Themanager:

(1) Organizes the project team appropriately for the
project’s size.

(2) Initiates a project with a skilled projectmanager,
the right team members, and access to the right
subject area experts.

(3) Allocates staff according to portfolio priorities,
applying resources with the needed skills and
experience.

(4) Builds teams that perceive themselves as teams
that strive to perform to their maximum poten-
tial.

(5) Builds strong teams that demonstrate the appro-
priate mix of team and task orientation.

(6) Assesses skill-level impacts on delegated work
and arranges for mentoring or coaching.

(7) Provides adequate information while delegating
assignments to team members.

(8) Delegates or refers decisions up when appropri-
ate.

(9) Manages expectations of stakeholders, sponsor,
and executive management.

(10) Demonstrates the flexibility to work with others
who have different personal styles.

(11) Provides a project environment of motivation
and appropriate rewards.

Evaluation:VC= themanager oftenperforms at least 10 of the
11 items; C = the manager performs 7 to 9 of the 11 items; SC
= themanager performs 6 to 2of the 11 items;U= themanager
performs 3 to 5 items of 11; NC = the manager performs two
or fewer items.

Information Search (𝑔8)
Themanager:

(1) Keeps himself informed and updated on the
group processes, always seeking all relevant and
useful information.

(2) Searches information for consistent decision-
making, and knows how to process it in the form
of knowledge.

(3) Performsmarket research, and pays attention to
the news and consumer attraction factors.

(4) Evaluates competitors, knows their business
strategies and their service policies.

Evaluation: VC = the manager often performs 4 items; C =
the manager performs 3 of the 4 items; SC = the manager
performs 2 of the 4 items; U = the manager performs one of
the four items; NC = the manager does not perform any of
the items.

Self Control (𝑔9)
Themanager:

(1) Copes well with pressure and stress, remains
calm and in control.

Evaluation: VC = the manager is very competent in the
execution of item 1; C = the manager is competent; SC = the
manager is somewhat competent; U = there is uncertainty
of the manager’s competence; NC = the manager is not
competent.

Flexibility and Adaptation (𝑔10)
Themanager:

(1) Adapts quickly to change, and responds flexibly
to people/situations.

Evaluation: VC = the manager is very competent in the
execution of item 1; C = the manager is competent; SC = the
manager is somewhat competent; U = there is uncertainty
of the manager’s competence; NC = the manager is not
competent.

Technical Knowledge (𝑔11)
Themanager:

(1) Has a clear conception of the interaction be-
tween the technical subsystem and other project
elements to ensure that the project system is
effectively integrated.

(2) Resolves technical problems quickly during
implementation without this leading to over-
running the schedule and/or budget.

(3) Benefits from keeping him/herself continuously
up-to-date in the knowledge and information
necessary to carry out the work.
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(4) Solves questions with technical rigor and per-
forms work at the standard of excellence (high
quality, effective and efficient).

(5) Is highly knowledgeable about, manages and
monitors the process as awhole at the institution
and the unit, and focuses on desired results.

(6) Manages the organization, optimization and
qualification of work processes.

Evaluation: VC = the manager often performs all items; C =
the manager performs 5 of the 6 items; SC = the manager
performs 4 of the 6 items; U = the manager performs 2 or
3 items; NC = the manager performs, at most, 1 of 6 items.

Success Orientation (𝑔12)
Themanager:

(1) Is willing to make commitments and keeps
them.

(2) Follows up to ensure decisionwas implemented.
(3) Tracks performancemeasurement criteria while

working with contractors and outsourced ser-
vices.

(4) Performs defect tracking, and compares
progress against defect discovery rate metrics.

(5) Establishes and consistently applies a control
process of useful, responsive change

(6) Plans, participates, and follows up on inspec-
tions and quality reviews.

(7) Documents and distributes plans for the phase
and the project.

Evaluation: VC = the manager performs at least 6 of the 7
items; C = the manager performs 5 of the 7 items; SC = the
manager performs 4 of the 7 items;U= themanager performs
2 or 3 items; NC = the manager performs, at most, 1 of the 7
items.

Focus on Customer Needs (𝑔13)
TheManager:

(1) Applies customer concepts, while focusing on
quality and service.

Evaluation: VC = the manager is very competent in the
execution of item 1; C = the manager is competent; SC = the
manager is somewhat competent; U = there is uncertainty
of the manager’s competence; NC = the manager is not
competent.

Risk Taking (𝑔14)
TheManager:

(1) Quantifies the likelihood and impact of risks.
(2) Facilitates the team and stakeholders in identi-

fying risks and opportunities.

(3) Applies a consistent, repeatable project planning
method that is appropriate for the size and type
of project.

(4) Evaluates risk responses to assure they are
appropriate and effective.

(5) Engages stakeholders in identifying phase risks
and planning risk responses.

(6) Identifies and reports issues and tracks resolu-
tion of open issues.

Evaluation: VC = the manager often performs all items; C =
the manager performs 5 of the 6 items; SC = the manager
performs 4 of the 6 items; U = the manager performs 2 or
the 3 items; NC = the manager performs at most 1 of the 6
items.

Creativity and Innovation (𝑔15)
Themanager:

(1) Starts changes, produces ideas and creative solu-
tions.

(2) Manages the creation of audacious solutions
and brings about innovations in the institutional
context.

(3) Disseminates necessary knowledge and infor-
mation for innovation in work situations.

(4) Promotes an innovation culture, breaks para-
digms and contributes to the team by introduc-
ing new processes, solutions, projects and work
dynamics.

Evaluation: VC = the manager often performs 4 items; C =
the manager performs 3 of the 4 items; SC = the manager
performs 2 of the 4 items; U = the manager performs one of
the four items; NC = the manager does not perform any of
the items.

Decision Making (𝑔16)
Themanager:

(1) Makes decisions fast, displays confidence, and
acts alone when necessary.

(2) Points out alternative solutions to the problem
or situation, by analyzing its implications (risks
and opportunities in relation to the goal or
expected result).

(3) Has the discretion to choose the most suitable
alternative for the context and/or situation.

(4) Implements the chosen alternative, monitors
and evaluates if result(s) of decisions were
reached.

Evaluation: VC = the manager often performs 4 items; C =
the manager performs 3 of the 4 items; SC = the manager
performs 2 of the 4 items; U = the manager performs one of
the four items; NC = the manager does not perform any of
the items.
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Intelligence is increasingly relevant today in both military and business intelligence contexts. Business executives, military, and
governments havemore large datasets andmeet difficulties in anticipating threat/competitor future decisions. Decision anticipation
is desirable because it will enhance situation understanding and then will limit the surprise effect and favor more appropriate
reactions and decision-making. Generating and evaluating competitor/threat actions is a very challenging problem because of
the uncertainty, incompleteness, and ambiguity associated with it. This paper extends the multicriteria decision aid (MCDA)
methodology to the context of intelligence analysis and proposes the main pillars of a novel methodology called “Multicriteria
Intelligence Aid” (MCIA). More specifically, this paper addresses how can we adapt MCDA to the context of intelligence analysis
and how can we use existent methods and techniques from MCDA, artificial intelligence, and fuzzy sets theory to build this
methodology. The paper presents the MCIA steps, which consist of (i) structuring the competitor/threat decision problem, (ii)
handling imperfect data, (iii) modeling the analyst’s risk attitude, and (iv) aggregating the performance of the generated potential
actions. An illustration of the methodology is provided in the military context. Results show that the novel methodology is
applicable and provides interesting and valuable results.

1. Introduction

In the sciences of operations research and decision theory, the
multicriteria decision aidmethodology has seen considerable
development, leading to a great variety of methods belonging
either to the single-criterion synthetizing approach or to
the outranking approach. While the former approach builds
an aggregation function using the individual scores with
regard to each criterion in order to represent a global score
for each alternative, the latter is inspired from the social
choice theory and is based on the pairwise comparison
of actions. Both approaches are used to support complex
decisions, where multiple, conflicting, and incommensurate
points of view (objectives, criteria/attributes, etc.) need to be
considered simultaneously in the decision-making process.
The multicriteria decision aid (MCDA) methodology has
proven, along many years of practice, its relevance, utility,
and value added to decision theory. It assumes a dialogue
with the decision-maker and aims at recommending the

best compromise solution based on the decision-maker’s
preferences. The multicriteria decision aid process is a
recursive and nonlinear process composed of the following
steps: structuring of the decision-problem, local preference
modeling, aggregation, exploitation, and recommendation.
The MCDA process involves both the decision-maker and
the analyst who supports him. But what could happen if the
decision-maker is not involved in the multicriteria decision
aid process? Would the MCDA methodology continue to
be valuable? This is specifically the question we are dealing
with in this paper. We consider more specifically the context
of anticipation of decisions in the intelligence domain (e.g.,
business intelligence or military intelligence). The objective
of the paper is to propose a methodology that supports the
intelligence analyst in his duty andmore specifically in deter-
mining the adversary (competitor/threat) future decisions.
Here, the decision-maker (the competitor or the threat) and
his preferences are unknown and no dialogue could take
place. Consequently, we cannot, as in the classical MCDA,
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structure the problem along with the decision-maker, but
rather we need to use available data to predict the decision-
maker’s preferences and anticipate his future decisions.

The topic of intelligence support addressed in this
paper is increasingly relevant today in both military and
business intelligence contexts. In fact, the generation of
threat/competitor potential future decisions and their rank-
ing will enhance the situation understanding and then will
limit the surprise effect and favor more appropriate reac-
tions. However, generating and evaluating competitor/threat
actions is a very challenging problem because of the great
amount of uncertainty, incompleteness, and ambiguity asso-
ciated with it.

In this paper, we start from the belief that the multi-
criteria methodology, when used conjointly with artificial
intelligence (AI) techniques, is relevant and of interest as a
tool for the intelligence analyst. The general objective of this
paper is to extend themulticriteria decision aidmethodology
to the context of intelligence. The main pillars of a new
methodology called “Multicriteria Intelligence Aid” will be
proposed in this paper. Table 1 presents the differences
between the decision-making problem for which MCDA is
valuable and the intelligence problem for which we presume
MCIA will be a valuable approach.

Two distinct but related research questions will be
addressed in this paper in order to shed some light on this
topic:

(i) How can we exploit and adapt multicriteria decision
support approaches to the context of intelligence
analysis?

(ii) Are existent methods and techniques from MCDA,
artificial intelligence, and fuzzy sets theory sufficient
to build the novel MCIA methodology?

To answer these research questions, this paper proposes a
multidisciplinarymethodology using a panoply of techniques
from artificial intelligence, MCDA, and fuzzy multicriteria
decision analysis to support intelligence analysts in anticipat-
ing the more likely potential adversary actions.

This paper will be structured as follows. Section 2 will
review previous works. Then, Section 3 will present the
Multicriteria Intelligence Aid methodology. All MCIA steps
from the structuring phase to the recommendation will
be discussed. Finally, Section 4 will illustrate the proposed
methodology in the military intelligence context.

2. Previous Works

The review of the literature shows that there are at least
two main approaches to deal with competitor or military
intelligence: the red teaming and the game theory. Red
teaming (RT) is used for military intelligence and planning.
It consists of a simulation of blue and red teams, where
a blue team represents the intent, objectives, and interests
of the friendly force and a red team emulates enemies and
reproduces their motivations, intentions, behaviours, and
anticipated actions. Computational red teaming (CRT) is
concerned with the computational side of RT in order to

augment a human-based RT exercise with computational
models and methods. Abbass et al. [1] define five different
levels of red teammodeling.These levels represent increasing
degrees of red team adaptability and system complexity.
CRT0 equips agents with a generic decision-making model.
CRT1 introduces learning (social and evolutionary), in the
sense of the agent’s ability to change its decision-making
process. CRT2 level of red modeling consists of evolutionary
algorithms searched for communication strategies that would
give the blue team a competitive advantage over a fixed
red team. When system-level adaptation occurs within an
environment that itself changes and evolves, then we have a
red team adaptation at level CRT3. The highest level CRT4
provides the full potential of “learning about competitors” by
adding mechanisms of reflection [1].

On another side, game theory is a rigorous framework
for explaining and anticipating competitor behaviours. This
well-known theory could appear unmanageable in the real
word. Coyne and Horne [2] assert that “game theory models
become unwieldywhen a competitor hasmany options, when
the strategist is unsure which metrics his rival will use to
evaluate themorwhen there aremultiple competitors, each of
whommight react differently.” In this paper, we are interested
in those specific situations when a competitor has many
options and we are uncertain about the metrics he will be
using and the ratings he will be giving to each potential
action. For these specific problems, many points of view
(objectives, criteria, etc.) could enter into consideration in
order to best predict the red team’s decisions. Multiobjective
evolutionary computation and multicriteria decision analy-
sis (MCDA) are interesting computational approaches that
could be of interest for this topic.Multiobjective computation
consists of solving decision-making problems under multiple
objectives (to be optimized), where the set of solutions is
defined by a set of constraints. The MCDA approaches are
discrete approaches that consider decision-making problems,
where a set of discrete alternatives are predefined and the
decision-maker has to choose among these alternatives.

Multiobjective evolutionary computation is a set of tech-
niques capable of searching for the set of solutions that
represent the nondominated solutions considering the com-
peting objectives. In the last decade, the field ofmultiobjective
evolutionary computation has grownwith significant number
of efficient algorithms [3–7]. Miettinen [8] categorizes the
main approaches in the multiobjective optimization litera-
ture into four categories. The first approach does not use
preference information and is called no-preference. The
second approach finds all possible nondominated solutions
and then applies the user’s preferences (posterior approach).
The third approach incorporates user preference prior to
the optimization process (a priori approach). The fourth
approach combines the posterior and a priori approaches
(interactive approach).

In the discrete case when the alternatives are prede-
fined, two main MCDA approaches are developed: the
single-criterion approach and the outranking synthesising
approach. The single-criterion approach consists of building
an aggregation function using the individual scores with
regard to each criterion in order to represent the global score
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Table 1: MCDA versus MCIA.

MCDA MCIA

Characteristics of the problem Decision-aid problems: complex, ill-defined, and
human-oriented decision problems.

Intelligence support: complex, ill-defined,
and human-oriented decision problems,

uncertainty, need for anticipation, inference,
and prediction.

Decision-maker Involved in the process. Competitor/threat; not involved in the
process.

Alternatives/actions
Could be generated with techniques and tools for
stimulation of creativity. The decision-maker

generally participates in the action generation step.

Potential actions which need to be generated
and anticipated from the

competitor’s/threat’s available data on his
present and past activities.

Criteria Defined with top-down approach and bottom-up
approaches.

Defined with top-down approach and
bottom-up approaches and assumes that the
competitor/threat objectives are well known.

Ratings Crisp or imperfect. Imperfect: imprecise, uncertain, ambiguous,
and subjective.

Preferences Elucidated and modeled by an interactive process
with the decision-maker.

Need to be inferred from available data
using artificial intelligence techniques.

Methodology objective
Screening, prioritizing, ranking, or selecting a set of

decision-maker actions under independent,
incommensurate, or conflicting criteria.

Generating and prioritizing a set of
competitor/threat potential actions under

independent, incommensurate, or
conflicting criteria.

of each alternative. The outranking synthesising approach
is inspired from the social choice theory. It is based on
the pairwise comparison of the COAs along each criterion.
Each criterion is considered as a voter, with a particular
voting power fixed accordingly with the analyst, and each
COA as a candidate [9]. Most MCDA methods assume
that the ratings of alternatives and the weights of criteria
are crisp numbers. However, this is not always realistic
because uncertainties could arise from information that is
not quantifiable, incomplete, or difficult to obtain because
of partial ignorance. The review of the literature shows that
probabilistic methods were explored in dealing with MCDA
under uncertainty [10, 11] as well as fuzzy set theory [12–15].
More specifically, for fuzzy multicriteria analysis, there exist
four different methodologies: the fuzzy rankingmethods, the
fuzzy analytic hierarchy process (AHP) methods, defuzzifi-
cation based methods, and fuzzy outranking methods. Some
examples of fuzzymethods have been developed inYager [15],
Yager [16], Chen [17], Deng [18], Cheng et al. [19], Yeh and
Deng [20], and Ribeiro [14]. Fuzzy methods were derived
from the approximation approach as the fuzzy max–min [21]
and the fuzzy weighted sum [22–24]. Other researches also
generalized some classical methods to the fuzzy context such
as fuzzy TOPSIS [17] and fuzzy AHP [19].

Both multiobjective evolutionary computation and
MCDA are decision-making methods that could not be
used “as is” for intelligence. Their methodologies need to be
adapted to the intelligence context.

Extending MCDA to the context of intelligence is the
main idea advanced in this paper. To the best of our knowl-
edge, the literature review reveals only one master thesis
on the effectiveness of multicriteria intelligence matrices
for intelligence [25]. This research work discusses relevant

literature existing on the conventional form of MCDA and
addresses the difference necessary to convert MCDA to
an intelligence methodology. It did not propose a new
methodology but rather tested empirically the value of using
multicriteria intelligencematrices to support analysts in their
intelligence work. More specifically, the author conducted
controlled experiment with intelligence analysts to test the
hypothesis that MCDA is a valuable method to use in intelli-
gence. Initial findings suggest that multicriteria intelligence
matrices are likely to be a valuable method to use when
conducting intelligence analysis. As there is no work on the
methodological side to convertMCDA to a newmethodology
valuable for intelligence context, this paper will propose the
main pillar of a new MCIA methodology. To develop this
methodology, a combination of multidisciplinary existing
methods from MCDA, artificial intelligence, and fuzzy sets
theory is proposed.

3. A Multicriteria Intelligence
Aid (MCIA) Methodology

In this section, we present the main steps of the pro-
posed Multicriteria Intelligence Aid (MCIA) methodology.
The proposed methodology is presented in general terms
and could be applied in the context of either competitor
intelligence or military intelligence. The terms “adversary”
and “competitor/threat” will be used and will refer to the
competitor if in business context or the threat if in military
context. The MCIA methodology proposed here aims at
supporting intelligence analyst in structuring the adversary
decision-making problem and anticipating threats and their
actions. All MCIA steps from the structuring phase to the
recommendation will be highlighted.
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Mainly, the methodology is composed of the following
five steps as illustrated in Figure 1.

Step 1. Structuring the competitor/threat decision-making
problem:

(i) Generating threats.
(ii) Anticipating adversary potential actions.
(iii) Defining the list of criteria and evaluating the poten-

tial actions according to these criteria.
(iv) Modeling the competitor/threat preferences.

Step 2. Handling imperfect data.

Step 3. Modeling the analyst’s risk attitude.

Step 4. Multicriteria performance aggregation.

In order to detail all the steps of the methodology
presented in Figure 1, a multidisciplinary approach is needed.
Techniques and tools from multicriteria decision aid, artifi-
cial intelligence, uncertainty modeling, and fuzzy sets will be
combined together. In this paper, we focus on the following
steps: threat and action generation, handling uncertainty and
imprecision, modeling the analyst’s risk attitude, and the
performance aggregation. We show how existent techniques
andmethods inMCDA,AI, and fuzzy sets could contribute to
the development of such amethodology.This paper supposes
that the adversary preferences are known from available data
and modeled. Development in this area is out of the scope of
this paper.

3.1. Step 1: Structuring the Competitor/Threat Decision-Making
Problem. Structuring the competitor/threat decision-making
problem consists of four activities: generating threats, antic-
ipating competitor/threat potential actions, defining the list
of criteria, and evaluating the actions according to this set of
criteria.

(a) Generating Competitor/Threat Potential Actions. In prac-
tice, a panoply of techniques and tools for stimulation of
creativity are used for actions generation.All these techniques
suppose that the decision-maker is known and could par-
ticipate in action generation process. In intelligence context
(for either business intelligence or military intelligence), this
is not the case, since the decision-maker is not involved
in the process. The analysis of information from multiple
heterogeneous sources supports the analyst in the generation
of threats and the anticipation of actions.Though under time
pressure and data overload, the analyst needs to be supported
in this effort because of his limited ability to rigorously follow
effective methods for generating, managing, and evaluating
hypothesis. In such situations, we cannot, as in classical
MCDA, structure the problem along with the decision-
maker, but rather we need to use historical/available data to
anticipate his future decisions. AI techniques and specifically
reasoning techniques are valuable techniques to address
action generation in MCIA context.

(b) Defining the List of Criteria and Evaluating the Actions
according toThese Criteria. In order to prioritize the potential
actions inferred in the previous step, the intelligence analyst
will need first to define the list of criteria the threat is more
likely to consider. The top-down approach of Keeney [26]
and the bottom-up approach of Roy [9] are still valuable in
intelligence analysis context. The top-down approach derives
the criteria by decomposing the objectives and the bottom-
up approach develops the criteria by analyzing and regroup-
ing the action’s consequences. In particular, in intelligence
context and with Kenney’s approach, it is important for the
intelligence analyst to have a clear understanding of the
adversary general and specific objectives.

Once the list of criteria is defined, the intelligence analyst
has to evaluate how well each competitor/threat potential
action meets each criterion. Classical MCDA methods sup-
pose that the ratings of alternatives are crisp numbers. In
intelligence context, this is recognized as unrealistic and it is
unlikely that the analyst will be able to give such crisp ratings.
He will be necessarily imprecise. Thus, to overcome this
difficulty, it is more natural for the analyst, when evaluating
the competitor/threat actions, to describe the action’s ratings
according to each criterion in linguistic terms, for example,
“very low,” “medium,” “high,” and “fair.” Suppose that we
have 𝑚 actions 𝐴 𝑖 (𝑖 = 1, . . . , 𝑚) and 𝑛 criteria 𝐶𝑗 (𝑗 =1, . . . , 𝑛). The evaluation matrix is expressed by

𝐶𝑗
𝐴 𝑖 [[[[[

𝑥11 ⋅ ⋅ ⋅ 𝑥1𝑛... d
...𝑥𝑚1 ⋅ ⋅ ⋅ 𝑥𝑚𝑛
]]]]]

, (1)

where𝑥𝑖𝑗 represents the linguistic rating of alternative𝐴 𝑖with
respect to criterion 𝐶𝑗. The relative importance of criteria
is given by �̃� = (𝑤𝑖), where 𝑤𝑗 represents the weight of
criterion 𝐶𝑗.

In MCDA, such matrices are called “decision matrices,”
but we prefer to use here the term “intelligence matrices”
because they will be used in the perspective of intelligence
support instead of decision support.

Once the multicriteria intelligence matrix is completed
with the linguistic variables, the next step will consist of
adversary preference modeling. In classical MCDA, the
preference elicitation could be done using a panoply of
techniques: utility theory, valued functions, pairwise com-
parison, tradeoffs, discrimination thresholds, and so forth.
However, in the context of intelligence underlying MCIA,
these techniques need to be adapted and combined with
reasoning techniques to be able to infer the preferences
from past adversary reactions. AI techniques like case-based
reasoning while combined with pairwise comparison and
tradeoffs will be valuable to answer this challenging question.

3.2. Step 2: Handling Imperfect Data. The MCIA methodol-
ogy has to deal with imperfect data. Imperfect data includes
datawhich is uncertain, imprecise, or ambiguous.This imper-
fection is inherent to the intelligence context and cannot
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Figure 1: MCIA methodology.

be ignored, specifically the imprecision of the ratings which
is a common problem for intelligence situations. In fact, it
is difficult for the analyst to predict precise ratings of the
adversary actions according to the list of criteria as if the
competitor/threat would have done. However, imprecision
is not the only imperfection that needs to be considered. In
fact, many types of uncertainty and risk exist. Stewart [28]
defines two categories of uncertainty: external uncertainty
and internal uncertainty. External uncertainty refers to the
lack of knowledge about the consequences of a particular
choice (decision). This includes (i) random uncertainty that
arises because of unpredictable state of the nature (this
is outside the control of the analyst) and (ii) epistemic
uncertainty that is due to lack of data and knowledge
about different phenomena. Internal uncertainty is related to
ambiguity/imprecision of the data because it refers to human
judgments, preferences, values, and risk attitudes.

The MCIA methodology proposed in this paper mod-
els internal uncertainty due to imprecision and subjective
human judgment. As discussed earlier, because of the diffi-
culty encountered by the analyst while evaluating competi-
tor/threat actions, the ratings of the actions will be expressed
in linguistic terms, for example, “very low,” “medium,”
“high,” and “fair.” Then, the linguistic decision analysis
approach [29–31] will be used as an approximate way to rep-
resent natural words or sentences used in human judgment
and perception. Accordingly, the linguistic description of the
analyst will be transformed into fuzzy numbers in order to
deal with the uncertainty of the ratings. A fuzzy number is
a convex fuzzy set, characterized by a given interval of real
numbers, each with a grade of membership between 0 and 1.
At this step, the analyst will make the choice of a type of fuzzy
numbers (triangular, trapezoidal, etc.) depending on how he
will perceive the imprecision related to each criterion.

If the analyst chooses triangular fuzzy numbers, the
membership function will be defined as follows:

𝜇𝑎 (𝑥) =
{{{{{{{{{{{{{

(𝑥 − 𝑎1)(𝑎2 − 𝑎1) , 𝑎1 ≤ 𝑥 ≤ 𝑎2,(𝑎3 − 𝑥)(𝑎3 − 𝑎2) , 𝑎2 ≤ 𝑥 ≤ 𝑎3,
0, otherwise.

(2)

Very low Low Medium High Very high

0

X

1

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Term Membership function
Very low (VL) (0.00, 0.10, 0.25)
Low (L) (0.15, 0.30, 0.45)
Medium (M) (0.35, 0.50, 0.65)
High (H) (0.55, 0.70, 0.85)
Very high (VH) (0.75, 0.90, 1.00)

Figure 2: Fuzzy triangular membership functions.

The triangular fuzzy number is based on a three-value
judgment: the minimum possible value 𝑎1, the most possible
value 𝑎2, and the maximum possible value 𝑎3. Example of
linguistic variables modeled with fuzzy numbers is given in
Figure 2.

3.3. Step 3: Modeling the Analyst’s Risk Attitude. When
evaluating and ranking different competitor’s/threat’s actions,
the intelligence analyst could express different risk atti-
tudes (from absolutely optimistic to absolutely pessimistic),
depending on the context, on the significance of the action,
and on its consequences. The attitude towards risk of the
analyst will have an impact on the ranking of the different
actions. The intelligence analyst’s risk attitude could also
differ from one criterion to another depending on the relative
importance of each criterion. Ultimately, the analyst would
not like to take risk for the evaluation of the criteria with high
relative importance. Analyst’s risk attitude is a valuable way
to tackle not only the imprecision but also the subjectivity
related to his judgments.
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Table 2: Linguistic terms of risk attitudes and their related fuzzy numbers [27].

Linguistic term
Triangular fuzzy number
derived from (𝑎1, 𝑎2, 𝑎3) for
criteria to be maximized

Triangular fuzzy number
derived from (𝑎1, 𝑎2, 𝑎3) for
criteria to be minimized

Absolutely optimistic (AO) (𝑎1, 𝑎3, 𝑎3) (𝑎1, 𝑎1, 𝑎3)
Very optimistic (VO) (𝑎1, (𝑎2 + 3𝑎3)/4, 𝑎3) (𝑎1, (𝑎2 + 3𝑎1)/4, 𝑎3)
Optimistic (O) (𝑎1, (𝑎2 + 𝑎3)/2, 𝑎3) (𝑎1, (𝑎2 + 𝑎1)/2, 𝑎3)
Fairly optimistic (FO) (𝑎1, (3𝑎2 + 𝑎3)/4, 𝑎3) (𝑎1, (3𝑎2 + 𝑎1)/4, 𝑎3)
Neutral (𝑎1, 𝑎2, 𝑎3) (𝑎1, 𝑎2, 𝑎3)
Fairly pessimistic (FP) (𝑎1, (3𝑎2 + 𝑎1)/4, 𝑎3) (𝑎1, (3𝑎2 + 𝑎3)/4, 𝑎3)
Pessimistic (P) (𝑎1, (𝑎2 + 𝑎1)/2, 𝑎3) (𝑎1, (𝑎2 + 𝑎3)/2, 𝑎3)
Very pessimistic (VP) (𝑎1, (𝑎2 + 3𝑎1)/4, 𝑎3) (𝑎1, (𝑎2 + 3𝑎3)/4, 𝑎3)
Absolutely pessimistic (AP) (𝑎1, 𝑎1, 𝑎3) (𝑎1, 𝑎3, 𝑎3)

To model the risk attitude of the intelligence analyst, we
consider the work of Fenton and Wang [27] which proposes
how to incorporate the DM’s risk attitudes into the general
fuzzy MCDA approach. This attitude risk modeling is logical
and interesting.Wemake the choice to use thismodel because
it considers linguistic terms modeled by fuzzy sets as is the
case in our context. In fact, intelligence analyst would only be
able to express qualitatively (with linguistic terms) the evalu-
ation because of the uncertainty, imprecision, and ambiguity
associated with the context.The research work of Fenton and
Wang [27] is proposed in the context of decision-making
but could be simply adopted in the context of intelligence
analysis support.The authors use natural language to describe
an appropriate range of attitudes between the extremes of
“optimism” and “pessimism.” In Fenton andWang [27], nine
terms expressing nine different attitudes towards risk were
considered based on Miller’s theory of cognitive retention
[32]. Then, for each term, the fuzzy number expressing the
linguistic variable (ratings of the action on certain criteria) is
modified to model the extent to which the evaluation needs
to be impacted by the decision-maker’s risk attitude.

To incorporate the risk attitude to the triangular fuzzy
number (𝑎1, 𝑎2, 𝑎3), Fenton and Wang [27] use an ordered
structure. As shown in Table 2, actions evaluation will be
modeled with (𝑎1, 𝑎2, 𝑎3) for neutral attitude and with (𝑎1,𝑎3, 𝑎3) and (𝑎1, 𝑎1, 𝑎3), respectively, for absolutely optimistic
(AO) and absolutely pessimistic (AP) for criteria to be
maximized. If the criteria have to be minimized, (𝑎1, 𝑎3, 𝑎3)
and (𝑎1, 𝑎1, 𝑎3) will, respectively, model the fuzzy number for
absolutely pessimistic (AP) and absolutely optimistic (AO).

In the MCIA methodology, the fuzzy ratings will be
transformed using formulas in Table 2 in order to express
the subjectivity of the intelligence analyst. Depending on the
criteria weight, the intelligence analyst’s attitude towards risk
could differ significantly. He could, for instance, show neutral
attitude if the criteria are neither important nor unimportant.
In case the criteria are extremely important, the analyst could
show pessimistic attitude and avoid being too optimistic for
fear that in reality the competitor/threat will not rate the
action so high. Figure 3 illustrates the impact of the risk
attitude on the membership function.

X

1

a1 a2 a3

Figure 3: Transformation of the membership function depending
on the analyst’s risk attitude.

3.4. Step 4: Multicriteria Performance Aggregation. To per-
form the ranking of the different competitor/threat actions,
we propose using a fuzzy MCDM method. As shown in
Section 2, many fuzzy methods have been developed in the
literature. Specifically,methods belonging to one of these four
fuzzy methodologies could be considered: the fuzzy ranking
methods, the fuzzy analytic hierarchy process (AHP) meth-
ods, defuzzification based methods, and fuzzy outranking
methods. Each category has its advantages and disadvantages.
As previously indicated in Section 2, a relatively great number
of methods do exist. Some examples of fuzzy methods have
been developed in Yager [15], Yager [16], Chen [17], Deng
[18], Cheng et al. [19], Yeh and Deng [20], and Ribeiro [14].
Some fuzzy methods were derived from the approximation
approach as the fuzzy max–min [21] and the fuzzy weighted
sum [22–24].Other researches also generalized some classical
methods to the fuzzy context such as fuzzy TOPSIS [17]
and fuzzy AHP [19]. We just need in this step of the MCIA
methodology to be cautious and to make an informed choice
for the method based on its strengths and weaknesses.

4. Illustration

In the next paragraphs, we present an illustration of the pro-
posed methodology in the military context. Let us consider a
military intelligence analyst facing a threat situation forwhich
he is looking to anticipate threat future actions.
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Table 3: List of criteria.

Suitability𝐶1 Accomplishing threat’s objectives (to be maximized)𝐶2 Consistency with doctrine and past activities (to be maximized)𝐶3 Taking advantage of adversary capability (to be maximized)𝐶4 Taking advantage of the battlefield environment (to be maximized)𝐶5 Taking advantage of the friendly disposition (to be maximized)
Risk𝐶6 Personnel loss (to be minimized)𝐶7 Collateral damage (to be minimized)𝐶8 Confrontation risk (to be minimized)𝐶9 Equipment reliability (to be maximized)𝐶10 Personnel effectiveness (to be maximized)
Complexity𝐶11 Operation complexity (to be minimized)𝐶12 Logistic complexity (to be minimized)
Loss of opportunities𝐶13 Cost of resources (to be minimized)

4.1. Step 1: Structuring the Threat Decision-Making Problem

(a) Generating Threat Potential Actions. In this step, reason-
ing techniques could be combined together and with the
intelligence analyst’s inputs in order to efficiently generate
the threats and their actions. This is an interactive action
generation method that is implemented within a semiauto-
mated system. With an appropriate graphical user interface
(GUI), the analyst is able to specify all the information
that is relevant for the given situation and the uncertainty
about the situation. From this original representation, the
user will already be able to identify potential threats and
specify possible courses of action (COA) for them. Then, the
situation representation will be transformed into a situation
model. A situation model is a formal representation of a
situation, its dependencies, and its uncertainty. Afterwards,
situational facts will be extracted from the situation model
and various automated reasoning approaches (rule-based,
description logics, and case-based reasoning) will infer new
situational facts from existing ones. The inferred situational
facts will be used to augment the initial situation model. In
this illustration, case-based reasoning (CBR) will be used for
this inference. CBR allows identifying past situations that
are similar to the current situation. This is done using a
similarity measure. A similarity measure takes into account
and weighs every situational fact present in the situation
template. It compares them with the situational facts present
in past situations. Each identified past situation will have a
set of identified threats and COAs.The user will analyze them
and identify threats and COAs relevant to his context. For the
sake of illustration, we consider that the intelligence analyst
has inferred four potential actions (𝐴1, 𝐴2, 𝐴3, and 𝐴4).
(b) Defining the List of Criteria and Evaluating the Actions
according to These Criteria. Table 3 presents a list of criteria
which is applied in this context to evaluate the threat potential
actions. Four criteria (suitability, risk, complexity, and loss of

opportunity) are considered with a set of indicators (𝐶1 to𝐶13) allowing measuring each one of them.
Once the list of criteria is defined, the intelligence analyst

has to evaluate how well each competitor/threat potential
action meets each criterion. It is more natural for the analyst,
when evaluating the competitor/threat” actions, to describe
the action’s ratings in linguistic terms, for example, “very
low,” “medium,” “high,” and “fair.” The intelligence analyst
will complete a linguistic evaluation of the potential actions
according to suitability, complexity, risk, and loss of opportu-
nities/cost. It is assumed that the threat will prefer the COA
that will offer to the adversary the greatest advantages while
minimizing risk. Table 4 presents the intelligence matrix
as completed by the analyst. The used linguistic scale for
evaluation is as follows: VL, very low; L, low; M, medium;
H, high; and VH, very high.

4.2. Step 2: Handling Imperfect Data. In this situation, the
analystmakes the choice of triangular fuzzy number tomodel
the linguistic variables. The used membership function is
given by (2) (see Section 3.3), where parameters of the
membership functions (𝑎1, 𝑎2, 𝑎3) are given in Table 5.

4.3. Step 3: Modeling the Analyst’s Risk Attitude. When
evaluating the different competitor’s/threat’s actions, the
intelligence analyst will express different risk attitudes (from
absolutely optimistic to absolutely pessimistic), depending
on the context, on the significance of the action, and on its
consequences. We assume in this illustration that the attitude
towards risk of the intelligence analyst is optimistic. To
incorporate the risk attitude to the triangular fuzzy number,
the transformation proposed in Fenton andWang [27] is used
(see Table 2).The transformed fuzzy numbers associated with
each linguistic term will be transformed using the following
formulas: (𝑎1, (𝑎2+𝑎3)/2, 𝑎3) for criteria to be minimized and
(𝑎1, (𝑎2 + 𝑎1)/2, 𝑎3) for criteria to be maximized. As a result,
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Table 4: Intelligence matrix.

𝐴1 𝐴2 𝐴3 𝐴4𝐶1 (max) VH H VH M𝐶2 (max) M VH H VH𝐶3 (max) L M H H𝐶4 (max) VH H M VH𝐶5 (max) H M VL VH𝐶6 (min) H M VH VL𝐶7 (min) H H M L𝐶8 (min) H VH M L𝐶9 (max) M M H VH𝐶10 (max) L VL M M𝐶11 (min) VH VH M L𝐶12 (min) VH VH L M𝐶13 (min) VH VH H H

Table 5: Membership functions.

Linguistic term Membership function (𝑎1, 𝑎2, 𝑎3)
Very low (VL) (0.00, 0.10, 0.25)
Low (L) (0.15, 0.30, 0.45)
Medium (M) (0.35, 0.50, 0.65)
High (H) (0.55, 0.70, 0.85)
Very high (VH) (0.75, 0.90, 1.00)

the membership incorporating the analyst’s risk attitude will
be as shown in Table 6.

Table 7 gives the intelligencematrix obtained by using the
transformation in Table 6.

4.4. Step 4: Multicriteria Performance Aggregation. In this
step, the analyst will use a fuzzy MCDM method. As dis-
cussed earlier in Section 3.4, a relatively great number of
methods do exist. We just need in this step of the MCIA
methodology to be cautious and to make an informed choice
for themethod based on its strengths andweaknesses. For the
sake of illustration, we will do the multicriteria performance
aggregation using fuzzy TOPSIS.

The intelligence matrix is given in Table 7.
(1) Determine the positive ideal 𝐴∗ and the negative

ideal 𝐴− solutions: we consider 𝐽1 the set of criteria to be
maximized and 𝐽2 the set of criteria to be minimized and
determine the positive ideal and negative ideal using the
following formulas:

𝐴∗ = (V∗1 , V∗2 , . . . , V∗𝑗 , . . . , V∗𝑚) = (max
𝑖

V𝑖𝑗 | 𝑗
∈ 𝐽1, min

𝑖
V𝑖𝑗 | 𝑗 ∈ 𝐽2, 𝑖 = 1, . . . , 𝑁) ,

𝐴∗ = (VH,VH,H,VH,VH,VL, L, L,VH,M, L, L,H) ,

Table 6: Membership functions with the risk attitude of the analyst.

Linguistic term
Membership function

for criteria to be
minimized

Membership function
for criteria to be
maximized

Very low (VL) (0, 0,175, 0,25) (0, 0,05, 0,25)
Low (L) (0,15, 0,375, 0,45) (0,15, 0,225, 0,45)
Medium (M) (0,35, 0,575, 0,65) (0,35, 0,425, 0,65)
High (H) (0,55, 0,775, 0,85) (0,55, 0,625, 0,85)
Very high (VH) (0,75, 0,95, 1) (0,75, 0,825, 1)

𝐴− = (V−1 , V−2 , . . . , V−𝑗 , . . . , V−𝑚) = (min
𝑖

V𝑖𝑗 | 𝑗
∈ 𝐽1, max

𝑖
V𝑖𝑗 | 𝑗 ∈ 𝐽2, 𝑖 = 1, . . . , 𝑁) ,

𝐴− = (M,M, L,M,VL,VH,H,VH,M,VL,VH,VH,VH) .
(3)

(2) Calculate the separationmeasures for each alternative𝑖: the separation from the positive ideal and the negative ideal
alternative is given by

𝑆∗𝑖 = 𝑛∑
𝑗=1

𝑑 (V𝑖𝑗 − V∗𝑗 ) ,
𝑆−𝑖 = 𝑛∑
𝑗=1

𝑑 (V𝑖𝑗 − V−𝑗 ) ,
(4)

where 𝑛 is the number of criteria.
Consider

𝑑 (𝑎, 𝑏) = √ 13 [(𝑎1 − 𝑏1)2 + (𝑎2 − 𝑏2)2 + (𝑎3 − 𝑏3)2] . (5)

The results are given in Table 8.
(3) Calculate the relative closeness to the ideal solution

using the following equation:

𝐶∗𝑖 = 𝑆−𝑖𝑆∗𝑖 + 𝑆−𝑖 . (6)

The results of the Fuzzy TOPSIS recommends 𝐴3 which has
the maximum value for 𝐶∗(see Table 9).

With these results, the analyst will be provided with an
indication on which action is more likely to be chosen by
the threat. As action generation was based on case-based
reasoning (in Step 1), the four actions considered here are
similar to what the threat had chosen to do in the past. The
MCIA analysis of these 4 actions will give the analyst insights
on the ranking of the four actions. Considering the list of
criteria and the attitude towards risk of the analyst, results
show that action 𝐴3 is more likely to be chosen, followed by𝐴1, 𝐴2, and 𝐴4. Once this information is known, military
experts will make informed decisions and therefore get an
advantage on the threat.
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Table 7: Intelligence matrix.

𝐴1 𝐴2 𝐴3 𝐴4𝐶1 (max) (0,75, 0,825, 1) (0,55, 0,625, 0,85) (0,75, 0,825, 1) (0,35, 0,425, 0,65)𝐶2 (max) (0,35, 0,425, 0,65) (0,75, 0,825, 1) (0,55, 0,625, 0,85) (0,75, 0,825, 1)𝐶3 (max) (0,15, 0,225, 0,45) (0,35, 0,425, 0,65) (0,55, 0,625, 0,85) (0,55, 0,625, 0,85)𝐶4 (max) (0,75, 0,825, 1) (0,55, 0,625, 0,85) (0,35, 0,425, 0,65) (0,75, 0,825, 1)𝐶5 (max) (0,55, 0,775, 0,85) (0,35, 0,425, 0,65) (0, 0,05, 0,25) (0,75, 0,825, 1)𝐶6 (min) (0,55, 0,775, 0,85) (0,35, 0,575, 0,65) (0,75, 0,95, 1) (0, 0,175, 0,25)𝐶7 (min) (0,55, 0,775, 0,85) (0,55, 0,775, 0,85) (0,35, 0,575, 0,65) (0,15, 0,375, 0,45)𝐶8 (min) (0,55, 0,775, 0,85) (0,75, 0,95, 1) (0,35, 0,575, 0,65) (0,15, 0,375, 0,45)𝐶9 (max) (0,35, 0,425, 0,65) (0,35, 0,425, 0,65) (0,55, 0,625, 0,85) (0,75, 0,825, 1)𝐶10 (max) (0,15, 0,225, 0,45) (0, 0,05, 0,25) (0,35, 0,425, 0,65) (0,35, 0,425, 0,65)𝐶11 (min) (0,75, 0,95, 1) (0,75, 0,95, 1) (0,35, 0,575, 0,65) (0,15, 0,375, 0,45)𝐶12 (min) (0,75, 0,95, 1) (0,75, 0,95, 1) (0,15, 0,375, 0,45) (0,35, 0,575, 0,65)𝐶13 (min) (0,75, 0,95, 1) (0,75, 0,95, 1) (0,55, 0,775, 0,85) (0,55, 0,775, 0,85)

Table 8: Separation measures.

𝐴1 𝐴2 𝐴3 𝐴4𝑆∗ 4,2260 4,3997 2,8279 5,8992𝑆− 1,9260 1,7352 2,9572 0,5841

Table 9

𝐶∗ 0,3131 0,2828 0,5112 0,0901

As in the military context, the methodology will be valu-
able in the business context. In fact, it will provide business
executives with better informational and intelligence support
that provides them with a basis for improved decision-
making. Better decisions will in turn lead to reaching the
established business goals. By having a proactive attitude
(anticipating what is going to happen instead of simply
reacting), the company will better understand external influ-
ences, make timely and right decisions, and then get a better
position in the market.

Compared to classical MCDA, the proposed methodol-
ogy will be part of the intelligence process, which is prior
to the decision-making process. It is concerned with the
competitor/threat decisions and not with our own decision-
making process as in MCDA. In fact, MCDA involves the
decision-maker in the process; however, MCIA cannot do
it. While MCDA uses several techniques to elucidate the
decision-maker’s preference modeling (as direct elicitation,
AHP, etc.), MCIA uses reasoning techniques from artificial
intelligence to infer information on the competitor/threat.
Furthermore, MCIA cannot evolve other than in a context
of uncertainty, incompleteness, and ambiguity because of
partial ignorance on the competitor/threat. This increases
the complexity and the challenges of the problem. The new
MCIA field is promising and needs further research in
order to continue developing this methodology. For instance,
development in the area of competitor threat preference
modeling is required.

5. Conclusion

This paper extends the multicriteria decision aid method-
ology to the context of intelligence analysis. The proposed
“Multicriteria Intelligence Aid” (MCIA) methodology aims
at supporting the intelligence analyst in structuring the
competitor/threat decision problem and in anticipating their
actions. Its main pillars are exposed in the paper. The
methodology uses a panoply of techniques from artificial
intelligence,MCDA, and fuzzymulticriteria decision analysis
and shows how existent techniques in these areas could be
combined together in order to develop such a methodology.
The methodology was illustrated with an application in the
military context. Results show that the novel methodology is
applicable and provides interesting and valuable results for
the analyst. As intelligence is increasingly relevant today in
a big data context, this methodology will support business
executives, military, and governments in exploiting the huge
amount of data and anticipating threat/competitor future
decisions.
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[9] B. Roy, “Méthodologie multicritère d’aide à la decision,” Eco-
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Although many Operational Research models have been applied to disaster response operations, few researchers aim at revealing
DecisionMakers’ goals or measuring their trade-offs.This article uses a holistic Multi-Criteria Decision Analysis (MCDA)method
to elucidate what objectives to pursue and to create appropriate strategies for planning vital items delivery to victims. We propose
a framework for applying a Multi-Attribute ValueTheory technique and test it with a humanitarian Decision Maker. The resulting
mathematicalmodel can be used to evaluate guidelines thatmake on-field decisions easier, improving (or at least not compromising)
their outcomes. Our contribution to the MCDA field includes the documentation of an alternative generation methodology.

1. Introduction

When a disaster as an earthquake or hurricane strikes, the
logistics operations that take place under the principles
of humanity, neutrality, and impartiality, aiming to save
the victims and helping them to cope with their losses,
are called humanitarian logistics [1]. Even though the field
also comprises actions to help preventing disasters from
happening and to diminish their consequences, the decision
explored throughout this paper focuses on the so-called
response phase, which begins just after a disaster occurs and
before efforts switch to reconstruction and rehabilitation of
the affected community [1].

Delivering relief items to disaster victims is one of the
most important tasks executed by humanitarian players, such
asTheRed Cross and Red Crescent Society, when responding
to a disaster. Decisions made by those who perform trans-
portation activities include assigning improvised distribution

centres to all areas where victims are awaiting for help,
deciding what is to be loaded into each available vehicle and
designing their routes [2]. The last-mile delivery of cargo
is even more complex than it is for traditional logistics,
not only due to disruptions of local infrastructure and the
typically tense environment of disaster aftermath, but also
because demand typically exceeds the delivery capacity, as
the available fleet is limited. Moreover, some of the multiple
objectives that guide vehicle dispatch decisions are very
specific or hard tomeasure andmay conflictwith one another.
For instance, the distribution ought to be proportionally
equal among beneficiaries to avoid tension increase, which
is a unique feature of the humanitarian field [3], but, at
the same time, Decision Makers aim at delivering as much
cargo as possible, which may lead to service level disparities
if some victims are harder to reach than others. Further-
more, the traditional balance between level of service and
transportation cost is also found in humanitarian operations:
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although the cost is not to be minimized, it may represent
a constraint if humanitarian organizations’ budgets are low.
Recently, to fill the gap of performancemeasurements specific
to the field, Holguı́n-Veras et al. [4] introduced the concept
of deprivation cost, a cost function that reflects victims’
suffering from not having a vital item, and how it increases
with delay time. Such a function is hard to build and, even
though the victims’ wellbeing is the fundamental objective
of humanitarian operations, there are other factors to be
considered, as shown by the value model developed for this
research.

The overwhelming context of humanitarian logistics has
been acknowledged by the academia, motivating the usage of
Operational Research (OR) to tackle different problems faced
before and after a disaster occurs [5]. As shown in literature
reviews by Altay and Green [6], De La Torre et al. [7],
and Holguı́n-Veras et al. [4], several published mathematical
programming models aim at drawing a distribution plan
for humanitarian logistics. Such optimization approaches
assume objectives of relief distribution are known, as well
as their relative importance when more than one objective
is considered. Some authors have also attempted to assess
trade-offs among humanitarian criteria [8], while others have
focused on the development of performance measurements
suitable for the field [4, 9, 10]. Yet, the problem-structuring
phase has been given little attention by modelers, even
though it is argued to be a crucial step for developing better
alternatives to solve a problem [11, 12].

Considering both the absence of tools to support dispatch
decisions for humanitarian logisticians and the great amount
of mathematical programming models that optimize relief
distribution, we identified the need of developing appropriate
strategies for this task. It seems to be the time to take a step
back and perform a decision analysis to elicit the objectives
of humanitarian players when distributing goods to disaster
victims, since without a model to support their decision,
logisticians must rely on mind models, based on nonex-
plicit assumptions which may not be accurate. Moreover,
relationships among the objectives are to be identified and
quantified. To accomplish that, we use a combination of
problem-structuring and Multiple-Criteria Decision Analy-
sis (MCDA) methodologies to study the problem.

MCDA consists of evaluating alternatives to a given deci-
sion against upon a set of performance criteria, to improve
decision-making [13]. That is, to carry on a MCDA one must
know, to the very least, the decision to bemade, its alternative
solutions, and relevant evaluation criteria for choosing the
best alternative. Controversially, MCDA methodologies do
not cover all steps for defining these three aspects of decision-
making, perhaps because problem-structuring had not been
given much attention until recently. In fact, in a recent litera-
ture review [14], problem-structuring methods are separated
fromMCDAmethodologies, although the authors mention a
few holistic methodologies, like Keeney’s [11] Value-Focused
Thinking (VFT) approach.

According to VFT, a decision opportunity should be
tackled by focusing on Decision Makers’ goals that can be
directly or indirectly fulfilled by decision outcomes [16].

Hence, VFT takes a different starting point than alternative-
focused thinking, which considers possible alternatives in
the early stages of modeling (as do MCDA outranking
methods, e.g.) [17]. As a result, Keeney’s method leads to the
identification of more alternatives and better performance
criteria than alternative-focused thinking. This is especially
important for decisions such as policy/strategy designing, for
which the identification of alternatives is not a straightfor-
ward task (as opposed to choosing a supplier, e.g.). However,
VFT is generic in the sense that it does not specify how
alternatives should be scored against the criteria, nor does it
specify a way to aggregate these partial scores. Hence, it is
necessary to combine VFT with a MCDA technique. Within
the existing MCDA techniques, those of value measurement
are specially suited for Keeney’s [11] Value-FocusedThinking
(VFT) approach, as pointed out elsewhere [17].

In general, an application of value measurement method-
ologies follows the steps of (1) identification of decision
opportunity; (2) elicitation of objectives; (3) definition of
criteria; (4) formulation of alternatives; (5) scoring alterna-
tives against each criterion; (6) assessment of criteria weights;
(7) aggregation of results; and (8) analyzing results [13,
15]. The first four stages comprise the problem-structuring
phase, which must be wisely carried out, as inconsistencies
between Decision Makers’ values and the model structure
undermine the quality of its results. Nonetheless, although
unwell structured models restrain the creation of new, better
alternatives for a decision [11, 12, 16, 18], many authors treat
decision opportunities as given problems associated with
known performance criteria, not paying enough attention to
problem-structuring [19, 20].

In this paper, a Multi-Attribute Value Theory (MAVT)
methodology is applied with VFT to elucidate the objec-
tives of delivering cargo to disaster victims during response
operations, create solution alternatives, and evaluate them.
Because of the nature of the problem studied here, alter-
natives turned out to be policies that could be used to
expedite aid delivery planning in disaster aftermath, so it
was necessary to use a specific technique for designing such
policies, namely, the Strategy Generation Table and Analysis
of InterconnectedAreas (AIDA). AsMAVTuses partial value
functions to measure the level of accomplishment of each
relevant performance criterion, it must be followed by a
ranking method to aggregate these partial results. For this
purpose, we build a SimpleMulti-Attribute Rating Technique
with Exploiting Ranks (SMARTER) model, which burdens
the Decision Maker (DM) with less cognitive weight than
other MAVT methods, without compromising the solution
quality [21, 22].

MAVT has been applied before [23] to a different human-
itarian logistics problem (site location) and with Preference
Ranking Organization Method for Enriching Evaluations
II instead of SMARTER—we chose SMARTER because it
could be easily adapted for use via online questionnaires.
Those authors, however, used international standards for risk
and vulnerability assessments as evaluation criteria, instead
of consulting with real Decision Makers. Also, as done
elsewhere [20, 24], we used the literature to complement
the DM’s view on the problem. Other MCDA methods have
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been recently applied to facility-location decisions faced by
humanitarian logisticians, as the hybrid AHP-based heuristic
presented in the works of [20, 24, 25], without documenting
the processes used for alternative generation and criteria
definition. As far asMCDAmethodologies go, to the authors’
knowledge this is the first work to combine VFT with
SMARTER and AIDA and, most importantly, to cover all
phases of MCDA (see, e.g., literature reviews [14, 17, 26]).
Hence, our contribution to the MCDA literature is twofold:
we expand the MAVT’s applicable fields, as to the best of our
knowledge no earlier application to aid distribution has been
made; and we propose a combination of problem-structuring
and MCDA techniques that are especially suited for policy
designing problems, covering all phases of MCDAmodeling.
It is not within the scope of this work to compare themethod-
ologies chosen here with other existing MCDA techniques,
but to propose a combination that can be successfully used
for strategic decision problems, such as policy designing.
As different methodologies give different emphasis to each
modeling step [14], choosing a suitable MCDA method (or
a combination of methods) may be challenging.

The article is organized as follows: in Section 2, the
methodology used in this work is presented; Section 3
presents the results of applying SMARTER to the aid delivery
problem; and, in Section 4, final remarks are given.

2. Methodology

Before explaining how each step of MCDA was carried out
in this research, it is important to state how the interactions
between the contact-author of this paper and the DM
happened. In fact, the author played two roles during the
modeling process: as an interviewer, she interacted with the
DM through one meeting and four online surveys, enabled
by Survey Monkey and Survey Gizmo online platforms; as a
modeler, the author translated all the information provided
by the DM into a computational language, using the software
VISA version 8.1 for Windows. Two parallel environments
may be defined to illustrate the dynamic of model-building
tasks, one characterized by discussions and brainstorming
guided by the interviewer, employing aValue-FocusedThink-
ing approach, and another comprising the modeling process
itself, which followed the SMARTER methodology. Figure 1
illustrates both environments, representing the author at their
intersection.

The MCDA process used here is divided into three
modeling phases, presented next, following Franco andMon-
tibeller’s [15] framework for MCDA methodologies. For this
work, as there was limited access to real Decision Makers,
we used information available at humanitarian organiza-
tions’ websites and from academic literature to complement
the DM’s views and enrich brainstorming steps. The DM
consulted is a former Brazilian Captain who worked on
the United Nations Stabilization Mission in Haiti, MINUS-
TAH, before and after the 2010 earthquakes, serving the
Brazilian military peacemaking troop. At that occasion,
few humanitarian organizations had the resources to work
independently, so a scarce fleet was shared among them. To
coordinate such a system, all decisions weremade by the Joint

Operations and Tasking Centre (JOTC), a committee formed
by representatives from the MINUSTAH and the UN’s Office
for the Coordination of Humanitarian Affairs (OCHA). As a
coordinator’s point of view was desired for this work, the DM
was asked to use his experience with the JOTC to support his
inputs on all modeling phases.

In the first modeling phase, the problem (or decision
opportunity) to be analyzed is defined. Before contacting the
DM, the authors of this paper executed a literature review on
academic and nonacademic material, to consolidate impor-
tant concepts of humanitarian operations. Afterwards, the
interviewer asked the DM about groups and organizations
that could affect or be affected by the decision problem
under analysis, which led to the identification of stakeholders
and the definition of an explicit point of view for making
decisions. Then, the stakeholders were classified using a
power versus interest chart shown in Section 3.1.

The second phase comprises all steps necessary to struc-
ture the mathematical decision-making model. A first step
is to elucidate the DM’s objectives, using brainstorming
techniques and a mind mapping tool, which here was the
software XMind. To enrich the discussion, first the DM was
asked to enumerate all objectives that he would consider
when drawing a distribution plan. Then, the interviewer
showed him the objectives found in the literature and asked
him to review the original objectives list. Finally, the DMwas
asked to explain, for each objective, why he would consider it
and what would be the direct consequences of it, which led to
the enumeration of more objectives and the identification of
relationships between pairs of objectives. From the network
built, which depicts mean-objectives and end-objectives, the
modeler built a value tree.

Once the value treewas developed, theDManswered a set
of questions that confirmed every low-end objective (leaves
of the tree) could be interpreted as a performance criterion
to evaluate a distribution plan. Then, for each performance
criterion an attribute was selected by the DM, also via
questionnaire, allowing the measurement of alternatives’
performance levels in terms of that criterion. In addition, the
scale of each attribute was defined by assigning references
to the extreme values that could result from a hypothetical
distribution of aid: the worst performance in terms of a
criterion that would still be acceptable assumes one end of
the scale, which is assigned to a value of zero, whereas the
best achievable performance in terms of the same criterion
occupies the other end of the scale, to which the value 100
is assigned. As in [27], it is assumed that the value function
associated with the scale of each attribute, called partial value
function, is linearly increasing.

At the end of the second phase, possible solutions to the
problem (usually referred to as alternatives) are elaborated.
To create a set of alternatives, we followed a VFT approach
[16]: first, we tried to come up with alternatives that would
fulfill one performance criterion at a time, then two at the
same time, and so on, until the number of criteria considered
made it impossible to come up with solutions that would suc-
ceed in all of them. Since the alternatives actually represent
strategies for developing a distribution plan, we also used
Howard’s [28] Strategy Generation Table and a technique
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Figure 1: Discussion and modeling environments, showing the author’s roles as interviewer and modeler.

called Analysis of Interconnected Decision Areas (AIDA)
[29] to create possible strategies. These techniques start from
the division of a strategy into a set of small decisions, each set
representing a decision area. In turn, each area is composed
of a list of options describing alternatives to the area-specific
decision. The designation of decision areas and their options
were done during the process of thinking how each objective
of the value tree could be achieved, by identifying common
aspects of the alternatives that we could think of. General
aspects of each alternative were defined as decision areas,
such as the order by which the cargo movement requests
would be delivered, and more specific aspects became the
options within each decision area, for instance, a FIFO rule
to sort the cargo movement requests. Once all options and
areas were included in the strategy generation table, we
made pairwise checks for each combination of options from
different decision areas to see if they could be used together
or not. Assembling a strategy, then, was done by simply

combining only the compatible options from different areas
of the decision; that is, AIDA was used to remove from the
set of possible combinations those that do not make sense.

The third and last phase of SMARTER comprises prefer-
ence modeling and evaluation of alternatives, which in this
case are strategies for planning aid delivery to disaster vic-
tims. For each criterion of the value tree, the alternatives were
placed by the DMdirectly along the attribute scale, according
to their expected performance in the corresponding criterion.
This resulted in the partial performances of every strategy in
terms of each evaluation criterion, but the relative importance
of each criterion was still undefined. Next, the DMwas asked
to sort the criteria according to the relative importance of
going from the worst to the best level of their corresponding
attributes, resulting in a criteria ranking list. Then, using the
Order of Centroid formula (ROC) [21], each rank position
was transformed into a number that represents the weight
associated with the criterion of that position. Finally, the
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Table 1: Steps followed for building and applying the decision model presented here. Each step includes the identification of its modeling
phase (according to [15]) and the specific problem-structuring and/or MCDAmethodologies used.

Interaction with DM MCDA phase
Problem-

structuring/MCDA
methodologies

Survey 1
(preparatory)

PHASE 1: problem-structuring:
(i) Definition of the decision to be made and point of view adopted
(ii) Brainstorming on objectives

VFT
Stakeholder analysis

Live meeting

PHASE 2: design of mathematical MCDA model:
(i) Elicitation of objectives
(ii) Identification of causal relationships between pairs of objectives, building a
network of means-ends objectives

VFT (map of means-ends
objectives)

— PHASE 2: design of mathematical MCDA model:
(i) Creation of value-tree from the means-ends network of objectives. VFT

Survey 2
PHASE 2 -Design of mathematical MCDA model:
(i) Proposition of value tree built from the means-ends network of objectives
(ii) Value-tree’s properties check

VFT
MAVT

Survey 3

PHASE 2: design of mathematical MCDA model:
(i) Validation of final value tree, confirming all value tree properties are valid
(ii) Definition of an attribute for each low-end objective
(iii) Definition of attributes’ scales

VFT
MAVT

—
PHASE 2: design of mathematical MCDA model:
(i) Creation of alternatives to the decision
(ii) Creation of model using a MCDA software (VISA)

VFT
Strategy Generation Table

and AIDA

Survey 4 PHASE 3: preference modelling & alternative evaluation:
(i) Alternative scoring against each objective and criteria ranking SMARTER

— PHASE 3: preference modelling & alternative evaluation:
(i) Compilation of results and sensitivity analysis SMARTER

overall performance of each strategy was calculated as the
weighted sum of their partial results, and best alternative was
selected.

Table 1 presents, in a chronological order, all steps exe-
cuted for building the MCDAmodel presented in this paper.
MCDA or problem-structuring methodologies used in each
step are also shown. Steps with no interaction with the DM
(marked with “—” in the first column of Table 1) were carried
out by the modeler alone.

3. Application of the Proposed Framework to
a Humanitarian Logistics Problem

Next, an application of our framework is documented,
divided into the threemodeling phases described above. Prior
to the beginning of the modeling process, the DM is asked
to take a standpoint, and to answer all questions according
to it. The DM chose to take a coordinator standpoint, based
on his experience in Haiti, when the Brazilian Army acted
together with other humanitarian actors to reach out to the
victims. Thus, the resulting model reflects his interpretation
of the Brazilian Army’s values under such a scenario.

This standing point is consistent with the United Nations’
(UN) Logistics Cluster, an umbrella method designed to
tackle the challenge of performing an effective and effi-
cient aid distribution in disaster response operations. This
cluster approach consists of naming a leader organization

to coordinate transportation of goods and performing last-
mile delivery of cargo on behalf of the humanitarian com-
munity, using shared vehicles and facilities. A coordinator
may be chosen naturally when the leader emerges through
interactions among humanitarian organizations; otherwise
the cluster is activated with the World Food Programme
(WFP) as its leader [30]. Nevertheless, the efforts of all
organizations are combined to achieve a good result, which
may happen without the UN’s Logistics Cluster whenever
there is collaboration and coordination among humanitarian
players. The good functioning of a coordinated logistics unit
may not rely solely on diminishing victims’ suffering, as
suggested by Holguı́n-Veras et al. [4], but also on managing a
heterogeneous group of stakeholders. Taking a coordinator’s
point of view, we look at the decision from a different
perspective than the one of a humanitarian player, without
neglecting its goals.

3.1. Phase 1: Problem-Structuring. The decision context was
defined by the interviewer in a preparatory survey as follows:
“imagine that shortly after a disaster, you are in charge of
coordinating the delivery of items to victims. In this scenario,
you do not have information about the conditions of the
victims, although you know that some regions are harder
hit than others. It was a great disaster, so there is a lot of
cargo being shipped from all over the world, accumulating
at available entry points of the country, but your capacity to



6 Mathematical Problems in Engineering

Manage closely

Monitor Keep informed

Lo
w

 p
ow

er
 

H
ig

h 
po
we

r
 

Low interest High interest

 
institutions

 
governments

 
people

 
humanitarian 
organizations

 
organizations

ocal government

organizations
̇０aramilitary∙

∙ L
∙ Local military

∙ Funding

∙ Neighboring

∙ Donors

∙ Local

∙ Local

∙ International humanitarian
∙ UN Agencies

∙ Media

Keep satisfied
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deliver these items is limited. A relief distribution plan needs
to be drawn, designating vehicles to demand points, where
victims receive help, and deciding which loads will be carried
by each vehicle. Such a plan should comprise a time horizon
of one week.”

All questions asked in this first survey followed Keeney’s
[12] recommendations for constructing a value-based model.
For example, the practitioner was asked what features of a
relief distribution are considered negative, with the intention
of making him think about the objectives that are unmet
when the outcomes of a humanitarian action manifest such
bad characteristics. Then, the DM enumerated six objectives
that he considered relevant for the elaboration of a distribu-
tion plan. Afterwards, 20 objectives identified in the literature
were presented to the DM, who validated 11 of them, of which
only 3 had already been listed in the previous step.

Once the decision context decision was clearly stated,
stakeholders were identified. In the initial minutes of the
meeting with the DM, he was questioned about the organiza-
tions and groups that would be interested in the distribution
plan of the problem portrayed and how they relate to each
other in terms of power to influence the decisions to be
made, and in level of interest in the aid distribution outcomes.
Victims, donors, governments, local communities, neighbor-
ing governments, humanitarian organizations, military corps
with ongoing operations in the region, local paramilitary
organizations, UN operational agencies (such as the WFP),
and international development institutions were cited by the
DM. After naming all stakeholders, the DM was asked to
place them on a power-interest grid, presented in Figure 2,
beginning with the stakeholder of highest power and interest
in the outcomes of an aid distribution. In this case, “Local
government”was first positioned in the top corner of the grid;
then one-by-one the stakeholders were added to the grid, by
comparing them with one another and repositioning them
when necessary.

By building such a grid, the DM is nudged to consider
the interests of players that can interfere with the distribution

plan, especially powerful stakeholders. In the present work,
the interviewermade sure to ask if victims, local governments
(or the organization in charge of naming priorities), and the
humanitarian community were considered throughout the
valuemodel, although they do not represent the point of view
adopted.

3.2. Phase 2: Model Structuring. During the brainstorming
meeting, the objective network showed in Figure 3 was
developed.The interviewer started by adding to the screen all
objectives defined by theDM in the preliminary survey.Then,
for each item, “what for” and “why” questions were asked
to the DM, whose answers were also added to the network,
connected to the original objective. Hence, each connection
of the resulting network represents a causal relationship
between a pair of goals. Such process was repeated until
the DM could not add new objectives to the items already
depicted in the network. Interestingly, the DM refused to
add budget constraints to the list of objectives, arguing that
during the first phase of disaster response there would be no
concern about the budget. This may indicate a discrepancy
between existing OR models and DM’s values, which may
be confirmed in future studies, by including more DMs that
represent other stakeholders identified here.

After the meeting, an initial version of the value tree
was built by the modeler, based on the developed network,
and sent to the DM along with an online questionnaire
for its validation, in the second survey. Then, in the third
survey answered by the DM, the interviewer asked a set of
questions to confirm that the tree contains only elements
that are essential to the decision-making process, and that
it is intelligible, operational, and nonredundant. Finishing
the third survey, all attributes and their scales were defined.
Figure 4 shows the final value tree.

The tree presented contains two delimited areas, tagged
as “context of initial disaster response: military supporting
humanitarian operations” and “context of planning aid deliv-
ery during the first week of response operations,” describing
possible decision contexts related to first week of response
operations,” describing possible decision contexts related to
humanitarian operations. This way, we emphasize to the DM
that the decision opportunity studied is that of planning
aid delivery during the first week of response operations,
assuming the military is supporting humanitarian opera-
tions. The value tree is presented by connected rectangle
shapes, while attributes appear in oval shapes with their scales
to the right, at the lowest level of the tree. It can be noted
that the tree has one top-level fundamental objective (to
“perform transportation of supplies to victims (. . .)”) and five
low-level objectives, usually referred to as the leaves of the
value tree (“use safe routes,” “promote stability (. . .),” etc.).
Extreme levels of each attribute appear with the highest, best
achievable level on top of the lowest acceptable level. For the
objectives “reach victims fast enough (. . .)” and “to prioritize
the more severely hit regions” we opted for local scales,
which means the worse level of the corresponding attribute
corresponds to the performance of theworst alternativewhile
the better level reflects the best alternative.
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Figure 3: Network of Objectives developed during the brainstorming session, in which a connection between a pair of elements represents
a causal relationship between objectives.

Table 2: Strategy Generation Table used for creating strategies for drawing an aid distribution plan in disaster aftermath.

Decision areas
A: Cargo type B: Request selection C: Fleet configuration

# Description # Description # Description

A
1

Send a predetermined mix
of products B

1

Select requests accordingly to their
destinations, prioritizing points that are

faster to reach
C
1

Allow vehicles to travel
independently, not
enforcing convoys

A
2

As specified by cargo
movement requests B

2

Select requests accordingly to their cargo,
prioritizing urgent needs C

2
Always travel in convoys

A
3

Select the highest priority
cargo available B

3

Select requests accordingly to the priority
level of their destinations

B
4

Select requests accordingly to their
destinations, first to satisfy powerful local

groups, then by priority levels

B
5

Select requests accordingly to their issue
date, following a First In-First Out rule

(FIFO)

To design solution alternatives, the modeler identified
three decision areas that together form a possible solution
to the problem: the choice of loads to be transported by
each vehicle; the order by which cargo handling requests
issued by humanitarian organizations are selected; and the
configuration of the fleet that specifies whether convoys will
be used or not. To come up with this set of decision areas, the

modeler brainstormed on guidelines that could be followed to
make dispatch decisions easier and that are sufficient to draw
a distribution plan. As there are several ways of addressing
each decision area, each area comprises a set of options, as
can be seen in Table 2. For instance, if the coordinator wants
to prioritize regions where victims are in worse conditions,
movement requests that are addressed to such places will be
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Figure 4: Value tree used for creating and evaluating alternatives to the decision studied: oval-shaped elements are attributes and underlined
elements are top and bottom levels of an attribute’s scale.

selected first, until a minimum service level is accomplished
(option B

3
of Table 2). On the other hand, it is possible

that the coordinator needs to assure certain kind(s) of cargo
are delivered to all affected regions as soon as possible, so
movement requests may be chosen according to the products
they contain, as described by option B

2
. It can be noted

that both strategies describe a way to sort the movement
requests using a certain characteristic of them, and each
option reflects an objective found in the value tree. Also, the
2 strategies mentioned guide the same aspect of the decision
and therefore cannot be used simultaneously, so they belong
to the same decision area B.

It is worthmentioning that another possible decision area
not added to the problem is the order by which vehicles are

assigned to loads, in case a heterogeneous fleet is available.
Suchdecisionwas intentionally left out of thiswork, assuming
a homogeneous fleet, to simplify the strategies considered by
the DM. Since the greater the number of elements describing
a solution alternative, the greater the burden put on the
DM, it is important that the interviewer balances the value
gained by adding a new dimension to the table against the
increase in the difficulty of evaluating or understanding the
alternatives due to their detail level. As this balance may be
hard to measure, the alternative generation may be done in
several interactions until the modeler and the DM are both
comfortable with the resulting alternative set. For instance, if
in this example the modeler or the DM felt it was important
to add to the table the allocation order of vehicles to loads,
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Table 3: Application of Analysis of Interconnected Decision Areas
(AIDA) to the strategy table: the grid represents pairwise com-
parisons between options of 2 different decision areas, with “C”
denoting compatible options and “I” incompatible.

B C
B
1

B
2

B
3

B
4

B
5

C
1

C
2

A
A

1
C I C C I C C

A
2

C C C C C C C
A

3
C C C C C C C

B

B
1

C I
B
2

C I
B
3

C C
B
4

C C
B
5

C I

it could have been done in a second round of alternative
creation and evaluation, so that the first contact of the DM
with the method was simpler.

Once a strategy table has been developed, it is easy to
design different strategies (that represent solution alternatives
to our problem): we simply combine an option from each
of the three columns of the grid. However, some pairs of
options may not be combined because they conflict with
each other; for example, it does not make sense to assemble
a predetermined mix of products (A

1
) and select requests

according to product priority (B
2
), because in that case cargo

of different organizations will be combined, so the only
question left when A

1
applies is how to choose between

movement requests that contain cargo of the same type.
Hence, the Analysis of Interconnected Areas was used to
reduce the set of possible combinations, restricting it only
to the viable options. This technique consists of questioning,
for every pair of elements from different decision areas,
if the elements can be used together (compatible) or not
(incompatible). Table 3 presents the results of AIDA, in
which “I” indicates pairs of incompatible options and “C”
compatible ones.

Finally, alternative solutions to the problem were assem-
bled, by exhaustively combining compatible options across
all decision areas; incompatible pairs are simply left out. Six
strategies were presented for the DM evaluation in Phase 3,
as presented in Table 4.

It can be noted that every strategy has a focus point,
also presented in Table 4, that naturally emerged when the
modeler started matching the different options available.
This focal point was used as reference for the DM, so he
could quickly remember what every alternative stood for,
although the complete table describing every alternative was
also available on every screen of the final survey.

3.3. Phase 3: Preference Modeling and Alternative Evaluation.
On every question of the fourth electronic survey, the DM
was asked to evaluate all alternatives against one of the
performance criteria previously defined. For that, the scale of
the criterion’s attribute was presented and theDMcould place
each alternative along that scale. This method, referred to in
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Figure 5: Weighted scores of each alternative.

the literature as direct evaluation, helps the DM visualize the
difference between the alternative’s performances directly on
a scale, which is better than presenting attribute values [13].
As a result, a score value was assigned to every alternative,
according to its position on the scale, that goes from 0 to 100.
Table 5 shows the resulting scores.

Criteria ranking was also done in the fourth survey. The
DMwas given the following instruction: “imagine a scenario
where the current aid distribution is performing as badly as
possible, which means that it is delivering the worse perfor-
mance level possible on all the evaluation criteria, worth 0
on the previous scales. If you could improve the distribution
in terms of only one criterion, raising its performance to the
high end of the scale, which criterion would it be? Then,
assuming all criteria but the one you already chose are still
on the low end of their attribute scales, which is the next
attribute you would choose to be at its highest performance
level? Please repeat this process until all criteria are at their
top levels.” The first criterion selected is ranked number
1, the second is number 2, and so forth, resulting in the
ranking presented in Table 6. Later, the modeler used the
ROC formula to calculate the relativeweight of all the criteria,
also shown in Table 6.

Finally, it was possible to obtain the general performance
of each alternative by aggregating their partial results, as
the weighted sum of their partial performances. Figure 5
illustrates the results obtained.

Each alternative is represented in Figure 5 by a column,
with its height being the alternative’s final score and its
partial scores, measured against each criterion, represented
in different shades along the column. It can be noted that
the best strategy analyzed is the third, named “focus on the
conditions of the destinations,” with an overall performance
of 87 points. The second alternative, “focus on type of load,”
comes in second with 78 points. Options 4 and 5, which focus
on managing requests according to the requesting organi-
zation, perform relatively close to the sixth option, which
represents a FIFO strategy. Hence, it would be interesting
to discard the final 3 alternatives and further explore the
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Table 4: Alternatives for the decision studied, formed by combining options from Table 2.

Alternative Option combination Description
# Focus

1 Response speed A
2
-B

1
-C

1

Load vehicles with cargo specified by cargo movement requests;
Select requests that can be fulfilled faster
Allow vehicles to travel independently (no need for convoys)

2 Cargo type A
3
-B

2
-C

1

Deliver one cargo type at a time, according to cargo priority
Select requests that contain high priority cargo, until reaching a min. SL
Allow vehicles to travel independently (no need for convoys)

3 Conditions at destinations A
1
-B

3
-C

2

Send a product mix with all cargo types, in quantities proportional to priorities
Select first the severely hit destinations that are still under a min. SL
Always travel in convoys

4 Politics and cargo mix A
1
-B

4
-C

2

Send a product mix with all cargo types, in quantities proportional to priorities
Select destinations according to power groups’ interests until a min. SL is reached
Always travel in convoys

5 Politics and cargo type A
3
-B

4
-C

1

Deliver one cargo type at a time, according to cargo priority
Select destinations according to power groups’ interests until a min. SL is reached
Allow vehicles to travel independently (no need for convoys)

6 Fast decision-making A
2
-B

5
-C

1

Load vehicles with cargo specified by cargo movement requests
Select requests according to their issue date, using a FIFO approach
Allow vehicles to travel independently (no need for convoys)

Table 5: Scores of each alternative (columns) on each criterion (lines), from 0 (worst performance possible) to 100 (best performance).

Criterion Alt. 1 Alt. 2 Alt. 3 Alt. 4 Alt. 5 Alt. 6
(Speed) (Cargo type) (Destinations) (Politics + cargo mix) (Politics + cargo type) (FIFO)

Safety 65 50 85 45 30 5
Stability 35 55 85 25 20 10
Quantity 25 75 80 5 0 75
Cargo urgency 75 100 70 70 90 10
Destination priority 65 85 100 35 30 45
Total 265 365 420 180 170 145

Table 6: Rank position of each performance criterion and its
resulting weight.

Criterion Ranking
position

Calculated weight
[Nondimensional]

Safety (of the cargo and the
workers) 3 0,157

Stability among local
communities 5 0,040

Quantity delivered,
proportionally to needs 4 0,090

Speed of urgent cargo delivery 2 0,257
Demand fulfillment at priority
locations 1 0,457

other strategies. In this study case, criteria weights did not
modify the original alternative rank, but the performances of
alternatives 2 and 3 became closer to each other.Thismay be a
side effect of having strategies that the DMwould not actually
consider in a real problem, so a second round of evaluation
considering new alternatives is recommended before making
a final decision.

4. Conclusions

Elucidating the objectives behind humanitarian operations
is important to support the challenging decisions faced by
logistics teams in disaster aftermath. Drawing a distribution
plan to transport relief items is an urgent, highly complex
task, especially right after the disaster, when victims are very
sensitive to delivery delays. Hence, having a strategy that
expedites decision-making can impact positively the opera-
tion’s overall performance. Moreover, when organizations act
together, sharing limited resources to deliver relief items to
the victims, primarily agreed upon guidelines could increase
transparency of the decision-making process and avoid the
use of flawed mind models.

An interesting aspect of the decision problem explored
throughout this paper is the diversity of objectives that arise
when dealing with humanitarian aid delivery. Conflicting
objectives and the need to consider several stakeholders, as
opposed to only focusing on the victims’ needs, are chal-
lenges that need to be overcome when drawing distribution
plans. Evaluating alternatives in terms of clear, explicitly
stated objectives may help humanitarian actors justify their
decisions to funding institutions, donors, and other powerful
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stakeholders that could otherwise interpret the same deci-
sions badly. Besides, by using MCDA it is possible to come
up with strategies that result in better outcomes, as judged by
the DMs themselves.

Finally, this article illustrates the applicability of
SMARTER, a Multi-Attribute Value Theory technique, to
the humanitarian field. The work presented here shows
SMARTER can be used with VFT to make objectives explicit
to all stakeholders involved, helping the coordination team
to make and justify decisions. Nonetheless, our contribution
is not limited to the humanitarian logistics, but includes the
documentation of an alternative generation method, which
the MCDA literature still lacks, and presents a framework for
applying MCDA when interactions with a Decision Maker
are restricted. Although the methodology presented here
revealed it is possible to enrich a brainstorming session
using the literature, leading to the identification of goals
that were not recalled by the DM himself, some published
objectives were refuted by the DM, which may indicate
an incompatibility between performance criteria used in
OR models and those that are considered important by
humanitarian actors. We hope our results give compelling
arguments for humanitarian logisticians to invest in
problem-structuring before building OR models.
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Increasing reliance on outsourcing has made supplier selection a critical success factor for a supply chain/network. In addition to
cost, the synergy among product components and supplier selection criteria should be considered holistically during the supplier
selection process. This paper shows this synergy using coupled-attribute analysis. The key coupling attributes, including total cost,
quality, delivery reliability, and delivery lead time of the final product, are identified and formulated. Amax-maxmodel is designed
to assist the selection of the optional combination of suppliers. The results are compared with the individual supplier selection.
Management insights are also discussed.

1. Introduction

Managing the outsourcing process productively is the key
to enhancing competitiveness because for every dollar an
industrial company generates, 50 to 90 cents are spent on
purchasing [1]. Selecting the right outsourcing suppliers
becomes essential in shaping company performance. Supplier
selection is the process by which suppliers are reviewed,
evaluated, and chosen to become a part of a company’s supply
chain [2]. Several reviews have been published recently to
summarize research development in this area [3–7].

A company’s primary supply chain goal is to efficiently
and effectively provide the required products for its cus-
tomers. To meet the customer-specified criteria to achieve
this aim, a companymust choose the best suppliers in order to
produce the best finished products. A number of publications
have focused on the development of various methodologies
to select individual suppliers [3, 7].Most of these publications
have assumed that the best supplier combination is composed
of the best suppliers of different parts/components, which are
evaluated and selected individually. However, this assump-
tion may not apply to all situations. This paper explains the
reasons for this and focuses on the following two issues to be
considered when evaluating suppliers.

First, the interdependencies between different products
and components can affect the choice of suppliers. Synergies
may apply when the suppliers that are selected aggregately
for a group of products or components outperform the
suppliers that are selected separately for individual products
or components. With synergy, both buyers and suppliers can
be more profitable. One research direction of this synergy
is the combinatorial auction, which considers economies
of scale and scope. The basic motivation of utilizing a
combinatorial auction is the presence of complementarities
among items supplied by different suppliers [8]. The most
relevant research to our study is the Giacon et al. [9]
study, which proposed a combinatorial optimization model
that combines multicriteria value analysis for evaluating the
trade-offs among the defined criteria. Nobar and Setak [2]
presented two layers of suppliers and studied the correlations
between price and quality on supply chain performance.
Rothkopf et al. [10] studied simultaneous auctions in which
the value of assets to a bidder depended on other assets
that the bidder won, and they pointed out that the bid for
combinations of assets might be beneficial to total revenue.
However, so far, there has not been an attempt to quantify
the degree to which the synergies are present among the
components and attributes. We fill this gap by offering a
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max-max model that is designed to facilitate the selection
of the optional combination of suppliers. The synergies are
identified using coupled-attribute analysis. As the coupling
attributes of the parts/components affect the attributes of the
finished product, the best supplier combination should be
considered as awhole rather than individually.Otherwise, the
trade-offs and synergies are overlooked.

Second, the literature pointed out that a different pro-
duction mode (i.e., made to order (MTO) or made to stock
(MTS)) has different supplier selection criteria [11].Themore
complicated supply network is the combination of MTO and
MTS [11].The productionmode has an impact on the supplier
selection, and the existing suppliers can affect the selection of
the production mode reciprocally. The supplier with a long
delivery time may change the production mode from MTO
to MTS since the supplier cannot quickly respond to the
market. Thus far, there has been no attempt to investigate
the synergies of the suppliers with different lead times on
the production mode. This paper calculates the production
time under the defined supply structure, the lead time of
suppliers, and the production mode.We investigate the effect
on the production mode when selecting a supplier using the
different experimental scenarios.

We believe that this work contributes to several areas.
First, we aim to develop an analytical model considering the
synergies among product components and supplier selection
criteria under the productionmode framework, thus enhanc-
ing the effectiveness of supplier selection. This paper inte-
grates combinatorial optimization with coupling attributes of
the final product, which is the real objective of the end user.
It also investigates the balance between component attributes
and its effect on the production mode when selecting a
supplier. Second, we apply the model to a real case and show
it to be an appropriate methodology for evaluating suppliers.
The results let practitioners know the importance of balance
between suppliers. We structure the rest of this paper as
follows: Section 2 cites the relevant literature. Section 3 gives
the supplier combinatorial selection methodology. We apply
this methodology to a real case in Section 4; we also provide
a scenario analysis and some managerial insights. Finally, we
offer some concluding remarks in Section 5.

2. Literature Review

The supplier selection literature contains much research
studying selection criteria. Dickson [12] pointed out that
cost, quality, and delivery performance are the three most
important criteria that should be considered for supplier
selection.Weber et al. [13] and Sun et al. [14] confirmed these
criteria based on empirical data collected from purchasing
managers and Chinese companies, respectively. Lin and Kuo
[15] stated the supplier’s product quality is one of the three
most frequently used criteria for selection, the others being
delivery time and cost [7, 16, 17]. In this paper, we also focus
on cost, quality, and delivery performance. In terms of cost,
quantity, and business volume, discounts are common topics
when a range of products is to be purchased, and linear
programming is a common method to deal with the related
problems.

Several approaches and techniques have been devel-
oped to determine an effective supplier selection process.
According to Chai et al. [18] and Ho et al. [7], the most
common approaches for this type of supplier selection are
analytic hierarchy process [19] and data envelopment analysis
[20], which are followed by mathematical programming,
linear programming [21], case-based reasoning (CBR), ideal
solution [22], analytic network process [23], fuzzy set theory
[24], simple multiattribute rating technique (SMART), and
genetic algorithm (GA). All these methods consider only
suppliers, so some limitation exists in reflecting the harmony
of the supplier, demand, and operational policies. Moreover,
these methods require additional information or assump-
tions, such as a joint probability density function, accurate
transformation function, and normality assumption.

Much attention has been given to the coordination
between procurement and production planning or inter-
vention of suppliers to develop supply chain management
systems. Cook et al. [25] have developed a DEA method for
supply chains with intervened inputs and outputs. Chen and
Yan [26] have proposed DEA approaches with centralized,
decentralized, and mixed decision makers. Park et al. [27]
have proposed a stochastic simulation-based DEA approach
to the vendor selection problem, in which a DMU is assigned
as a supply chain instead of an individual vendor. This
proposed approach, adopting a stochastic simulation scheme,
helped the purchaser choose a proper set of vendors with a
holistic perspective. Although theseDEAmethods are advan-
tageous for assessing structural efficiency, the approaches
can handle only simple structures such as a two-echelon
model with a buyer and two suppliers and product flows in
an assembly perspective. Hlioui et al. [24] have proposed
to integrate replenishment, production, quality control, and
supplier selection decisions for a manufacturing-oriented
supply chain under a combination of mathematical formu-
lation, simulation, and optimization techniques. Asadabadi
[28] proposed a method that takes into account customer
needs as a determinant factor in finding the best supplier
and considers possible changes in the priorities of customer
needs as time passes. Chen and Zhang [29] proposed a
stochastic framework to determine the optimal production
control policy and supplier selection procedure for a three-
echelon supply chain. All these studies have shown that
supplier selection must not be studied separately from the
sole supplier and production system. However, only a few
of them include holistic effects of ordered items among the
supplier selection criteria.Moreover, they donot consider any
production mode strategy for the supply chain management.

3. Coupling Attributes Combinational Analysis

3.1. Formulation of the Problem. We evaluate the impacts
of different supplier combinations on the finished product
performance and identify the optimal combination with the
highest performance level. To facilitate the presentation, we
summarize Notation and Symbols Used in Section 3.1.

Suppose that there are 𝑐 types of components and each
component has ns suppliers. 𝑛 = 𝑐ns possible supplier
combinations can be obtained. Let 𝑆 denote the set of all
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types of components, 𝑆~ {𝑐𝑠𝑘1, 𝑐𝑠𝑘2, 𝑐𝑠𝑘𝑖 , . . . , 𝑐𝑠𝑘𝑐 }. Any 𝑉𝑝 ={𝑠1, 𝑠2, . . .} ∈ 𝑆 represents a vector of a supplier combination.
The problem of finding the optimal combination can be
formulated as max𝑉𝑝∈𝑆𝑓(𝑉𝑝), where 𝑓(𝑉𝑝) represents the
finished product performance of a supplier combination.The
performance is related to the attributes of the suppliers in the
combination.

𝑉∗𝑝 = argmax𝑓 (𝑉𝑝)
𝑉𝑝 = (𝑠1, 𝑠2, . . . , 𝑠𝑖, . . . , 𝑠𝑐) ,
𝑠𝑖 ∈ {𝑐𝑠1𝑖 , 𝑐𝑠2𝑖 , . . . , 𝑐𝑠ns𝑖 }

𝑐ns ≥ 𝑝 ≥ 1.
(1)

Considering the productivity of supplier combination,
the attributes of the final product can be classified as two
types: (a) higher values, defined as outputs, which indicate
better levels of performance such as product quality, and (b)
lower price, defined as inputs, which indicate better levels of
performance such as component cost. 𝑓(𝑉𝑝), defined as the
ratio of weighted outputs to weighted inputs, is maximized
and minimized to obtain a set of dual productivity scores in
each combination 𝑝 [30], as follows:

For each 𝑝,
𝑓 (𝑉𝑝) = max

𝑎𝑟 ,𝑏𝑡

∑V
𝑟=1 𝑎𝑟𝑦𝑟𝑝∑𝑢𝑡=1 𝑏𝑡𝑥𝑡𝑝 (2)

subject to
∑V
𝑟=1 𝑎𝑟𝑦𝑟𝑗∑𝑢𝑡=1 𝑏𝑡𝑥𝑡𝑗 ≤ 1, 𝑗 = 1, . . . , 𝑐ns (3)

𝑎𝑟, 𝑏𝑡 ≥ 0 ∀𝑟, 𝑡 (4)

𝑦𝑟𝑝 ≥ 𝑦𝑟 (5)

𝑥𝑡𝑝 ≤ 𝑥𝑡, (6)

where 𝑝 represents evaluation of the supplier combination,
and each unit has 𝑢 inputs and V outputs of supplier
combination. 𝑦𝑟𝑗 represents the value of the 𝑟th output; 𝑥𝑡𝑗
stands for the 𝑡th input for combination; 𝑗, 𝑎𝑟 signifies the
weight given to the 𝑟th output; and 𝑏𝑡 denotes theweight given
to the 𝑡th input. The supplier combination consumes an 𝑥𝑡𝑝
amount of input 𝑡 and produces an 𝑦𝑟𝑝 amount of output 𝑟,
which can be incorporated into an efficiency measure, the
weighted sum ratio. This definition requires a set of factor
weights 𝑎𝑟 and 𝑏𝑡, which are the decision variables.

Each supplier combination 𝑝 is assigned the highest
possible efficiency score by choosing the optimal weights for
the outputs and inputs [31]. The term combinatorial analysis
is used to describe the mechanism that simultaneously
selects a supplier from the supplier list for each component.
The supplier’s determination is the problem of finding a
maximum allocation 𝑉𝑝 with respect to the objective 𝑓(𝑉𝑝),
which is also a maximum function (2) conditional on 𝑝 from
1 to 𝑐ns. Therefore, the problem is defined as the max-max
approach.

Constraints (5) and (6) reveal that at least the threshold
of all the inputs and outputs should be satisfied. In retail,
for example, the total delivery lead time should not be more
than seven days if the retail shop promises that its products
will reach its customers no later than seven days after the
order confirmation. The problem definition is similar to
Charnes et al. [32]. The number of possible solutions of 𝑉𝑝
is 𝑐ns and the computation scale to solve models (2)–(6) will
increase very rapidly if there are many extreme components.
However, our objective is to select the most efficient supplier
combination 𝑝, not to rank the combinations. It is very
practical to develop a model to find the most efficient
combination directly without assessing the performance of
the other combinations. Wang and Jiang [33] proposed a
mixed integer linear programmingmodel to identify themost
efficient decision-making unit. The most efficient supplier
combination in models (2)–(4) can be found based on the
following model proposed by Wang and Jiang [33]:

min
𝑢∑
𝑡=1

𝑏𝑡( 𝑐
ns∑
𝑗=1

𝑥𝑡𝑗) − V∑
𝑟=1

𝑎𝑟( 𝑐
ns∑
𝑗=1

𝑦𝑟𝑗)
subject to

V∑
𝑟=1

𝑎𝑟𝑦𝑟𝑗 − 𝑢∑
𝑡=1

𝑏𝑡𝑥𝑡𝑗 ≤ 𝐼𝑗, 𝑗 = 1, . . . , 𝑐ns
𝑐ns∑
𝑗=1

𝐼𝑗 = 1
𝐼𝑗 ∈ {0, 1} , 𝑗 = 1, . . . , 𝑐ns

𝑎𝑟 ≥ 1(𝑢 + V)max𝑗 {𝑦𝑟𝑗} , 𝑟 = 1, . . . , V
𝑏𝑡 ≥ 1(𝑢 + V)max𝑗 {𝑥𝑡𝑗} , 𝑡 = 1, . . . , 𝑢,

(7)

where 𝐼𝑗 (𝑗 = 1, . . . , 𝑐ns) are binary variables, only one of
which can take a nonzero value of one. The model contains
(𝑐ns+1+𝑢+V) constraints and (𝑐ns+𝑢+V) decision variables. It
aims at seeking a set of input and output weights to maximize
the efficiencies of the whole supplier combinations. Based on
model (7), only a mixed linear program needs to be solved.

In this paper, there are two inputs: final product cost and
total delivery lead time. In addition, there are two outputs:
final product quality and delivery reliability of final product.
Cost andquality are key factors in evaluating the performance
of finished products, whereas delivery lead time and delivery
reliability are key supply chain management performance
indicators. Their formulae are given in Section 3.2.

3.2. Computation Method of Coupling Attributes. In this
section, we define the inputs and outputs in models (2)–(6)
as the coupling criteria. The value of a coupling criterion is
affected by all suppliers in a supplier combination. It is evident
that the purchasing costs of all components in a supplier
combination are added together and become the total cost of
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the finished product. However, in general, the value functions
are nonlinear. We describe the formulae of coupling criteria
as follows.

3.2.1. Total Cost. The purchasing cost of the finished product
is TC = ∑𝑛𝑖=1 BOM(𝑖)𝑃𝑖, where 𝑛 and BOM(𝑖) are the number
of components and the number of components 𝑖 needed for
a finished product, respectively, and 𝑃𝑖 is the unit purchasing
price of component 𝑖.
3.2.2. Final Product Quality. The quality of the finished
product is related to its components. We treat the finished
product as a system, which may be composed of unreliable
components. In order to analyze the system reliability and
other related characteristics, we use reliability block diagrams
(RBDs). RBDs are widely used in engineering and science
for describing the interrelations among components [34]. A
system can be classified as series, parallel, ormixed. In a series
configuration, a failure in any component results is the failure
of the entire system. Let us assume that the components of
a computer, such as the motherboard, the hard drive, the
power supply, and the processor, are arranged in a series. If
the power supply does not work, the computer will not work.
In other words, the system only works when all components
work. System quality is calculated as 𝑅 = ∏𝑛𝑖=1𝑄𝑖, where𝑄𝑖 is the quality of component 𝑖, in terms of reliability
rate.

In a parallel system, at least one of the units must succeed
for the system to succeed. Units in parallel are also referred to
as redundant units. Redundancy is a very important aspect
of system design and reliability in that adding redundancy
is one of several methods for improving system reliability.
For example, in a computer with a redundant array of
independent disks (RAID), there are many hard disks. To put
it another way, if disk A, disk B, or any of the 𝑛 disks succeed,
then the system succeeds.The system quality is then given by𝑅 = 1 − ∏𝑛𝑖=1(1 − 𝑄𝑖).

While many smaller systems can be accurately repre-
sented by either a simple series or parallel configuration, there
may be larger systems that involve both series and parallel
configurations in the overall system. Such systems can be
analyzed by calculating the reliabilities for the individual
series and parallel sections, respectively. Then, we combine
them in an appropriate manner. Such a methodology is
illustrated in the example shown in Figure 1. The system
quality is then given by 𝑅 = {𝑄1 × [1 − (1 − 𝑄2)2] × 𝑄3} × {[1 −(1 − 𝑄4)2] × [1 − (1 − 𝑄5)2]} × [1 − (1 − 𝑄6)3] × [1 − (1 − 𝑄7)3].
3.2.3. Delivery Reliability of Final Product. Delivery reliability
(DR) of the final product depends on the delivery reliability
of all materials/components. The finished product’s delivery
reliability will be lowered when any material is not delivered
on time. We define DR𝑖 to be the delivery reliability of
component 𝑖, which is computed by the probability of delivery
on time.We assume that there are𝑚 items, which aremade to
order.Thus, the finished product is assembled or delivered on
time and at the probability DR = ∏𝑚𝑖=1DR𝑖, which is between
0 and 1, and the greater the better.

A4

A3

A1 A2

P1 P2 P4P3 P5

P6

P7

Figure 1: Product structure.

3.2.4. Total Delivery Lead Time. The popular manufactur-
ing/assembly/delivery mode is a hybrid control between
made to order (MTO) and made to stock (MTS). There
are inventory and backlog costs when using MTS. However,
manufacturing/assembly/delivery time is needed when using
MTO, which is infeasible when its time is greater than the
customer cycle time. In general, the shorter the time from
customer orders arriving to fulfil them, the better. A company
will choose different kinds of suppliers after it has chosen
a MTO/MTS production mode. The company that uses the
just-in-time strategy (a kind of MTO) requests its strategic
suppliers to be located nearby in order to fulfil its orders
quickly and reliably. Sun et al. [11] presented a model to
determine the MTO/MTS mode among a supply network.
In this paper, we assume that the firm has decided which
component is made to stock or order. The total delivery lead
time based on supplier delivery times is equal to a critical
path time from start to end in the supply network [11]. The
shorter the delivery lead time, the better the supply network.
The supply network with a shorter delivery lead time can
respond to themarket quickly.Therefore, we use delivery lead
time to evaluate the supply network’s response performance
to customer orders.

4. Case Study

4.1. Background. The case study is based on a real-life sup-
plier selection problem in a large Chinese electronic OEM in
Shenzhen. Its competitive advantages are low cost and short
delivery lead time.The production of the electronic products
is highly complicated and relies on the solid suppliers. After
the analysis of component value and consumption, the key
components are listed. We apply the proposed methodology
to a finished product with seven key components to be
purchased.

Figure 1 shows the product structure of the finished prod-
uct. The finished product is made of seven key components,𝑃1 to 𝑃7, which are purchased from different suppliers. 𝐴1,𝐴2, and 𝐴3 are semifinished products. The bill of materials
shown in Table 1, such as one piece of 𝑃1, two pieces of 𝑃2,
and one piece of 𝑃3, is assembled to form one piece of 𝐴1.

We assume that the company can decide on how to
produce or assemble each component/semifinished prod-
uct/finished product, using either MTO or MTS. Although



Mathematical Problems in Engineering 5

Table 1: Supplier information.

Component Amount/production
mode

Supplier
candidates

Quality
(%)

Total delivery
lead-time
(days)

Cost
(RMB)

Delivery
reliability

(%)

𝑃1 1/MTS

S-11 98.5 5 24 99
S-12 99.7 2 26 98.5
S-13 99.8 14 36 98.8
S-14 99.2 7 34 99.5
S-15 99.6 5 12 99.5
S-16 99.7 8 35 98.8

𝑃2 2/MTO

S-21 98 20 75 98
S-22 98.8 13 70 97
S-23 99.2 5 50 96.5
S-24 99.7 25 55 99
S-25 98.5 10 80 98
S-26 99.2 3 90 99.5

𝑃3 1/MTS

S-31 99.2 8 150 99.5
S-32 99.5 4 120 99
S-33 98.8 5 130 98.6
S-34 98.5 25 90 98.5
S-35 98.8 12 80 99.5
S-36 99 20 65 98.7

𝑃4 2/MTO

S-41 99.2 15 30 98.5
S-42 97.6 45 95 96.5
S-43 98.5 15 65 98.8
S-44 98.4 27 83 96.5
S-45 99.2 31 65 98.7
S-46 99.5 18 65 98.6

𝑃5 2/MTO

S-51 99.2 8 200 98.5
S-52 99.2 5 200 98.6
S-53 98.5 12 250 98.3
S-54 98.7 13 180 99
S-55 98.7 12 160 99.5
S-56 98.8 16 210 99

𝑃6 3/MTS

S-61 99.6 25 30 99.5
S-62 98.8 13 36 98.7
S-63 98.5 23 45 98.5
S-64 99.2 25 48 98.8
S-65 99.3 19 65 99.5
S-66 99.2 15 55 98

𝑃7 3/MTO

S-71 98.8 12 35 98
S-72 99.5 18 30 98.5
S-73 98.5 18 40 99
S-74 97.7 21 32 98.5
S-75 99.5 5 38 99.5
S-76 98.4 13 35 97.5

Notes. MTS means made to stock; MTO means made to order.
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Table 2: Top ten supplier combinations.

Number Supplier combination Coupling values for final product Score𝑃1 𝑃2 𝑃3 𝑃4 𝑃5 𝑃6 𝑃7 Quality Cost Delivery lead-time Delivery reliability
85 S-15 S-23 S-36 S-41 S-55 S-61 S-72 87.23% 754 39 91.03% 1
87 S-15 S-23 S-36 S-41 S-55 S-62 S-72 85.14% 772 34 90.30% 0.9746
86 S-15 S-23 S-36 S-41 S-55 S-61 S-75 87.23% 778 39 91.95% 0.9713
21 S-12 S-23 S-36 S-41 S-55 S-61 S-72 89.19% 782 39 90.12% 0.9677
81 S-15 S-23 S-36 S-41 S-52 S-61 S-72 87.67% 794 39 90.21% 0.9512
88 S-15 S-23 S-36 S-41 S-55 S-62 S-75 85.14% 796 35 91.22% 0.9463
23 S-12 S-23 S-36 S-41 S-55 S-62 S-72 87.05% 800 35 89.39% 0.9427
22 S-12 S-23 S-36 S-41 S-55 S-61 S-75 89.19% 806 39 91.03% 0.9399
83 S-15 S-23 S-36 S-41 S-52 S-62 S-72 85.57% 812 35 89.48% 0.9274
82 S-15 S-23 S-36 S-41 S-52 S-61 S-75 87.67% 818 39 91.12% 0.9243
Notes. The top supplier combinations are obtained based on models (1)–(6) in order to analyze the differences among the individual supplier selections and
combinations. However, only the best supplier combination calculated based on the model needs to be obtained.

different potential suppliers can have different delivery lead
times, the in-house production lead times for𝐴1,𝐴2,𝐴3, and
the finished product are fixed.

4.2. Combinatorial Analysis. As shown in Table 1, there are
six potential suppliers for each component. The coupling
values and the score of each combination are calculated by
the proposed methodology in Section 3. Table 2 summarizes
the top 10 supplier combinations.

For comparison, individual supplier selection using data
envelopment analysis (DEA) has been carried out. The top
two suppliers selected by DEA are S-12 and S-15 for 𝑃1; S-26
and S-23 for 𝑃2; S-32 and S-36 for 𝑃3; S-41 and S-46 for 𝑃4;
S-52 and S-55 for 𝑃5; S-61 and S-62 for 𝑃6; S-72 and S-75 for𝑃7.

The optimal supplier combination is number 85, which
is the first row in Table 1. It is noted that suppliers S-36 and
S-55 are not the best ones for 𝑃3 and 𝑃5, according to the
individual evaluation using DEA. Instead, S-32 and S-52 are
the best suppliers, respectively, based on the methodology in
Section 3. In other words, all the best individual suppliers
may not form the best supplier combination for the finished
product. One explanation is that when the whole production
lead time is considered, it makes no difference if S-55 is
replaced by S-52, which has a shorter lead time. The result
is identical to that of number 81 in Table 2. The score of
number 81 is smaller than the optimal score because its higher
cost and lower reliability cannot be compensated by a slight
improvement in quality.

4.3. Scenario Analysis. In this section, we reveal that the
supplier selection is related to other components’ suppliers
and production modes. We should balance all the attributes
of different components.The best supply network should har-
monize itself with the supply network structure, production
modes, and supplier attributes. The performance of a supply
network will decrease if the coordination between suppliers
is worse. One study of the US food industry estimated that
poor coordination among supply chain partners wasted $30

billion annually [35]. Fisher also presented amatchingmatrix
between supply chains and products. Functional products
require an efficient process, while innovative products require
a responsive process.We extend his claim to this: all suppliers
should systematically match their supply chain network. The
match among suppliers should be based on customer demand
and supply network strategy. When producing functional
products, such as staples, toothpaste, and soap, emphasis is
on supplier cost and quality. However, more focus is given
to delivery performance for innovative products, such as
fashionable dress, laptops, and electronics.

4.3.1. Synergy among Component Attributes. In this subsec-
tion, which discusses synergy among component attributes,
we change the attribute values of components by a trial-
and-error approach in order to determine how the supplier
combinations are affected. We adjust two attribute values of
components to study their relationships provided that the
best supplier combination remains unchanged. The attribute
value of the first component is manipulated at discrete
points. We calculate the range of attribute values of the
second component to keep the best supplier combination
unchanged provided that the values of other components
are not changed. Figure 2 shows the relevant cost, quality,
delivery reliability, and lead time effects of 𝑃2 on 𝑃1.

The four plots reveal the𝑃2 effects of quality, cost, delivery
lead time, and reliability on 𝑃1 in Figure 2. The cost range
of 𝑃2 is decreased when the cost 𝑃1 is increased in order to
provide a competitively priced finished product. Regarding
quality, when𝑃1 quality increases from90% to 99%,𝑃2 quality
can decrease from 99% to 94.5%. We do not need to use
extremely high-quality components for others if there is a
quality trade-off in another component. In general, the cost is
higher when the quality is higher.Therefore, we putmore into
cost for finished products when their quality is only slightly
improved. 𝑃1 is ordered to stock, and its lead time will not
affect the total lead time. Therefore, the lead time range of𝑃2 is unchanged. The effects between other components can
be similarly analyzed. This part numerically displays synergy
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Figure 2: Synergy effect among components 𝑃1 and 𝑃2. Notes. The values of attributes for components 𝑃3 to 𝑃7 are unchanged. We use the
data of S-36, S-41, S-55, S-61, and S-72.

among the component suppliers. The just-in-time principle
requests the suppliers to set up their factories nearby to
decrease the lead time systematically.

4.3.2. ProductionMode. Themanufacturing company should
decide which component is made to order or stock. Sun et
al. [11] provided a methodology for the production mode
selection. They consider two factors in their paper: demand
variability and customer delivery lead time. The objective is
to minimize the supply chain cost. The production mode is
related to supplier delivery lead time. In the rest of this paper,
we will test the effect of the production mode on supplier
selection. To the best of our knowledge, there is no paper
concerning this issue in the literature.

We change a component’s productionmode, for example,
by setting 𝑃6 to be made to order. The potential suppliers of𝑃6 are S-61 and S-62. Their lead times are then 25 days and
13 days, respectively. Based on the new production mode,
we change the total lead time of the supply network to
39 days and 37 days, respectively. Other attributes remain
unchanged. In this case, the best supplier for component𝑃6 is S-62. As one can see, different production modes
would be apt to select different suppliers. For example, a
manufacturing company adopting the just-in-time strategy
requests its strategic suppliers to be locatedwithin a one-hour
radius in order to safeguard on-time delivery of components.

If the manufacturing company could obtain excellent,
additional suppliers at a reasonable cost, it would change its
production mode. Hewlett Packard manufactures its printers
in the United States and delivers them to markets all over

the world after several months of ocean shipping. In this
situation, the total delivery lead time is so long that Hewlett
Packard has to forecast the demand in advance and bear
the risk of forecast error. After researching its supply chain
and product design, Hewlett Packard successfully developed
several of their printers around modular components to
benefit from postponing the point of differentiation in their
manufacturing and assembly processes. Finally, they post-
poned the last assembly into localmarkets [36], thus changing
the final assembly fromMTS to MTO.

We examine how the production mode will change when
the production time of a component is changed. We divide
the components into two groups: cost factors and production
time. In order to find the relation between the lead time
parameters and the optimal production mode, in one group
these factors are fixed, and in another group they are varied.
Table 3 shows the shift when the lead times of components𝐴1, 𝑃1, and 𝑃4 are changed. The rows from top to bottom
show the increase in factor values.The string in the middle of
the table represents the production mode of the components.
The first, fourth, and eighth character in the code sequence
describe the production mode of 𝐴1. In each column, the
discrepancies between the supply networks are marked in
bold.

Table 3 reveals that more components are made to stock
when the assembly time of 𝐴1 is longer. The customer
delivery time is fixed at 30 days. Since the assembly time
of 𝐴1 is longer, it is more difficult to meet the customer
delivery time when using MTO. Thus, the production mode
of 𝐴1 has to be changed from MTO to MTS. What is more,
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Table 3: What-if analysis based on the change of lead time of
suppliers.

The lead time of components The production mode change𝐴1 𝑃1 𝑃4
Short 10110001111 11010011111 01011001111

↓
10110001111 11010011111 01011001111
00110001111 11010011111 01011001111
00110001111 11010011111 01011001111
00010000111 01010011111 01000000111
00010000111 01010011111 01000000111
00010000111 01010011111 01000000111

Long 00010000111 01010011111 01000000111
Notes. Changed factors of component shown in bold character; “1”
means MTO; “0” means MTS; the components are sequenced as
𝑃1 𝑃2 𝑃3 𝑃4 𝑃5 𝑃6 𝑃7 𝐴1 𝐴2 𝐴3 𝐴4; the customer delivery time is fixed,
equal to 30 days.

because the critical path of BOM is changed in order to satisfy
customer delivery time requirements, the purchasing modes
of 𝑃1 and 𝑃3 are also changed from MTO to MTS. From
this case, we can hypothesize that the production mode of
other components, whose factors are not changed, is perhaps
changed.

The parameters of the supply network mode are inte-
grated; thus, some functions of the supply network, such
as supplier selection, should be considered from a whole
system point of view. Most papers give the criteria based
on a single supplier of product quality, price, and delivery
time. In general, a supplier with a short delivery time should
have a high price. However, this is a question of whether or
not companies should pay higher prices for shorter delivery
times. Based on our model, the total time to convert raw
material to finished goods is related to the total production
time of materials/components. Therefore, a supplier offering
a shorter delivery time cannot always decrease the total
time needed to convert raw materials to finished goods. For
example, if a component is in a noncritical path of the supply
network, the total time will be constant in a range of the
component’s lead time. This allows the product manager to
choose an external raw material vendor with lower capability
(i.e., with lower production cost and longer processing lead
time).

5. Conclusions

This paper aims to develop an analytical model that describes
the synergies among product components and supplier selec-
tion criteria that enhance supplier selection effectiveness.
A max-max model was designed to facilitate the selection
of the optional combination of suppliers. The synergies are
identified using coupled-attribute analysis.

This paper integrates combinatorial optimization with
coupling attributes of the final product, which is the real
objective of the end user. Four coupling attributes are iden-
tified, including final product cost, final product quality,
delivery reliability, and delivery lead time of final products.
This paper also investigates the balance among component

attributes and the effect on the production mode when
selecting a supplier. The production time is calculated under
the defined supply structure, lead time of suppliers, and
production mode.The effect of supplier selection on the pro-
duction mode is measured by using a different experimental
scenario.

The model is applied to a real case and is shown to be
an appropriate methodology for evaluating suppliers. The
real case demonstrated that the best supply network should
harmonize itself with the supply network structure, pro-
duction modes, and supplier attributes. The what-if analysis
showed that the parameters of the supply network mode are
integrated; thus, some functions of the supply network, such
as supplier selection, should be considered from a whole
system point of view.

Further research into the problem of supplier selection
may encourage the development of experimental design
or heuristics algorithms to explore how to improve the
performance supplier combination among many supplier
candidates or multiple components considering numerous
levels of supplier attributes.

Notation and Symbols Used in Section 3.1

𝑐: The number of components types
ns: The number of suppliers for each component𝑐𝑠𝑘𝑖 : The supplier 𝑘 for component 𝑖𝑉𝑝: The vector represents the supplier combination as

sequenced 𝑝𝑦𝑟𝑗, 𝑥𝑡𝑗: Representing the value of the 𝑟th output and the𝑡th input for combination 𝑗 respectively𝑢: The number of inputs of supplier combination
V: The number of outputs of supplier combination𝑎𝑟, 𝑏𝑡: A set of factor weights given to the 𝑟th output and

the 𝑡th input, respectively.
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This article puts forward a decision model for solving a supplier selection problem in a food industry by considering multiple
objectives that influence the decision-making process. In times of increasing competitiveness, companies strive hard to improve
their profitability, and selection of supply sources may help if an appropriate decision is made through a well-structured decision-
making process. Preference modeling is conducted in a flexible and interactive elicitation manner with the decision-maker (DM),
aided by FITradeoff method. Partial information is gathered about the DM’s preferences in such a way that less effort is spent on
finding a final solution for the problem.

1. Introduction

One of the main decision-making problems faced by orga-
nizations is the supplier selection problem. How to select
supply sources is a strategic decision for companies, since
doing so successfully enables them to reduce their costs and
improve profits [1]. Choosing a source of supply is one of the
most critical activities of supply chain management, because
a wrong choice can lead the supply chain as a whole to suffer
losses and thus this would directly affect the performance of
the organizations involved. On the other hand, appropriate
decisions can reduce purchasing costs, decrease production
lead time, increase customer satisfaction, and strengthen the
competitiveness of organizations [2].

Companies frequently misunderstand the supplier selec-
tion problem as a single-criterion decision-making problem,
taking into account only cost factors when making decisions.
This approach is inefficient, since there are other quantitative
and qualitative factors that should be considered. Tradeoffs
between multiple and conflicting objectives have to be made
in order to select the best supplier [3].

Several supplier selection problems are addressed in
the literature as multiple criteria decision-making problems.

Ho et al. [4] review the mainMCDM approaches for supplier
selection problems between 2000 and 2008. Chai et al. [5]
provide a guide to studies on supplier selection with MCDM
from 2009 to 2012 based on four aspects: decision prob-
lems, decision-makers, decision environments, and decision
approaches.

In this context, this article sets out to build a multicriteria
decision model to solve a supplier selection problem in
a food company by considering a purchasing manager’s
preferences in order to select a source of supply for packaging
material of a new product that the company is going to start
manufacturing. Preference modeling is conducted through a
compensatory approach, aided by the Flexible and Interactive
Tradeoff method, FITradeoff [6].

The FITradeoff method was developed to elicit criteria
weights within the scope of Multiattribute Value Theory [7]
in a structured way, based on tradeoffs. The main feature of
this new methodology compared to the traditional tradeoff
elicitation procedure is that FITradeoff works with partial
information about the DM’s preferences and thus it requires
less cognitive effort from the DM during the elicitation
process [6]. Partial information approaches for MCDM were
mainly developed by the fact that the information required by
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traditional methods can be tedious and time-consuming [8],
and the DM may not be willing to give information in the
detailed way required [9]. There are several ways of dealing
with partial information provided by theDM in the elicitation
process. Dominance intensity methods consider the infor-
mation given by DMs to run linear programming problems
so as to build a pairwise dominance matrix and thus rank
the alternatives based on incomplete information regarding
criteria weights [10–12]. The FITradeoff method works based
on the concept of potential optimality in order to choose the
best alternative in a determined set of possible actions, based
on tradeoff judgments given by DMs. FITradeoff improves
the applicability of the traditional tradeoff procedure [6],
providing an easier decision-making process. The elicitation
is conducted interactively with the DM through a Decision
Support System, which provides graphical visualization to
help the DM in the analyses of partial results. More details
about this MCDMmethod are provided in Section 3.

This paper is organized as follows: Section 2 presents a
brief literature review about MCDM approaches for supplier
selection problems; Section 3 explains how the FITradeoff
method works for aiding MCDM problems; Section 4 sets
out the multiple criteria model for supplier selection and
describes the application in a food industry; and finally
some conclusions regarding this application are discussed in
Section 5.

2. Literature Related to Supplier
Selection Problems

Most organizations that produce goods or services, at some
point in the process, need some components that they do
not produce internally. When such situations happen, a
purchasing process must be started. According to Slack et
al. [13], despite the variety of purchasing activities inside
organizations, five performance objectives should always
be taken into account, quality, speed, credibility, flexibility,
and price, in order to ensure that suppliers’ systems and
performance are in accordance with the objectives of the
organization.

The high dependency between organizations regarding
the purchasing process makes supplier selection a strategic
process for organizations. Organizations seek long-term rela-
tionships with their suppliers, based on trust and commit-
ment, so that favorable results can be achieved jointly. Despite
the strategic importance of the supplier selection process,
many organizations still limit themselves to evaluating the
price performance goal as the sole determiner when choosing
a supplier. The evaluation of this single criterion, however, is
not the most adequate approach, since many other factors
must be taken into account for the selection process to be
effective [1]. Weber and Current [14] list at least twenty-three
criteria that can be considered when it comes to supplier
selection problems.

Therefore, it can be observed that supplier selection prob-
lems have two main characteristics: they are strategically
important and complex. These situations are characterized
as problems where at least two alternatives of action are
driven by the desire to meet multiple objectives that often

conflict with each other, categorized as multicriteria decision
problems [15].

In this context, several supplier selection problems in the
literature are tackled within a multiple criteria approach, and
differentMCDMmethods are applied to evaluate the alterna-
tives, according to the DM’s preference structure, in the con-
text of the problem [15]. Some of theseMCDM approaches to
supplier selection problems are discussed below.

Regarding the decision actors of the process, either a
unique DM or a group of them may be involved in supplier
selection problems. As to selecting a single supplier, Dweiri et
al. [16] propose a decision support model to solve a supplier
selection problem in the automotive industry in Pakistan
based on the Analytic Hierarchy Process (AHP). Within a
group decision-making context, Li et al. [17] approached a
cloud service supplier selection problem based on AHP and
TOPSIS methods.

Supplier selection problems can be present in both cer-
tainty and uncertainty environments. An uncertainty envi-
ronment was approached by Çakır [18] who proposes a
supplier selection model involved in a decision process with
imprecise and subjective information; in this paper, an algo-
rithm based on Fuzzy Analytic Hierarchical Process (FAHP)
and Choquet Fuzzy Integral (CFI) methods is developed. In
the same way, Dursun and Karsak [19] propose a fuzzy multi-
criteria group decision approach for supplier selection based
on Quality Function Deployment (QFD) and the Fuzzy
Weighted Average (FWA) method for dealing with imprecise
and subjective information.

A supplier selection situation can be involved in an
environment of risk operations. Xiao et al. [20] propose a
decision model to solve a supplier selection problem under
operational risks based on integrating a Fuzzy CognitiveMap
(FCM) and a fuzzy soft set model with the Analytic Network
Process (ANP).

As a result of the growing concern about environmental
issues, Hamdam and Cheaitou [21] presented a multicriteria
decision problem to deal with green supplier selection based
on combining twoMCDMmethods: fuzzy TOPSIS andAHP.
In the same way, Kannan et al. [22] approached Green Supply
Chain Management (GSCM) in a multicriteria decision
problem to select the best green supplier for a plastics man-
ufacturer in Singapore, using FuzzyAxiomaticDesign (FAD).
Another green supplier selection problemwas approached by
Tsui and Wen [23] within a group decision-making context.

A noncompensatory rationality was considered by
Gonçalo and Alencar [24] who proposed amulticriteria deci-
sion support model for supplier selection which had two
phases: the analysis of suppliers’ products/services that
needed to be evaluated using the PROMSORT method and
the analysis of suppliers whose products/services are consid-
ered crucial using PROMETHEE II. Awasthi et al. [25] pre-
sented a multicriteria decision-making approach using the
TOPSIS method with partial information.

Therefore, due to their strategic importance for orga-
nizations, supplier selection problems need to be mod-
eled carefully, by considering the particular and individual
issues related to each specific situation. In this context,
this study aims to model a supplier selection problem of
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packaging material in a food industry within a multiple
criteria approach, considering a compensatory rationality for
modeling the decision-maker’s preferences with FITradeoff
method. This new partial information method was also
applied by Henriques de Gusmão and Pereira Medeiros [26]
for selecting a strategic information system.

3. FITradeoff Method

The Flexible and Interactive Tradeoff (FITradeoff) method
[6] was developed for eliciting scale constants (𝑘𝑖) of criteria
(for simplicity’s sake, in this paper, sometimes the expression
criteria weight is used but with meaning of scale constant)
within the scope of Multiattribute Value Theory (MAVT), in
which alternatives are scored straightforwardly according to
the value function in the following equation:

V (𝑎𝑗) =
𝑛

∑
𝑖=1

𝑘𝑖V𝑖 (𝑎𝑗) . (1)

This new method incorporates the axiomatic structure of
the traditional tradeoff procedure [7] but improves its appli-
cability for the DM: the information required by FITradeoff
is cognitively easier to provide, because this new method
works with partial information about the DM’s preferences,
searching for potentially optimal alternatives inside a space of
weights, by solving linear programming problems (LPP) [6].

Considering a multicriteria decision problem with 𝑚
alternatives and 𝑛 criteria and a DM with a compensatory
rationality, the FITradeoff method follows the steps that are
described below.

The first step is for the DM to rank the criteria weights.
This step is conducted in the same way as in the traditional
tradeoff procedure [7]. Thus, considering 𝑘1 as the most
preferable criteria and 𝑘𝑛 as the least preferable criteria, the
following relationship is obtained after this step:

𝑘1 > 𝑘2 > 𝑘3 > ⋅ ⋅ ⋅ > 𝑘𝑛. (2)

After this information has been provided, a preliminary
weight space (2) is obtained. Thus, the potential optimality
of each alternative will be verified by linear programming
problems in order to identify which alternatives are domi-
nated (and thus eliminated from the decision process) and
which ones continue in the process as potentially optimal
alternatives for the problem. An alternative is potentially
optimal if its value in (1) is greater than or equal to the values
of all other alternatives for at least one vector of weights inside
the weight space [6]; that is, an alternative 𝑎𝑗 is potentially
optimal if the following inequality is satisfied:

𝑛

∑
𝑖=1

𝑘𝑖V𝑖 (𝑥𝑖𝑗) ≥
𝑛

∑
𝑖=1

𝑘𝑖V𝑖 (𝑥𝑖𝑧) ∀𝑧 = 1, . . . , 𝑚, 𝑧 ̸= 𝑗. (3)

In order to verify the potential optimality of an alternative
𝑎𝑗 at this point, the value of 𝑎𝑗 is maximized by an LPP
model with the objective function in (4) (where the decision
variables are the scale constants 𝑘𝑖) subject to the constraints

in (2) and (3) and considering nonnegative and normalized
weights.

max
𝑛

∑
𝑖=1

𝑘𝑖V𝑖 (𝑥𝑖𝑗) . (4)

If the LPP model for alternative 𝑎𝑗 has a feasible solution,
then 𝑎𝑗 is potentially optimal for the problem; otherwise, 𝑎𝑗
is eliminated from the decision-making process.

After running the LPPmodel for all𝑚 alternatives, if only
one alternative is found to be potentially optimal, then a sin-
gle solution for the problem has been found and the process
finishes at this point. Otherwise, the DMproceeds to the next
step: he/she starts answering elicitation questions by con-
sidering tradeoffs between consequences.

In this next step, the DM compares two fictitious conse-
quences, considering tradeoffs amongst criteria [6]. An inter-
esting point to highlight here is the fact that the comparisons
are made based on strict preference statements, unlike what
happens in the traditional tradeoff procedure, in which the
DM is required to specify the exact point 𝑥𝐼𝑖 at which two
consequences are indifferent for him [7].

The main feature of FITradeoff compared to the tradi-
tional tradeoff procedure is the absence of specifying an
indifference point (𝑥𝐼𝑖 ). In FITradeoff, points above (𝑥𝑖 ) and
below (𝑥𝑖 ) the indifference value can be found, depending on
the answeres given by the DM in the elicitation questions. It
is cognitively difficult for the DM to specify indifference rela-
tions between consequences, so that a high inconsistency rate
is observed when applying the traditional tradeoff procedure
[27]. Strict preference statements are easier to provide, and
thus a reduction in inconsistencies is expected when applying
FITradeoff [6].

Therefore, rather than obtaining equations from indif-
ferent statements, FITradeoff works with partial information
in the form of inequalities (5) and (6) obtained from strict
preference statements given by the DM.

𝑘𝑖V𝑖 (𝑥

𝑖) ≥ 𝑘𝑖+1, (5)

𝑘𝑖V𝑖 (𝑥

𝑖 ) ≤ 𝑘𝑖+1. (6)

These inequalities, jointly with (2), form the new updated
space of weights. At this point, the LPP model is run again
with (5) and (6) as new constraints, with a view to finding the
new set of potentially optimal alternatives for the problem,
based on the updated weight space.

In the FITradeoffmethod, after theDMgives each answer,
a new inequality of type (5) and/or (6) is obtained, such that
the weight space is updated and the LPP is run again, thereby
seeking to find potentially optimal alternatives. This interac-
tive process goes on until a unique solution is found or until
the DM is not willing to give additional information [6].

The elicitation of FITradeoff is conducted with the DM
by means of a Decision Support System (DSS). The DSS
provides the DM with a graphical visualization of the partial
results, so that he/she can better analyze and compare the
performances of the current potentially optimal alternatives.
At this stage, if these partial results are already sufficient
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Figure 1: FITradeoff method.

for his/her purposes, the DM has the flexibility to stop the
process before the elicitation ends and keeps the partial
results. Otherwise, the DM continues answering questions
until a unique solution is found or until he/she is no longer
able to provide more information. The FITradeoff process is
summarized in Figure 1.

4. MCDM Model for the Supplier
Selection Problem

This section sets out to build a multiple criteria decision
model based on the FITradeoff method so as to solve a sup-
plier selection problem in a food industry. The organization
is a multinational company that owns global brands, and the
factory studied is located in Pernambuco, Brazil.The problem
that is addressed is howbest to select a vendorwhowill supply
packaging material for a new product that this company
is about to start manufacturing. Figure 2 summarizes the
framework for modeling this decision problem, which was
built based on a structured framework [15].

The first step is to characterize the DM and other actors
of the decision-making process. In this case, the DM is the
manager of the purchasing department of the company who
is responsible for decisions of this kind. Other actors are also
involved in the decision problem. Analysts from the plan-
ning, quality, and logistics department can contribute by pro-
viding factual information for this problem, since their rou-
tine at work is strongly connected to scheduling (planning),
delivering (logistics), and inspection (quality) of raw/pack-
aging materials. Therefore, these other actors can contribute
as specialists who will help define criteria and alternatives for
this problem.

In the second step of the model, the set of potential sup-
pliers and the criteria to evaluate them are defined. The sup-
plier selection problem addressed here has only five poten-
tial suppliers that can be considered as alternatives for this

Characterizing decision-maker and
other actors

Defining criteria and set of
potential suppliers

Rank-ordering scale constants of
the criteria

Eliciting decision-maker’s
preferences

Analyses of results

FITradeo�

Figure 2: Decision model for supplier selection problem based on
FITradeoff.

problem. This is because this industry belongs to a multi-
national company with high quality standards, and thus it
preapproves suppliers who are considered able to meet the
minimal requirements needed. In this case, only these five
vendors have passed this stage, and thus they are then consid-
ered as potential candidates to supply the packaging material
for a product that the company is about to start manufactur-
ing.

Thus, the set of alternatives is A = {Supplier 1; Supplier 2;
Supplier 3; Supplier 4; Supplier 5}. Regarding the set of cri-
teria to evaluate these potential suppliers, the DM, together
with other analysts from the company, defined seven criteria,
which are listed in Table 1.
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Table 1: Description of criteria.

Criteria Description Objective
Price Amount paid for one kilogram of the packaging material (R$/kg). Minimize

Freight Related to the reliability of the transport. Subjectively measured on a 0-1 scale
(1 is the most reliable), based on personal judgments of the decision actors. Maximize

Accuracy Rate of deliveries with the correct amount ordered, measured in periods of
one month: deliveries with correct amount/total of deliveries. Maximize

Promptness Rate of deliveries on time, measured in periods of one month: deliveries on
time/total of deliveries. Maximize

Quality Rate of deliveries with no damage in materials, measured in periods of one
month: deliveries with no damaged material/total of deliveries. Maximize

Lead time Time computed from the date of receiving the purchase order to the date of
the delivery (in days). Minimize

Flexibility
Related to the acceptability of the supplier regarding changes of amount or
delivery date of purchase orders. Measured on a verbal scale: 1 = not flexible

and 5 = very flexible.
Maximize

At this point, it is possible to build the decision matrix,
with the performance of each alternative evaluated with
respect to each criterion (see Table 2).

An important issue to point out here is regarding what
comes to the complexity of this decision-making problem.
Even though there are only five alternatives, seven criteria
are considered to evaluate these alternatives, which can be
considered relatively complex for the challenges of preference
modeling, particularly with a compensatory rationality. The
complexity of an MCDM/A model is in the number of
criteria, whereas in a computational analysis it might be con-
sidered in the number of alternatives. The main challenge in
anMCDM/Amodel is to build theDM’s preferencemodeling
and incorporate the DM’s preference in the mathematical
decision model [7, 28–30]. On the other hand, one of the
curiosities of the FITradeoff is that the number of alternatives
is not a relevant issue. At the very beginning of the FITradeoff
process, the number of potentially optimal alternatives (POA)
is reduced to a number between 1 and 7 in more than 95% of
cases, based on simulations conducted [31].

Therefore, the preference modeling was carefully con-
ducted with the DM with the FITradeoff method. The sub-
sequent steps of the model in Figure 2 are explained in the
following subsections.

4.1. Preference Modeling with FITradeoff. The third step of
the model proposed in Figure 2 consists of ranking criteria
weights, considering the DM’s preferences. In this step, the
DM holistically evaluates the criteria in order to rank them
according to his/her preferences, considering not only the
relative importance of each criterion but also the range of
values of the consequences (Keeney and Raiffa [7]).The order
obtained by the DM was

𝑘price > 𝑘freight > 𝑘accuracy > 𝑘quality > 𝑘flexibility

> 𝑘lead time > 𝑘promptness.
(7)

The next step is to elicit scale constants based on the
FITradeoff method. After ranking the criteria weights, the
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Figure 3: Bar graphic of potentially optimal alternatives.

LPPmodel shown in Section 3 runs in order to look for poten-
tially optimal alternates in the current space of weights [6].
Suppliers 1, 2, and 3 were found as potentially optimal alter-
natives at this point, and Suppliers 4 and 5 were eliminated.
FITradeoff DSS provides the DMwith graphical visualization
of partial results during the process, which characterizes the
flexibility of this method. Figure 3 shows the bar graphic
provided by the DSS, which can help the DM to compare the
performances of the current potentially optimal alternatives.

Criteria are ordered from left to right, and the perfor-
mance of the alternatives in each criterion is represented by
the bars (one color for each alternative). The height of each
bar represents the value of the consequence of an alternative
in one criterion, normalized on a 0-1 ratio scale. By analyzing
Figure 3, the DM can holistically compare these three alter-
natives in order to decide whether or not this partial result is
already sufficient for him to make a final decision.

Advantages of using graphics in decision process have
been discussed in the literature [32] and particularly as to
applying them in multicriteria decision problems [33]. This
is an interesting trend that seeks to improve flexibility in
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Table 2: Decision matrix of the supplier selection problem.

Alternatives/criteria Price Freight Accuracy Promptness Quality Lead time Flexibility
Supplier 1 17,44 1 0.9 0.9 1 45 2
Supplier 2 16,43 1 0.9 1 1 45 1
Supplier 3 14,38 0.5 0.8 0.8 0.8 45 3
Supplier 4 20,69 0.7 1 0.95 0.75 63 5
Supplier 5 20,69 1 1 1 0,5 45 4

Decision Support Systems (DSS). One of the main issues
for graphical visualization in decision processes is the level
of confidence of the analysis, for which more studies are
required. In this context, cognitive neuroscience and decision
neuroscience appear as recent multidisciplinary approaches
[34], which can be applied to improve the confidence of
visualization tools in DSS and can also be applied to evaluate
reduction on the cognitive effort in decision problems.

For this application in a supplier selection problem, the
DM has chosen to start answering the elicitation questions
because doing holistic evaluation based on the graphic in
Figure 3 was still cognitively difficult for him, since all the
three alternatives seem to have good outcomes for the prob-
lem. This kind of judgment is supported by a set of recom-
mendations that is given to the analyst, which is obtained
from the decision neuroscience studies for the FITradeoff
method, also using eye tracking tools [34].

Thus, the DM answered the first elicitation question, and
the set of potentially optimal alternatives remained the same:
Suppliers 1, 2, and 3. After he answered the second question,
a unique solution was found: Supplier 2.

Table 3 has a summary of the application of FITradeoff,
where the first column (cycle) indicates the number of the
question answered. The second and third columns show the
values of consequences A and B compared by the DM (for
details, see [6]), and the fourth column shows the answer
given by the DM.The last column shows the set of potentially
optimal alternatives obtained by the LPP model after that
question.

In FITradeoff, at each cycle, the DM is required to state
his/her preference between two consequences (A and B), but
he/she may also be indifferent between them or choose not
to answer such question, so that the model computes another
question with no loss of information [6]. In the first question,
the DM preferred consequence A over consequence B, but
he was indifferent between the consequences of the second
question. A final solution was found immediately after he
answered the second question.

The last step of the model, proposed in Figure 1, is to
analyze the results obtained. These are discussed in the next
subsection.

4.2. Discussion of Results. On analyzing the result obtained
by FITradeoff, one should note that the supplier selected
(Supplier 2) is not the one that offers the lowest price, which
confirms the statement that selecting a supplier based only on
cost factors may not represent the best compromise solution
for the supply chain as a whole. Supplier 3 is the one with
the best price, but compared to Suppliers 1 and 2, it has the
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Figure 4: Final weight space obtained by FITradeoff.

worst performance on most of the criteria (freight, accuracy,
quality, and promptness), as Figure 3 shows. Therefore, these
results showhow important it is to consider amultiple criteria
approach in order to deal with supplier selection problems.

Unlike traditionalmethods inwhich exact values for scale
constants are obtained (e.g., [7, 35]), FITradeoff works with
a set of feasible vectors of weights, or weight space, within
which a search for potentially optimal alternatives is made
by the LPP model. Therefore, after a final solution was found
(Supplier 2), no exact values of weights were calculated, but a
final weight space, for which Supplier 2 is the best alternative,
was obtained. The final weight space achieved at the end of
the application is illustrated in Figure 4, represented by the
minimum and maximum values for each scale constant.

For any set of weight vectors inside such a space, the
global value of alternative 2 is greater than the global value of
any of the other alternatives.Thus, by analyzing Figure 4, one
can see that Supplier 2 is the best alternative for a relatively
large range of weight values, thus showing that the result
obtained is reasonably robust.

With regard to the applicability of the method from the
DM’s point of view, it could be seen that the number of
questions needed to find a final solution was only 2, which
shows that FITradeoff did not require the DM to make
much effort to solve this problem. The quantity of questions
required by the FITradeoff method to find a unique solution
to MCDM problems in general is not a fixed number; it may
vary according to the data of the problem; in particular, two
key aspects have influence on this issue: the topology of the
alternatives and the distribution of criteria weights.There are
some cases in which right after the ranking of criteria weights
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Table 3: Summary of FITradeoff application.

Cycle Consequence A Consequence B: best of Answer Potentially optimal alternatives
0 Ordering... Supplier 1, Supplier 2, Supplier 3
1 17.53 of price Promptness A Supplier 1, Supplier 2, Supplier 3
2 17.53 of price Freight I Supplier 2

a solution can be found; in other cases, even more than 10
questions might be necessary [6]. For this specific supplier
selection problem addressed here, only two questions were
necessary in order to find a final solution for the problem.

As explained in Section 3, all questions put for the DM in
the FITradeoff Decision Support System ask him to compare
the following: consequence A, with an intermediate value
for one criterion and the worst value for the others, and
consequence B, with the best value for one criterion and the
worst value for the others. The DM has four possible answers
for such questions: preference for consequence A; preference
for consequence B; indifference between these two conse-
quences; or choosing not to answer the question (because he
does not want to or is not willing to). In this supplier selection
problem, Table 3 shows that the second question put for the
DM by the FITradeoff DSS was the following: consequence
A, with R$17.35/kg value for the price and worst value for the
other criteria, and consequence B, with the best outcome for
freight (which is 1, according to Table 2) and the worst out-
come for the others.The DM had the option to answer in any
of the four ways explained above, but, according to his pref-
erences, he felt indifferent between these two consequences.
Therefore, he did not have to exactly specify an indifference
value because the method requires that (as happens in the
traditional tradeoff procedure [7]), but instead he chose to
give such information. If the traditional tradeoff procedure
was applied to solve this problem, at least 6 (number of
criteria − 1) indifference statements would be mandatory in
order to find a solution. In FITradeoff, the DM does not
necessarily give indifference statements, but he is allowed to
if so he desires because of the flexibility of this method.

Thus, a reduction in the number of questions was reached
by applying FITradeoff, and the cognitive effort may also be
reduced depending on the answers given by the DM. Time
is precious and in short supply for managers of multinational
companies, so they are always looking to reduce the effort and
time spent with processes like decision-making, which puts
forward FITradeoff as a good alternative of MCDM method
for aiding this problem.

TheDSS used in this application is available for download
on request at http://fitradeoff.org/.

5. Conclusions

Given the increasing competitiveness of organizations, it is
important to give special attention to key decisions that
can improve a company’s results, such as how best to select
suppliers. In this context, this paper presented a structured
multiple criteria approach for tackling the problem of select-
ing a supplier of packaging material to a food company.

Seven criteria were selected to represent the objectives related
to this particular problem, and five vendors were evaluated
with respect to these criteria. The preference modeling was
conducted considering a purchasing manager’s preferences
within a compensatory approach, aided by the Flexible and
Interactive Tradeoff (FITradeoff) method.

The elicitation process in FITradeoff was conducted with
the DM by means of a Decision Support System, in which
the DM interactively answers questions, and then potentially
optimal alternatives are sought by solving linear program-
ming problems. FITradeoff DSS also provides graphical
visualization for the DM at each step in a flexible way, so
that the DM can holistically analyze the performance of
the potentially optimal alternatives. This method has been
supported by studies based on neuroscience [34].

After two elicitation questions answered by the DM, the
DSS found a final solution for the problem. An interesting
thing to point out is the fact that the selected alternative
was not the one presenting the best price offer, which most
of the time is the only attribute considered by companies
in order to make this kind of decision. Thus, evidence that
approaches considering only cost factorsmay not result in the
best compromise solution for a company is provided.

An advantage of applying FITradeoff to solve this problem
can be observed by comparing it to the traditional tradeoff
elicitation procedure. If the traditional tradeoff was to be
applied, a minimum of six indifference statements (𝑛 − 1)
from the DM would be required to find a final solution.
Indifferent statements are cognitively difficult to provide,
and FITradeoff does not necessarily require this kind of
information. Partial information can be provided with strict
preference statements. With FITradeoff, only two questions
were necessary to find a final compromise solution, which
resulted in the DM saving time and effort.
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[18] S. Çakır, “Selecting the best supplier at a steel-producing com-
pany under fuzzy environment,” International Journal of Ad-
vanced Manufacturing Technology, vol. 88, no. 5-8, pp. 1345–
1361, 2017.

[19] M. Dursun and E. E. Karsak, “A QFD-based fuzzy MCDM
approach for supplier selection,” Applied Mathematical Mod-
elling, vol. 37, no. 8, pp. 5864–5875, 2013.

[20] Z. Xiao, W. Chen, and L. Li, “An integrated FCM and fuzzy
soft set for supplier selection problem based on risk evaluation,”
Applied Mathematical Modelling: Simulation and Computation
for Engineering and Environmental Systems, vol. 36, no. 4, pp.
1444–1454, 2012.

[21] S. Hamdan and A. Cheaitou, “Supplier selection and order allo-
cation with green criteria: an MCDM and multi-objective opti-
mization approach,” Computers & Operations Research, vol. 81,
pp. 282–304, 2017.

[22] D. Kannan, K. Govindan, and S. Rajendran, “Fuzzy axiomatic
design approach based green supplier selection: a case study
from Singapore,” Journal of Cleaner Production, vol. 96, pp. 194–
208, 2015.

[23] C.-W. Tsui and U.-P. Wen, “A hybrid multiple criteria group
decision-making approach for green supplier selection in the
TFT-LCD industry,”Mathematical Problems in Engineering, vol.
2014, Article ID 709872, 13 pages, 2014.
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This paper proposes a new scientific decision framework (SDF) under interval valued intuitionistic fuzzy (IVIF) environment for
supplier selection (SS). The framework consists of two phases, where, in the first phase, criteria weights are estimated in a sensible
manner using newly proposed IVIF based statistical variance (SV)method and, in the second phase, the suitable supplier is selected
using ELECTRE (ELimination and Choice Expressing REality) ranking method under IVIF environment. This method involves
three categories of outranking, namely, strong,moderate, andweak. Previous studies on ELECTRE ranking reveal that scholars have
only used two categories of outranking, namely, strong and weak, in the formulation of IVIF based ELECTRE, which eventually
aggravates fuzziness and vagueness in decisionmaking process due to the potential loss of information.Motivated by this challenge,
third outranking category, calledmoderate, is proposed, which considerably reduces the loss of information by improving checks to
the concordance and discordance matrices. Thus, in this paper, IVIF-ELECTRE (IVIFE) method is presented and popular TOPSIS
method is integrated with IVIFE for obtaining a linear ranking. Finally, the practicality of the proposed framework is demonstrated
using SS example and the strength of proposed SDF is realized by comparing the framework with other similar methods.

1. Introduction

Uncertainty and vagueness are an integral part of SS process
[1, 2]. In SS, the decisionmaker (DM)or the expert committee
rates each supplier based on a set of criteria. This rating can
be either linguistic, numeric, or both depending on the choice
of the DM. Such rating styles introduce an implicit vague-
ness in the process and are hence difficult to arrive at a con-
crete consensus. To better deal with such issues, Atanassov
[3] came up with the idea of intuitionistic fuzzy set (IFS), in
which a pair consisting of both membership and nonmem-
bership value for every instance was used to better represent
fuzziness in preferences. Later, Atanassov and Gargov [4]
combined interval numbers and IFS to form IVIF sets. They
claim that IVIF had better scope for representing fuzziness
and vagueness. From then on, researchers widely explored
IVIF by proposing several new theories and concepts. Let us
nowdiscuss some of themhere. A brief discussion on classical
operators of IVIF is also given in [5]. Bustince and Burillo [6]

introduced the idea of correlation between IVIF set and
developed decomposition theorems for the same. Xu and
Chen [7] proposed ordered weighted and hybrid aggregation
operators for IVIF sets and applied them for group deci-
sion making (GDM). Few researchers have also used IVIF-
TOPSIS for solving GDM problems [8, 9]. Wang and Liu [10]
proposed new Einstein aggregation operators based on sum,
exponent, and product theories and demonstrated the same
for selecting better propulsion systems. Following this, some
researchers have also formulated new IVIF based entropy
measures for solving pattern recognition and GDM prob-
lems [11–13]. Also, new distancemeasures under IVIF context
have attracted authors that provide effective GDM process
[14, 15]. Mukherjee and Das [16, 17] developed a theoretic
framework of IVIF soft sets and effectively solved investor
selection problem. The fusing of IVIF judgment matrix is an
interesting research topic which has attracted researchers to
contribute with some novel mechanisms [18, 19]. Motivated
by the power of possibility theory, Wan and Dong [20]
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proposed a new method for comparison of IVIF values.
Dadgostar andAfsari [21] further came upwith a new idea for
accurate edge detection in image steganography using IVIF
concepts. Rashmanlou et al. [22] formulated the concept of
IVIF graphs and gave a detailed description on IVIF graphs
and their properties. Dymova and Sevastjanov [23] extended
Dempster-Shafer theory over IVIF for solving GDM prob-
lems effectively. Another interesting area of concern for
researchers in IVIF lies in consistency checks and preference
completion [24, 25]. Researchers have also extended popular
AHP [26] and MULTIMOORA [27] ranking schemes for
IVIF domain and applied these methods for better GDM
process.

Based on the discussion made above, we observe that
IVIF based decision making methods are computationally
attractive and effective for handling fuzziness and vague-
ness. In general, MCDM (multicriteria decision making)
methods are classified into two groups, namely, utility based
and outranking based methods. In utility based approach,
alternatives are selected based on the utility function. On
the other hand, in outranking based approach, alternatives
are selected based on the preference function. Liao and Xu
[28] claim that utility based methods are weak and pointed
out few limitations of the methods. They are as follows:
“(i) aggregation of different conflicting and commensurable
criteria values for each alternative into a single entity is
logically not correct and (ii) correlation between the criteria
affects aggregation.” To circumvent these issues, researchers
came up with the concept of outranking based methods.
The two popular methods of this category are PROMETHEE
and ELECTRE. Both follow outranking relations and are
affected by rank reversals. Details on PROMETHEE and its
family can be found in [29]. Since the focus of this paper is
pertaining to ELECTRE method, we confine our discussion
with ELECTRE and its family.

Roy [30] fine drafted the initial idea of Benayoun to
formulate ELECTRE method which is one of the ranking
schemes used for solving MCDM problems. The method fol-
lows outranking relationship concepts. The family of ELEC-
TRE consists of popular schemes like ELECTRE I, ELECTRE
IS, ELECTRE II, ELECTRE III, ELECTRE IV, and ELECTRE
TRI. Among these, ELECTRE I and ELECTRE TRI IS are
used for selection and others are used for ranking. ELECTRE
I gave the basic idea for concordance and discordance, while
ELECTRE IS proposed the concept of indifference and pre-
ference thresholds. ELECTRE II introduced strong and weak
concordance and discordance estimates but was poor in
handling uncertain and fuzzy data. To compensate the issue,
ELECTRE III was proposed which combined the ideas of
ELECTRE II and ELECTRE IS along with fuzzification of
indices. ELECTRE IV, on the other hand, used the ideas of
ELECTRE II and ELECTRE III along with elimination of
weights for indices estimation. ELECTRE IV used number of
criteria in each outranking category instead of membership
values for ranking. ELECTRE TRI is used when the number
of alternatives is high. Detailed discussions on ELECTRE
family can be found in [31]. Many scholars inspired by
the power of ELECTRE applied the method to different
fuzzy variants. Some of the interesting fuzzy variant based

ELECTRE methods are discussed here. Wu and Chen [32]
proposed a new ELECTRE scheme under IFS domain which
is an extension to the classical ELECTRE, where three
categories of outranking relations were introduced and fuzzi-
ness was better handled. Though the handling of fuzziness
was taken care of by the three outranking categories, the
problem that still remained unsolved was the proper repre-
sentation of fuzziness and vagueness. To throw light on this
issue,Wu [33] proposed an IVIF based ELECTRE which uses
score and accuracy metrics along with membership and
hesitation index. Though the concept of IVIF was used to
effectively tackle the problem of data representation, still,
these parameters (metrics and indices) complicate the rank-
ing scheme by further aggravating the vagueness in judg-
ments by converting interval numbers to the single valued
entity. This also causes loss of information which eventually
affects the ranking process. In the view of proposing a
simplified framework for decisionmaking under uncertainty,
Xu and Shen [34] extended ELECTRE I method under IVIF
environment for supplier selection which uses simple score
and accuracy measure for the construction of concordance
and discordance matrices. But, even IVIF-ELECTRE from
[32] suffers the loss of potential information as the interval
values were converted into single valued entities for analysis.
Further, Chen [35] derived a new mechanism for ranking
using IVIF based ELECTRE method. He adopted inclusion
comparison approach along with distance measure and score
function. These parameters also increase the vagueness in
judgments as they work with single valued terms rather than
interval numbers. Also, the estimation of these parameters
complicates the decision making process. Hashemi et al. [36]
also proposed IVIF based ELECTRE III method for investor
ranking. They also used score method for constructing con-
cordance and discordancematrices which again causes loss of
information due to single term processing rather than inter-
val numbers. Further, they considered only single category
for outranking relation which again aggravates fuzziness and
vagueness in the decision making process. Chen [37] again
extended the idea of concordance and discordance overmany
IVIF based likelihood preference functions and proposed a
new ranking involving permutation and scoringmechanisms.
Though this method handled loss of information to a certain
extent, the complexity of implementation increased.

To address such issues and to give a simple and straight-
forward approach for decision making, in this paper, we
make efforts to extend the Wu and Chen [28] approach of
IFS based ELECTRE. Also, to the best of our knowledge,
there is no direct extension to [28] and there is no procedure
for estimating lower and upper bounds of concordance and
discordance under three-way outranking categories (strong,
moderate, and weak). We also affirm our claim based on
the work done by Govindan and Jepsen [51] in deeply
investigating ELECTRE and its extensions. Hence, we set
our proposal to address such research lacuna. To serve the
context, in this paper, we propose a novel IVIFE scheme
which estimates both lower and upper concordance and
discordance separately for all three outranking categories
and also provides a systematic procedure for ranking which
is a simple and direct extension of [28]. The estimation of
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Table 1: Survey on supplier selection under IVIF environment from 2013 to 2016.

Ref # Year Aggregation Fuzzy methods Application(s) Discussion

[2] 2016 Yes IVIF based
ranking

Supplier
selection

Linguistic terms were converted to IVIF
terms and aggregation was performed to

fuse different opinions into a single
matrix. TOPSIS method was used for
criteria weight estimation. Finally,

ranking is done using linear
programming model and SS example is
used to demonstrate the practicality.

[38] 2016 No IVIF based
ranking

Supplier
selection

A new framework was proposed to select
suitable business intelligent system

supplier under IVIF domain. Criteria
weights were estimated using ordered

pairwise comparison method and weight
of experts was determined using entropy
method. A new algorithm was used for
ranking suppliers and its practicality was

tested using SS example.

[39] 2016 No IVIF based
ranking

Green supplier
selection

IVIF terms were used for evaluation.
Delphi method was used for choosing
criteria for SS. Ranking was done using
Choquet integral and fuzzy measures.

[40] 2016 Yes IVIF based
ranking

Supplier
selection

IVIF terms were used for rating suppliers.
AHP method was used for estimation of
criteria weights and TOPSIS method was
extended to IVIF domain for ranking
suppliers. Preference values were

aggregated using weighted arithmetic
operator under interval domain.

[41] 2015 Yes IVIF based
ranking

Supplier
selection

The DMs gave their preferences in IVIF
fashion. Criteria and DMs weights were
calculated using cross entropy measures
and ranking of suppliers was done using

optimization mechanism.

[42] 2015 No IVIF based
ranking

Green supplier
selection

Heterogeneous set of terms were used for
evaluation. IVIF based LINMAP
approach was used for ranking of

suppliers. Criteria weights were also
determined using fuzzy programming

model.

[34] 2014 Yes IVIF based
ranking

Supplier
selection

IVIF information was used for rating
suppliers. ELECTRE 1 was extended to

IVIF domain for ranking suppliers. Score
and accuracy were used for estimating
concordance and discordance matrix.
Criteria weights were calculated using

entropy method.

[43] 2013 No IVIF based
ranking

Supplier
selection

Heterogeneous values were used for
evaluation of suppliers. LINMAP method
was extended to IVIF domain and new
distance measure was adopted to rank

suppliers.

[44] 2013 Yes
Dynamic fuzzy
set (DFS) based

ranking

Supplier
selection

The preferences were made in DFS
fashion. The proposal discusses few
weight models and ranking was done
using a newly proposed DFS function.
DFS was compared with IVIF over SS
example and the power of DFS was

realized.
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Table 1: Continued.

Ref # Year Aggregation Fuzzy methods Application(s) Discussion

[45] 2013 Yes IVIF based
ranking

Supplier
selection

A new decision framework was proposed
under IVIF domain for SS. The input to
the framework was assessment in the

form of IFVs and ranking was done using
aggregated index.

[46] 2013 No IVIF based
ranking

Supplier
selection

Heterogeneous information was used to
rate suppliers. The LINMAP method was
extended over IVIF and distance measure

was used to rank suppliers. Criteria
weights were calculated using fuzzy

optimization model.

[47] 2013 No IVIF based
ranking

Supplier
selection

The DMs rate the suppliers using IVIF
values. The criteria weights were
determined using newly proposed

entropy measures. Ranking was also done
using score and accuracy methods.

[48] 2013 No IVIF based
ranking

Supplier
selection

The DMs adopt IVIF information to rate
suppliers. The criteria were weighed using

cotangent function based entropy
measure. Ranking of suppliers was done
using score and accuracy function and
suitable supplier was selected for the job.

[49] 2013 Yes IVIF based
ranking

Supplier
selection

IVIF information was used by the DM to
gauge suppliers. A new aggregation
method was proposed under IVIF

environment for fusing preferences and
final ranking was done using this

method. Power of the proposed model
was validated using sensitivity analysis
and results infer better practicality and

robustness of the model.

[50] 2013 No IVIF based
ranking

Supplier
selection

IVIF values were used for rating. Criteria
weights were estimated using AHP
method and VIKOR was extended to

IVIF for ranking suppliers.

lower and upper concordance and discordance makes the
schememore effective against vagueness by mitigating loss of
information and acts as a better choice for MCDM problems
involving uncertainty. To demonstrate the practicality of the
proposed IVIF-ELECTRE method, SS problem is used and
the proposed SDF is compared with other methods to realize
its strengths.

The rest of the paper is organized as literature review
in Section 2, followed by prerequisites in Section 3 where
basic definitions of IFS, IVIF, and interval numbers are
discussed. Section 4 makes a discussion on proposed SDF
where the IVIF based SV method is proposed for criteria
weight estimation and IVIFEmethod is proposed for ranking
of suppliers. Section 5 demonstrates an illustrative example of
SS for expressing the applicability of the proposed framework.
The comparison of proposed IVIFE method with other
IVIF based ranking methods is conducted in Section 6 and
conclusion is given in Section 8.

2. Literature Review

In this section, literature review is conducted using two-
stage approach, where both application and method are
concentrated. The application considered here is SS and the
method is IVIF based MCDM methods. So far, in the field
of survey and analysis, this two-stage approach is considered
to be effective and straightforward. Thus, our study also uses
this approach for the review process. We apply filters to the
year of publication from 2013 to 2017, owing to the extension
of work done by [53, 54]. The two survey papers cover a total
lifespan of 2000 to 2012 and hence, we set our filters in this
manner. Based on the keywords and the year of publication,
we obtained 19 potential papers. The discussion of these
papers is tabulated in Table 1.

From Table 1, we infer the following points:
(1) Supplier selection is an attractive area for research in

the field of SCMwhich has gained welcoming interest
from the researchers under the MCDM perspective.
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(2) The use of IVIF based MCDM methods for SS prob-
lem has just started and exploration in this field of
study is becoming essential. Moreover, researchers
have started realizing the strength of IVIF over IFS
and hence, the use of IVIF based MCDM concepts to
SS problem becomes an interesting and challenging
task.

(3) Many scholars have extended the LINMAP approach
under IVIF environment for solving SS problem and
the extension of ELECTREmethod to SS problem has
just started.

(4) Estimation of criteria weights is another attractive
area for research, where many scholars have focused
their attention. These scholars have dominantly
extended entropy measures and optimization models
for calculating criteria weights, but Liu et al. [55]
claimed that these methods yield unreasonable
weight values and hence, to alleviate the issue, they
proposed SV method.

Based on these inferences, the following research lacunas
can be identified:

(1) From inference (1), we are motivated towards the
supplier selection problem and hence make efforts to
propose a new framework called SDF, for solving SS
problem.

(2) Inference (2)motivated us to adopt IVIF environment
for SS problem. Table 1 clarifies the power of IVIF in
decisionmaking and hence we set our proposal under
IVIF domain.

(3) Inference (3)motivated us to propose a new extension
to ELECTRE method under IVIF environment for
solving SS problem. Table 1 clarified the fact that
ELECTRE method is less explored for SS and hence
we set out proposal towards this direction.

(4) The claim from inference (4) motivated us to propose
a new extension to SVmethod under IVIF domain for
producing sensible and rational weight values for the
criteria.

3. Prerequisites

Definition 1 (see [3]). Consider a fixed set𝑀 = (𝑚1, 𝑚2, . . . ,𝑚𝑝) such that 𝑁 ⊂ 𝑀 is also fixed. Now IFS 𝑁 in 𝑀 is an
object which is of the form given by𝑁 = {(𝑚𝑘, 𝜇𝑁 (𝑚𝑘) , 𝜐𝑁 (𝑚𝑘)) | 𝑚𝑘 ∈ 𝑀} , (1)

where 𝜇𝑁(𝑚𝑘) and 𝜐𝑁(𝑚𝑘) represent the membership and
nonmembership values, respectively. Here 0 ≤ 𝜇 ≤ 1, 0 ≤𝜐 ≤ 1, and 𝜇 + 𝜐 ≤ 1.
Remark 2. For the ease of understanding Atanassov [5]
called 𝛼 = (𝜇𝛼, 𝜐𝛼) which is an intuitionistic fuzzy value
(IFV). Szmidt and Kacprzyk [56] introduced an additional
parameter to IFV called the hesitation or indeterminacy and
it is derived from

𝜋𝛼 = 1 − (𝜇𝛼 + 𝜐𝛼) , (2)

where 𝜋𝛼 is the indeterminacy value with 0 ≤ 𝜋 ≤ 1.
Definition 3 (see [4]). Consider a fixed set𝑀 such that 𝐴 ⊂𝑀 is also fixed. Now IVIF set 𝐴 in 𝑀 is an object which is
given by 𝐴 = {(𝑚𝑘, 𝜇𝐴 (𝑚𝑘) , 𝜐𝐴 (𝑚𝑘)) | 𝑚𝑘 ∈ 𝑀} , (3)

where 𝜇𝐴 = [𝜇𝑙𝐴, 𝜇𝑢𝐴] ∈ [0, 1] is the membership degree, 𝜐𝐴 =[𝜐𝑙
𝐴
, 𝜐𝑢
𝐴
] ∈ [0, 1] is the nonmembership degree, and hesitation𝜋𝐴 = [𝜋𝑙
𝐴
, 𝜋𝑢
𝐴
] ∈ [0, 1] with 𝜋𝑙

𝐴
= 1 − (𝜇𝑢

𝐴
+ 𝜐𝑢
𝐴
) and 𝜋𝑢

𝐴
=1 − (𝜇𝑙

𝐴
+ 𝜐𝑙
𝐴
).

Definition 4 (see [57]). The IFS obeys certain operational laws
given in (4). Let one consider two IFVs, 𝑃 = (𝜇𝑝, 𝜐𝑝) and𝑄 = (𝜇𝑞, 𝜐𝑞), which follow

𝑃 ⊕ 𝑄 = (𝜇𝑃 + 𝜇𝑄 − 𝜇𝑃𝜇𝑄, 𝜐𝑃𝜐𝑄) ,𝑃 ⊗ 𝑄 = (𝜇𝑃𝜇𝑄, 𝜐𝑃 + 𝜐𝑄 − 𝜐𝑃𝜐𝑄) ,
𝑙⨁
𝑘=1

𝑃 = (1 − 𝑙∏
𝑘=1

(1 − 𝜇𝑘) , 𝑙∏
𝑘=1

𝜐𝑘) ,
𝑙⨂
𝑘=1

𝑃 = ( 𝑙∏
𝑘=1

𝜇𝑘, 𝑙∏
𝑘=1

(1 − 𝜐𝑘)) ,
(4)

where the resultant of all these operations also yields an IFS
which obeys all properties mentioned in Definition 1.

Definition 5 (see [58]). The interval numbers also obey some
operational laws which are given by (5). Let one consider𝑉 = [V𝑙, V𝑢] and 𝑊 = [𝑤𝑙, 𝑤𝑢] be two interval numbers in
the range [−∞, +∞]; then one obtains the following:

𝑉 +𝑊 = (V𝑙 + 𝑤𝑙, V𝑢 + 𝑤𝑢) ,𝑉 −𝑊 = (V𝑙 − 𝑤𝑢, V𝑢 − 𝑤𝑙) ,𝑉 ×𝑊 = (V𝑙 × 𝑤𝑙, V𝑢 × 𝑤𝑢) ,𝑉𝑊 = ( V𝑙𝑤𝑢 , V𝑢𝑤𝑙) ,
(5)

where the operations yield an interval number which is also
in the range [−∞, +∞].
4. Proposed Scientific Decision Framework

4.1. Workflow of SDF. In this section, we demonstrate the
working procedure of proposed SDF. The flow chart idea
is adopted for depicting the working procedure. Figure 1
illustrates theworkflowof SDF and since the flow chart is self-
contained and straightforward, we confine our discussion for
brevity.
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Start

Define the supplier 
selection problem

Determine the number of 
alternatives and criteria

Estimate the criteria weight
using IVIF based
SV method

Determine the suitable 
supplier using IVIF
based ELECTRE method

Compare the strength and
weakness of IVIF based
ELECTRE with similar 
method

End

Figure 1: Workflow of proposed SDF.

4.2. Proposed IVIF Based SV Method. The estimation of
weights or relative importance for each criterion is an attrac-
tive area for research. Many scholars have worked towards
this field of study and proposed new methods for weight
estimation. Broadly, the idea of criteria weight estimation
can be classified into two groups, namely, manual weight
estimation and methodical weight estimation. In manual
weight estimation, DMs give weights to the criteria directly
without following any procedure for estimation. On the other
hand, methodical type of weight estimation is a systematic
procedure used for estimation of criteria weights. Popular
among them are entropy based [15, 59, 60], AHP based
[61], and optimization model based weight estimation [62].
Liu et al. made an argument that though these methods
estimateweight values, all thesemethods yield unrealistic and
unreasonable weights for the criteria. Hence, to circumvent

the issue, they came up with an idea of statistical variance
(SV) method for weight estimation. They claim that (1) SV
method yields much sensible and reasonable weight values,
(2) unlike other methods that concentrate on the extremes,
SV method concentrates on all points and then decides the
distribution, and (3) SV method is simple and straightfor-
ward. These strengths of SV method motivated us to extend
the SV method to IVIF environment and to propose a new
method for criteria weight estimation under IVIF domain.

The steps involved in IVIF based SV method is discussed
below.

Step 1. Construct a criteria weight evaluation matrix of order(𝑚 × 𝑛), where 𝑚 is the total trials made by the committee
for evaluation and 𝑛 is the number of criteria taken for
consideration.

Step 2. Calculate the mean of each instance and convert IVIF
values to IFVs. Calculate the accuracy for each instance and
convert IFV to a single value term.

Step 3. Calculate the mean of each criterion (values taken
fromStep 2) and estimate the variance value for each criterion
using (6). This forms a vector of order (1 × 𝑛), where 𝑛 is the
number of criteria.

var = 𝑚∑
𝑘=1

(𝑟𝑘𝑎𝑏 − 𝑟𝑎𝑏)2 , (6)

where𝑚 is the total trials and 𝑟𝑎𝑏 is themean value of a partic-
ular criterion.

Step 4. Normalize these variance values using (7) to obtain
the relative importance (weights) for each criterion.𝜔𝑖 = var𝑖∑𝑛𝑖=1 var𝑖 , (7)

where 𝜔𝑖 is the weight vector for each of the criterion and∑ var∗ = 1.
4.3. Proposed IVIF Based ELECTRE Method. The IVIFE
method is a novel approach for solving MCDM problems,
which integrates IFS and interval numbers into ELECTRE
ranking scheme.We also combine classical TOPSIS approach
with this method to obtain final ranking. The procedure for
IVIFE is given below.

Step 1. Construct a judgment matrix as in (8). Let 𝜇 =[𝜇𝑙, 𝜇𝑢], 𝜐 = [𝜐𝑙, 𝜐𝑢], and 𝜋 = [𝜋𝑙, 𝜋𝑢].𝐽𝑎𝑏 = (𝜇𝑙𝑎𝑏, 𝜇𝑢𝑎𝑏, 𝜐𝑙𝑎𝑏, 𝜐𝑢𝑎𝑏, 𝜋𝑙𝑎𝑏, 𝜋𝑢𝑎𝑏) , (8)

where (𝜇𝑙𝑎𝑏, 𝜇𝑢𝑎𝑏), (𝜐𝑙𝑎𝑏, 𝜐𝑢𝑎𝑏), and (𝜋𝑙𝑎𝑏, 𝜋𝑢𝑎𝑏) are the lower and
upper limits of the membership values, nonmembership
values, and indeterminacy, respectively. Let 𝑟 and 𝑐 be the
number of alternatives and criteria; then the judgmentmatrix𝐽 is defined as amatrix of order 𝑟×𝑐with 𝜇𝑙𝑎𝑏 ≤ 𝜇𝑢𝑎𝑏, 𝜐𝑙𝑎𝑏 ≤ 𝜐𝑢𝑎𝑏,𝜋𝑙𝑎𝑏 ≤ 𝜋𝑢𝑎𝑏, 𝜇𝑙𝑎𝑏 + 𝜐𝑙𝑎𝑏 ≤ 1, 𝜇𝑢𝑎𝑏 + 𝜐𝑢𝑎𝑏 ≤ 1, 𝜋𝑙𝑎𝑏 = 1 − (𝜇𝑢𝑎𝑏 + 𝜐𝑢𝑎𝑏),
and 𝜋𝑢𝑎𝑏 = 1 − (𝜇𝑙𝑎𝑏 + 𝜐𝑙𝑎𝑏).
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Table 2: Condition for concordance and discordance.

Constraints Concordance Discordance

Strong Lower (𝑐 | 𝜇𝑙𝑒𝑐 ≥ 𝜇𝑙𝑓𝑐, ]𝑙𝑒𝑐 < ]𝑙𝑓𝑐, 𝜋𝑙𝑒𝑐 < 𝜋𝑙𝑓𝑐) (𝑐 | 𝜇𝑙𝑒𝑐 < 𝜇𝑙𝑓𝑐, ]𝑙𝑒𝑐 ≥ ]𝑙𝑓𝑐, 𝜋𝑙𝑒𝑐 ≥ 𝜋𝑙𝑓𝑐)
Upper (𝑐 | 𝜇𝑢𝑒𝑐 ≥ 𝜇𝑢𝑓𝑐, ]𝑢𝑒𝑐 < ]𝑢𝑓𝑐, 𝜋𝑢𝑒𝑐 < 𝜋𝑢𝑓𝑐) (𝑐 | 𝜇𝑢𝑒𝑐 < 𝜇𝑢𝑓𝑐, ]𝑢𝑒𝑐 ≥ ]𝑢𝑓𝑐, 𝜋𝑢𝑒𝑐 ≥ 𝜋𝑢𝑓𝑐)

Moderate Lower (𝑐 | 𝜇𝑙𝑒𝑐 ≥ 𝜇𝑙𝑓𝑐, ]𝑙𝑒𝑐 < ]𝑙𝑓𝑐, 𝜋𝑙𝑒𝑐 ≥ 𝜋𝑙𝑓𝑐) (𝑐 | 𝜇𝑙𝑒𝑐 < 𝜇𝑙𝑓𝑐, ]𝑙𝑒𝑐 ≥ ]𝑙𝑓𝑐, 𝜋𝑙𝑒𝑐 < 𝜋𝑙𝑓𝑐)
Upper (𝑐 | 𝜇𝑢𝑒𝑐 ≥ 𝜇𝑢𝑓𝑐, ]𝑢𝑒𝑐 < ]𝑢𝑓𝑐, 𝜋𝑢𝑒𝑐 ≥ 𝜋𝑢𝑓𝑐) (𝑐 | 𝜇𝑢𝑒𝑐 < 𝜇𝑢𝑓𝑐, ]𝑢𝑒𝑐 ≥ ]𝑢𝑓𝑐, 𝜋𝑢𝑒𝑐 < 𝜋𝑢𝑓𝑐)

Weak Lower (𝑐 | 𝜇𝑙𝑒𝑐 ≥ 𝜇𝑙𝑓𝑐, ]𝑙𝑒𝑐 ≥ ]𝑙𝑓𝑐) (𝑐 | 𝜇𝑙𝑒𝑐 < 𝜇𝑙𝑓𝑐, ]𝑙𝑒𝑐 < ]𝑙𝑓𝑐)
Upper (𝑐 | 𝜇𝑢𝑒𝑐 ≥ 𝜇𝑢𝑓𝑐, ]𝑢𝑒𝑐 ≥ ]𝑢𝑓𝑐) (𝑐 | 𝜇𝑢𝑒𝑐 < 𝜇𝑢𝑓𝑐, ]𝑢𝑒𝑐 < ]𝑢𝑓𝑐)

For each of the 𝑐 criteria in the judgment matrix, there
is a weight value associated which represents the importance
of each criterion. It is denoted by 𝜔 = (𝜔1, 𝜔2, . . . , 𝜔𝑐) with0 ≤ 𝜔 ≤ 1 and ∑𝑐𝑖=1 𝜔𝑖 = 1.
Step 2. Form the concordance and discordance matrix (CM
and DM) using the conditions given in Table 2. These matri-
ces are squared in nature with an order (𝑟×𝑟) defined for each
of the 𝑟 alternatives. The entries in the matrix are the column
set that satisfies the conditions specified in Table 2.

The three categories of concordance and discordance,
namely, strong (𝑠), moderate (𝑚), and weak (𝑤) are assigned
weights by the DM(s). These are represented by𝜔con = (𝜔con

𝑠 , 𝜔con
𝑚 , 𝜔con
𝑤 ) , (9)𝜔dis = (𝜔dis

𝑠 , 𝜔dis
𝑚 , 𝜔dis
𝑤 ) . (10)

Step 3. Calculate the concordance payoffmatrix (CPM).This
is a square matrix of order (𝑟 × 𝑟) defined for each of the𝑟 alternatives. Henceforth, the CPM value between any two
alternatives is defined as the product of its corresponding
concordance weights and criteria sum. Mathematically, it is
given by

CPM1(𝑥,𝑦) = 𝜔con
𝑠 ∑
𝑐∈con𝑙

𝑠

𝜔𝑐 + 𝜔con
𝑚 ∑
𝑐∈con𝑙

𝑚

𝜔𝑐
+ 𝜔con
𝑤 ∑
𝑐∈con𝑙

𝑤

𝜔𝑐, (11)

CPM2(𝑥,𝑦) = 𝜔con
𝑠 ∑
𝑐∈con𝑢

𝑠

𝜔𝑐 + 𝜔con
𝑚 ∑
𝑐∈con𝑢

𝑚

𝜔𝑐
+ 𝜔con
𝑤 ∑
𝑐∈con𝑢

𝑤

𝜔𝑐, (12)

where𝑥 and𝑦 are any two alternatives; Step 1 and (11) and (12)
give the weights of criteria, concordance, and discordance,
respectively.

Equation (11) operates with the lower bounds of the
criteria while (12) operates with the upper bounds of the
criteria. Here, we take up only those criteria weights which
have satisfied the desired outranking condition in each of the
outranking categories.

Step 4. Calculate the discordance payoff matrix (DPM). This
is also a squarematrix of order (𝑟×𝑟) defined for each of the 𝑟

alternatives. This is defined as the ratio of matching distance
to total distance. Mathematically, it is expressed as in

DPM1(𝑥,𝑦) = ⋁(𝜔∗dis × 𝑑 (𝜆𝑙𝑥𝑐∗ , 𝜆𝑙𝑦𝑐∗))⋁ (𝑑 (𝜆𝑙𝑥𝑐, 𝜆𝑙𝑦𝑐)) , (13)

DPM2(𝑥,𝑦) = ⋁(𝜔∗dis × 𝑑 (𝜆𝑢𝑥𝑐∗ , 𝜆𝑢𝑦𝑐∗))⋁ (𝑑 (𝜆𝑢𝑥𝑐, 𝜆𝑢𝑦𝑐)) , (14)

where𝑥 and𝑦 are any two alternatives,𝜔∗dis is the correspond-
ing weight values from different categories of discordance,
namely, strong,moderate, andweak,⋁ is themaximumoper-
ator, 𝑐∗ is the criteria present in the corresponding discord-
ance matrix, 𝑑(𝜆1, 𝜆2) is the distance measure, and 𝑐 is the
number of criteria.

Equations (13) and (14) also operate with lower and upper
bounds, respectively. In (13) and (14), the denominator yields
a single value which is considered to be the maximum value
obtained from the distance estimate for each of the criterion.
On the other hand, the numerator of (13) is also a single value
which is considered to be the maximum value obtained from
the distance estimate of only those criteria which satisfies
the outranking condition in each of the categories. A clear
understanding of (11)–(14) can be obtained in Section 4.

The distance measure is calculated using𝑑 (𝜆𝑥𝑐, 𝜆𝑦𝑐)
= √0.5 {(𝜇𝑥𝑐 − 𝜇𝑦𝑐)2 + (𝜐𝑥𝑐 − 𝜐𝑦𝑐)2 + (𝜋𝑥𝑐 − 𝜋𝑦𝑐)2}. (15)

Step 5. Calculate the dominance concordance (DC) and
dominance discordance (DD) matrix using

DC = (CPM1𝑖𝑗 + CPM2𝑖𝑗2 ) ,
DD = (DPM1𝑖𝑗 + DPM2𝑖𝑗2 ) , (16)

where 𝑖 and 𝑗 are row and column index of the matrix.

Step 6. Identify the largest value from DC matrix and name
it as DC∗. Subtract every element of DC by DC∗. Similarly
subtract every element of DD by DD∗ (largest element in
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DD matrix). These matrices are named 𝑇 and 𝑆, respectively.
Equation (17) gives the 𝑇 and 𝑆matrix.

𝑇 = (DC∗ − DC) ,𝑆 = (DD∗ − DD) . (17)

We note that 𝑇 and 𝑆 are also square matrices of order (𝑟 ×𝑟) defined for each of the 𝑟 alternatives. Also 𝑇 and 𝑆 are
matrices with single valued terms.

Step 7. Now, form the rankmatrix𝜓 to identify the preference
order using (18). From the preference order optimal compro-
mise solution is chosen.

𝜓𝑖𝑗 = 𝑆𝑖𝑗(𝑆𝑖𝑗 + 𝑇𝑖𝑗) . (18)

From (18), we note that𝜓 is also a squarematrix of order (𝑟×𝑟)
defined for each of the 𝑟 alternatives.

Step 8. Determine the optimal ranking order using TOPSIS
method. The rank estimate 𝜑 is given by (19). The greater the
value of 𝜑 is, the better that alternative is preferred.

𝜑𝑖 = ( 1𝑟 − 1 ( 𝑟∑
𝑗=1

𝜓𝑖𝑗)) for 𝑖 = 1, 2, . . . , 𝑟. (19)

5. An Illustrative Example

This section demonstrates the working of SDF with the pop-
ular SS example in the context of auto parts manufacturing
agents in an automobile factory. Here, we consider 8 suppliers
for the initial analysis and based on the prescreening process,
3 suppliers were removed and 5 potential suppliers were
chosen for further investigation. These potential suppliers
were judged based on 6 criteria. The criteria used for eval-
uation are cost, product delivery time, service satisfaction,
quality of end product, risk, and supplier profile. These are
functional criteria inspired from [63] for the evaluation of
suitable supplier.The rating is done in the form of IVIF based
information. Now, based on Step 1, construct 𝐽 matrix as
below.

((
(

(0.34, 0.45, 0.42, 0.5) (0.42, 0.51, 0.24, 0.33) (0.32, 0.44, 0.43, 0.52) (0.44, 0.52, 0.25, 0.36) (0.7, 0.8, 0.04, 0.1) (0.67, 0.72, 0.21, 0.26)(0.41, 0.47, 0.34, 0.44) (0.44, 0.5, 0.14, 0.25) (0.44, 0.5, 0.13, 0.24) (0.34, 0.42, 0.44, 0.5) (0.65.0.7, 0.06, 0.2) (0.7, 0.74, 0.22, 0.23)(0.52, 0.6, 0.21, 0.3) (0.35.0.41, 0.22, 0.32) (0.37, 0.42, 0.4, 0.5) (0.42, 0.5, 0.31, 0.4) (0.57, 0.62, 0.11, 0.3) (0.77, 0.82, 0.05, 0.12)(0.54, 0.62, 0.12, 0.2) (0.62, 0.67, 0.25, 0.3) (0.27, 0.34.0.45, 0.52) (0.37, 0.46, 0.27, 0.33) (0.55, 0.63, 0.24, 0.3) (0.72, 0.76, 0.08, 0.15)(0.48, 0.53, 0.23, 0.36) (0.57, 0.63, 0.25, 0.3) (0.2, 0.4, 0.15, 0.33) (0.31, 0.4, 0.46, 0.5) (0.72, 0.81, 0.06, 0.14) (0.78, 0.83, 0.12, 0.16)
))
)

. (20)

The order of abovematrix is (5×6).The instance is of the form(𝜇𝑙, 𝜇𝑢, 𝜐𝑙, 𝜐𝑢) with 𝜇𝑙 ≤ 𝜇𝑢, 𝜐𝑙 ≤ 𝜐𝑢, 𝜇𝑙 + 𝜐𝑙 ≤ 1, 𝜇𝑢 + 𝜐𝑢 ≤ 1.
Equation (2) is used to calculate the indeterminacy limits.

Step 2 deals with the construction of CM and DM using
Table 2. We form 3 matrices for CM and 3 for DM based on𝑠,𝑚, and 𝑤 category, which are given below.

CM𝑙𝑠 =(((((
(

— 5 — 4, 3 —

— — 2 — 4, 3
— — — 6, 3 1
— — — — —6 6 5 5 —

)))))
)

,

CM𝑙𝑚 =(((((
(

— 4 5, 4 5 43, 2, 1 — 5, 3 5, 3 —6, 3, 1 6, 4, 1 — 5 46, 1 6, 4, 1 1 — 4, 11 1 — 5 —

)))))
)

,

CM𝑙𝑤 =(((((
(

— — 2 — 36 — — — —

— — — 4 32 2 2 — 3, 25, 2 5, 2 6, 2 6 —

)))))
)

,

DM𝑙𝑠 =(((((
(

— — — — 65 — — — 6, 5
— 2 — — 54, 3 — 6, 3 — 5
— 4, 3 4, 1 2 —

)))))
)

,

DM𝑙𝑚 =((((
(

— 3, 2, 1 6, 3, 1 6, 1 14 — 6, 4, 1 6, 4, 1 15, 4 5, 3 — 1 —5 5, 3 5 — —4 — — 4, 1 —

))))
)

,
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DM𝑙𝑤 =((
(

— 6 — 2 5, 2
— — — 2 22 — — 2 6, 2
— — 4 — 63 — 3 3 —

))
)

,

CM𝑢𝑠 =((
(

— 5 5 — —6 — 5, 2 — 3
— — — 6, 3 12 — 2 — —6, 2 5 5, 2 — —

))
)

,

CM𝑢𝑚 =((
(

— 4 4 5 43, 1 — 3 5, 3 —6, 1 6, 4, 1 — — 46, 1 6, 4, 1 1 — 4, 11 6, 1 — 5, 3 —

))
)

,

CM𝑢𝑤 =((
(

— 2 3, 2 4, 3 3
— — — — 4
— — — 4 3
— 2 5 — 25 2 6 6 —

))
)

,

DM𝑢𝑠 =((
(

— 6 — 2 6, 25 — — — 55 5, 2 — 5, 2 5, 23 — 6, 3 — —
— 3 1 2 —

))
)

,

DM𝑢𝑚 =((
(

— 3, 1 6, 1 6, 1 14 — 6, 4, 1 6, 4, 1 6, 14 3 — 1 —5 5, 3 — — 5, 34 4 4 4, 1 —

))
)

,

DM𝑢𝑤 =((
(

— — — — 52 — — 2 23, 2 — — — 64 — 4 — 63 — 3 — —

))
)

.
(21)

Just as an example, we will consider single entry (1 × 2)
of CM𝑙𝑠. This gives a value 5, which means that criterion 5
matches the constraint in Table 1 which gives (𝑐 | 𝜇𝑙𝑒𝑐 ≥𝜇𝑙𝑓𝑐, 𝜐𝑙𝑒𝑐 < 𝜐𝑙𝑓𝑐, 𝜋𝑙𝑒𝑐 < 𝜋𝑙𝑓𝑐). Let 𝑒 be 1 and 𝑓 be 2 and 𝑐 be

the criteria that match the constraint. Look at the judgment
matrix given above. Clearly from the first two rows, column
5 is the only columnmatching the constraint and so criterion
5 is selected. Similarly all other matrices are formed.

Table 2 depicts the IVIF based rating for different criteria
which is in turn converted into IFVs (depicted in Table 3) by
finding the mean of lower and upper bounds. Table 4 depicts
the accuracy value (𝜇 + ]) of each of the IFVs. This table now
yields a single value for rating each criterion. The variance
value for each criterion is given by var1 = 0.00334, var2 =0.00655, var3 = 0.00640, var4 = 0.00065, var5 = 0.00175, and
var6 = 0.00570. From (7), we can obtain the criteria weights
as 𝜔𝑐 = (0.1, 0.3, 0.2, 0.1, 0.2, 0.1).

Steps 3 and 4 are used to calculate CPM and DPM
using (7)–(10). These are estimated for lower and upper
limits separately with an order of (5 × 5). The concord-
ance weights and discordance weights are given by (𝜔con

𝑠 ,𝜔con
𝑚 , 𝜔con
𝑤 ) = (0.732, 0.613, 0.333) and (𝜔dis

𝑠 , 𝜔dis
𝑚 , 𝜔dis
𝑤 ) =(0.700, 0.542, 0.432):

CPM1(𝑥,𝑦)

=((
(

— 0.2077 0.2838 0.3422 0.12790.4011 — 0.4686 0.2452 0.21960.2452 0.1839 — 0.3755 0.20110.2225 0.2838 0.1612 — 0.28910.3010 0.3010 0.2796 0.1797 —

))
)

,
CPM2(𝑥,𝑦)

=((
(

— 0.3076 0.3742 0.2225 0.12790.2571 — 0.4886 0.2452 0.17970.1226 0.1839 — 0.2529 0.20110.3422 0.2838 0.3475 — 0.22250.4207 0.3689 0.3993 0.2785 —

))
)

,
DPM1(𝑥,𝑦)

=((
(

— 0.5420 0.5420 0.5420 0.34580.2821 — 0.3041 0.3847 0.43200.2873 0.5420 — 0.4320 0.36970.3561 0.5420 0.2406 — 0.52000.4320 0.6809 0.4320 0.4320 —

))
)

,
DPM2(𝑥,𝑦)

=((
(

— 0.5420 0.4950 0.5420 0.31840.2992 — 0.3084 0.4526 0.43200.7000 0.5420 — 0.7000 0.52520.4034 0.5420 0.1670 — 0.54200.4320 0.6505 0.4320 0.2867 —

))
)

.

(22)
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14,0.3

])
𝑇 2

([0.2,0
.4][0.

1,0.1]
)

([0.2,0
.28][0

.16,0.3
2])

([0.2,0
.26][0

.18,0.2
8])

([0.1,0
.4][0.

12,0.3
4])

([0.1,0
.3][0.

2,0.26
])

([0.1,0
.3][0.

2,0.24
])

𝑇 3
([0.2,0

.2][0.
2,0.4]

)
([0.2,0

.26][0
.15,0.2

9])
([0.2,0

.4][0.
1,0.26

])
([0.22,

0.42][
0.12,0

.2])
([0.2,0

.3][0.
1,0.2]

)
([0.25,

0.35][
0.12,0

.2])
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Table 4: IFVs for relative importance of criteria.

Criteria weights 𝐶1 𝐶2 𝐶3 𝐶4 𝐶5 𝐶6𝑇1 (0.2, 0.2) (0.22, 0.34) (0.30, 0.25) (0.25, 0.20) (0.25, 0.12) (0.3, 0.22)𝑇2 (0.3, 0.1) (0.24, 0.24) (0.23, 0.23) (0.25, 0.23) (0.20, 0.23) (0.2, 0.22)𝑇3 (0.2, 0.3) (0.23, 0.22) (0.30, 0.18) (0.32, 0.16) (0.25, 0.15) (0.30, 0.16)
Table 5: Single value for relative importance of criteria.

Criteria weights 𝐶1 𝐶2 𝐶3 𝐶4 𝐶5 𝐶6𝑇1 0.4 0.56 0.55 0.45 0.37 0.52𝑇2 0.4 0.48 0.46 0.48 0.43 0.42𝑇3 0.5 0.45 0.48 0.48 0.40 0.46

As an example, let us consider the entry (1 × 2) for
CPM1(𝑥,𝑦) and DPM2(𝑥,𝑦). Applying (7) we get

CPM1(1,2) = 0.732 (0.2) + 0.613 (0.1) + 0.333 (0)= 0.2077. (23)

Applying (10) we get

DPM2(1,2)= max (0.029, 0.138, 0.014)
max (0.053, 0.085, 0.255, 0.125, 0.100, 0.026)= 0.5420.

(24)

Steps 5 and 6 are used to estimateDC,DD,𝑇, and 𝑆 values.
These matrices are of order (5 × 5). Apply (12)–(15) to obtain
these matrices. For brevity we show 𝑇 and 𝑆 directly.
𝑇 =((

(

— 0.2191 0.1477 0.1944 0.34880.1476 — — 0.2315 0.27710.2928 0.2928 — 0.1625 0.27560.1944 0.1929 0.2224 — 0.22090.1159 0.1418 0.1372 0.2476 —

))
)

,

𝑆 =((
(

— 0.1237 0.1472 0.1237 0.33360.3751 — 0.3595 0.2471 0.23370.1721 0.1237 — 0.0997 0.21820.2860 0.1237 0.4619 — 0.13470.2337 — 0.2337 0.3064 —

))
)

.
(25)

We obtain the preference order using Steps 7 and 8. Equa-
tions (18) and (19) are incorporated from TOPSIS scheme
which gives the final linear ranking from which an optimal
alternative is elected as compromise solution.

𝜓 =((
(

— 0.3610 0.4992 0.3890 0.48890.7176 — 1 0.5163 0.45760.3701 0.2970 — 0.3803 0.44190.5954 0.3908 0.6751 — 0.37880.6686 — 0.6300 0.5531 —

))
)

, (26)

𝜑1 = 0.4345, 𝜑2 = 0.6729, 𝜑3 = 0.3724, 𝜑4 = 0.5100, 𝜑5 =0.4629. Thus, the preference order is given by 𝜑2 ≻ 𝜑4 ≻ 𝜑5 ≻𝜑1 ≻ 𝜑3 and 𝜑2 is the compromise solution.

6. Comparison of Proposed IVIFE with
Other IVIF Based MCDMMethods

6.1. Theoretical Analysis of IVIF Based Methods. In this
section, we compare our proposed IVIFE method with
other state-of-the-art methods in the same IVIF environ-
ment for maintaining homogeneity. We consider VIKOR,
PROMETHEE, and ELECTRE ranking methods under IVIF
environment as potential candidates for comparison with
IVIFE. Table 5 shows the preference order obtained by using
different ranking schemes.

From Table 2, we observe that 𝜑2 can be a potential
alternative for the task (based on the ranking order obtained
from proposed IVIFE and IVIFP [33]methods). On the other
hand, IVIFV [52] and IVIFE [53] methods produce different
ranking orders which claim 𝜑1 and 𝜑5 to be better choice for
the task, respectively. Now, there arises an implicit confusion
in the DMs’ mind about the selection which can only be
resolved using intuition. Thus, in the view of helping DMs,
Table 3 shows the characteristics of different IVIF based rank-
ing methods. Based on such investigation, DMs can easily
choose a particular ranking method (or the ranking order
obtained from that method) for the decision making process.
To further help DMs, Spearman correlation [64] is adopted
and the consistency of the proposed IVIFE method is real-
ized.

From Table 6, we infer certain advantages of IVIFE
method over other methods and they are as follows:

(1) Supplier 𝜑2 is a potential candidate for the task based
on the majority wins concept (both proposed IVIFE
and IVIFP methods select this alternative).

(2) Unlike the method described in [53], the proposed
IVIFEmethodhandles fuzziness and vagueness better
by setting up additional constraint checks for concor-
dance and discordance estimation. This mechanism
improves the study on dominance of each criterion
between any two suppliers taken at a time for consid-
eration. The proposed method not only concentrates
on strong and weak dominance of suppliers over
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Table 6: Comparison of proposed IVIFE with other IVIF methods.

Method(s) Alternatives Preference order𝜑1 𝜑2 𝜑3 𝜑4 𝜑5
IVIFE (proposed) 4 1 5 2 3 𝜑2 ≻ 𝜑4 ≻ 𝜑5 ≻ 𝜑1 ≻ 𝜑3

IVIFV [52] 1 4 2 5 3 𝜑1 ≻ 𝜑3 ≻ 𝜑5 ≻ 𝜑2 ≻ 𝜑4
IVIFP [28] 4 1 5 2 3 𝜑2 ≻ 𝜑1 ≻ 𝜑5 ≻ 𝜑4 ≻ 𝜑3
IVIFE [34] 5 2 4 3 1 𝜑5 ≻ 𝜑2 ≻ 𝜑4 ≻ 𝜑3 ≻ 𝜑1

Note. In [52], the first three criteria are taken as cost and last three are taken as benefit. In [28], V function is used, IVIF values are changed to IFV by taking the
mean, 𝑞 value is taken as 0, and 𝑝 value is taken as (1/𝑛), where 𝑛 is the number of criteria. In [34], the linear order is achieved using TOPSIS method.

each criterion but also pays significant attention to
those situationswhere suppliers behave asmoderately
dominant over the criteria.

(3) Unlike method [53], the proposed IVIFE method
handles information loss effectively by preserving the
interval concept throughout the decisionmaking pro-
cess. The conversion of interval numbers into single
valued entity causes certain loss of information,
which affects the process of decision making by
aggravating imprecision and vagueness in the study.

(4) In case of proposed IVIFE method, the final ranking
values that are used for constructing the preference
order set are broader in nature. This helps DMs
to clearly form rank value set and to easily make
decisions under uncertainty by providing well distin-
guishable values for clear evaluation of suitable sup-
plier for the process. Such rank value set can also help
DMs to make backup suppliers ready either for other
processes or for the same process. On the other hand,
the method [34] yields a narrow preference value
and hence, it becomes difficult for the DMs to arrive
at some concrete evidence for selecting a suitable
supplier for the job.The values shown below can help
in realizing such claim. In order to understand the
percentage of contribution, we normalize the rank
value set of the method (when values exceed 1).

IVIFE is 𝜑1 = 0.4345, 𝜑2 = 0.6729, 𝜑3 = 0.3724, 𝜑4 =0.5100, 𝜑5 = 0.4629.
IVIFE [53] is 𝜑1 = 0.055, 𝜑2 = 0.2728, 𝜑3 = 0.082,𝜑4 = 0.1854, 𝜑5 = 0.3949.
Based on the values shown above, we can affirm
that proposed IVIFE method yields a reasonable and
rational preference order than [34]. The estimation
of percentage for each rank value clarifies the fact
that proposed IVIFE method yields much sensible
and rational rank value set rather than its counterpart
method [34]. This helps DMs to clearly form backups
to serve other tasks under consideration.

(5) The proposed IVIFEmethod is moderately consistent
(inference is gained from Spearman rank correlation;
see Figure 2) with other methods and provides a
much sensible preference order by preserving interval
values throughout the evaluation process and this
also closely resembles the DMs’ behavior in decision

0.1

0.1

0.8

1

IVIFE

IVIFP

IVIFV

IVIFE
(proposed)

Spearman correlation: IVIFE versus others

Figure 2: Spearman correlation for different ranking methods.

making by imposing additional constraint checks
which handles imprecision and vagueness better.

(6) As we observe, these advantages are realized from the
theoretical lens, but one inference (see point (4)) of
broad rank value set adds a logical meaning to the
claim and this ensures that preserving of interval
value and IFS property throughout the evaluation
handles imprecision and vagueness better, rather than
conversion to single valued entity for the ease of
processing.

Though the proposed IVIFE method enjoys such attrac-
tive advantages, it does suffer from some disadvantages as
well. Some disadvantages of IVIFE method are as follows:

(1) The extra constraint check causes an additional over-
head in manipulation and thereby increases the com-
plexity of estimation.

(2) Also, linear ranking by TOPSIS method is done with
single valued entity which causes some loss of infor-
mation. These disadvantages can be addressed in the
future work.

6.2. Numerical Analysis of IVIF Based Methods. In the pre-
vious section, we investigated the strength of IVIFE method
from the theoretic perspective (see Table 7 for details). Now,
in this section, wemake efforts to further analyze the strength
of proposed IVIFE method from the numerical perspective.
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Table 7: Characteristics of different IVIF based ranking methods.

Characteristics IVIFE IVIFV [52] IVIFP [28] IVIFE [34]

Type of input Interval values Interval values

Interval values are
initially used and these
are converted to IFS
using mean operator

Interval values

Total preorder Yes Yes Yes Yes
Criteria weights Given by DM Given by DM Given by DM Given by DM

Concept adopted Pareto dominance Compromise
solution Preference function Pareto dominance

Algorithm feature
Concordance and

discordance
measure

Ideal solution Preference and
indifference measure

Concordance and
discordance measure

Metric adopted Three categories of
outranking relation 𝐿𝑝 metric Partial and total

outranking
Two categories of
outranking relation

Ranking procedure

Concordance and
discordance

matrices for both
lower and upper

bounds are
constructed under
all three categories.
Finally, TOPSIS is
used for linear

ranking

Group utility,
individual regret,
and merit function
are determined for
both lower and

upper bounds and
finally linear

ranking is obtained
using ranking
measures

Score measure is used
along with 𝑉 function to

form preference
relations. Finally, linear
ranking is obtained

using partial and total
ranking order

Score measure is used
for the construction
of concordance and
discordance matrices.

Single valued
matrices are

processed to obtain
linear ranking using
TOPSIS method

Ranking category Outranking Utility Outranking Outranking

Fuzziness handled

Better because the
estimation is done
in three levels and
interval values are
retained till the
final stage of
ranking

Normal Normal

Weak because the
estimation is done

only in two levels and
interval values are
initially converted
into single valued
terms using score

measure
Alternative chosen 𝜑2 𝜑1 𝜑2 𝜑5
We consider method [32] as a close counterpart for com-
parison. The investigation considers 4 potential parameters,
namely, adequacy to alternatives changes, adequacy to crite-
ria changes, number of suppliers and criteria, and agility to
judgment making which are inspired from [65]. All these 4
parameters are used over IVIFE and [53] to understand the
numerical difference between the two methods.

(1) Adequacy to Alternatives Changes. This parameter
is used to test the stability of the method from the
alternative perspective. The rank reversal issue is also
discussed for both methods from the perspective of
repetition of alternatives. In the example demon-
strated above, we consider a decision matrix of order(5 × 6). Here 5 suppliers are evaluated over 6 criteria.
We now form 5 test cases by repeating each supplier
instance. The inference of the analysis is made below:

(i) These 5 test cases are given as input to IVIFE
method [53] and ranking order is investigated.
The normal ranking order given by [53] is 𝜑5 ≻𝜑2 ≻ 𝜑4 ≻ 𝜑3 ≻ 𝜑1. The repetition of supplier 1

causes change in suitable supplier order and
thus the stability of themethod is affected.When
supplier 1 is repeated, the order changes to 𝜑1 ≻𝜑5 ≻ 𝜑2 ≻ 𝜑4 ≻ 𝜑3.

(ii) On the other hand, when these 5 test cases
are given as input to proposed IVIFE method,
the ranking order remains unaffected and the
stability of the method is also ensured.

(iii) The crux of this investigation is that though
adequate changes are made to the alterna-
tives, unlike method [53], the proposed IVIFE
method is stable and remains unaffected by rank
reversal issue.

(2) Adequacy to Criteria Changes.This parameter is also
used to test the stability of the methods from the
perspective of changes to criteria. In the example
above, we considered 5 suppliers and 6 criteria for
the decision making process. Now, we repeat these 6
criteria and form 6 different test cases for the analysis.
The inference of the analysis is made below:
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(i) These 6 test cases are given as input to the
method discussed in [53] and we observe that
there is no change in the ranking order. The
normal order is𝜑5 ≻ 𝜑2 ≻ 𝜑4 ≻ 𝜑3 ≻ 𝜑1 and this
order is maintained throughout the analysis
which infers that method [53] is stable.

(ii) On the other hand, when these 6 test cases are
given as input to the proposed IVIFE method,
we observe that the rank order changes for
criteria 3, 4, and 5. The normal rank order is𝜑2 ≻ 𝜑4 ≻ 𝜑5 ≻ 𝜑1 ≻ 𝜑3 and it changes to 𝜑2 ≻𝜑4 ≻ 𝜑1 ≻ 𝜑5 ≻ 𝜑3. Though the ranking order
changes, the suitable supplier chosen for the
process remains unchanged.

(iii) The crux of this investigation is that proposed
IVIFE method suffers from rank reversal issue
when adequate changes are made to the criteria.
This can be considered as a weakness of the
proposed method and can be addressed in the
future.

(3) Number of Suppliers and Criteria. This parameter is
used to validate the scalability of the methods. Since
proposed IVIFE method and method [53] follow
concordance and discordance estimation, the size
of the matrix increases as the number of suppliers
increases. Similarly, the increase in number of criteria
also increases computation. Thus, to balance the
trade-off between alternatives and criteria, we adopt
the concept of [66], which states that any human’s
cognitive thought process can handle at most 9 items
at a given instance and hence, we maintain this value
in the decision making process.

(4) Agility to Judgment.Thisparameter is used to estimate
the total judgment needed by the DM to arrive at
a proper consensus. The procedure to estimate the
judgment for both methods is as follows:

(i) The method discussed in [53] follows concor-
dance and discordance concepts and hence their
agility to judgment is given by (𝑖(𝑖 − 1)), where 𝑖
is the order of the matrix. In the example above,
since there are concordance and discordance
matrices for both strong andweak zone, we have(4𝑚(𝑚 − 1)) judgments, where 𝑚 is the total
number of alternatives ((2𝑚(𝑚 − 1)) + (2𝑚(𝑚 −1))).

(ii) On the other hand, proposed IVIFE method
uses three zones for evaluation of concordance
and discordancematrix and hence the judgment
needed for consensus is given by (6𝑚(𝑚 − 1)).

(iii) Thus, for the example demonstrated above,
method discussed in [53] needs (4 × 5(5 − 1)) =80 judgments and proposed IVIFE method
needs (6 × 5(5 − 1)) = 120 judgments.

(iv) Clearly from the discussion made above, pro-
posed IVIFEmethod is slow in arriving at a par-
ticular consensus compared to method [34].

Though the agility of the proposed IVIFE
method is low, themethod prevents information
loss and yields much sensible rank value set
which helps DMs to make clarified and rational
decision.

7. Another Example for Validating the
Strength of Proposed IVIFE Method

In this section, we clearly bring out the power of proposed
IVIFE method by conducting an experiment using sim-
ulation process. The experiment clarifies the need for an
additional outranking category, that is, moderate. We gen-
erate 300 decision matrices with IVIF information under 3
categories, namely, (a) (3×4)with 3 alternatives and 4 criteria;
(b) (4 × 5) with 4 alternatives and 5 criteria; and (c) (6 × 5)
with 6 alternatives and 5 criteria. We generate 100 matrices
in each category with constraints defined in Definition 3.The
order of the matrix is chosen arbitrarily and scalability is
ensured by varying the order (𝑚 × 𝑛). The criteria weights
are considered to be unbiased for the ease of evaluation. The
procedure for conducting the experiment is given below.

Step 1. Form 300 decision matrices with IVIF information
under 3 categories mentioned above. For brevity, we consider
all these 100 matrices to be complete and they all obey the
condition given in Definition 3.

Step 2. These decision matrices are given as input to the
proposed ranking method and different ranking order is
observed for each matrix. We use unbiased weights for each
criterion andweights of concordance and discordance in each
outranking category are taken from Section 5.

Step 3. In order to maintain homogeneity and closeness in
comparison,we give these decisionmatrices as input to IVIFE
[53]. We also normalize the rank value set in the desired
places, where the values exceed 1.This normalization clarifies
the percentage of contribution of each alternative in the
process.

Step 4. From the ranking order obtained for each matrix
by using different ranking methods as in Steps 2 and 3, we
calculate the standard deviation. The deviation clearly shows
that the proposed IVIFE method is much sensible (broad
rank value set) and the alternatives are easily distinguishable.

Step 5. To better realize the need for an additional outranking
category moderate in the proposal, we plot the deviation
vectors of each method as shown in Figure 3. The deviation
calculated for each method is a vector of order (1 × 300).
We obtain 4 such vectors and Figure 3 clearly shows that
the proposed IVIFE method produces much sensible and
broad ranking order to certain extent that helps DMs tomake
better decisions with proper backup to address critical and
uncertain scenarios.

Based on the analysis conducted in Section 6 and the
inference which we gain from Figure 3, we observe that
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Standard deviation analysis: SDF-IVIFE versus IVIFE
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Figure 3: Analysis of standard deviation of rank values for different
ranking methods.

proposed IVIFE method and IVIFE method presented in
[53] are close counterparts which perform similar to certain
extent. But the introduction of moderate category in the
proposal adds high value to the proposed IVIFE method by
producing broad and sensible rank value set which offers
DMs some confidence for better backup management.

8. Conclusion

In this study, we have demonstrated a new computational
framework for cloud vendor selection by proposing IVIF,
which is an extension to ELECTRE under IVIF environment
with three categories of outranking relation for the con-
struction of concordance and discordancematrices.This new
scheme also combines TOPSIS rankingmethod for achieving
linear preference order. The proposed IVIFE method repre-
sents vagueness better by adopting IVIF concept.Themethod
tackles the issue of information loss better by preserving
the interval concept during concordance and discordance
estimation. The proposed IVIFE method also handles infor-
mation loss and vagueness better by constructing concor-
dance and discordance matrices for all three outranking cat-
egories under both lower and upper bounds separately. The
introduction of the third category (moderate) mitigates the
problem of vagueness and information loss within the data
by bringing out additional constraint checks for concordance
and discordance matrices. This proposal also helps DMs to
make rational decisions at uncertain and critical times. An
illustrative numerical example is also demonstrated to verify
the practicality of the proposed IVIFE scheme.

Some key contributions of the proposed SDF are given
below:

(1) The proposed SDF is the first framework for supplier
selection under IVIF environment which uses a com-
bination of SV method for criteria weight estimation
and ELECTRE method for ranking suppliers.

(2) The SDF complements the work done in [34] by
proposing three zones (strong, moderate, and weak)
for evaluation of concordance anddiscordancematrix
rather than using the traditional two-zone model.

Also, the SDF uses outranking relations for evaluation
of concordance and discordance rather than using
score and accuracy concepts (used in [34]). This for-
mulation helps DMs to handle information loss better
and provides sensible rank value set for providing
better backup to manage task.

(3) The power of SDF is realized from both theoretic and
numeric perspective and to the best of our knowledge,
this is the first time such an analysis is carried out over
a decision framework under IVIF environment.

(4) From the analysis, we infer that both proposed IVIFE
and method [34] suffer from rank reversal issue, but
proposed IVIFE method performs better in terms
of the following ways: (1) handling imprecision and
vagueness, (2) preventing information loss by incor-
porating additional constraint checks, (3) producing
broad and sensible rank value set, and (4) being
moderately consistent with VIKOR method under
IVIF environment.

Along with the future works planned above, we also have
ideas for developing some new fuzzy concepts which might
be integrated along with ELECTRE for solvingMCDMprob-
lems.We also have plans to extend the existing fuzzy concepts
over some new outranking methods. Also, the proposed
framework, SDF, can be extended to other applications like
medical for nurse selection, equipment selection, and so
forth, management for manager selection, personnel selec-
tion, and so forth, and manufacturing for material selection
and so on.
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Vehicular ad hoc network (VANET) is a wireless emerging technology that aims to provide safety and communication services
to drivers and passengers. In VANETs, vehicles communicate with other vehicles directly or through road side units (RSU) for
sharing traffic information. The data dissemination in VANETs is a challenging issue as the vehicles have to share safety critical
information in real time. The data distribution is usually done using broadcast method resulting in inefficient use of network
resources. Therefore, to avoid the broadcast storm and efficiently use network resources, next forwarder vehicle (NFV) is selected
to forward data to nearby vehicles. The NFV selection is based on certain parameters like direction, distance, and position of
vehicles, which makes it a multicriteria decision problem. In this paper, analytical network process (ANP) is used as a multicriteria
decision tool to select the optimal vehicle as NFV. The stability of alternatives (candidate vehicles for NFV selection) ranking is
checked using sensitivity analysis for different scenarios. Mathematical formulation shows that ANPmethod is applicable for NFV
selection in VANETs. Simulation results show that the proposed scheme outperforms other state-of-the-art data dissemination
schemes in terms of reachability, latency, collisions, and number of transmitted and duplicate data packets.

1. Introduction

Vehicular ad hoc network (VANET) is a wireless technology
that uses moving vehicles as nodes to create a network
for information exchange. These networks are decentralized
where every vehicle periodically broadcasts its information,
that is, direction, position, speed, and so on, through periodic
beaconing to deliver amessage to the neighbor vehicles inside
a concern area [1]. Most importantly, critical situations such
as accidents or traffic jamsmake use of a vehicle’s information
to disseminate warning messages to all other distant vehicles
of network. Communication in VANETs is usually between
vehicles, where they directly transfer information to other
vehicle and referred as vehicle-to-vehicle (V2V) commu-
nication. Moreover, vehicles might communicate through
road side unit (usually installed at light pole or traffic
light) with other vehicles, known as vehicle-to-infrastructure
(V2I) communication. [2]. The VANETs comprise a large

set of applications that can be categorized mainly in two
groups: safety and nonsafety applications. Safety applications
include situation awareness, traffic services, and cooperative
warningmessages. On the other hand, nonsafety applications
include infotainment, traffic information, road monitoring,
automated roadways, environmental protection, and many
more [3].These applications assist the academia and industry
to develop and implement new products and procedures.

The data dissemination in VANETs is a broadcast-
oriented message distribution process, where information
is required to be sent to group of vehicles instead of indi-
vidual vehicle. The broadcast-oriented data dissemination
leads to several critical problems such as broadcast storm,
network partitions, and inefficient use of energy resources.
The broadcast storm in VANETs arises during high traffic
densities where every vehicle has the authority to retrans-
mit the data packet inside a network simultaneously as
shown in Figure 1. Therefore, such Flooding-based data
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Figure 1: Broadcast storm problem in VANETs.

dissemination techniques lead to redundant transmissions,
contention, delivery delay, high data packet loss ratio, and
immense traffic load. To cope up the problem of broadcast
storm, an optimal next forwarder vehicle selection process is
required that should ensure effective transmission between
vehicles by eliminating the broadcast. In literature, many data
dissemination techniques are proposed to ensure effective
and efficient transmission to reduce the messages exchanged
and avoid redundant messages.

In this paper, a novel data dissemination protocol for
highway scenario in VANETs is proposed. The forwarding
strategy (selection of NFV) is based on direction, position,
and distance of vehicles with respect to source vehicle. More-
over, on the basis of these parameters it assigns the forwarding
priorities to all vehicles inside transmission region. Highest
forwarding priority will be assigned to the farthest vehicle(s)
inside ideal segmentsmoving in same direction to the source.
The vehicle with shortest waiting time will retransmit data
packet to carry on the data dissemination process. It avoids
the retransmission of already scheduled data packets in order
to avoid the broadcast storm. This protocol also employs
store-carry-forward mechanisms to deal with network par-
titions. In this paper, the next forward vehicle is selected
among candidate vehicles using a multicriteria decision tool
known as analytical network process. The ANP method is
used as it deals with the interdependencies among elements
and deals with feedback as well, which was not offered in
previous version named analytical hierarchy process (AHP).
This paper also presents a mathematical model to compute
the priorities of vehicles inside a network. Finally, a case study
consists of a highway VANETs scenario used to implement
the ANP model.

The rest of the paper is organized as follows. Section 2
illustrates related work in detail about VANET in general
and data dissemination protocols in particular. The ANP
method for NFV selection problem is discussed in Section 3.
In Section 4, the criteria and their interrelation used for
compiling selection decision are discussed. A multicriteria
decision framework based on ANP model is presented in
Section 5. Simulation results carried out in VEINS for differ-
ent parameters are discussed in Section 6. Finally, Section 7
concludes the paper by discussing limitations and future
directions.

2. Background Knowledge and Related Work

A survey conducted in 2010, according to the report number
of automobiles operating on roads, all over the world has
reached to remarkable count of one billion from 500 million
in just 24 years since 1986 [4]. The survey in 2014 concluded
the mark of 1.2 billion entities on roads and we believe it will
reach to 2 billion by 2035 [5]. Such huge traffic brought about
1.25 million fatalities per year and, without precautions or
systems, by 2030 road traffic fatalities will become the 7th
leading cause of deaths [6]. Based on these statistics the
academia, research, and industrial community introduce an
intelligent and ultimate solution. Thus, Intelligent Transpor-
tation Systems (ITS) are deployed to enhance safety, improve
mobility, and reduce congestion. These systems integrate
wide range ofwired andwireless communication, computing,
andmodern electronics technologies. Among these technolo-
gies, vehicular communication has extensively grabbed the
attention of research, academia, and industrial community
[7].

VANETs, an important unit of ITS, are the decentralized,
infrastructure-less and self-organized networks of vehicles. It
allows vehicles equipped with communication systems,
onboard processing devices, sensors, and navigation capabil-
ities to establish a temporary wireless network on roads with-
out any fixed infrastructure. In VANETs, every vehicle is a
mobile node that collects and forwards the important traffic
information to other nodes of network. VANETs use diverse
communication model such as unicast, multicast, geocast,
and broadcast for reliable and uninterrupted communica-
tion. Broadcast-oriented communication is more suitable for
vehicular environment which requires information distribu-
tion to every vehicle of the network. In fact, broadcasting is a
data dissemination process in which a vehicle has to broad-
cast the information to its neighbor vehicles.

The literature presents an extensive and prosperous work
on data dissemination process and corresponding protocols.
Generally, these protocols address the two key problems, that
is, the broadcast storm [8–12] and the network partitions [13,
14]. Flooding is the simplest way to broadcast the information
inside the concern area (CA) of a network. It is very simple
to implement and provides best performance in sparse traffic
conditions as it delivers the data packet very quickly to the
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vehicles of a network. Major drawback of this technique is
the simultaneous retransmissions of same data packet by all
vehicles of a network. Consequently, the network may find
broadcast storm. Also growing number of redundant trans-
missions begin augmented load and consequently wastage of
limited bandwidth.

2.1. DataDisseminationProtocols. Thedata transmission plays
important part in minimizing number of messages, avoid-
ing redundant messages, and reducing delay in VANETs.
Therefore, numbers of data dissemination protocols are
proposed in literature [13, 15]. The forwarding mechanism
is proposed in various formats based on location, posi-
tion, distance, network topology, delay, density, and so on
discussed in [16]. In this section of the paper, various
well-known data dissemination protocols along with their
forwarding strategies are discussed. Adaptive Information
Dissemination (AID) [13] protocol uses a counter-based
approach to decide the next forwarder vehicle. In AID, every
vehicle counts how many times it has received the same data
packet in specified time period. It minimizes the broadcast
storm as several vehicles decide to discard the received data
packet.

Broadcast Communication (BROADCOMM) [17] pro-
tocol forwards the data packets (emergency warning infor-
mation) on the basis of geographical routing. In BROAD-
COMM, the highway is divided into virtualmovable cells that
move with vehicle’s movement. It uses two-level hierarchical
structure to select the NFV termed as Cell Reflector (CR).
At first level, vehicles of a cell communicate with each other
andwith neighbor cell vehicles, while at second level, a vehicle
closer to geographical center of its own cell is selected as the
CR responsible for onward transmissions and communica-
tions.

Distance Based Relay Selection (DBRS) [14] protocol uses
distance-based approach to decide next forwarder vehicle. It
uses a relay selection algorithm for selection ofNFV. InDBRS,
every vehicle is assigned a waiting time according to the dis-
tance between transmitting vehicle and itself. Farthest vehicle
will find the shortest waiting time and will be responsible for
data packet retransmission. Every other vehicle which has
scheduled the data packet for further retransmission will
cancel it in order to avoid the broadcast storm. DBRS may
produce high data delivery delayswhenever no border vehicle
will be discovered. DRIFT [11] protocol forwarding strategy is
based on both the position and distance information of
vehicles. It divides the transmission range of a vehicle in
different zones. Vehicles located inside the preference zone
are believed to be the best options as NFV(s) to eliminate the
broadcast storm. DRIFT also addresses and tackles the
network partitions using store-carry-forward mechanism.

Irresponsible Forwarding (IF) [18] protocol is distributed
protocol based on distance and density of nearby vehicles.
The vehicles calculate their distance from the source vehicle
and density of all neighbor vehicles to settle their forwarding
probabilities. Moreover, vehicles compare their forwarding
probabilities and avoid data packet transmission if they have
low probabilities compared to other vehicles. The authors

claim that their proposed protocol controls the transmission
rate and consequently mitigates the broadcast storm.

Distributed Vehicular broadCAST (DV-CAST) [8] pro-
tocol uses local topology for selection of NFV during data
dissemination process in VANETs. DV-CAST forwarding
strategy depends on one-hop neighbor information collected
though periodic beaconing. It performs the dissemination
process in three steps: (1) detecting all neighbor vehicles,
gathering relevant information though periodic beaconing,
and creating local topology, (2) using weighted p-persistence
technique to handle the broadcast storm during high traffic
densities, and (3) using store-carry-forward technique to
deal with network partitions during low traffic densities.
Similarly, Simple and Robust Dissemination (SRD) [19]
protocol is an improvement over DV-CAST. In SRD, a data
packet is transmitted in recommended direction of interest
(DoI).

MobiCast [9] and MobiCast-Carry-Forward [10] proto-
cols are designed for some specific applications of VANETs
that involve spatiotemporal multicast phenomenon. Their
forwarding strategies are based on position and timer based
approaches. MobiCast-Carry-Forward protocol makes use of
carry-&-forward mechanism that turns out in larger delays
but it improves the performance of actual MobiCast protocol
in terms of successful dissemination rate and network over-
head. A major weakness of these protocols is the selection
of zone of relevance (ZoR), zone of forwarding (ZoF), and
vehicles inside the ZoF using a complex process. Weighted
p-persistence, Slotted 1-persistence and Slotted p-persistence
[12] are the probabilistic information dissemination protocols
that use position-based approaches for NFV selection. In
these protocols, vehicles calculate their forwarding proba-
bility before retransmitting the received data packet using
information collected through global positioning systems.

2.2. A Qualitative Comparison of Reviewed Protocols. The
qualitative comparison among the aforementioned data dis-
semination protocols for VANETs is described in Table 1.
The comparison is based on three types of criteria: forward-
ing strategy, objective, and scenario. Forwarding strategy
presents the method(s) used by protocols to route the data
packet towards the target. As stated previously, the forward-
ing strategy of data dissemination protocols may depend on
different types of information including location, position,
distance, network topology, delay, and density. Most of the
protocols discussed in this paper use position or distance
information of vehicles to determine how to route data
packet. It is also observed that some protocols use network
topology, delay, and density or direction information tomake
decisions about data forwarding. Some protocols make use of
carry-and-forward (buffering) approach to deal with network
partitions. Objective criterion defines the main objectives
addressed by the protocol based on some serious issues and
challenges. The scenario criterion represents the operating
environments of each protocol.

2.3. Multicriteria Decision Analysis. The multicriteria deci-
sion analysis (MCDA) techniques are used to assist the
people in making decisions by providing stepping-stones for
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finding compromised outcomes from their decision process.
These techniques require some subjective information from
decision makers to find the solution for their decisions. The
MCDA is equally important in every field of knowledge
where someone needs to make a significant decision, for
example, mathematics, engineering, informatics, economics,
and management. In literature, different techniques are
developed to provide solutions to multicriteria decision
problems [20, 21]. Decision problems can be categorized in
several classes such as choice-based, sorting-based, ranking-
based, description-based, design-based, and elimination-
based problems [22–24]. To solve these decision problems
many techniques have been developed like AHP, ANP, TOP-
SIS, ELECTRE, DEA, MAUT/UTA, PROGETHEE, and so
on. Similarly to structure and solve these problems many
software programs are designed and proposed including
Decision Lab, D-Sight, DECERNS, Right Choice, MakeItRa-
tional, ExpertChoice, Super Decision, M-MACBETH, DEA-
Solver, and Smart Picker Pro [25].

3. Analytical Network Process

The analytical network process was introduced by Saaty [26];
it was developed on the basis of AHP [27] as already discussed
in Section 2. AHP is a rank or priority measurement model
that needs subjective information (preferences or scores) as
inputs on multiple criteria to evaluate all suggested alterna-
tives for achieving the stated goal. In addition, if criteria of
decision are possibly dependent on its alternatives (manda-
tory dependence of criteria and alternatives) then we are hav-
ing a decision with dependence and feedback. To deal with
such decisions and to determine best track of action analytical
network process (ANP) [26] was developed. ANP structures
complex multicriteria decision problems as a network of
different clusters with dependencies between elements within
a cluster or between clusters and provides feedback as well.
Every cluster is a group of various elements connected to each
other. The ANP model is used in different fields for decision
making such as in the field of social sciences, mathematical,
commerce, and economical and physical science [28–30].The
generalized steps of ANPmethod are summarized as follows:

(1) Theproblem is identified anddivided into to subprob-
lem by mentioning the objective(s), criteria/subcri-
teria, and possible alternatives in an understandable
way. Objective is basically the goal that we want to
achieve, criteria are the parameters that are involved
in decision making, and alternatives are the possible
options for selection.

(2) Develop the hierarchy and corresponding general
network (model) of clusters along with their elements
in order to obtain the priorities of criteria through
pair wise comparison matrices shown in Figure 2.
Connect the clusters and their elements according to
their inner and outer dependencies with respect to
direction of influence (use arrows drawn from one to
another cluster).

(3) Determine a fundamental qualitative scale of influ-
ence (importance) to be followed in the analysis of

clusters and their elements. A qualitative scale for
comparing two clusters or their elements in ANP
method is presented by [31] as shown in Table 2. This
qualitative scale is converted to a quantitative scale
ranging from 1 to 9.

(4) Once the scaling is done, elements of different clus-
ters are pairwise compared. A matrix is created by
comparing 𝑖th row with jth column. According to
the quantitative scale, 1 represents equal importance
while 9 shows most importance.

(5) Construct supermatrix for each criterion by placing
all elements of each cluster on the left as well as at
the top of that super matrix. Also put the priorities
obtained from pairwise comparisons in appropriate
positions in supermatrix. In general, supermatrix of a
network can be shown as in

[

[[

[[[[[
[[[[
[

]

]]]
]]]

][ ]]]]]
]

W11

W21

...

WN1

W12

W22

...

WN2

· · ·

· · ·

· · ·

· · ·

W1N

W2N

...

WNN

C1

e11
e12...
e1n1

C2

e21
e22
...

e2n2

...

CN

eN1

eN2
...

eNn

C1

e11e12 · · · e1n1

C2

e21e22 · · · e2n2

· · · CN

eN1eN2 · · · eNn

W = ,

(1)

where𝑊𝑖𝑗 = 1/𝑊𝑗𝑖 ∀𝑖, 𝑗.
(6) Calculate the relative priorities of criteria through

the principal Eigen value and corresponding principal
Eigenvector of a matrix. Every element of the matrix
is normalized using the concepts of geometric mean
(2) and termed asweights of the criteria or subcriteria.
This will result in a weighted stochastic supermatrix.

( 𝑛∏
𝑖=1

𝑊𝑖) = 𝑛√𝑤1 ∗ 𝑤2 ∗ 𝑤3 ⋅ ⋅ ⋅ 𝑤𝑛. (2)

(7) Compute the consistency of theweighted supermatrix
after pairwise comparison. The consistency index
(CI) of a matrix can be calculated using

CI = (𝜆max − 𝑛)(𝑛 − 1) , (3)

where 𝑛 is the order of matrix and 𝜆max is the Eigen
value of that matrix. It can be calculated using𝐴𝑤 = 𝜆max𝑤, (4)

where “𝑤” is the Eigenvector of matrix “𝐴.” Similarly,
the consistency ratio (CR) of a matrix can be calcu-
lated using

CR = CI
RI
. (5)
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Table 2: Fundamental scale.

Intensity/level Description

1
Equal Importance (assign equal importance to
both actions, i.e., both contribute equally to
objectives)

2 Intermediate values (weak or slightly importance)

3 Moderate importance (slightly support one
action over another)

4 Intermediate values (moderate plus importance)

5 Strong importance (strongly support one action
over another)

6 Intermediate values (strong plus importance)

7 Very strong importance (An action is supported
very strongly over another)

8 Intermediate values (very strong importance)

9 Extreme importance (support one action over
another with the highest confirmation level)

Reciprocal

Use reciprocal for inverse comparison; that is, if
an action “A” is extremely more important than
another action “B” (rated 9), then “B” is
extremely less important than “A” (rated 1/9) and
so on

Random consistency Index (RI) is an average random
index computed by Saaty for 𝑛 ≤ 10 as shown in
Table 3. The RI values for consecutive number above
10 (𝑛 > 10) demonstrate very little difference. Hence
these numbers are not important to be mentioned
over here. Moreover, the consistency ratio (CR) is
needed to be less than or equal to 0.10 which is an
acceptable level of inconsistency [32].

(8) Calculate the limit priorities and put them in super-
matrix in idealized form, (while the priority vectors
should be put in normalized form).

(9) Obtain the complete supermatrix by combining the
entire work in a single matrix. The supermatrix may
be either unweighted or weighted supermatrix. In
case the column sum of supermatrix is greater than 1
then it is unweighted supermatrix. Normalize it until
its column sum turn out to be less than or equal to 1
(weighted supermatrix).

(10) Convert the weighted supermatrix into the limit ma-
trix.

(11) Determine the appropriate alternative from limit ma-
trix. The generic form of limit matrix is shown in
Table 4.

(12) Finally, the sensitivity analysis is carried out to check
the stability of alternatives ranking. This is not man-
datory but highly recommended.

4. Criteria for Selection Decision and
Their Interrelation

Qualitative comparison of data dissemination protocols as
presented in Table 1 indicates that most of the protocols use

Table 3: Random index.

Order 1 2 3 4 5 6 7 8 9 10
R.I. 0 0 0.52 0.89 1.11 1.25 1.35 1.40 1.45 1.49

Goal

· · ·

· · ·Criteria 1 Criteria 2 Criteria 3 Criteria n

Subcriteria (if applicable)

Alternative 1 Alternative 2 Alternative n

Figure 2: Network structure.

either position or distance-based forwarding strategy. The
position-based protocols use position information of vehicles
to determine how to route data, while distance-based proto-
cols use the farthest vehicle (border vehicle) in the planned
direction to route data. Therefore, every farthest/border
vehicle on all sides of the source/transmitting vehicle is
equally important to be selected as the NFV. In this paper, we
present a novel data dissemination protocol for vehicle-to-
vehicle (V2V) communication in VANETs. The proposed
method classifies all vehicles inside the transmission range in
three groups and assigns planned priorities. One vehicle
selected as the NFV from highest priority group is enough
to carry on the data dissemination process. The proposed
method uses local information of neighbor vehicle obtained
via global position system (GPS) and a navigation system.
It mainly uses three types of information (summarized in
Table 5) regarding neighbor vehicles to make a decision of
NFV selection for data dissemination in VANETs. The pa-
rameters used are as follows:

(i) Direction. The proposed method assigns the lowest for-
warding priority to the vehicles moving in opposite direction
to a source or transmitting vehicle. The opposite direction
vehicles become significant for data dissemination process
only during low traffic densities. Moreover, vehicles moving
away from the source/transmitting vehicle are also consid-
ered less significant than the vehicles moving towards a
source/transmitting vehicle and therefore assigned with
smaller forwarding probabilities.

(ii) Position. The proposed method categorizes vehicles
inside the transmission range in three groups. It assigns high-
est forwarding probability to the vehicles positioned in ideal
segment, that is, right behind the source/transmitting vehicle
shown in Figure 3.The vehicles positioned in normal segment
are assigned with low priorities while vehicles positioned
inside the ahead segment are assignedwith lowest forwarding
probabilities.
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Table 4: Limit matrix.

Cluster node labels Criteria Alternatives Goal
C1 C2 C3 C4 A1 A2 A3 A4 Best option

Criteria
C1
C2
C3
C4

Alternatives
A1
A2
A3
A4

Goal

90
∘

180
∘

225
∘

270
∘

315
∘

360
∘

Ahead seg.

Transmission
range

Transmitting
vehicle

Normal seg.Normal seg. Behind

Ideal seg.

Figure 3: Wagon wheel: segmentation of a vehicle’s transmission range.

Table 5: Summary of criteria for NFV selection.

Criteria Explanation

Direction Direction of R vehicle with respect to S/T vehicle, that
is, in same or opposite direction

Position Position of R vehicle with respect to the S/T vehicle,
that is, in ideal, normal or ahead segment

Distance Distance of the R vehicle from S/T vehicle, that is,
farthest or others

(iii) Distance. In the proposed method, the farthest vehicle
inside transmission range is assigned the highest forwarding
probability. Vehicles at extreme distance from transmitting as
well as source vehicle (the border vehicles) are ideal to be the
next forwarders.

Thus, the NFV selection decision is based on these
parameters and mathematically it is represented in

NFV (Selection) = ∑
𝑖∈𝑃

𝑃𝑖, (6)

where 𝑖 is the direction, position, or distance parameter and𝑃 is the respective probability.
The wagon wheel as shown in Figure 3 is a circular

transmission area of a vehicle where it can directly commu-
nicate with neighbor vehicles. It is mainly divided into two
distinct segments: behind and ahead.The behind segment is a
more important section of transmission range than the ahead
segment during data dissemination process after an emer-
gency event. It is further divided in two segments: ideal and
normal. Ideal segment has the highest priority as compared
to the normal and ahead segments. The vehicle(s) inside
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V1

V2

V3

V4

V5

V6

Broadcast area
Ideal segment

Concern area (CA)
Normal area

Source (S)

Figure 4: Highway scenario showing a data dissemination process after an accident.

ideal segment are best options to be the next forwarders of
a data packet. In case no vehicle exists inside the ideal
segment then vehicle(s) inside a normal segment will be pre-
ferred to be the next forwarders in order to retain the data dis-
semination process. Limited number of vehicle(s) selected as
the NFV(s) are sufficient to distribute the information in the
concern area of a network.

5. NFV Selection Using ANP Model

The performance in VANETs directly depends on the selec-
tion of next forwarder vehicle; therefore it is significant to
select the optimum vehicle to effectively use limited band-
width and minimize the redundant messages thus improving
overall network performance. The selection of NFV is based
on certain parameters such as direction, position, and dis-
tance which makes it a multicriteria decision problem. To
select the optimum vehicle as NFV, in this paper we have
used ANP method as a multicriteria decision tool. The inter-
dependencies of alternatives (vehicles) are not considered in
this analysis since the data dissemination process uses the
receiver-based approach where each alternative has to calcu-
late its probability independently. Even in this case, the prior-
ities can be obtained with ANP to help decision maker.These
priorities achieved form ANPmethod can be used directly in
programmed model to implement the proposed method.

5.1. Case Study. In this case study, a3-lane bidirectional
highway scenariowith large number of vehicles (traffic) expe-
riencing an event (accident) is considered to determine the
most suitable vehicle as NFV inside the transmission range.
The selected vehicle will distribute emergency warning mes-
sages (data packet) during the data dissemination process in
VANETs, as shown in Figure 4.

A vehicle labeled S (source) experiences an accident on
highway and initiates data dissemination by flooding the
emergency message (data packet) to all neighbor vehicles
inside the concern area as shown in Figure 4.The data packet
transmitted by S vehicle is received by R vehicles (in this case

V1-to-V6) inside its transmission range. After receiving the
data packet, each R vehicle determines the following:

(i) Is data packet received for the first time? If yes, then
schedule the transmission of received data packet as
a suitable contestant for NFV selection process. Oth-
erwise cancel the transmission of already scheduled
data packet and discard it.

(ii) Is R in the same direction to S vehicle? If not (in
opposite direction) thendonot participate in data dis-
semination process during dense traffic conditions. It
will be included in data dissemination process only
during sparse traffic condition to deal with network
partition problem.

(iii) Is R in ideal segment, that is, right behind the S
vehicle? If yes, then set the shortest waiting time and
set the highest forwarding probability. Otherwise, set
the higher waiting time and assign lower forwarding
probability.

(iv) Is R the border vehicle, that is, farthest vehicle, from
S/T vehicle? If yes then it is more important to
be selected as the NFV than the other nonborder
vehicles.

As discussed earlier, six vehicles are located inside the
transmission range of the S vehicle. One vehicle will be
considered as the NFV while simultaneously other vehicles
have to discard the received data packet. In the same way,
data dissemination process will continue until the emergency
message is distributed successfully among all vehicles inside
the concern area. Thus, proposed method guarantees infor-
mation distribution inVANETs through themost appropriate
vehicle with least delay, lowest number of retransmissions,
and lowest number of collisions.

5.2. Proposed ANP Model. The ANP method provides solu-
tion to the decision problems that can be modeled diagram-
matically (termed as network).The network contains clusters
containing different elements. The elements of one cluster
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Determine the
decision
problem/project
proposal

Perform pairwise
comparison

Enlist and de�ne
requirement for
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and subcriteria

Calculate the
consistency
ratio
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matrix

Synthesize to
obtain priorities
and ideal
alternative
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�nal outcome
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Figure 5: Steps involved in the proposed model based on ANP.

Next forwarder vehicle selection

Direction Position Distance

Goal

Criteria

V1 V2 V3 V4 V5 V6Alternatives

Figure 6: Construction and hierarchy of ANP model for NFV selection problem.

may connect with each other (inner dependence) and with
elements of other clusters (outer dependence). The ANP net-
work is concerned with every dependency that can affect an
alternative. Section 3 covers the detailed steps involved in
applying the ANP method to any complex decision problem.
Figure 5 illustrates steps involved in the NFV selection
problem based on ANP method.

Starting with ANP, at first we develop a hierarchy/
network by dividing the NFV selection problem in to goal,
criteria, and alternatives. Goal is the objective that we want to
achieve, criteria are the parameters considered for selection
process, and alternatives are the available options to achieve
the goal as shown in Figure 6.

5.3. Pairwise Comparisons. After structuring the problem
and arranging the NFV problem in hierarchical form, we

have to establish the priorities through pairwise comparisons
among the elements of criteria and alternatives. The pairwise
comparison of elements can be achieved in terms of impor-
tance, that is, for comparing a pair of elements of criteria we
have to establish a ratio of relative importance between that
pair of elements.This ratio depends on some standard scale to
represent the relationship between two comparing elements.
In ANPmethod, we use a fundamental scale for judgments in
verbal as well as in numeric form presented by Saaty [31, 32]
shown in Table 2. This scale shows the importance of one
element over the other. For example, the relative importance
of position with respect to distance of a vehicle is considered
using 9-point quantitative scale. The position of a vehicle
(with respect to transmitting vehicle) is extremely more
important, strongly, moderately, equally important, or even
extremely less important than the distance of vehicle (from
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transmitting vehicle). In pairwise comparison, a reciprocal
score is allocated to the reverse comparison of that pair as
illustrated in equation (1) and Table 2. In similar fashion, all
pairwise comparisons are achieved for all considered ele-
ments and an initialmatrix of judgments is obtained as shown
in matrix (7) where all the diagonal values are 1 as every
element is as important as itself.

( Position Distance Direction
Position 1
Distance 1
Direction 1 ) . (7)

Usually, before assessing the importance of criteria and its ele-
ments, we assess the preference for alternatives with respect
to the criteria. Using this approach we will acquire better
understanding of alternatives as our judgments regarding the
importance of criteria are dependent on alternatives.We have
considered 6 vehicles (V1 to V6) as alternatives and we need
three set of pairwise comparisons which reveals how well V1
to V6 perform in terms of these three (position, distance, and
direction) criteria.The corresponding matrix of judgments is
obtained as shown in matrix (8).

((((((
(

V1 V2 V3 V4 V5 V6
V1 1
V2 1
V3 1
V4 1
V5 1
V6 1

))))))
)
. (8)

Generally, we obtain the pairwise comparisonmatrices in the
form of square and reciprocal matrices as shown in equation
(1).

The pairwise comparisons, made in this study, were
the direct results obtained from the opinions of a team of
more than ten national and international experts both from

academia and research community from different domains.
Experts selected for this study are dynamically involved in the
development and improvement of various routing and data
dissemination scheme used in Intelligent Transportation
Systems (ITS), Vehicular Ad hoc Networks (VANETs),
Wireless Sensor Networks (WSNs), and delay/disruption
Tolerant Networks (DTN). These experts were involved in
almost every phase of the study and contributed well in
the construction of ANP model, hierarchy and its levels,
criteria and corresponding clusters, and recognition of inner
and outer dependencies among elements and clusters. They
also provide opinions regarding relative importance among
elements as well as clusters and preferences for alternatives
during qualitative pairwise comparisons. The variations in
experts’ opinions were normalized through the concepts of
geometric means and the relative consensus value for each
element was obtained. Moreover, in this study, we have
used one of the most common aggregation approaches for
the group decisions, that is, aggregate the individual judg-
ments (AIJ) [33], since experts are associated with different
organizations. Also the aggregation of individual judgments
was accomplished through geometric mean because it is
compatible with priorities and judgments [34]. Consistency
ratio obtained after pairwise comparison was less than 0.1
which reveals the acceptable consistency among experts’
opinions.

In this study, three different parameters: direction, posi-
tion, and distance of a vehicle, are considered as the elements
of the criteria in 𝑛 × 𝑛 matrix. The relative weight of each
element is shown in the form of 𝑊𝑖𝑗, where “𝑖” represents
row and “𝑗” is the column of the matrix, respectively. If𝑊𝑖𝑗 = 𝑊𝑗𝑖 = 1, then the relative importance of element𝑊𝑖 and 𝑊𝑗 is equal and assigned 1 for the elements located
at main diagonal as shown in matrix (7) and (8). Once the
relative weights of elements are decided, the ANP process
for NFV selection problem proceeds (step-wise) as follows:
Matrix (9a) shows the comparisons of alternatives (vehicles:
V1-to-V6) with respect to the element “position” of criteria
cluster.

((((((((((((
(

V1 V2 V3 V4 V5 V6
V1 1 13 = 0.33 17 = 0.14 17 = 0.14 17 = 0.14 13 = 0.33
V2 3 1 13 = 0.33 13 = 0.33 13 = 0.33 1
V3 7 3 1 1 1 3
V4 7 3 1 1 1 3
V5 7 3 1 1 1 3
V6 3 1 13 = 0.33 13 = 0.33 13 = 0.33 1

))))))))))))
)
. (9a)

Add the weights in each column of matrix (9a) in order
to obtain the total weight of columns (as shown in
(9b)) and divide each weight of the same column by the

obtained total weight (shown in (9c)) in order to accom-
plish the normalization process involved in the pairwise
comparisons.
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[[[[[[[[[[[[[[[[[[[[[
[

６1 ６2 ６3 ６4 ６5 ６6

６1 1 0.333 0.143 0.143 0.143 0.333

６2 3 1 0.333 0.333 0.333 1

６3 7 3 1 1 1 3

６4 7 3 1 1 1 3

６5 7 3 1 1 1 3

６6 3 1 0.333 0.333 0.333 1

４ＩＮ；Ｆ 28 11.33 3.809 3.809 3.809 11.33

]]]]]]]]]]]]]]]]]]]
]

[[[[[[[[[[[[[[[
[

V1 V2 V3 V4 V5 V6 E. V

V1 0.036 0.029 0.038 0.038 0.038 0.029 0.03442

V2 0.107 0.088 0.087 0.087 0.087 0.088 0.09040

V3 0.25 0.265 0.263 0.263 0.263 0.265 0.26145

V4 0.25 0.265 0.263 0.263 0.263 0.265 0.26145

V5 0.25 0.265 0.263 0.263 0.263 0.265 0.26145

V6 0.107 0.088 0.087 0.087 0.087 0.088 0.09040

]]]]]]]]]]]]]]]
]

0.964

1.025

0.996

0.996

0.996

1.025

Figure 7: Graphical representation of Eigen value derivations.

(((((((((((
(

V1 V2 V3 V4 V5 V6
V1 1 0.33 0.14 0.14 0.14 0.33
V2 3 1 0.33 0.33 0.33 1
V3 7 3 1 1 1 3
V4 7 3 1 1 1 3
V5 7 3 1 1 1 3
V6 3 1 0.33 0.33 0.33 1
Total 28 11.33 3.81 3.81 3.81 11.33

)))))))))))
)

(9b)

((((((((((((((((
(

V1 V2 V3 V4 V5 V6
V1 128 0.3311.33 0.143.81 0.143.81 0.143.81 0.3311.33
V2 328 111.33 0.333.81 0.333.81 0.333.81 111.33
V3 728 311.33 13.81 13.81 13.81 311.33
V4 728 311.33 13.81 13.81 13.81 311.33
V5 728 311.33 13.81 13.81 13.81 311.33
V6 328 111.33 0.333.81 0.333.81 0.333.81 111.33

))))))))))))))))
)

. (9c)

Matrix (9d) shows the normalized values obtained from the
use of geometric mean (2) during the normalization process
of matrix (9c) as follows:

((((((((
(

V1 V2 V3 V4 V5 V6 E.V
V1 0.036 0.029 0.038 0.038 0.038 0.029 0.03442
V2 0.107 0.088 0.087 0.087 0.087 0.088 0.09040
V3 0.25 0.265 0.263 0.263 0.263 0.265 0.26145
V4 0.25 0.265 0.263 0.263 0.263 0.265 0.26145
V5 0.25 0.265 0.263 0.263 0.263 0.265 0.26145
V6 0.107 0.088 0.087 0.087 0.087 0.088 0.09040

))))))))
)
. (9d)

Finally, to find the Eigenvalues, multiply total weight of each
column of matrix (9b), that is, derived from pairwise
comparisons, with the normalized value of each row in
normalized matrix (9d). Figure 7 illustrates this procedure
graphically.

((((((((
(

V1 V2 V3 V4 V5 V6 E.V
V1 1 0.333 0.1429 0.1429 0.1429 0.333 0.034
V2 3 1 0.333 0.333 0.333 1 0.09
V3 7 3 1 1 1 3 0.26
V4 7 3 1 1 1 3 0.26
V5 7 3 1 1 1 3 0.26
V6 3 1 0.333 0.333 0.333 1 0.09

))))))))
)
. (9e)

The consistency ratio (CR) for the matrix (9d) is calculated
using (3), (4), and (5). The whole procedure is followed for
obtaining the remaining matrices and relevant features.
Matrix (10) represents the comparisons of alternatives (vehi-
cles V1-to-V6) with respect to the criterion “distance.”

((((((((
(

V1 V2 V3 V4 V5 V6 E.V
V1 1 4 5 1 5 4 0.35
V2 0.25 1 2 0.25 5 1 0.10
V3 0.2 0.5 1 0.25 1 0.5 0.06
V4 1 4 4 1 4 3 0.31
V5 0.2 0.5 1 0.25 1 0.5 0.06
V6 0.25 1 2 0.333 2 1 0.11

))))))))
)
. (10)
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The comparisons of alternatives (vehicles V1-to-V6) with
respect to the criterion “direction” are represented in matrix
(11).

((((((((
(

V1 V2 V3 V4 V5 V6 E.V
V1 0.227 0.227 0.227 0.227 0.227 0.227 0.23
V2 0.227 0.227 0.227 0.227 0.227 0.227 0.23
V3 0.227 0.227 0.227 0.227 0.227 0.227 0.23
V4 0.227 0.227 0.227 0.227 0.227 0.227 0.23
V5 0.045 0.045 0.045 0.045 0.045 0.045 0.05
V6 0.045 0.045 0.045 0.045 0.045 0.045 0.05

))))))))
)
. (11)

Matrix (12) shows the comparisons of goal (NFV selection)
with respect to the alternative cluster.

( Position Distance E.V
Position 1 7 0.875
Distance 0.1429 1 0.125) . (12)

The comparisons of V1 alternative with respect to elements in
criteria 2 cluster are shown in matrix (13).

( Position Distance E.V
Position 1 5 0.833
Distance 0.2 1 0.167) . (13)

Similarly comparisons of alternatives “V2, V3, V4, V5, and
V6” with respect to elements in “Criteria 2” cluster provide
the similar weights as mentioned in matrix (13).

5.4. Unweighted and Weighted Supermatrix. The unweighted
supermatrix is derived from all pairwise comparisons, where
Eigen vector of each comparison is shown in their respective
columns as shown in Table 6. As the obtained unweighted
supermatrix is nonstochastic with respect to columns (i.e.,
sum of column weights > 1), therefore, to make it column
stochastic the cluster weight matrix (as shown in Table 7) is
multiplied with unweighted supermatrix in order to trans-
form into weighted supermatrix as shown in Table 8. The
cluster matrix reveals the impact of the criteria cluster on the
alternatives. In our study, it seems that both clusters present
equal impact on the alternatives, but as cluster 1 has only one
element while cluster 2 is composed of two elements, thus we
say that element of cluster 1 is influenced twice more than the
elements of cluster 2.

5.5. Limit Supermatrix. The limit supermatrix is obtained
from the weighted supermatrix to get the stable values. The
weighted supermatrix is raised up to a number of high powers
until the convergence occurs to have same values in corre-
sponding rows as shown in Table 9. According to the limit
supermatrix, vehicle V4 (alternative) has highest priority and
is selected as the next forwarder vehicle to disseminate the
received data packet further inside a concern area. Limit
supermatrix is basically the resultantmatrix, which concludes
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Figure 8: Percentage of priorities for alternatives of ANP model.

the overall process of ANP model. Moreover, it shows the
alternatives ranking and is helpful in finding the criteria
ranking.

The overall ranking of alternatives is shown in Figure 8,
which shows the priorities of all alternatives and the one with
maximum weight is selected as the most suitable vehicle for
the highway scenario (Figure 4). Furthermore, vehicle V4
has the maximum weight followed by V3, V2, V1, V5, and
V6, respectively. As V6 acquired the lowest possible priority,
thus, it is the least preferred vehicle for data packet for-
warding especially in dense traffic conditions. Moreover, as
the priorities of V4 and V3 are very close to each other, we
have to perform sensitivity analysis to confirm whether
changes inweights of elements affect the priorities and overall
ranking of alternatives.

5.6. Sensitivity Analysis. The sensitivity analysis is important
for analyzing the stability of alternatives ranking but it is
not mandatory. The sensitivity analysis for all three elements
in criteria cluster for direction, position, and distance is
carried out as shown in Figure 9. From previous sections
(Sections 4 and 5), the “direction” of R vehicle with respect to
T vehicle with highest weight was identified. In case we
reduce the importance level of the direction of R vehicles,
then the impact on ranking of alternatives can be examined
in Figure 9(a). It discloses that ranking of the alternatives is
altered and V5 is at second place instead of fifth besides the
fact that ranking of V4 still has the highest forwarding pri-
ority. Similarly, by disregarding the importance of elements
“position” and “direction,” respectively, we will obtain the
new ranking of vehicles shown in Figures 9(b) and 9(c).

For academia personnel, researchers, policy makers, and
the industrialist working with Intelligent Transportation Sys-
tems (ITS) and its various aspects, this study presents useful
approach of decision making process. Through this study, we
have tried to illustrate that ANP method used for complex
multicriteria decision problems presents important practical
advantages by structuring the complete decision problem
and showing the importance of various criteria all along
with the feedback and dependencies. Furthermore, it helps
out the decision makers in deciding whether their intuition
was correct. This study discloses that the complex decision
projects of different scale dimensions and sizes can be
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Table 6: Unweighted supermatrix.

Cluster node labels Alternatives (available vehicles) Criteria (parameters)
V1 V2 V3 V4 V5 V6 Direction Position Distance

Alternatives
V1 0 0 0 0 0 0 0.22727 0.03444 0.35132
V2 0 0 0 0 0 0 0.22727 0.09090 0.10326
V3 0 0 0 0 0 0 0.22727 0.26125 0.06242
V4 0 0 0 0 0 0 0.22727 0.26125 0.31302
V5 0 0 0 0 0 0 0.04546 0.26125 0.06242
V6 0 0 0 0 0 0 0.04546 0.09090 0.10756

Criteria
Direction 1 1 1 1 1 1 0 0 0
Position 0.8333 0.8333 0.8333 0.8333 0.8333 0.8333 0 0 0
Distance 0.1667 0.1667 0.1667 0.1667 0.1667 0.1667 0 0 0
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Figure 9: Sensitivity analysis for the criterion: (a) direction, (b) position, and (c) distance.
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Table 7: Cluster weight matrix.

Cluster Label Alternative Criteria 1 Criteria 2 Goal
Alternative 0 1 1 0
Criteria 1 0.5 0 0 0.5
Criteria 2 0.5 0 0 0.5
Goal 0 0 0 0

evaluated usingANPmethod.Major drawback of this study is
the consideration of very limited alternatives to be evaluated,
as ANP method supports limited alternatives [26, 31].

6. Results and Discussions

Theperformance of the proposedmethod is further evaluated
using the vehicular network simulation framework VEINS
[15] which integrates the network simulator OMNET++ [35]
and the Simulator for Urban MObility (SUMO) [36]. The
evaluation is performed in terms of reachability, latency,
total transmitted data packets, number of collisions, and the
duplicate data packets. Furthermore, the proposed method is
compared with existing well-known data dissemination pro-
tocols such as Simple Flooding, AID, and DBRS.

In VANETs, data dissemination is a broadcast-oriented
process which may lead the network to face the broadcast
storm problem and inefficient use of network resources
such as bandwidth. Therefore, to avoid the broadcast storm
and utilize the network resources efficiently, next forwarder
vehicles (NFVs) are selected to forward the received data
packet to all intended vehicles of network.TheNFV selection
is based on certain parameters such as direction, distance, and
position information of vehicles.TheNFV selection based on
the aforementioned parameters of vehicle certainly increases
the efficiency and robustness of a data dissemination protocol
to its maximum potential.

To evaluate the performance of the proposed method
against existing data dissemination protocols, the following
evaluation metrics were considered.

(i) Reachability. This metric defines the ability to be aware
of an event. In VANETs it is the ratio of vehicles successfully
receiving the broadcast data packet to the total number of
reachable vehicles [37]. It is used to evaluate the transmitted
data packet through the entire vehicular network. Its high
value represents better broadcast efficiency of a data dissem-
ination protocol. Sometimes, it is also measured in terms of
Broadcast Coverage Ratio (BCR) or Broadcast Delivery Ratio
(BDR) metrics.

(ii) Latency. It presents how much time is spent by a broad-
cast data packet to traverse through the network, from its
source vehicle to the designated vehicle in VANETs. It is an
importantmetric to evaluate the efficiency of data dissemina-
tion protocol designed for delay sensitive safety applications
such as an emergency or traffic jam. Low latency is essential
for such data dissemination protocols.

(iii) Number of Collisions. It shows the average number of
data packets collisions at MAC layer for all vehicles. High
collision rate during dense traffic conditions may lead the
network to meet the broadcast storm problem because many
vehicles rebroadcast the same data packet in same vicinity.
Thus least number of collisions is required for efficient and
reliable data dissemination. Sometimes, it is also measured
in terms of Collision Ratio (CR) or Packet Loss Ratio (PLR)
metrics.

(iv) Total Transmitted Data Packets. Thismetric corresponds
to the total number of data packets transmitted by all
vehicles in a network during data dissemination process.
Large number of transmissions occurs due to redundant data
packets and may incur the broadcast storm problem.

(v) Duplicate Data Packets. This metric shows average num-
ber of replicated data packets received by each vehicle inside
the concern area of a vehicular network. It is important to
analyze the robustness of a data dissemination protocol.

6.1. Simulation Setup. In this scenario, we considered a 10-
kilometer long highway with vehicles moving in two opposite
directions. Vehicle flow is generated on each edge of the high-
way that inserts different traffic flow at constant rate starting
from 800 to 2000 vehicles/hour. For more realistic vehicular
scenario, the mobility of inserted vehicles is set different to
ensure the overtaking of vehicles. These vehicles are capable
of reaching a maximum speed of 33m/s, 26m/s, and 20m/s.
Once the simulation become stable, a vehicle stops abruptly
at highway describing an emergency. It initiates data dissem-
ination process by generating and broadcasting a data packet
inside the concern area of network. Our intention is to alert
the vehicular traffic about emergency, approaching towards
the place of emergency, through multihop communication.
Other important parameters including bit rate, data packet
size, and transmission range are presented in Table 10.

6.2. Performance Evaluation of the Proposed Method. The
proposed method is compared with other well-known data
dissemination protocols in terms of reachability, latency,
saved broadcast, and total number of transmitted data pack-
ets. All protocols are evaluated under highway scenario with
varying traffic conditions as shown in Figures 10–14. The
results reveal that the proposed method outperforms the
existing data dissemination protocols in terms of efficient and
reliable data dissemination in vehicular environment.

In Figure 10, the reachability in terms of successful
data dissemination is determined at highway scenario under
varying traffic conditions.The proposedmethod shows better
performance by acquiring maximum reachability especially
at dense traffic conditions. It is worth noticing that the
proposed method presents closer reachability results to the
Flooding protocol. However, Flooding protocol turns out in
high number of transmissions with growing vehicular traffic
and leads to the broadcast storm problem.

The proposed method is evaluated for latency under
varying traffic conditions as shown in Figure 11. It shows that
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Table 8: Weighted supermatrix.

Cluster node labels Alternatives (available vehicles) Criteria (parameters)
V1 V2 V3 V4 V5 V6 Direction Position Distance

Alternatives
V1 0 0 0 0 0 0 0.22727 0.03444 0.35132
V2 0 0 0 0 0 0 0.22727 0.0909 0.10326
V3 0 0 0 0 0 0 0.22727 0.26125 0.06242
V4 0 0 0 0 0 0 0.22727 0.26125 0.31302
V5 0 0 0 0 0 0 0.04546 0.26125 0.06242
V6 0 0 0 0 0 0 0.04546 0.0909 0.10756

Criteria
Direction 0.5 0.5 0.5 0.5 0.5 0.5 0 0 0
Position 0.4167 0.4167 0.4167 0.4167 0.4167 0.4167 0 0 0
Distance 0.0833 0.0833 0.0833 0.0833 0.0833 0.0833 0 0 0

Table 9: Limit supermatrix.

Cluster/node labels Alternatives (available vehicles) Criteria (parameters)
V1 V2 V3 V4 V5 V6 Direction Position Distance

Alternatives
V1 0.07863 0.07863 0.07863 0.07863 0.07863 0.07863 0.07863 0.07863 0.07863
V2 0.08006 0.08006 0.08006 0.08006 0.08006 0.08006 0.08006 0.08006 0.08006
V3 0.11385 0.11385 0.11385 0.11385 0.11385 0.11385 0.11385 0.11385 0.11385
V4 0.12429 0.12429 0.12429 0.12429 0.12429 0.12429 0.12429 0.12429 0.12429
V5 0.06839 0.06839 0.06839 0.06839 0.06839 0.06839 0.06839 0.06839 0.06839
V6 0.03478 0.03478 0.03478 0.03478 0.03478 0.03478 0.03478 0.03478 0.03478

Criteria
Direction 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25
Position 0.20833 0.20833 0.20833 0.20833 0.20833 0.20833 0.20833 0.20833 0.20833
Distance 0.04167 0.04167 0.04167 0.04167 0.04167 0.04167 0.04167 0.04167 0.04167

Table 10: Simulation parameters for highway scenario.

Parameter Value
Transmission power 1.6mW
Transmission range 250m
Bit rate 18Mbit/s
Concern area 5 Km
Data packet size 2048 bytes
Highway length 10Km
Road direction/lanes One-way/3

AID protocol presents the highest latency due to the use of
counter-base forwarding strategy. In AID, each vehicle waits
and counts the number of received data packets sent by other
vehicles of network. On the basis of data packet reception
rate, it decides whether to retransmit the data packet further
or let it for someone else. In proposed method, latency is
inversely related to the traffic density. Thus growing density
of vehicles inside the concern area results in decreasing
latency as vehicles retransmit the data packet with lowest
waiting time. DBRS protocol presents lower latency than
the proposed method however it does not perform well in
terms of reachability metric and offers lower reachability.

Similarly, Flooding offers the lowest latency in comparison
withAID,DBRS, and the proposedmethod; however it causes
maximum number of transmitted data packets and larger
number of collisions incurring the broadcast storm problem.
Although proposed method turns out in little extra latency
at sparse traffic conditions, its latency decreases significantly
with increasing vehicular traffic.

In Figure 12, the number of overall transmitted data
packets during data dissemination process is shown for
the proposed method and all other protocols. This metric
analyzes the efficiency of data dissemination protocols in
terms of mitigating the broadcast storm during dense traffic
conditions. Hence a protocol with reduced number of trans-
mitted data packets mitigates the broadcast storm efficiently.
Figure 12 depicts that Flooding protocol produces highest
number of transmitted data packets. In fact, Flooding pro-
tocol does not use any broadcast suppression mechanism
to control and reduce the transmission rate. The proposed
method shows acceptable overhead than Flooding protocol
by an average of 55%. Similarly, AID and DBRS protocols
produce less number of transmitted data packets than the
proposed method; however the proposedmethodmaximizes
the reachability by approximately 30% and 70% in compari-
son with AID and DBRS, respectively.
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Figure 10: Reachability under varying traffic flow.
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Figure 11: Latency with respect to Traffic flow.

Number of packets collisions at MAC layer evaluates the
performance of data dissemination protocols in terms of
failure rate particularly in dense traffic conditions. Figure 13
presents all results for average number of data packets col-
lisions. Consequently, Flooding protocol shows the highest
packet collision gradually increasing with increasing vehicu-
lar traffic. In Flooding protocol, each vehicle blindly retrans-
mits the received data packet and accesses the bandwidth
simultaneously. The proposed method presents closer results
to AID and DBRS in terms of collision, that is, approximately
one collision per vehicle.

Number of duplicate data packets analyzes the robustness
of data dissemination protocol. Figure 14 depicts that each
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Figure 12: Total number of transmitted data packets.
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Figure 13: Number of Collisions with varying traffic flow.

vehicle in the AID, Flooding protocol, and the proposed
method receives on average four to five duplicate packets
during data dissemination process. The importance of dupli-
cate data packets reception can be directly revealed from
the reachability as shown in Figure 10. It can be observed
that the proposedmethod presents similar reception number
of duplicate packets in comparison to Flooding protocol.
However the proposed method outperforms the Flooding
protocol in terms of reduced collisions and lower number
of transmitted packets. DBRS protocol offers less number of
duplicate packets and hence minimum reachability.

Finally, we conclude that the proposed method mitigates
the broadcast storm efficiently in highway VANET scenario
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Figure 14: Duplicate messages with respect to traffic flow.

using the broadcast suppression technique. Moreover it
delivers the data packet to all intended vehicles inside the
concern area of a network with acceptable delay and network
overhead.

7. Conclusion and Future Directions

In this paper, the optimum selection of next forwarder
vehicle is considered for data dissemination in VANETs
using multicriteria decision tool, namely, analytical network
process. The selection of an appropriate vehicle as the NFV
among a set of vehicles during data dissemination process
certainly increases efficiency and robustness of a data dis-
semination protocol to its maximum potential. The NFV is
selected on the basis of three parameters, direction, position,
and distance, using ANP model. The proposed method is
applied on highway scenario by considering a case study.The
results obtained during this study demonstrate that vehicle(s)
moving in similar direction to source/transmitting vehicle,
positioned inside ideal segment of its transmission range
along with furthest distance, will be selected as the NFV.
In the case study, vehicle V4 is the most preferred while
V6 is the least preferred option as NFV. In case, vehicle V4
does not forward the received data packet after being selected
as NFV due to selfish behavior or leaving network before
transmission; then vehicle V3 will transmit data packet just
after completing the assigned waiting time. The stability of
alternatives ranking is checked using sensitivity analysis to
check the influence of the criteria on overall ranking of
alternatives. By changing weight of any element in criteria the
corresponding weights are changed accordingly. It is worth
noticing that the overall ranking of the alternatives remains
the same. Therefore, it is concluded that the alternative
ranking is stable and optimum node is selected as NFV.
Simulation results presented highlight that the proposed data
dissemination scheme comparatively shows better results for

different performance parameters. In future current work
will be extended for more parameters and tested on different
urban scenarios in VANETs.
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To alleviate the housing pressure and achieve a sustainable society, prefabricated residential building (PRB) has witnessed
rapid growth in recent years. The usage of prefabricated components in the building represents a significant indicator that is
traditionally used to differentiate the PRB from the traditional building. However, it cannot provide details on the efficiency of the
industrialization process in the PRB.The main goal of this paper is to develop a composite index to measure the multidimensional
concept of industrialization efficiency. Fuzzy Analytic Hierarchy Process (fuzzy AHP) and fuzzy Technique for Order Preference by
Similarity to Ideal Solution (fuzzy TOPSIS) are applied to combine the hierarchical structure of indicators into one overall index.
Finally, the industrialization efficiency assessment of three PRBs is chosen as a case to illustrate the effectiveness of the method.
It can effectively quantify experts’ linguistic expressions on the performance of the PRB in different established indicators. This
research can provide a decision support tool to assess and continuously promote the improvement of industrialization production
in the housing industry.

1. Introduction

Prefabrication has been widely used and considered as a
potential approach for performance improvements in the
housing industry [1, 2]. Distinct from conventional cast-in
situ construction, prefabrication involves a set of construc-
tion technologies and processes, through which building
components are manufactured in a controlled environment,
transported, and assembled on the job-site in order to
minimize site works [3, 4]. A variety of interchangeable
terms are associated with housing that uses the prefabrica-
tion technology, such as off-site construction [5], modular
housing [6], industrialized building [3, 7], modern methods
of construction [8], and prefabrication housing [9]. In this
study, “prefabricated residential building (PRB)” is used to
represent residential buildings that use prefabrication tech-
nologies [10]. By contrast, “conventional residential building”
refers to the buildings involving cast-in situ technologies [11].

In contrast with traditional buildings, the production
of PRB involves many potential benefits, such as enhanced
productivity and quality, shortened construction schedule,
improved health and safety conditions, and sustainability
in terms of environmental, energy, and ecological aspects
[12, 13]. However, the uptake of PRB has been found to be
sluggish, especially in some developing countries, such as
China, India, and Malaysia [4, 10, 14]. A major reason is
that contractors lack experience in using prefabrication and
they do not know how to adopt the PRB to their projects
effectively [15]. Current industrialized activities in many PRB
projects are far from ideal [16]. The production processes
suffer from deficiencies in various aspects, such as low level
ofmechanization, automation, and information technologies.
Therefore, it is imperative to develop an integrated decision
tool for contractors to assess the efficiency of their PRB
practices, through which they can select the most effective
production strategies.
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Mathematical Problems in Engineering
Volume 2017, Article ID 6078490, 12 pages
https://doi.org/10.1155/2017/6078490

https://doi.org/10.1155/2017/6078490


2 Mathematical Problems in Engineering

In the following section, the literature concerning PRB-
related practices, definitions, and assessment was reviewed.
Then, the methodologies based on both fuzzy Analytic Hier-
archy Process (fuzzy AHP) and fuzzy Technique for Order
Preference by Similarity to Ideal Solution (fuzzy TOPSIS)
were proposed and demonstrated using three PRBs located in
the northeast China.The final section offered the conclusions
and limitations.

2. Literature Review

2.1. PRB-Related Practices and Definitions. PRB has been
adopted in housing projects for centuries [17]. Prefabrication
has contributed significantly to the efficiency improvement
and environmental conservation in the housing industry [10].
Prefabricated and standardized technologies were widely
used in reconstruction projects in Asian and European
countries during 1950s and the 1960s after World War II
[18]. France, for example, was one of the world’s earliest
countries to implement mass production of housing using
prefabrication, whereas Japan was the first country in Asian
area in 1965 [19]. In the early 1970s, theAmerican government
also introduced several prefabricated building systems, which
covered the aspects of prefabrication, standardization, pro-
duction, and quality control [20]. Hong Kong and Singapore
began to adopt prefabrication approaches in housing projects
in the 1980s [4, 21]. According to the developing processes of
PRB in different countries, the production characteristics of
PRB have shifted from the mass-production approach to the
latter mass-customized approach, which had improved the
customer orientation and integration of production processes
[19].

Various frameworks were used in previous literature to
categorize the PRB based on their off-site work. Tam et al.
identified three categories of PRB inHong Kong: semiprefab-
ricated nonstructural components, such as windows and
partition walls; comprehensive prefabricated units, such as
columns and beams; and modular buildings which are man-
ufactured wholly off-site [22]. Goodier and Gibb classified
the PRB into four levels in the UK, including component
manufacture and subassembly, nonvolumetric preassembly,
volumetric preassembly, and modular buildings [23]. Simi-
larly, In Australia, Blismas and Wakefield defined the off-site
system from three categories: nonvolumetric preassembly,
volumetric preassembly, and modular building [24].

Industrialization is an essential part of wide moderniza-
tion process through development of innovative technologies
and manufacturing methods [25]. With regard to house
building, industrialization of construction primarily refers to
the rationalization of construction process through prefabri-
cation in order to achieve the cost efficiency and improved
productivity and quality [26]. Six major characteristics of
industrialized house building existed in current relevant
definitions, including industrialization in transportation,
production, and assembly, mass production, on-site fabrica-
tion, standardization and structured planning, and process
integration [27]. In addition, improved production perfor-
mance can be achieved through prefabrication, including
economic, social, and environmental aspects [28, 29]. Thus,

compared with conventional buildings, PRB is the building
that can bring significantly rationalized production process
and improved production performance.

2.2. PRB Assessment Research. Recently, building assessment
is widely used to offer a standard approach to assessing newor
existing buildings. Leadership in Energy and Environmental
Design (LEED) developed by the American Green Building
Council is a voluntary national standard in the USA to pro-
mote green buildings [30]. Building Research Establishment
Environmental Assessment Method (BREERAM) in the UK
is developed to rank the environmental performance of
buildings [30]. Intelligent Building Index System is developed
by the Asian Institute of Intelligent Building to assess the
performance of intelligent building [31]. Meanwhile, the
industrialized buildings are also assessed according to the
efficiency of their production process. In China, as an illus-
tration, Standard for Assessment of Industrialized Building
(SAIB) has been issued in May 2016, which included 99
specific items categorized in four-dimension design, manu-
facture, management, and benefits for assessing the efficiency
of PRB implementation [32].

Various criteria or indicators were used to assess the
PRB in terms of the efficiency of their production process
in previous studies, such as prefabricated ratio or degree
of off-site production [23, 33]; degree of product standard-
ization [34]; extent of mechanization and automation [26];
integration of supply chain management in production [35].
Therefore, the assessment of industrialization efficiency of
PRB is a multicriteria decision-making (MCDM) problem,
which involves multiple, usually conflicting, decision criteria
[31]. De Barba et al. applied a MCDM technique to compare
the industrialized and traditional building systems from
three aspects of sustainability: environmental, economic, and
social aspects [12]. Alinaitwe et al. recommended twelve
indicators of measurement to determine the efficiency of
industrialization process in the PRB [26]. Lessing et al.
established a categorization model for the efficiency of PRB
production based on eight indicators [35].

As two most known MCDM techniques, AHP and
TOPSIS have been widely used in building performance
evaluation, such as intelligent building [31], building energy
conservation [36], building day-lighting and tradition conti-
nuity [37], and green building [38]. Based on the theory of
fuzzy sets proposed by Zadeh [39], fuzzy MCDM is devel-
oped to deal with qualitative, imprecise, and ill-structured
information during the decision process [40]. However, the
fuzzy AHP and TOPSIS have not been applied to assess
the efficiency of PRB. The assessment of PRB, as a MCDM
problem, is related to vague criteria and subjective opinions
of decision-makers. To overcome these limitations, this study
proposed a fuzzy AHP-TOPSIS approach to assessing the
industrialization efficiency of PRB.

3. Methodologies

This study proposed a fuzzy AHP-TOPSIS approach to
assessing the PRB in terms of their industrialization efficiency
for promoting the industrialization practices in the housing
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Figure 1: Main process of assessing the efficiency of industrialization process in the PRB.

industry. The research process consisted of three stages: (1)
critical measurement indicators were identified. At this stage,
influential criteria and measurement indicators were deter-
mined through PRB-related literature and expert opinions.
(2) The fuzzy AHP method was utilized to determine the
importance weights of the criteria and indicators. (3) The
fuzzy TOPSIS method was employed to condense multilayer
indicators into a composite index to present the efficiency
of PRB’s industrialization practices. The specific research
procedure was shown as Figure 1.

3.1. Determining the Assessment Indicator System. As men-
tioned earlier, the major characteristics of PRB involve two
dimensions: industrialized production process and improved
production performance. Therefore, industrialization effi-
ciency of PRB is assessed from the two aspects. A com-
prehensive review of previous literature related to the PRB
was conducted to identify the factors that have significant
impacts on the industrialization efficiency of PRB [12, 13,
23, 26, 28, 29, 31–33, 35, 41–43]. Finally, five criteria regard-
ing the industrialized production process were identified,
including standardized design, off-site manufacture, on-site

construction, component transportation, and collaboration
management. One criterion, sustainability, was identified
to interpret improved production performance. Then, these
six criteria were further measured by relevant subcriteria
(indicators), and a preliminary draft of indicator system was
determined subsequently. Six domain experts, including four
scholar researchers and two practitioners, were invited to
provide the qualitative validation of the measurements.Their
average working experience was fifteen years in the industri-
alized building field. Several modifications were performed
through simplifying, rephrasing, and eliminating relevant
items three times. Finally, the initial indicator system was
obtained, including six criteria and twenty three subcriteria
(indicators), as shown in Table 1.

3.2. Fuzzy AHP. AHP is developed to address complex
MCDM problems, involving multiple quantitative and qual-
itative criteria [44]. Considering the vagueness of experts’
judgments, several fuzzyAHPmethodswhich integrate fuzzy
set theory and basic AHP have been proposed in recent years
[31]. In fuzzy AHP, the pairwise comparisons of indicators are
conducted using linguistic variables, which are represented
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Table 2: Linguistic scale for the pairwise matrix.

Linguistic variables Triangular fuzzy numbers
Equally important (1, 1, 3)
Weakly important (1, 3, 5)
Essentially important (3, 5, 7)
Very strongly important (5, 7, 9)
Absolutely important (7, 9, 9)

by triangular numbers [45]. In this study, Buckley’ fuzzyAHP
method was used [46].The steps of fuzzy AHP are illustrated
as follows [31, 47].

Step 1 (determining the pairwise comparison matrices).
Experts compare the criteria or subcriteria using the lin-
guistic terms that are shown in Table 2 [47]. The pairwise
comparison matrix can be expressed in matrix form as in

𝐶𝑘 =
[[[[[[
[

1 𝑐12 ⋅ ⋅ ⋅ 𝑐1𝑛𝑐21 1 ⋅ ⋅ ⋅ 𝑐2𝑛... ... ⋅ ⋅ ⋅ ...
𝑐𝑛1 𝑐𝑛2 ⋅ ⋅ ⋅ 1

]]]]]]
]
, (1)

where 𝑐𝑖𝑗 is a linguistic term representing the importance of
a criterion over the other one. 𝐶𝑘 is the pairwise comparison
matrix obtained from the expert 𝑒𝑘, 𝑘 = 1, 2, 3, . . . , 𝐾. The
expert opinions are aggregated using the geometric mean
method (GMM), which is more consistent with themeanings
of judgments in AHP [48].

Step 2 (calculating the fuzzy weights). The fuzzy weight
matrix is calculated as

𝑟𝑖 = (𝑐𝑖1 ⊗ 𝑐𝑖2 ⊗ ⋅ ⋅ ⋅ ⊗ 𝑐𝑖𝑛)1/𝑛 ,
𝑤𝑖 = 𝑟𝑖 ⊗ (𝑟1 + 𝑟2 + ⋅ ⋅ ⋅ + 𝑟𝑛)−1 ,

(2)

where 𝑟 represents the geometric mean of fuzzy comparison
values of each criterion. 𝑤𝑖 = (𝐿 𝑖,𝑀𝑖, 𝑈𝑖) is the fuzzy weight
of the criterion 𝑖.
Step 3 (defuzzification). The fuzzy weights are converted into
a crisp value using the defuzzification process. The center of
gravity defuzzification [49] was used in this study, which is
calculated using

𝑤𝑖 = 𝐿 𝑖 +𝑀𝑖 + 𝑈𝑖3 . (3)

Step 4 (determining the normalized weights). The weight
value 𝑤𝑖 should be normalized using

𝑤𝑖 = 𝑤𝑖∑𝑛𝑖=1 𝑤𝑖 . (4)

Table 3: Triangular fuzzy number for each linguistic value in the
research.

Linguistic value Triangular fuzzy number
Very poor (0, 0, 1)
Poor (0, 1, 3)
Medium poor (1, 3, 5)
Fair (3, 5, 7)
Medium good (5, 7, 9)
Good (7, 9, 10)
Very good (9, 10, 10)

3.3. Fuzzy TOPSIS. The TOPSIS method was first developed
by Hwang et al. [50], for solving the MCDM problems based
on the priority that the chosen alternative should have the
shortest distance from the positive ideal solution (PIS) and
the farthest distance from the negative ideal solution (NIS)
[51]. Considering the MCDM problems often involve vague
criteria and subjective opinions of experts, the TOPSIS has
been extended in the fuzzy environment, where the rat-
ings of alternatives were described by linguistic assessments
quantified with triangular fuzzy numbers [52]. The linguistic
variable is a special variable whose value is a linguistic term
such as “low, very low, and so forth.” The linguistic variable
is useful to describe qualitative and vague information [51].
In this research, the fuzzy TOPSIS was used to assess the
industrialization efficiency of PRB. Triangular fuzzy numbers
were used to quantify the linguistic value, as set forth in
Table 3. The steps of fuzzy TOPSIS are described as follows
[51].

Step 5 (constructing the fuzzy decision matrix). The
fuzzy decision matrix is constructed as shown in (5).[𝐵1 𝐵2 ⋅ ⋅ ⋅ 𝐵𝑚] denotes 𝑚 PRBs; [𝐶1 𝐶2 ⋅ ⋅ ⋅ 𝐶𝑛] denotes𝑛 indicators involved in the assessment process; 𝑡𝑖𝑗 is the
triangular fuzzy number (𝑡(𝐿)𝑖𝑗 , 𝑡(𝑀)𝑖𝑗 , 𝑡(𝑈)𝑖𝑗 ) for PRB 𝐵𝑖 with
respect to factor 𝐹𝑗, which is determined through the lin-
guistic assessment according to Table 3. The ratings of group
judgments are aggregated using (6), where 𝐾 is the number
of experts and 𝑡𝐾𝑖𝑗 represents the rating by the𝐾th expert.

𝐷 =
[[[[[[[[[
[

𝐶1 𝐶2 ⋅ ⋅ ⋅ 𝐶𝑛𝐵1 𝑡11 𝑡12 ⋅ ⋅ ⋅ 𝑡1𝑛𝐵2 𝑡21 𝑡22 ⋅ ⋅ ⋅ 𝑡2𝑛... ... ... d
...

𝐵𝑚 𝑡𝑚1 𝑡𝑚2 ⋅ ⋅ ⋅ 𝑡𝑚𝑛

]]]]]]]]]
]

, (5)

𝑡𝑖𝑗 = 1𝐾 [𝑡1𝑖𝑗 ⊕ 𝑡2𝑖𝑗 ⊕ ⋅ ⋅ ⋅ ⊕ 𝑡𝐾𝑖𝑗 ] . (6)

Step 6 (calculating the normalized fuzzy decision matrix).
The normalized fuzzy decision matrix is determined using
the linear scale transformation to transform various factor
scales into a comparable scale. The transformation processes
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are demonstrated as (7), (8), and (9) [53]. If factor 𝐶𝑗 is the
benefit indicator (namely, the more, the better), its normal-
ized formula is shown as (8), whereas, if factor 𝐶𝑗 is the cost
indicator (namely, the less, the better), its normalization is
shown as (9).

S = [𝑠𝑖𝑗]𝑚×𝑛 ,
𝑠𝑖𝑗 = (𝑠𝐿𝑖𝑗, 𝑠𝑀𝑖𝑗 , 𝑠𝑈𝑖𝑗) , 𝑖 = 1, 2, . . . , 𝑚; 𝑗 = 1, 2, . . . , 𝑛,

(7)

𝑠𝑖𝑗 = ( 𝑡𝐿𝑖𝑗𝑡𝑈∗𝑗 , 𝑡𝑀𝑖𝑗𝑡𝑈∗𝑗 , 𝑡𝑈𝑖𝑗𝑡𝑈∗𝑗 ) ,
𝑡𝑈∗𝑗 = max

𝑖
𝑡𝑈𝑖𝑗 , 𝑖 = 1, 2, . . . , 𝑚,

(8)

𝑠𝑖𝑗 = (𝑡
𝐿−
𝑗𝑡𝐿𝑖𝑗 ,

𝑡𝐿−𝑗𝑡𝑀𝑖𝑗 ,
𝑡𝐿−𝑗𝑡𝑈𝑖𝑗 ) , 𝑡𝐿−𝑗 = min

𝑖
𝑡𝐿𝑖𝑗, 𝑖 = 1, 2, . . . , 𝑛. (9)

Step 7 (calculating weighted normalized fuzzy decision
matrix). According to the weights of factors calculated by
the fuzzy AHP as mentioned above, the weighted normalized
fuzzy decisionmatrix is determined as (10), where 𝑠𝑖𝑗 = 𝑤𝑗 ⋅𝑠𝑖𝑗.
𝑆 = [𝑠𝑖𝑗]𝑚×𝑛 ,

𝑠𝑖𝑗 = (𝑠𝐿𝑖𝑗, 𝑠𝑀𝑖𝑗 , 𝑠𝑈𝑖𝑗) , 𝑖 = 1, 2, . . . , 𝑚; 𝑗 = 1, 2, . . . , 𝑛.
(10)

Step 8 (determining the fuzzy positive idea solution (FPIS)
and fuzzy negative idea solution (FNIS)). According to the
weighted normalized matrix, FPIS and FNIS are defined as
(11) and (12) [54]. In other words, each value of an element in
FNIS is equal to (0, 0, 0), and the value of element 𝑠+𝑗 in FPIS
is equal to (𝑤𝑗, 𝑤𝑗, 𝑤𝑗), where𝑤𝑗 is the weight of criterion𝐶𝑗.

FPIS: 𝐴+ = (𝑠+1 , 𝑠+2 , . . . , 𝑠+𝑛 ) ,
FNIS: 𝐴− = (𝑠−1 , 𝑠−2 , . . . , 𝑠−𝑛 ) , (11)

where 𝑠+𝑗 = (𝑠+(𝐿)𝑗 , 𝑠+(𝑀)𝑗 , 𝑠+(𝑈)𝑗 ); 𝑠−𝑗 = (𝑠−(𝐿)𝑗 , 𝑠−(𝑀)𝑗 , 𝑠−(𝑈)𝑗 )
𝑠+𝑗 = 𝑤𝑗 ⊗ (1, 1, 1) ,
𝑠−𝑗 = (0, 0, 0) . (12)

Step 9 (calculating the distance of the alternative sequence𝑠𝑖 = [𝑠𝑖1, 𝑠𝑖2, . . . , 𝑠𝑖𝑛] to FPIS and FNIS). The calculation
process is shown as (13) and (14).

𝑑+𝑖 = 𝑛∑
𝑗=1

𝑑 (𝑠+𝑗 , 𝑠𝑖𝑗) , 𝑖 = 1, 2, . . . , 𝑚,

𝑑−𝑖 = 𝑛∑
𝑗=1

𝑑 (𝑠−𝑗 , 𝑠𝑖𝑗) , 𝑖 = 1, 2, . . . , 𝑚,
(13)

where

𝑑 (𝑠+𝑗 , 𝑠𝑖𝑗)
= √13 [(𝑠(𝐿)𝑖𝑗 − 𝑠+(𝐿)𝑗 )2 + (𝑠(𝑀)𝑖𝑗 − 𝑠+(𝑀)𝑗 )2 + (𝑠(𝑈)𝑖𝑗 − 𝑠+(𝑈)𝑗 )2],
𝑑 (𝑠−𝑗 , 𝑠𝑖𝑗)
= √13 [(𝑠(𝐿)𝑖𝑗 − 𝑠−(𝐿)𝑗 )2 + (𝑠(𝑀)𝑖𝑗 − 𝑠−(𝑀)𝑗 )2 + (𝑠(𝑈)𝑖𝑗 − 𝑠−(𝑈)𝑗 )2].

(14)

Step 10 (calculating the closeness coefficient 𝜉𝑖). The close-
ness coefficient 𝜉𝑖 for each alternative sequence with respect
to FPIS is calculated as

𝜉𝑖 = 𝑑−𝑖𝑑−𝑖 + 𝑑+𝑖 , 𝑖 = 1, 2, . . . , 𝑚. (15)

Step 11 (determining the industrialization efficiency and
prioritizing alternatives). The closeness coefficient 𝜉𝑖 is in
the interval of (0, 1). Generally, the higher the closeness
coefficient 𝜉𝑖 of alternative 𝑠𝑖, the closer the alternative to
the FPIS(𝐴+). Thus, 𝜉𝑖 is regarded as the industrialization
efficiency of PRB 𝐵𝑖 because FPIS represents the optimal
status of PRB production process. According to 𝜉𝑖, the
ranking order of alternatives can be determined according to
the value of industrialization efficiency.

4. Empirical Study

With the rapid development of the national economy,
increasing labor costs, and growing requirements for sustain-
able society, the usage of PRB inChina has expanded since the
middle 2000s [4]. In this study, three PRB buildings located
in northeast China, denoted by PRB-A, PRB-B, and PRB-C,
were selected to validate the proposed approach. Specifically,
PRB-A is a 15-story residential building with a prefabrication
ratio of 85% and construction area of 10280.58m2; PRB-B
is a 12-story residential building with a prefabrication ratio
of 60% and construction area of 11795.23m2; PRB-C is a
15-story residential building with a prefabrication ratio of
55% and construction area of 14321.56m2. Note that the
prefabrication ratio represents the degree of prefabrication
in each PRB. To collect relevant data for industrialization
efficiency assessment, documents and records regarding the
production processes of three PRBs were examined.

In order to determine the importance weights of 23
indicators and the corresponding 6 criteria, a questionnaire
survey was conducted. The questionnaire consisted of seven
pairwise comparison matrices: six used to determine the
relative importance of each indicator in comparison with
the other indicator in terms of one criterion and one
overall matrix used to determine the relative importance
between two criteria in terms of overall goal. Five-level
linguistic scales were used to reflect the relative importance
value between two indicators or criteria (shown as Table 2).
The questionnaire was associated with a presentation letter,
which informed the respondents about the research aim and
method. Finally, the questionnaire was sent via email to 40
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Table 4: Local and global importance weights of 6 criteria and 23 indicators.

Criteria Fuzzy Weights Indicators Fuzzy Local weights Global weights

F1 (0.167, 0.362, 0.812) 0.36

F11 (0.089, 0.162, 0.382) 0.19 0.0684
F12 (0.350, 0.615, 1.061) 0.60 0.216
F13 (0.023, 0.047, 0.092) 0.05 0.018
F14 (0.076, 0.176, 0.325) 0.17 0.0612

F2 (0.049, 0.114, 0.263) 0.11
F21 (0.404, 0.730, 1.281) 0.72 0.0792
F22 (0.088, 0.149, 0.312) 0.16 0.0176
F23 (0.054, 0.122, 0.240) 0.12 0.0132

F3 (0.110, 0.246, 0.590) 0.25

F31 (0.035, 0.116, 0.30) 0.11 0.0275
F32 (0.015, 0.042, 0.124) 0.05 0.0125
F33 (0.175, 0.437, 0.945) 0.39 0.0975
F34 (0.054, 0.112, 0.416) 0.14 0.035
F35 (0.039, 0.109, 0.357) 0.13 0.03125
F36 (0.034, 0.104, 0.306) 0.11 0.0275
F37 (0.024, 0.080, 0.224) 0.08 0.02

F4 (0.031, 0.083, 0.179) 0.08
F41 (0.407, 0.728, 1.282) 0.71 0.0568
F42 (0.086, 0.196, 0.377) 0.19 0.0152
F43 (0.046, 0.076, 0.196) 0.09 0.0072

F5 (0.046, 0.111, 0.273) 0.12
F51 (0.149, 0.287, 0.799) 0.34 0.0408
F52 (0.046, 0.085, 0.194) 0.09 0.0108
F53 (0.252, 0.628, 1.245) 0.58 0.0696

F6 (0.033, 0.083, 0.176) 0.08
F61 (0.269, 0.494, 1.088) 0.51 0.0408
F62 (0.052, 0.116, 0.293) 0.13 0.0104
F63 (0.131, 0.390, 0.832) 0.37 0.0296

experts with at least 5 years of experience in the industrialized
building field, including 20 research scholars, 10 practitioners,
and 10 regulators.

Then, regarding the performance of 3 target PRBs, nine
experts were further invited to review production-related
documents and data records according to the established
indicators depicted in Table 1. The average working experi-
ence of 9 experts related to industrialized building was 12
years. The performance of alternatives with respect to each
indicator was assessed using a seven-level linguistic scale
(shown as Table 3).

4.1. Determining the Weights of Indicators. A total of 21
valid questionnaires were recovered. These 21 respondents
were formed of 9 research scholars, 7 practitioners, and
5 regulators, with an overall response rate of 52.5% and
subgroup response rates of 45%, 70%, and 50%, respectively.
The diversity of the respondents was a guarantee of obtaining
reliable assessment results. The geometric means method
was employed to aggregate the group judgments. Based on
the seven pairwise comparison matrices of main criteria
and indicators, priority weights of indicators were calculated
based on the fuzzy AHP as mentioned earlier. The local and
global weights of each indicator were shown in Table 4. The
weighted ranking of six criteria from high to low are as fol-
lows: standardized design (0.36), on-site construction (0.25),

integrated information management (0.12), off-site manufac-
ture (0.11), component transportation (0.08), and sustain-
ability (0.08). As for the global weights of indicators under
each criterion, degree of prefabrication is the most influential
indicator for the industrialization efficiency of the PRB, with
a global weight of 0.216. For the criterion of standardized
design, degree of prefabrication is the most important with
a local weight of 0.60; for off-site manufacture, qualification
of manufacturer is top one indicator, with a weight of 0.72;
for on-site construction, construction management planning
is the critical indicator, with a weight of 0.39; for component
transportation, component transportation planning is the
critical indicator (0.71); for integrated information manage-
ment, information collecting, sharing, and transferring are
the critical indicator (0.58); for sustainability, economical
benefits are the critical indicator (0.51).

4.2. Determining the Industrialization Efficiency. Linguistic
assessments were conducted to assess performance of three
PRBs according to established indicators in Table 1 and
the seven-level linguistic scale listed in Table 3. The ratings
of nine experts were aggregated using (5) and (6). The
industrialization efficiency of PRB-A, PRB-B, and PRB-C
was determined using the fuzzy TOPSIS [51]. The FPIS and
FNIS were obtained using (11) and (12). The distances of
individual indicators from the FPIS and FNISwere calculated
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Table 5: The distances of three PRBs from FPIS and FNIS.

𝑑(𝑠+𝑗 , 𝑠𝑖𝑗) PRBs (by FPIS) 𝑑(𝑠−𝑗 , 𝑠𝑖𝑗) PRBs (by FNIS)
PRB-A PRB-B PRB-C PRB-A PRB-B PRB-C

F11 0.00904 0.01475 0.032036 F11 0.061843 0.056948 0.041758
F12 0.025709 0.041342 0.079471 F12 0.198849 0.17855 0.138088
F13 0.004678 0.006705 0.007154 F13 0.01364 0.011555 0.01145
F14 0.040649 0.030356 0.017143 F14 0.021881 0.03311 0.04463
F21 0.026204 0.017508 0.014445 F21 0.055031 0.066995 0.067511
F22 0.003152 0.009513 0.00588 F22 0.014712 0.00848 0.012172
F23 0.001643 0.005381 0.005127 F23 0.011969 0.008413 0.009058
F31 0.001588 0.010413 0.009768 F31 0.026615 0.018584 0.019043
F32 0.001846 0.001781 0.003151 F32 0.011052 0.011089 0.009657
F33 0.011928 0.037127 0.047715 F33 0.089092 0.066486 0.055683
F34 0.003137 0.010572 0.010276 F34 0.032858 0.02567 0.026336
F35 0.00517 0.011683 0.012518 F35 0.026406 0.020723 0.02074
F36 0.002647 0.005372 0.00476 F36 0.025343 0.022978 0.02328
F37 0.004468 0.003262 0.004481 F37 0.016532 0.017435 0.016454
F41 0.017823 0.023098 0.016547 F41 0.042193 0.037045 0.044175
F42 0.00298 0.007389 0.003499 F42 0.013295 0.008815 0.012653
F43 0.003204 0.004166 0.002134 F43 0.00458 0.003489 0.005552
F51 0.007531 0.016201 0.008207 F51 0.034797 0.026992 0.03495
F52 0.005997 0.003189 0.004191 F52 0.005084 0.008038 0.007249
F53 0.015764 0.040222 0.026567 F53 0.057025 0.032692 0.047835
F61 0.004856 0.019631 0.012288 F61 0.03756 0.023014 0.030642
F62 0.002441 0.002864 0.004009 F62 0.008876 0.008336 0.00722
F63 0.006832 0.01139 0.017426 F63 0.023924 0.020251 0.01367𝑑+𝑖 0.209285 0.333914 0.348796 𝑑−𝑖 0.83316 0.715687 0.699806
FPIS: fuzzy positive ideal solution; FNIS: fuzzy negative ideal solution; 𝑑(𝑠+𝑗 , 𝑠𝑖𝑗) is the distance between factor 𝑗 in the alternative sequence and the FPIS, and
𝑑(𝑠−𝑗 , 𝑠𝑖𝑗) is the distance between factor 𝑗 in the alternative sequence and the FNIS; 𝑑+𝑖 is the sum of distance for 𝑑(𝑠+𝑗 , 𝑠𝑖𝑗), and 𝑑

−
𝑖 is the sum of distance for

𝑑(𝑠−𝑗 , 𝑠𝑖𝑗).

using (13) and (14). The FPIS and FNIS distances for three
alternatives were demonstrated in Table 5. Next, the closeness
coefficient was calculated using (15).The closeness coefficient
represented the efficiency of each PRB in the industrialization
production, namely, the industrialization efficiency. Thus,
the overall ranking of three PRBs in terms of industrializa-
tion efficiency was determined: PRB-A, PRB-B, and PRB-C
(shown as Table 6). The rankings by six specific criteria were
obtained accordingly, which were also presented in Table 6.

The layout of the industrialization efficiency of three
PRBs under the overall performance and five different cri-
teria is shown in Figure 2 to give necessary insights into
their strengths and weaknesses in terms of industrialization
production.The closed area of PRB-A approximately encom-
passes other two PRBs, indicating its dominant position
regarding the efficiency of industrialization production. The
rankings show significant deviations under the criteria of
off-site manufacture and component transportation from
the overall rankings. The production of PRB-C achieves
relative higher performance under the two criteria, while
PRB-A and PRB-C suffer from some deficiencies.The specific
problem areas (indicators) under the two criteria can be
identified based on the distance of each indicator to the ideal
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design

Off-site
manufacture

On-site
construction
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Figure 2: The distribution of industrialization efficiency of three
PRBs.

solution, which is shown in Table 5. PRB-A, as an illustration,
has the weaknesses under the component transportation
planning (F41) and component quality and safety control
measures (F43) compared with PRB-C. Thus, based on the
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Table 6: The ranking of PRBs by the industrialization efficiency and individual criteria.

PRBs PRB-A PRB-B PRB-C
Industrialization efficiency 0.799236 0.681866 0.667371
Rank 1 2 3
Standardized design 0.787196 0.750471 0.634668
Rank 1 2 3
Off-site manufacture 0.724969 0.721366 0.777107
Rank 2 3 1
On-site construction 0.881001 0.695224 0.648796
Rank 1 2 3
Component transportation 0.714456 0.587474 0.737698
Rank 2 3 1
Integrated information management 0.767895 0.531846 0.697946
Rank 1 3 2
Sustainability 0.832773 0.603622 0.604442
Rank 1 3 2

results, the contractors, as producers of three PRBs, canmake
positive adjustments to promote the effectiveness of identified
problem areas during the future industrialization practices of
PRBs.

5. Conclusion

PRBhas attracted increasing attentions fromboth researchers
and practitioners due to its potentials to enhance productivity
andmeet the requirements for achieving a sustainable society.
However, there is still lack of a reliable assessment tool for
assessing the efficiency of the industrialization production.
One significant contribution in this study is the proposed
PRB assessment model, which allows contractors to track
the performance of their PRB practices and identify effective
strategies. Based on the extensive literature review and
expert opinions, the industrialization efficiency of PRB was
depicted using six criteria, including standardized design,
off-site manufacture, on-site construction, component trans-
portation, integrated information management, and sustain-
ability. Six criteria, representing both production process
and performance, were further interpreted using twenty-
three indicators. The PRB assessment tool can provide more
comprehensive information on the status of industrialization
production. The fuzzy AHP and TOPSIS were applied to
combine multilayer indicators into one overall industrializa-
tion index. In addition, this approach took into account the
vagueness of expert’s opinions and could effectively handle
experts’ linguistic expressions.

The study provided a set of criteria and indicators for
extracting information on the industrialization efficiency of
PRB. Based on the importance weights, this study found
that standardized design and on-site construction were two
most influential criteria for improving the industrialization
performance. The critical indicators under each criterion

were further determined, including degree of prefabrica-
tion, qualification of manufacturer, construction manage-
ment planning, component transportation planning, infor-
mation collecting, sharing, and transferring, and economical
benefits. Both contractors and policy makers should pay
more attentions to the critical factors for promoting the
industrialized building. In addition, the proposed model can
be used as decision support systems. The policy makers
can assess the performance of industrialization production
and make incentive measures for the PRBs in accord with
their industrialization efficiency.The contractors can use this
model as a benchmark with others and detect the deficiencies
in their industrialization practices.Thus, the proposedmodel
can continuously promote the improvement of the efficiency
of industrialization production in the housing industry.

It was also worth noting that this study focused on the
industrialization efficiency assessment of buildings at the
individual project level, rather than the industry.Thus, macr-
ocriteria, such as supply chain management, and operation-
related criteriawere not considered in the assessment process.
Another limitation of this study was that the indicators and
associated weights were determined by the experts in the
Chinese housing industry, which were expected to be affected
by the industrialization development in the region.
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Hydropower project construction is a high-risk operation, where accidents occur frequently. Moreover, the factors leading to
accidents are often human factors, so safety evaluation of these factors for the hydropower projects’ work system is very significant.
TheHuman Factors Analysis and Classification System (HFACS) framework is applied to build evaluation system. In the evaluation
process, correlation analysis is used to form the intercriteria analysis matrix that helps the decision makers to build impact relation
matrix. Factor weights are calculated by the Analytic Network Process (ANP). In the index value determination step, the evidence
theory is used to eliminate the conflicts of three decision makers and the index values are then calculated. The faulty behavior risk
(FBR) assessment value is finally obtained. The proposed method is practical and its applicability is proved by an example.

1. Introduction

Hydropower construction has the characteristics of a com-
plex construction environment, including outdoor work,
construction difficulties, a broad range of cross operations,
and labor-intensive tasks. On the other hand, it is character-
ized by lower safetymanagement levels and,more commonly,
a lack of safety supervision and personnel training. It is
obvious that there are many unsafe factors in the process
of hydropower construction, and many accidents occurred
frequently. Huang et al. [1] counted fire, transportation, and
coal mine accidents between the years 2001–2011 in China
and pointed out that human factors, including a lack of
training, supervision, andmanagement, job skills, and unsafe
behavior of the operators, accounted for 88% of accident
rates. Sovacool [2] assessed the social and economic costs of
major accidents in the coal, oil, natural gas, hydroelectric,
and renewable and nuclear sectors from 1907 to 2007. He
pointed out that 94 percent of reported fatalities occurred
at hydroelectric facilities.Therefore, building the quantitative

model to evaluate the impact and consequences of human
factors in high-risk operations’ accidents are very important.

The Human Factors Analysis and Classification System
(HFACS) is an investigation framework that utilizes a sys-
tematic approach. HFACS is a commonly utilized tool, whose
primary application is investigating human contributions to
aviation accidents. After further research, HFACS has been
systematically and thoroughly applied in all types of accident
evaluation and research. The system has been employed to
maritime accidents, railway accidents, mining accidents, and
hydropower projects [3–7]. These studies reveal that the
HFACS framework for the description of accident risk factors
has a high degree of reliability.

The traditional HFACS index system [3, 6, 8] only con-
siders the impact of a one-way relationship between adjacent
levels, which makes expressing the relationship of interde-
pendence between all levels of factors difficult. Chi-square
and Fisher’s test have been used to analyze HFACS category
links between adjacent categories [9], but only the adjacent
levels’ relationships were analyzed, and the relationship was

Hindawi
Mathematical Problems in Engineering
Volume 2017, Article ID 7908737, 16 pages
https://doi.org/10.1155/2017/7908737

https://doi.org/10.1155/2017/7908737


2 Mathematical Problems in Engineering

unidirectional; namely, it described how factors in the upper
(organizational) levels in the framework affect categories in
the lower (operational) levels; to determine dependencies
between factors more accurately, Liu and Lai [10], in their
study, proposed the use of statistical methods for analysis of
data on accidents. The only drawback is also that the above
articles analyze the relationship between adjacent levels of
the factors, without any cross-level relationship investigation.
Hydropower engineering has complex operating conditions
and interaction between factors; changes in one factor may
affect another one. Therefore, it is necessary to analyze
the relationship and the effect size between all the factors,
both in adjacent level and in nonadjacent level. In this
paper, the interaction between different factors was analyzed
quantitatively using statisticalmethods, including the𝜒2 (chi-
square) test, Lambda, and Tau-ymeasurements based on the
HFACS framework, which was useful for the experts to make
interaction decision.

After determining the evaluation index system based on
the HFACS framework, the next step is to select evaluation
methods. Marhavilas et al. [11] reviewed relevant scientific
papers published on six representative scientific journals
covering the decade 2000–2009. Major risk analysis and
assessment methods were analyzed and classified and risk
analysis assessment techniques were classified into three cate-
gories: (a) qualitative, (b) quantitative, and (c) hybrid, which
is a combination of qualitative and quantitative techniques.
Qualitative evaluation methods require evaluators with rel-
evant knowledge and experience; quantitative evaluation
methods require large amounts of safety data. A simple qual-
itative analysis is more subjective and it is difficult to apply
consistently when it comes to multilayer evaluation, while
incomplete data inhibits the effective application and testing
of quantitative safety evaluation methods [12]. Therefore,
qualitative and quantitative methods for analysis and evalua-
tion should be combined, to compensate for their respective
defects. Hybrid evaluation methods normally include neural
networks, grey correlation method, and analytic network
processes (ANP).

Neural networks seldom reflect the relationship between
factors clearly and a reasonable neural network structure
is difficult to achieve [13]. The grey correlation method
mainly deals with poor, incomplete, and uncertain data that is
designated as “grey” and is mainly used in solving multichar-
acteristic optimization problems in manufacturing processes
[14]. The ANP method has a robust ability to deal with the
relationships between different factors not only in adjacent
level but also in cross-level in the HFACS framework. The
environment of hydropower construction is very complex
and there exists cross influence between many factors. With
some conditions, accidents occur because many factors are
coupled with each other and long-term effect [7]. The
relationship of these factors can be represented by a network
where nodes correspond to the levels or components. The
ANP method is the more general form of AHP which allows
feedback and dependence between and among the decision-
making criteria and the alternatives and thus enables more
accurate modeling of complex decision environments [15].

For the evaluation system of complex high-risk construction,
the ANP method has been utilized in the evaluation of occu-
pational hazards’ risks, environmental impact risks, equip-
mentmanagement risk, andhydropower construction risk by,
for example,Huang et al. [16], Zhou et al. [7], andNilashi et al.
[17], and reasonable safety evaluation results were obtained.

The evaluation of the safety situation of high-risk oper-
ations often relies on the opinions of the experts obtained
through questionnaires and sample data; however these data
are, in many cases, incomplete and uncertain and are affected
by subjective factors, which make safety evaluation results
inaccurate. In order to deal with the uncertain problems in
themathematical models formulticriteria andmultiobjective
applications, there are some references which we can refer
to [17]. The Dempster-Shafer (DS) evidence theory is a way
to deal with uncertainty, the applications of which have
received considerable attention both on a theoretical and
on a practical level, with some interesting findings [18, 19].
Evidence theory can assess and process the information from
expert advisors, questionnaires, and other ways and solve the
problem of information uncertainty in the process of data
integration. Curcurù et al. [20] pointed out that analyzing and
evaluating accidents are very difficult due to the shortage and
fuzziness of data, and evidence theory can be used to resolve
uncertainty and reduce the bias of expert opinion.

Zhang et al. [21] proposed a new model based on
Analytical Hierarchy Process (AHP) and Dempster-Shafer
(DS) evidence theory for the assessment of E-Commerce
security. However, as Su et al. [22] pointed out, when experts
offer different risk assessment factor values, different pieces of
evidencemay be contradictory and cannot be directly used in
Dempster-Shafer’s evidence fusion rules; they will need to be
modified.Guo and Li [23] proposed a combination rule based
on the strategy of cross-merging between evidences in order
to eliminate the problem of conflicting evidence and made
the final combination results more succinct, reasonable, and
effective.

In consideration of subjectivity and the conflicting evi-
dence of the decision makers (DMs), a multicriteria risk
assessment model is proposed. In this paper, the HFACS
framework is first established. The statistic associations are
then calculated by chi-square test, Lambda, and Tau-y cor-
relation coefficient method. The goal of safety assessment
is to obtain the intercriteria evaluation, which includes the
process of defining the criteria weights and the aggregation of
the utility (index) values related to each criterion. The ANP
method is used for consideration of the interdependences
between the factors in the fourHFACS levels; the index values
are given by three DMs based on some principle. The data
from different DMs conflicts, the evidence theory, which is
used to eliminate the conflict, makes data fusion and the final
index value available.

2. Methodology

The risk hierarchy model is first established by studying
the risk factors and the way they influence each other.
Then the relationship between the factors is analyzed. The
evaluation model is built using the method of ANP and then
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Figure 1: Hybrid evaluation procedure.

evidence theory. Therefore, the evaluation process of this
study involves six stages, as shown in Figure 1. These steps
will be described in detail below.

2.1. Evaluation Index System Framework. TheHuman Factors
Analysis and Classification System (HFACS) framework is
the analysis of the experience summary and extraction of
hundreds of flight accident reports. It is an artificial factor
analysis tool which is widely applied in aviation safety
incidents. We use the theory of HFACS combined with
hydropower plant construction accident data recorded over
the years along with questionnaires to build a safety evalu-
ation index system. The broad structure of HFACS includes
four main levels of investigation: unsafe acts, preconditions
for unsafe acts, unsafe supervision, and organizational influ-
ences.While using theHFACS framework, we considered the
characteristics of hydropower plant construction accidents to
adjust the model, in combination with other reference works
[24, 25], construction safety standards established by the state
(http://www.gov.cn/zwgk/2005-05/23/content 183.htm), and
actual construction accident data to reformulate some of the
index factors, and ensure that each factor in the framework
has a certain generality and independence. The most
important advantage of the presented framework is that it can
reflect the characteristics of hydropower plant construction
and conforming to the standard of safety production in
engineering construction industry (http://www.mohurd.gov
.cn/zcfg/jsbwj 0/jsbwjgczl/201408/t20140819 218740.html).
We built the safety evaluation index system framework as
shown in Table 1.

2.2. Evaluation Processes. TheDMs are safety managers, con-
struction managers, or supervisory engineers with adequate
experience, and they are experts in hydropower construction.
The stakeholders are site workers and safety analysts. Before
we conduct the evaluation, some assumptions should be
clarified:

(H1) Assume that the DM preferences fit the axiomatic
structure required by multiattribute utility theory.

(H2) In the evaluation framework, assume that one factor
can affect other factors that located no matter in the
same level or the adjacent level or the nonadjacent
level. For example, the factor “organization structure
and responsibility” (in level one) can affect the fac-
tor “team management” (in level three), the safety
management institution, and safety staffs, which can
determine the team leader and who is the person
responsible for construction.

(H3) In the evaluation framework, the factors in lower level
do not affect the higher one, which fits in with the
hypothesis of HFACS framework.

Step 1 (correlation analysis of factors). Quantitative anal-
ysis, that is, the correlation coefficient calculation, can be
performed to establish the interaction relationship between
different factors in the HFACS. Correlation analysis closely
reflects the degree of correlation between the variables by
means of the correlation coefficient value. First, the 𝜒2 (chi-
square) test [26] is used to test for independence, where we
assume that 𝐻0 represents the hypothesis that hydropower
operations’ risk factors of HFACS are independent of each
other; this assumption states that the risk factors of HFACS
are dependent on and correlated to each other. By calculating
the chi-square statistic using the chi-square distribution and
appropriate𝐻1 degrees of freedom, the significance level for
𝐻0 was chosen as 𝛼 = 0.05, and we obtained 𝜒2𝛼 = 3.84 [27,
28]. When the actual value 𝜒2 is greater than the calculated
value 𝜒2𝑎 , we reject the hypothesis 𝐻0 and accept 𝐻1, which
means that factors are dependent on each other. Using the
dependent factors, the Lambda and Tau-y measurement
methods were applied in the correlation analysis to further
calculate the extent ofmutual influence and obtain themutual
influence relationship matrix𝐷𝑗 of the index factors.

http://www.gov.cn/zwgk/2005-05/23/content_183.htm
http://www.mohurd.gov.cn/zcfg/jsbwj_0/jsbwjgczl/201408/t20140819_218740.html
http://www.mohurd.gov.cn/zcfg/jsbwj_0/jsbwjgczl/201408/t20140819_218740.html
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Step 2 (determining the ANP model of network structure).
The typical structure of ANP is established under the condi-
tion that the interaction relationship between index factors
is known. The first step is to establish the control layer,
determine the decision-making goals, and define decision
criteria.Then, the relative weight of each decision goal can be
acquired using the ANPmethod.The next step is to construct
a network layer and classify and identify each element set
and finally analyze the interaction relationships within the
network structure. The network structure model is shown
in Figure 2. As shown in Figure 2, the arrow represents the
relationship between the indicators. The network layer is
composed of the evaluation indices, which shows that non-
independent network layer elements have a mutual influence
on the network structure.

Step 3 (establishing the ANP supermatrix). Let us assume
that there are 𝑚 criteria, denoted as 𝑃1, . . . , 𝑃𝑚, independent
of each other, in the ANP control layer. Under the control
layer, we have a total of 𝑁 clusters in the network layer,
denoted as 𝐶1, . . . , 𝐶𝑁, where each cluster 𝐶𝑖 is made up by
the elements 𝑒𝑖1, . . . , 𝑒𝑖𝑛, 𝑖 = 1, . . . , 𝑁. Control layer criteria𝑝𝑠 (𝑠 = 1, . . . , 𝑚) are the first level of criteria, and the elements𝑒𝑗𝑙 (𝑙 = 1, . . . , 𝑛𝑗) in the cluster 𝐶𝑗 are the second level of
criteria. The influence of the elements of cluster 𝐶𝑖 on the
element 𝑒𝑗𝑙 is compared indirectly with each other; that is, the
degree of the occurring probability of a risk factor affected by
other risk factors is compared.Then we can get a comparison
matrix:

𝑒𝑗𝑙 𝑒𝑖1, 𝑒𝑖2, . . . , 𝑒𝑖𝑛𝑖 Normalized eigenvector
𝑒𝑖1 𝑊(𝑗𝑙)𝑖1
𝑒𝑖2 𝑊(𝑗𝑙)𝑖2
... ...
𝑒𝑖𝑛𝑖 𝑊(𝑗𝑙)𝑖𝑛𝑖

(1)

The sorted vectors (𝑊(𝑗𝑙)𝑖1 , . . . ,𝑊(𝑗𝑙)𝑖𝑛𝑖 ) are obtained by the
eigenvalue method. We denote𝑊𝑖𝑗 as

𝑊𝑖𝑗 =
[[[[[[[[
[

𝑊(𝑗1)𝑖1 𝑊(𝑗2)𝑖1 ⋅ ⋅ ⋅ 𝑊(𝑗𝑛𝑗)𝑖1
𝑊(𝑗1)𝑖2 𝑊(𝑗2)𝑖2 ⋅ ⋅ ⋅ 𝑊(𝑗𝑛𝑗)𝑖2
... ... ⋅ ⋅ ⋅ ...

𝑊(𝑗1)𝑖𝑛𝑖 𝑊(𝑗2)𝑖𝑛𝑖 ⋅ ⋅ ⋅ 𝑊(𝑗𝑛𝑗)𝑖𝑛𝑖

]]]]]]]]
]

. (2)

Here the column vectors of𝑊𝑖𝑗 are the sorted vectors of
the elements 𝑒𝑖1, . . . , 𝑒𝑖𝑛𝑖 . The table represents the impact of
cluster’s elements on the elements 𝑒𝑗𝑖, . . . , 𝑒𝑗𝑛𝑖 of the cluster𝐶𝑗; if the elements of the cluster 𝐶𝑗 are not affected by the

elements of the cluster 𝐶𝑖, then 𝑊𝑖𝑗 = 0. Thus, we finally
obtain the supermatrix𝑊 under the criterion of 𝑝𝑠:

𝑊 =

1 ⋅ ⋅ ⋅ 𝑛1 1 ⋅ ⋅ ⋅ 𝑛2 1 ⋅ ⋅ ⋅ 𝑛𝑁
1
...
𝑛1
...
1...𝑛𝑁

[[[[[[
[

𝑊11 𝑊12 ⋅ ⋅ ⋅ 𝑊1𝑁
𝑊21 𝑊22 ⋅ ⋅ ⋅ 𝑊2𝑁
... ... ... ...
𝑊𝑁1 𝑊𝑁2 ⋅ ⋅ ⋅ 𝑊𝑁𝑁

]]]]]]
]

. (3)

Step 4 (establishing ANP weighted supermatrix). The super-
matrix 𝑊 is composed of 𝑚 supermatrices. 𝑚 is also the
total number of criteria and under each criterion we have a
corresponding supermatrix. These matrices are nonnegative,
while the subblock 𝑊𝑖𝑗 of the supermatrices is column
normalized, whereas the supermatrix 𝑊 is not. Taking 𝑝𝑠
as the criterion, the importance of each cluster under 𝑝𝑠 is
compared against the criterion 𝐶𝑗 (𝑗 = 1, . . . , 𝑁)
𝐶𝑗 𝐶1, . . . , 𝐶𝑁 Normalized eigenvector vector
𝐶1 𝑎1𝑗
... ... 𝑗 = 1, . . . , 𝑁 ...
𝐶𝑁 𝑎𝑁𝑗

(4)

If the clusters have nothing to do with 𝐶𝑗, then its
corresponding sorted vector components can be set to zero,
and so we obtain the weighting matrix:

𝐴 = [[[[
[

𝑎11 ⋅ ⋅ ⋅ 𝑎1𝑁
... d

...
𝑎𝑁1 ⋅ ⋅ ⋅ 𝑎𝑁𝑁

]]]]
]
. (5)

The elements in the𝑊 supermatrix are nowweighted and
we obtain𝑊 = (𝑊𝑖𝑗), in which

𝑊𝑖𝑗 = 𝑎𝑖𝑗𝑊𝑖𝑗 𝑖 = 1, . . . , 𝑁, 𝑗 = 1, . . . , 𝑁, (6)

where 𝑊 is the weighted supermatrix and the sum of
its columns is 1. Such matrices are called column random
matrices.

Step 5 (calculating weights). Let us assume that 𝑊𝑖𝑗 is an
element in the weighted supermatrix 𝑊 reflecting the one-
step priority from element 𝑖 to element 𝑗. The priority from 𝑖
to 𝑗 can be used to also obtain ∑𝑁𝑘=1𝑊𝑖𝑘𝑊𝑘𝑗, which is called
the two-step priority, and it denotes an element of 𝑊2. In
the case of𝑊2, the columns are still normalized. For𝑊∞ =
lim𝑡→∞𝑊𝑡, the 𝑗th column of 𝑊∞ is just the limit of the
corresponding ordering vector of the elements under the 𝑝𝑠
network layer for the element 𝑗. Finally, the relative ordering
vector is theweight𝑊𝑖 of the risk factor under the𝑝𝑠 criterion.
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Figure 2: The hydropower project operations risk assessment model based on ANP.

Step 6 (combining evidence theory). 𝑢 = ∑𝑛𝑖=1 𝑤𝑖𝑢𝑖 [29, 30]
declares that the above work just completed the calculation
of weights 𝑊𝑖 in the formula; the next job is to compute
evaluation index value 𝑢𝑖. 𝑢 stands for the faulty behavior
risk (FBR) value of the high-risk operations system and 𝑢𝑖
stands for the evaluation index value of each factor in the
HFACS framework. For each factor, we can obtain some
evidence and calculate the corresponding evaluation index
value 𝑢𝑖 by using the evidence theory. Finally, we can decide
on subsequent measures based on the FBR value obtained for
this particular high-risk operations system.

The evidence theory method is used to fuse the evidence
based on the results of safety inspection. Evidence theory
method can be understood as a quantitative description of
the effects of all evidence on one or more hypotheses. In
cases where the evidence is incompletely conflicting, one
can obtain the trust function for the combination results of
multievidence through this method. A specific method for
calculating the trust function is described by

𝑚(𝑐)

= {{{{{

∑𝐴𝑖∩𝐵𝑗=𝑐𝑚1 (𝐴 𝑖) ⋅ 𝑚2 (𝐵𝑗)
1 − 𝑘 , ∀𝑐 ⊂ Θ, 𝑐 ̸= Φ,

0, 𝑐 = Φ,
(7)

where Θ is a frame of discernment. There are two elements{𝐴, 𝐵} under Θ; their corresponding basic trust distribution
functions are𝑚1 and𝑚2, with focal elements, respectively,𝐴 𝑖
and 𝐵𝑗. In (7), the degree of the conflict of the combination of
evidence can be described by 𝑘, where 𝑘 = ∑𝐴𝑖∩𝐵𝑗=0𝑚1(𝐴 𝑖) ⋅𝑚2(𝐵𝑗) ≺ 1, which is called the conflict coefficient. The
coefficient of 1/(1 − 𝑘) can be used as a normalization factor.
If more evidences are combined, one may apply the DS

combinationmethod of (7), to combine all evidence in a pair-
wise manner.

The combination rule of DS cannot be used when there is
a conflict between evidences, so the original evidence theory
should bemodified so that application in this paper’smethods
allows us to deal with conflicting evidence [23].

Then, the similarity coefficient between evidence 𝐸1 and𝐸2 can be expressed as

𝑑12 =
∑𝐴𝑖∩𝐵𝑗=𝐴𝑘 ̸=Φ𝑚1 (𝐴 𝑖) ⋅ 𝑚2 (𝐵𝑗)
√(∑𝑚21 (𝐴 𝑖)) (∑𝑚22 (𝐵𝑗))

. (8)

For the set of collected evidences, whose number in the
system is 𝑛, the above formula can be used to calculate the
similarity coefficient between each pair of𝐸1 and𝐸2, forming
the similarity matrix, which can be expressed in the form

𝑠 =
[[[[[[
[

0 𝑑12 ⋅ ⋅ ⋅ 𝑑1𝑛
𝑑21 0 ⋅ ⋅ ⋅ 𝑑2𝑛
... ... ... ...
𝑑𝑛1 𝑑𝑛2 ⋅ ⋅ ⋅ 0

]]]]]]
]

. (9)

Then,we obtain thematrix SM of similarity degree, whose
matrix elements are 𝑠𝑚𝑖𝑗 between the evidences, and use it to
define the support degree sup(𝑚𝑖) of all the evidence; that is,
the support degree of the body 𝐸𝑖 in the designated evidence
system is [31]

𝑠𝑚𝑖𝑗 = 1 − 𝑑𝑖𝑗,
sup (𝑚𝑖) =

𝑛∑
𝑗=1

𝑠𝑚𝑖𝑗 (𝑖 ̸= 𝑗, 𝑗 = 1, 2, . . . , 𝑛) . (10)
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Table 2: Linguistic values and numbers.

Linguistic values The value of numbers
Very low (VL) 1
Low (L) 3
Medium (M) 5
High (H) 7
Very high (VH) 9
Intermediate values 2, 4, 6, 8

The support degree of the evidence 𝐸𝑖 is normalized. We
obtain the credibility weight of evidence 𝐸𝑖 as follows:

Crd (𝑚𝑖) = sup (𝑚𝑖)
∑𝑛𝑖=1 sup (𝑚𝑖) 𝑖 = 1, 2, . . . , 𝑛. (11)

After the acquisition of credibility weights of each evi-
dence, the weighted average for the basic trust distribution
of evidence is calculated:

𝑚𝑐 (𝑖) =
𝑛∑
𝑗=1

𝑚𝑗 (𝑖) ∗ Crd (𝑚𝑗) . (12)

Using the classical Dempster-Shafer combination rule to
combine𝑚𝑐(𝑖) (𝑖 = 1, 2, . . . , 𝑛), the final weighted evaluation
values 𝑢𝑖 are acquired by the weighted average of the combi-
nation results.

Step 7 (index scores and measures). The modified evidence
theory model is mainly to eliminate the conflict that different
DMs have different assessments on one factor. For intracri-
teria evaluation of any factor, a logistic function should be
found for the safety attributes. A linear function is used to
model the safety rate instead of an exponential function. First,
the linguistic variables set which consists of five judgment
levels is set by referring other works [32, 33]. And then, based
on the principle of Likert scale [34] and other references [24],
and to have a better distinction degree, a 1–9 value scale is
given to the linguistic variables. The “medium (M)” variable
corresponds to an average value of 5, while the corresponding
values for “low (L)” and “high (H)” are 3 and 7, respectively.
The complete list of variables and corresponding average
values are shown in Table 2.

We calculate the faulty behavior risk (FBR) of theworking
system by using the index weights and linguistic values. The
intercriteria evaluation includes the process of defining the
criteria weights by means of an elicitation procedure. This
process and the meaning of the criteria weights depend on
the type of method. Specifically, the corresponding index
evaluation weight 𝑤𝑖 calculated by the ANP method and
evaluation index value 𝑢𝑖 computed by the evidence theory
method are multiplied and then summed; that is, 𝑢 =∑𝑛𝑖=1 𝑤𝑖𝑢𝑖 (𝑤𝑖 ∈ (0, 1), 𝑢𝑖 ∈ (1, 9)). In this manner, we
obtain an overall FBR value of the system. The FBR value
of the system is only a numerical result without knowing
how well or bad the system is; thus the result degree should
be established to give a clear result. From the value of 𝑤𝑖
and 𝑢𝑖, it can be determined that the FBR range from 0 to

9. The risk will be increased in a nonlinear way with the
value increasing and we can classify them in an equidistance
division way. At the same time, we can get the fact from
other studies [35, 36] that the FBR will be major risks if their
score exceeds 40% of the total score. On the other hand,
the effective measures should be taken when the FBR is in
major level and the major level score value interval should
be expanded to take measures timely. Therefore, based on
the requirement of safetymanagement, experience of experts,
and other references [36], the FBR value will divide into four
degrees.

(1) If the system’s 𝐹𝐵𝑅 ≥ 4, there are major risks involved
in the operation of the system.Work should cease and
be redesigned and fault rectifying should take place
and the system should be reevaluated until the new
risk assessment values meet the requirements.

(2) If 4 > 𝐹𝐵𝑅 ≥ 2, there are some risks involved in
the operation of the system.The system’s managers or
administrators should take corrective and preventive
measures and reevaluate after the rectification of the
problems.

(3) If 2 > 𝐹𝐵𝑅 ≥ 1, there are a few risks involved in the
operation of the system but cannot be ignored. The
administrators should take corrective action and issue
a rectification notice.

(4) If 𝐹𝐵𝑅 < 1, the construction or operation of the high-
risk system is safe.

3. Results and Discussion

3.1. Analysis of the Study. The following is a frequency table
of index factors causing accidents based on 186 construc-
tion accident cases of the Three Gorges project, the Xilu-
odu project, and several other large domestic hydropower
projects. What is more, the percentage showing the degree to
which each factor is present for the 186 construction accident
cases is shown in Table 3.

As outlined in Table 3, the “B1 education and training,”
“C4 personal basic situation,” and “B2 safety supervision,
inspection, and acceptance” constitute a large percentage of
the factors leading to accidents. It is thus obvious that the
occurrence frequency of these factors is higher in cases of
accidents; “B5 accident report, investigation, and treatment,”
“C5 occupational health,” and “B4 emergency rescue” have
a smaller proportion, less than 5%. The data presented above
are just the frequency results, without considering anymutual
influence relationship between the factors.

Statistical methods were used for data correlation analy-
sis, using SPSS software to calculate the chi-square values of
any two factors among the operation safety high-risk index
framework, to determine possible independence between
factors and further obtain the Lambda and Tau-y correla-
tion coefficient between the index factors. The correlation
coefficients were calculated according to the first step in the
evaluation process and are shown in Table 4.

We can see from Table 4 that the values of 𝜆 (x-y) range
from 0 to 0.455, where a larger value of 𝜆 (x-y) indicates a
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Table 3: Classification statistics of each index factor.

First-class indicator Second-class indicator Frequency Percentage

A Organizational influences
A1 Organization structure and responsibility 114 0.6129
A2 Safety investment 55 0.2957
A3 Safety laws and regulations 20 0.1075

B Unsafe supervision

B1 Education and training 175 0.9409
B2 Safety supervision, inspection, and acceptance 157 0.8441
B3 Risk monitoring 132 0.7097
B4 Emergency rescue 9 0.0484
B5 Accident report, investigation, and treatment 7 0.0376

C Preconditions for unsafe acts

C1 Operating environment 112 0.6022
C2 Technical measurements 142 0.7634
C3 Team management 144 0.7742
C4 Poor personal basic situation 175 0.9409
C5 Occupational health 5 0.0269
C6 Mechanical equipment 23 0.1237
C7 Material 10 0.0538

D Unsafe acts of operators
D1 Perception and decision errors 79 0.4247
D2 Skill-based errors 80 0.4301
D3 Violation operations 120 0.6452

stronger correlation between 𝑥 and 𝑦, whereas the values of𝜆 (x-y) are mostly distributed in the range of 0.05 ∼ 0.2.
Correlation analysis results are auxiliary information for

the DMs to build impact relation matrix. First we selected
three DMs with adequate working experience from the site
construction; they were competent at this job. The basic
information of the three DMs is presented in Table 5.

The three DMs are discussed together based on the cor-
relation coefficient in Table 4. Considering the value interval
of 𝜆 (x-y), the experts divide the relationship into four
grades (0, 1, 2, and 3). The number zero means no influence
between factors with the condition that 𝜆 is zero and hence
the relationship is marked with “0,” the number one is
representative of a small influence, the number two means
that one of the factors affects the other moderately, and the
number three indicates a strong effect. With the assumption
of H1, H2, and H3, three experts conduct agreement of every
two factors and all results are presented in Table 6.

Table 6 shows the calculated impact strength relation
matrix obtained through the Lambda correlation coefficient
𝜆 (x-y) and of the accident cases by experts. Clearly, the sums
of the rows and columns indicate how much a factor affects
other factors (the higher the sum is, the more important that
factor is). We can see that Table 6 is not symmetric along the
diagonal, suggesting that there is no causality between factors
and that the relationship may be bidirectional.

We can get the mutual influence structure of the index
factors by associating the Lambda correlation coefficient
between the factors with the impact strength relation matrix,
shown in Figure 3, in which dashed arrows are representative
of a small influence, thin arrows show moderate influence,
and thick arrows represent strong influence. For factor in
upper level, it is clearly observed that the degree of influence
on other factors far outweighs the other factors that affect

them. The factor “C4 personal basic situation” is affected by
other factorsmostly and the factor “A1 organization structure
and responsibility” affect other factors mostly, and the main
reason is that organization structure and responsibility in
the highest level and personal basic situation can be easily
affected by many other factors. Strengthening the manage-
ment of certain factors in the system would have a very
important impact on the safety of the entire construction
system. For example, “C4 personal basic situation,” “C3 team
management,” “D3 violation operations,” and “C2 technical
measurements” are largely affected by other factors, and their
impact on the system’s safety is large and cannot be ignored.

3.2. Weight Calculation. The core work in ANP application
is to calculate the weighted supermatrix and the limits of the
supermatrix through the index factors influence relationship
matrix built using the ANP network hierarchy, which is
a very complex calculation process. In order to achieve
this, the realization of the ANP model and the calculation
of weights were done on the ANP professional software
Super Decisions (SD) platform. We obtained the weights of
each index factor affecting the safety of high-risk operations
through SD software based on (2), (3), and (5) and compared
them to the weighted value based on the recorder accident
cases, and the results are presented in Table 7.

As is shown in Table 7, the three factors of largest
weight according to accident cases’ statistics are “B1 education
and training,” “C4 personal basic situation,” and “B2 safety
supervision, inspection, and acceptance,” because of the
higher frequency of these factors in accident cases.The corre-
sponding results obtained through the ANP model were “C4
personnel basic situation,” “D2 skill-based errors,” and “D3
violation operations,” and the weight of “B1 education and
training” was ranked seventh. The weight of “C4 personnel
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Table 4: Intercriteria analysis matrix obtained by correlation coefficient.

Chi-square test value 𝜆 (x-y) Tau-y (x-y)
A1-B1 13.427 0.125 0.072
A1-B2 16.45 0.181 0.088
A1-B4 10.037 0.097 0.054
A1-C3 14.957 0.167 0.080
A1-C4 9.158 0.097 0.049
A1-D2 15.547 0.028 0.084
A2-C1 12.76 0.114 0.069
A2-C2 5.164 0.041 0.028
A2-C4 6.515 0.055 0.035
A2-C5 4.815 0.036 0.026
A2-C6 4.2 0.031 0.023
A2-C7 18.531 0.145 0.1
A2-D1 9.818 0 0.053
A2-D3 8.116 0 0.044
A3-D2 4.421 0 0.024
B1-B2 13.48 0 0.072
B1-C3 11.273 0.071 0.061
B1-C4 93.297 0.455 0.504
B1-D3 10.964 0 0.059
B2-C3 6.945 0 0.037
B2-C4 13.48 0 0.072
B2-D3 8.034 0 0.043
B3-C2 18.208 0.141 0.098
C1-C2 13.686 0 0.074
C1-D1 8.168 0 0.044
C1-D3 5.164 0.041 0.028
C3-C4 11.273 0 0.061
C3-D2 8.16 0.051 0.018
C3-D3 4.993 0.038 0.027
C4-D3 10.964 0 0.059
D1-D2 7.237 0.038 0.039
D1-D3 27.673 0.167 0.149

Table 5: The basic information of three experts.

ID Gender Working
seniority Profession Education Description

1 Male 10 Safety managers Master Mr. Pei came from ChinaThree Gorges Corporation

2 Male 14 Construction
managers Bachelor Mr. Gong came from Sino Hydro Corporation

3 Male 17 Supervisory
engineers Master Mr. Song came from Yangtze Three Gorges Technology &

Economy Development Co., Ltd.

basic situation” has the highest value, which is expected
because of the mutual influence between the corresponding
elements in calculating ANP weights; “D3 violation oper-
ations” is the most direct manifestation of the cause of
accidents, considering its impact on various other factors,
so its weight becomes large. The original larger weights of
“B2 safety supervision, inspection, and acceptance,” “B3 risk
monitoring,” “C1 operating environment,” and so forth have
lower rankings, and the original factor weights that were

ranked relatively low, for example, “A2 safety investment,”
“A3 safety laws and regulations,” and “D1 perception and
decision errors”were increased,meaning they have a stronger
effect. These changes in the weight values demonstrate that
taking into account the relationship between the factors has
a significant impact on the evaluation results. There are
complex dependencies and feedback relationships between
index factors in high-risk operation systems; the results
that take into account the relationship between the factors
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Table 6: Impact relation matrix.

A1 A2 A3 B1 B2 B3 B4 B5 C1 C2 C3 C4 C5 C6 C7 D1 D2 D3 All
A1 0 0 0 2 3 0 2 0 0 0 3 2 0 0 0 0 1 0 13
A2 0 0 0 0 0 0 0 0 2 1 0 2 1 1 2 0 0 0 9
A3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
B1 0 0 0 0 0 0 0 0 0 0 2 3 0 0 0 0 0 2 7
B2 0 0 0 1 0 0 0 0 0 2 0 1 0 0 0 0 0 0 4
B3 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 2
B4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
B5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
C1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1
C2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
C3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 1 3
C4 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 2
C5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
C6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
C7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
D1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 3 4
D2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1
D3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0 0 3
All 0 0 0 3 3 0 2 0 2 5 7 8 1 1 2 4 4 7
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Safety investment 

Material
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and training

Perception and 
decision errors
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rescue

Accident report, 
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treatment
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environment
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measurements
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Figure 3: Mutual influence structure of the index factors.
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are more consistent with the actual situation and the ANP
approach more objectively reflects the complex relationship
between the relevant factors.

3.3. Index Value Calculation. This paper takes a single work
system as an example for risk assessment. First, the non-
conformance rate of the safety index is calculated for the
entire construction process by checking each safety indicator
using the method of a safety checklist. Second, a score of the
index is obtained according to the statistical results of safety
indicators obtained through the safety checklists. Scoring
rules have a 9-point scale in Table 2 where the lowest score
is 1, indicating the lowest possible risk coefficient, and the
maximum score is 9, indicating a higher risk coefficient of the
index. If the nonconformance rate is 0, this indicates that all
the test items are in line with regulations, having the lowest
possible risk coefficient and giving a score of 1. The results
were given by three DMs using the safety checklist method
shown inTable 8.The three investigations are the sameperson
as the three experts in Section 3.1.

The three DMs were independently assessed for the par-
ticular work system; due to the fact that each investigator had
their own knowledge background, engineering experience
and subjective awareness, and other differences, the results
are not the same. The three assessment results were used for
the application of the evidence theory method.

In Table 8, there are some conflicts to be found. For the
first and second expert, “B3 risk monitoring,” “C1 operating
environment,” “C2 technical measurements,” “C5 occupa-
tional health,” and “D1 perception and decision errors” got
different scores. It indicates that both experts have different
risk attitude on these five factors. For the first and third
investigator, they have different assessments on eleven fac-
tors, such as A3, B1, B2, B3, C1, and C3; totally 61% factors
have different scores. The second and third expert also give
different scores to ten factors. In an overall view, there are only
five factorswhich have the same scores from three experts and
only account for 28% in the all eighteen factors. Thus, due to
the different background of three experts, their conflicts are
obvious and should be taken into consideration.

In order to give a detailed procedure of the conflict degree
calculation, factor A3 is selected as an example. In this factor,
the index scores only three possible numbers 2, 3, or 4; thusΘ consists of three elements 2, 3, and 4.There are three pieces
of evidence from three experts

𝑚1 (2) = 0.2;
𝑚1 (3) = 0.8;
𝑚1 (4) = 0,
𝑚2 (2) = 0.2;
𝑚2 (3) = 0.8;
𝑚1 (4) = 0,
𝑚3 (2) = 0;

𝑚3 (3) = 0.5;
𝑚3 (4) = 0.5.

(13)

It is clear that the third expert is in conflict with factor
A3 by the first and second expert, and the conflict degree of
the first expert and the third expert is the same as that of the
second expert and the third expert

𝑘 = ∑
𝐴𝑖∩𝐵𝑗=0

𝑚1 (𝐴 𝑖) ⋅ 𝑚2 (𝐵𝑗)

= 0.2 × 0.5 + 0.2 × 0.5 + 0.8 × 0 + 0.8 × 0.5 + 0 × 0
+ 0 × 0.5 = 0.6.

(14)

The conflict coefficient is 0.6, which indicates that the
conflict is obvious.

By combining the evidence of the three experts’ score
results in Table 8 using (7)–(11) and then calculating all the
safety evaluation scores of the work system, combined with
the weight of each index, we finally obtain the risk value of
the entire work system. Each index score value is shown in
Table 9.

We then come to the following conclusions combined
with the results in Tables 8 and 9:

(1) The index with a score higher than 4 points is
“D3 violation operations” out of the 18 safety
evaluation indicators of the work system. During
construction inspection, a number of test results
are unqualified and are closely related to unsafe
behavior and violation operations by the staff,
which may lead to accidents directly. Therefore, the
violation operations should be given high priority,
and through strengthening education and training,
safety supervision and team management, and other
measures, we can reduce the number of occurring
personnel violation operations.

(2) Safety evaluation index scores above 3 points but less
than 4 points are those for “A3 safety laws and regu-
lations,” “B1 education and training,” “C1 operating
environment,” “C4 personal basic situation,” and
“C7 material.” There was a big discrepancy in “C4
personal basic situation” between the results of the
experts, but it was less pronounced in construction-
related check items and has little impact on system
security. The other four items should be given great
importance by the relevant departments and the
necessary measures should be taken. We should
improve safety management systems for construction
work, strengthen the construction personnel safety
education and training, improve safety awareness
of construction workers, and promote a culture of
safe construction, and the disposal of construction
materials should be regulated in order to avoid safety
risks and ensure the smooth and safe construction in
high-risk environments.
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Table 9: Index score results calculated using the evidence theory.

Evaluation index Index score based on
evidence theory

Normalized weights of
ANP

A1 1 0.0663
A2 1 0.0478
A3 3.126 0.0493
B1 3.925 0.0493
B2 2.956 0.0218
B3 2.583 0.0227
B4 1 0.0218
B5 1 0.0013
C1 3.291 0.0448
C2 1.658 0.0547
C3 2.232 0.0349
C4 3.16 0.2244
C5 2.651 0.0224
C6 1.76 0.0224
C7 3.335 0.0224
D1 2.136 0.0780
D2 1 0.1375
D3 4.726 0.1130

(3) A score greater than 1 point but less than 3 points
was obtained for seven factors, that is, “B2 safety
supervision, inspection, and acceptance,” “B3 risk
monitoring,” “C2 technical measurements,” “C3
team management,” “C5 occupational health,” “C6
mechanical equipment,” and “D1 perception and
decision errors.” Although they must not be ignored,
these indicators are not the most serious. Decision
makers should take further safety measures to reduce
the possibility of accidents caused by these factors.

(4) The remaining five indicators are fully satisfied and
have a score of 1 point, indicating that all the test items
are in line with regulations, having the lowest possible
risk coefficient. Scientific decision-making should
be summarized timely and good at keeping the
advantages of safety management, find deficiencies in
high-risk operations, and improve as soon as possible.

To obtain the FBR value of the hydropower construction
system, we multiply the score value of each indicator by
the corresponding weight and sum them. The total value
obtained for this system is 2.668, calculated as follows:

𝑢 = 18∑
𝑖=1

𝑤𝑖𝑢𝑖 = 2.6447. (15)

The total safety assessment score is 2.668 points for the
entire process of the work system, according to the seventh
step of the evaluation process, indicating that the whole
project can proceed with construction, while correcting
shortcomings and then supervising and timely inspecting
the rectification work until the indicators are fully up to

standards. Violation operations ranked third in the normal-
ized weights of ANP ranking, which shows that they have
a large probability of occurrence, as it is the most direct
manifestation that caused the accidents, and its index score
value based on evidence theory is 4.276. Its importance has
been verified andmust be given high priority in construction
safety.What is more, it is closely connected with other factors
and thus could be strengthened through education and
training, safety supervision, team management, and other
measures to reduce the occurrence of personnel violation
operations. “A1 organizational structure and responsibility,”
“A2 safety investment,” “B4 emergency rescue,” “B5 accident
reporting, investigation, and treatment,” and “D2 skill-based
errors” have an index value (i.e., risk) of 1, which is the lowest
risk at management level, and the corresponding weights are
relatively small, declaring that the impact of these factors
for accidents is relatively small but cannot be ignored. The
weighting ranking and index scores of other factors are
placed in themiddle, whichmeans thatmanagers should take
further relevant safety measures to reduce accidents which
may happen due to these indicators, although these indicators
are not the most serious.

This paper introduced a statistical correlation analysis
method on the basis of HFACS index system and obtained
relationships between all the factors, which is more realistic
and reasonable and offersmore advantages than conventional
single-layer influence relations. This combination of the
statistical calculations after accidents happened (i.e., ANP
weight calculation) and management level assessment results
before the accidents (i.e., synthesis of evidence theory based
on safety checklist) is effective and reasonable and can
provide accurate guidance for managers to take actions for
mitigation of the high-risk conditions in operations and to
improve safety.

4. Conclusions

In this paper, a theoretical study combined with the ANP
method and evidence theory is carried out in the context
of hydropower engineering safety construction issues. The
difference from most current methods is that the hybrid
approach presented solves the problem of dependence on
incomplete data. This way, we fully utilize even uncertain
or imprecise factors in our process. In addition, the pro-
posed approach has advantages over ANP on the number
of comparisons and consistency checks, as it can properly
deal with quantitative and uncertain factors, which cannot
be solved by the traditional method. Therefore, meaningful
results for solving the uncertainty problem can be obtained,
which are in accordance with common practices for guiding
safety assessments and analyzing risk factors.

The Human Factor Analysis and Classification System
(HFACS) is applied in this study of the evaluation problem
of human factors in high-risk operations. Then, the inter-
action between different factors was analyzed quantitatively
using statistical methods, including the 𝜒2 (chi-square) test,
Lambda, and Tau-ymeasurements. These statistical methods
are introduced to solve the defects of the one-way relation-
ship between the adjacent levels faced in previous studies.
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The method not only is concerned about mutual influence
between factors on all levels, but also takes into account the
strength of the relationship, which could not be reflected
using previous methods. They turned out to be effective
methods to deal with the set of influence factors in the system.
In addition, the ANPmodel’s data inputs rely on expert scor-
ing used in the traditional ANP method, which leads to the
comparison results of the index factors being too subjective.
Moreover, the various DMs’ knowledge and experience are
different and the inconsistency of the results cannot reflect
the actual situation presented using the weighted average.
In order to solve the above problems, Lambda correlation
coefficient results of statisticalmethod are introduced into the
construction of theANPnonweightedmatrix. A combination
of statistical methods and ANP methods provides a suitable
approach for solving the problems of calculating weights.

The limitation of this work is the bias with three DMs,
and it is better to use group decision-makingmethod bymore
DMs.
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[6] M. G. Lenné, P.M. Salmon, C. C. Liu, andM. Trotter, “A systems
approach to accident causation inmining: An application of the
HFACS method,” Accident Analysis and Prevention, vol. 48, pp.
111–117, 2012.

[7] J.-L. Zhou, B. Zhe-Hua, and Z.-Y. Sun, “Safety assessment of
high-risk operations in hydroelectric-project based on acci-
dents analysis, SEM, and ANP,” Mathematical Problems in
Engineering, vol. 2013, Article ID 530198, 2013.

[8] J. M. Patterson and S. A. Shappell, “Operator error and system
deficiencies: analysis of 508 mining incidents and accidents
from Queensland, Australia using HFACS,” Accident Analysis
and Prevention, vol. 42, no. 4, pp. 1379–1385, 2010.

[9] A. Y. Daramola, “An investigation of air accidents in Nigeria
using the Human Factors Analysis and Classification System
(HFACS) framework,” Journal of Air Transport Management,
vol. 35, pp. 39–50, 2014.

[10] K. F. R. Liu and J.-H. Lai, “Decision-support for environmental
impact assessment: A hybrid approach using fuzzy logic and
fuzzy analytic network process,” Expert Systems with Applica-
tions, vol. 36, no. 3, pp. 5119–5136, 2009.

[11] P. K.Marhavilas, D. Koulouriotis, and V. Gemeni, “Risk analysis
and assessment methodologies in the work sites: On a review,
classification and comparative study of the scientific literature of
the period 2000-2009,” Journal of Loss Prevention in the Process
Industries, vol. 24, no. 5, pp. 477–523, 2011.

[12] P. A. White and G. E. Johnson, “Genetic toxicology at the
crossroads-from qualitative hazard evaluation to quantitative
risk assessment,”Mutagenesis, vol. 31, no. 3, pp. 233–237, 2016.

[13] D. A. Patel and K. N. Jha, “Evaluation of construction projects
based on the safe work behavior of co-employees through a
neural network model,” Safety Science, vol. 89, pp. 240–248,
2016.

[14] B. Azhiri, R. Teimouri, M. Ghasemi Baboly, and Z. Leseman,
“Application of Taguchi, ANFIS and grey relational analysis
for studying, modeling and optimization of wire EDM process
while using gaseous media,” International Journal of Advanced
Manufacturing Technology, vol. 71, no. 1-4, pp. 279–295, 2014.

[15] P. Chemweno, L. Pintelon, A. Van Horenbeek, and P. Muchiri,
“Development of a risk assessment selection methodology
for asset maintenance decision making: An analytic network
process (ANP) approach,” International Journal of Production
Economics, vol. 170, pp. 663–676, 2015.

[16] R.-H. Huang, C.-L. Yang, and C.-S. Kao, “Assessment model
for equipment riskmanagement: Petrochemical industry cases,”
Safety Science, vol. 50, no. 4, pp. 1056–1066, 2012.

[17] M. Nilashi, R. Zakaria, O. Ibrahim, M. Z. A. Majid, R. M.
Zin, and M. Farahmand, “MCPCM: A DEMATEL-ANP-Based
Multi-criteria Decision-Making Approach to Evaluate the Crit-
ical Success Factors in Construction Projects,” Arabian Journal
for Science and Engineering, vol. 40, no. 2, pp. 343–361, 2014.

[18] G. Digioia, C. Foglietta, G. Oliva, and S. Panzieri, “Aware online
interdependency modelling via evidence theory,” International
Journal of Critical Infrastructures, vol. 9, no. 1-2, pp. 74–92, 2013.

[19] C. Li, G.Qing, P. Li, andT. Yin, “Operational RiskAssessment of
Distribution Network Equipment Based on Rough Set and D-S
EvidenceTheory,” Journal of AppliedMathematics, vol. 2013, pp.
1–7, 2013.
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Due to the increasing awareness of global warming and environmental protection, many practitioners and researchers have paid
much attention to the low-carbon supply chain management in recent years. Green supplier selection is one of the most critical
activities in the low-carbon supply chain management, so it is important to establish the comprehensive criteria and develop a
method for green supplier selection in low-carbon supply chain. The paper proposes a fuzz-grey multicriteria decision making
approach to deal with these problems. First, the paper establishes 4 main criteria and 22 subcriteria for green supplier selection.
Then, a method integrating fuzzy set theory and grey relational analysis is proposed. It uses the membership function of normal
distribution to compare each supplier and uses grey relation analysis to calculate the weight of each criterion and improves fuzzy
comprehensive evaluation.The proposedmethod canmake the localization of individual green supplier more objectively andmore
accurately in the same trade. Finally, a case study in the steel industry is presented to demonstrate the effectiveness of the proposed
approach.

1. Introduction

Low-carbon supply chain has been a popular research topic
in recent years due to increasing environment stress on econ-
omy and global warming, which are mainly caused by carbon
emissions. Trucost [1] conducted an interesting survey which
shows that only 19 percent of the total carbon emissions in the
supply chain is generated from direct operational activities
of the company and the rest of the 81 percent emissions are
generated from other indirect activities, such as emissions
fromfirst-tier supplier.Many countries have launched a series
of measures to reduce carbon emissions from their domestic
enterprises. To cope with pressure from governments and
from the market, it is a critical factor for the enterprises to
select their suitable green suppliers who have affinity with
low-carbon ability, while green supplier selection is consid-
ered as a complex multicriteria decision making (MCDM)
problem since various and discordant criteria should be taken
into account and assessed during the process [2, 3].Therefore
it is critically important to study green supplier selection in
low-carbon supply chain. Through research, it is possible not
only to improve the efficiency and cut the costs of the supply

chain but also to achieve carbon emissions reduction and
improve environmental performance of the supply chain.

Although many studies exist on the topic of supplier
selection, the research on the green supplier selection in low-
carbon supply chain is fairly rare [4–6]. Most of them focus
on economic supplier selection and they do not consider
environmental and social aspects. It is inappropriate for
enterprises to select green supplier in low-carbon economy.
Moreover, low-carbon supply chain management has been
considered as an integration and realization of an enterprise’s
economic, environmental, and social objectives to improve its
performance. When the enterprise selects its green supplier,
it needs to pay special attention to proactively build low-
carbon principles into its supply chain management, which
is one of the most critical factors for the success of low-
carbon supply chain. However, many studies have ignored
this point. In addition, although extensive MCDM methods
have been proposed for supplier selection, there are still some
problems that need to be addressed. One is that they need
to nondimensionalize the criteria, which will bring about
a lot of calculating work, especially when there are many
qualitative criteria. Another is how to calculate the weight
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of each criterion. Different understanding of green supplier
selection decides which method should be used to calculate
the weight of each criterion. In fact, people’s understanding
of the weights of criteria for green supplier selection is in a
grey state [7]. So grey relational analysis maybe is the most
suitable method to calculate the weights of criteria.

Based on the above discussion, the objective of this
research is to develop an integrated approach for green
supplier selection in low-carbon supply chain. Considering
the economic, environmental, and social aspects in the
low-carbon supply chain condition, we establish 4 main
criteria and 22 subcriteria for green supplier selection. An
integrated method based on fuzzy set theory and grey
relational analysis for green supplier selection is proposed.
The proposed methodology integrates the merits of fuzzy set
theory and grey relational analysis. Fuzzy set theory is used
for the nature of unquantifiable and incomplete information,
and judgments are fuzzy in green supplier selection. Grey
relational analysis is used to calculate the weight of each
criterion due to the grey state of people’s understanding of the
weights of criteria for green supplier selection. The strength
of the proposed method is that, despite the vagueness of
experts’ opinions in the selection process, the model is easy
to apply. Moreover, with the proposed method, enterprises
can help their suppliers to improve sustainability for better
management of low-carbon supply chain operations. A real
case in steel industry is also studied to verify the applicability
of the proposed criteria and methods for green supplier
selection in low-carbon supply chain.

The main contribution of this paper is developing a
fuzzy-grey MCDM approach for green supplier selection in
low-carbon supply chain. The paper establishes the main
criteria and subcriteria for green supplier selection after
considering enterprises’ requirements in low-carbon supply
chain management, which can help enterprise to identify
the potential areas where green suppliers need to improve.
The proposed method provides a mechanism of integrating
the economic, social, and environmental criteria to fully
reflect the requirements of low-carbon supply chain, which
helps to avoid potential risk of selecting the wrong suppliers.
In the proposed method, it also introduces a membership
function of normal distribution, which is a dimensionless
method. To the best of our knowledge, no previous studies
have investigated the subject of green supplier selection with
this kind of integrated method. The proposed method has
been successfully implemented in a case company to select
its best green supplier and analyze its most appropriate
alternative green supplier. This research’s results will improve
the managers’ view on the nature of green supplier selection
criteria. Besides, the proposed method can be widely used as
a structural model for green supplier selection.

The rest of this paper is organized as follows: Section 2
presents a brief review of the low-carbon supply chain, selec-
tion criteria, and MCDM methods used for green supplier
selection. Section 3 establishes the criteria for green supplier
selection in low-carbon supply chain. Section 4 proposes
a method integrating fuzzy set theory and grey relational
analysis, in which a membership function of distribution
also is introduced. Section 5 provides a real case study

concerning green supplier selection example to demonstrate
the applicability and validity of the proposed criteria and
method. Conclusions and directions for future research in the
area are presented in Section 6.

2. Literature Review

Supplier selection has received considerable attention for
its significant effect towards successful supply chain man-
agement. A considerable number of literature reviews are
accomplished by various authors such as Govindan et al. [8],
Igarashi et al. [9], Ho et al. [10], de Boer et al. [11], Wu and
Barnes [12], and Chai et al. [13]. In this section, we classify
the literatures related to our work into three categories. The
first category includes the works on low-carbon supply chain.
The second category includes the studies with a focus on
the criteria for green supplier selection. The third category
explores the literatures on the method for green supplier
selection. Here we review some recent representative works
in the literature as follows.

2.1. Low-Carbon Supply Chain. Climate change is global in
scope and it is necessary to reduce carbon emissions at
the global level. Since carbon emissions are omitted across
the entire supply chain, the focus of a firm’s environmental
management to reduce carbon emissions has shifted from
individual firms towards the entire supply chain. The objec-
tive of low-carbon supply chain is to reduce carbon emissions
across the entire supply chain.

Shaw et al. [14] presented an integrated approach for
selecting the appropriate supplier in the supply chain,
addressing the carbon emission issue, and using fuzzy-AHP
and fuzzy multiobjective linear programming; further they
[15] proposed a chance constrained based on green supply
chain network design model addressing carbon emissions
and carbon trading issues. Nakajima et al. [16] identified
the requirements and challenges of promoting a low-carbon
supply chain caused by the introduction of material flow cost
accounting, and the study showed that setting environmental
indicators as performance evaluation criteria of a company’s
purchasing department is an important step in the low-
carbon supply chain.Wang et al. [17] focused on a dyadic sup-
ply chainwith amanufacturer and a retailer to develop a game
model for studying the issues of carbon emission reduction
within the retailer dominant and the power balanced cases
under the low-carbon environment. Zhou et al. [18] studied
a low-carbon supply chain channel with one manufacturer
and one retailer and showed how to optimize the low-
carbon supply chain management decision and improve the
supply chain performance through contract design. Mao
et al. [19] analyzed the relationship between internal low-
carbon integration and external low-carbon integration and
firm performance by researching 12 business departments
of machinery, electronics, and transportation components
industries in China based on the natural resource-based view.

These literatures show low-carbon supply chain has
become a popular research topic. Due to the characteristics
of carbon emissions, it is important for the enterprises to
form a low-carbon supply chain to reduce carbon emissions,
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in which selecting suitable green supplier is one of the key
factors. The criteria and methods for green supplier selec-
tion are two extremely important aspects, which determine
whether the enterprise can achieve the goal of low-carbon
supply chain management or not to a certain extent.

2.2. Criteria for Green Supplier Selection. Many authors have
stressed the importance of selecting suitable (qualitative and
quantitative) criteria in the green supplier selection process.
The traditional criteria for supplier selection have solely
considered economic aspects for many years [20, 21]. While
in low-carbon supply chain management, enterprises must
add the environmental or ecological and social factors to the
traditional supplier selection criteria such as quality, cost,
delivery, and service to remain in the low-carbon supply
chain [22].

Lee et al. [23] proposed quality, technology capability,
pollution control, green products, and green competencies
for green supplier selection in the high-tech industry. Tseng
[24] proposed 16 main green criteria, such as green technol-
ogy capabilities, green purchasing capabilities, green design,
and green certifications. Hsu et al. [25] established 13 criteria
of carbon management with three dimensions (planning,
implementation, and management). Gurel et al. [26] pro-
posed 8 main criteria, such as cost, delivery, quality, service,
strategic alliance, and pollution control, and 30 subcriteria
which consist of green and also nongreen criteria. Dobos
and Vörösmarty [27] divided the criteria into two manners:
the managerial and the green factors and used DEA-type
composite criteria for green supplier selection. Awasthi et
al. [28] proposed 12 criteria including use of environmental
friendly technology, use of environmental friendly material,
partnership with green organization, green market share,
management commitment, adherence to environmental poli-
cies, green R&D projects, and staff training. Masoud et al.
[29] proposed ten criteria for green supplier selection, such
as use of green materials, air emission level, waste level, and
green design capability, and used a fuzzy analytical network
process to weight the extractedmeasures and determine their
importance level.

Most of the above literatures focus on economic sup-
plier selection, while neglecting environmental and social
aspects. It is inappropriate in the era of low-carbon economy,
especially in low-carbon supply chain condition. The crite-
ria determine what we should consider for green supplier
selection, so they should adhere to scientific, dynamic,
comprehensive, and oriented principles. That is to say,
the criteria should include economic, environmental, and
social aspects, which can meet the enterprise’s require-
ments for green supplier selection in low-carbon supply
chain.

2.3. Methods for Green Supplier Selection. Extensive MCDM
methods have been proposed for supplier selection, like the
analytic hierarchy process (AHP), analytic network process
(ANP), data envelopment analysis (DEA), fuzzy set the-
ory, genetic algorithm (GA), mathematical programming,
technique order preference by similarity to ideal solution
(TOPSIS), and so forth and their hybrids [9, 10, 30, 31].

Amindoust et al. [32] proposed a new ranking method
on the basis of fuzzy inference system (FIS) for sustain-
able supplier selection problem. Darabi and Heydari [33]
proposed an interval-valued hesitant fuzzy ranking method
to rank the green suppliers candidates under conflicted
criteria. Kuo et al. [34] developed a green supplier selection
model which integrates artificial neural network (ANN) and
DEA and ANP. Kannan et al. [5] presented an integrated
approach, of fuzzy multiattribute utility theory and multiob-
jective programming, for rating and selecting the best green
suppliers according to economic and environmental criteria
and then allocating the optimum order quantities among
them. Karsak and Dursun [35] proposed a fuzzymulticriteria
group decision making approach that makes use of quality
function deployment and fusion of fuzzy information, and
2-tuple linguistic representation model was developed for
supplier selection. Yamada et al. [36] proposed a low-carbon
and economic supplier selection with an estimation method
of the carbon emissions and conducted a material based
analysis for both of the procurement costs minimization and
the carbon emissions reduction. Yazdani et al. [37] proposed
an integrated approach for green supplier selection by con-
sidering various environmental performance requirements
and criteria. Hamdan and Cheaitou [6] integrated three
methods, fuzzy set theory, TOPSIS, and AHP, to solve a
multiperiod green supplier selection and order allocation
problem. Banaeian et al. [38] compared the application of
three fuzzy MCDM methods, fuzzy set theory with TOPSIS,
VIKOR, and GRA in an actual case study.

These methods provide a good research basis for this
paper. Due to the fuzziness of judgment, fuzzy set theory
is always used in supplier selection, such as literatures [6,
33, 35], while fuzzy set theory needs to nondimensionalize
the criteria, which will bring much calculating work. In
particular, when there are many qualitative criteria, it is
difficult to compare or quantify them. Moreover, the weights
of criteriawill largely decide the result of supplier selection. In
fact, the managers and practitioners are in a grey state when
they calculate the weights of criteria according to grey theory.
So grey relational analysis is more suitable to calculate the
weights than other methods.

From the above literature review, although these pro-
posed criteria and methods have brought great insights to
supplier selection, some problems also need to be discussed.
The criteria for green supplier selection should include eco-
nomic, environmental, and social aspects, meeting with the
requirements of enterprise in low-carbon supply chain. Due
to the nature of unquantifiable and incomplete information,
we can use fuzzy set theory to select green supplier. The
membership function of normal distribution is introduced
in this paper, which does not need to nondimensionalize
the criteria and can deal with the qualitative criteria. In
addition, because people’s understanding of the weights of
criteria for green supplier selection is in a grey state, we use
grey relational analysis to calculate the weights of criteria.
Therefore, we propose a fuzzy-grey multicriteria decision
making approach for green supplier selection in low-carbon
supply chain.



4 Mathematical Problems in Engineering

Table 1: Criteria for green supplier selection in low-carbon supply chain.

Main criteria Subcriteria

Green supplier selection in
low-carbon supply chain

𝐶1: enterprise low-carbon qualification

𝐶11: enterprise scale
𝐶12: profitability
𝐶13: debt level

𝐶14: low-carbon development potential
𝐶15: R&D innovation

𝐶16: enterprise reputation
𝐶17: desire of low-carbon cooperation

𝐶2: low-carbon production and service

𝐶21: quality
𝐶22: price
𝐶23: service

𝐶24: guarantee and compensation

𝐶3: low-carbon business operation

𝐶31: low-carbon production flexibility
𝐶32: supply capacity

𝐶33: low-carbon informatization level
𝐶34: transportation cost

𝐶35: low-carbon strategic compatibility

𝐶4: low-carbon innovation

𝐶41: low-carbon image
𝐶42: low-carbon investment

𝐶43: energy consumption intensity
𝐶44: low-carbon energy utilization

𝐶45: green and low-carbon certifications
𝐶46: low-carbon technology capabilities

3. Proposed Criteria

According to these reviews and the identified criteria men-
tioned above, especially with the help of the managers and
practitioners in low-carbon supply chain management, we
establish 4main criteria (enterprise low-carbon qualification,
low-carbon production and service, low-carbon business
operation, and low-carbon innovation) and 22 subcriteria
(e.g., low-carbon image and green and low-carbon certifica-
tions) for green supplier selection. See Table 1.

3.1. Enterprise Low-Carbon Qualification 𝐶1. In the complex
and changing market environment, if enterprises want to
maintain the long-term stability of low-carbon supply chain
competition, they should choose those suppliers who have
advanced management and good prospects for development
in supply chain, thus providing a reliable protection for
low-carbon investment and transformation. Finally, they
also need to consider the business desire and credibility of
cooperation to reduce carbon emissions, which is a prereq-
uisite to establish low-carbon strategic cooperation between
enterprise and its supplier.

We canmeasure enterprise low-carbon qualification from
these aspects: the current business status of the enterprise and
low-carbon ability for future development and cooperation.
The current business status of the enterprise includes enter-
prise scale, profitability, and debt level.The low-carbon ability
for future development includes low-carbon development
potential and R&D innovation. The low-carbon cooperation

ability includes enterprise reputation and desire of low-
carbon cooperation.

3.2. Low-Carbon Production and Service 𝐶2. On one hand,
the competitiveness of low-carbon supply chain depends on
rapid response to the market, providing customers with high
quality and inexpensive products or service to meet their
requirements and expectations, which is the same as the
traditional supply chain. On the other hand, it also needs to
improve service quality and user experience, strengthen after-
sales service support, consolidate supply chain cooperation to
reduce unnecessary consumption of all aspects, and control
carbon emissions. We can measure low-carbon production
and service from four aspects: quality, price service, guaran-
tee, and compensation.

3.3. Low-Carbon Business Operation 𝐶3. High level of low-
carbon supply chain business operation is not only the basis to
achieve customers value goal but also the guarantee to reduce
carbon emissions which can be reflected by the low-carbon
production planning, low-carbon information sharing, cost
control, and so forth in the supply chainmanagement.There-
fore, green supplier selection in low-carbon supply chain
should focus on supplier’s flexibility, efficiency, information,
and other aspects of performance.

Transportation is one of the important energy con-
sumption methods in the low-carbon supply chain business
operation. Under the same condition, the enterprise should
choose the supplier that has the lower transportation cost
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for the purpose of low-carbon transportation. In addition,
the supplier’s strategic compatibility should also be taken
into account. Because the strategic objectives indicate the
future development of the enterprise, the conflict of strategic
objectives will lead to the failure of carbon reduction cooper-
ation. Here, we use low-carbon production flexibility, trans-
portation, strategic compatibility, and so forth tomeasure the
supplier’s low-carbon business operation.

3.4. Low-Carbon Innovation 𝐶4. Low-carbon innovation is
used to evaluate whether the green supplier meets the
requirements of the low-carbon supply chain. It should be
able to guide and promote the alternative suppliers to pay
more attention to environmental protection and carbon emis-
sions reduction, make low-carbon strategy planning, and
actively develop and use low-carbon technology to control
business processes in energy consumption and pollution.The
supplier should integrate the low-carbon concept into the
daily operation and achieve good low-carbon performance.
Thismain criterion includes 6 subcriteria, such as low-carbon
image and green and low-carbon certifications.

4. Methodology

This study integrates fuzzy set theory and grey relational
analysis to solve the problem of green supplier selection in
low-carbon supply chain. Grey relational analysis is used to
calculate the weights of green supplier selection criteria, and
fuzzy theory is used to evaluate and rank the alternative
green suppliers according to the selected criteria. Also, a
membership function of normal distribution is introduced to
determine the membership degree of each selected criterion.
The main steps and the detailed descriptions are depicted as
follows.

4.1. Identify Green Supplier Selection Criteria. The first step
involves identification of the main criteria and subcriteria
for green supplier selection. In Section 3, 4 main criteria
and 22 subcriteria (Table 1) have been compiled through
relevant literature and input from the managers and prac-
titioners in low-carbon supply chain management. Fur-
ther, these identified criteria have been categorized into 4
dimensions of low-carbon supply chain with the help of
brainstorming sessions with experts. Finally, a hierarchical
structural is framed with the criteria and alternative green
suppliers.

According to the main criteria and subcriteria shown
in Table 1, 4 criteria sets can be established: 𝐶 = {𝐶1, 𝐶2,𝐶3, 𝐶4}, 𝐶1 = {𝐶11, 𝐶12, 𝐶13, 𝐶14, 𝐶15, 𝐶16, 𝐶17}, 𝐶2 = {𝐶21,𝐶22, 𝐶23, 𝐶24}, 𝐶3 = {𝐶31, 𝐶32, 𝐶33, 𝐶34, 𝐶35}, and 𝐶4 = {𝐶41,𝐶42, 𝐶43, 𝐶44, 𝐶45, 𝐶46}.
4.2. Establish Evaluation Grade Set. The evaluation grade set
is the set of the criteria’s evaluation results and indicated
by 𝑉: 𝑉 = (V1, V2, . . . , V𝑚). Here V𝑖 (1 ≤ 𝑖 ≤ 𝑚) means
the 𝑖th evaluation grade and 𝑚 means the number of total
evaluation grades. In this paper, the number of evaluation
grades is 4; namely, 𝑚 = 4; 𝑉 = (V1, V2, V3, V4) = (𝑒𝑥𝑐𝑒𝑙-
𝑙𝑒𝑡, 𝑔𝑜𝑜𝑑,𝑚𝑒𝑑𝑖𝑢𝑚, 𝑝𝑜𝑜𝑟).

4.3. Establish Membership Function of Normal Distribution.
Here, we introduce a membership function of normal distri-
bution to calculate the membership degree of each criterion.
Usually, it needs to nondimensionalize the criteria in the
traditional fuzzy method, which will bring about a lot of
calculating work, especially when there are many criteria.
However we do not need to nondimensionalize the criteria
when using membership function of normal distribution.
In addition, it is easier for us to find the problems in
green supplier selection when we use membership func-
tion of normal distribution compared to traditional fuzzy
method.

For a certain criterion, the evaluation value is different
among different suppliers, while the evaluation value 𝑥𝑖
obeys the normal distribution as the number 𝑛 of suppliers
increases. For a criterion of 𝑛 alternative suppliers, suppose 𝑥
and 𝑠 are themean value and standard deviation, respectively,
and then we can get

𝑧𝑖 = (𝑥𝑖 − 𝑥)
𝑠 ∼ 𝑁 (0, 1) (−∞ < 𝑧𝑖 < +∞) . (1)

Namely, 𝑧𝑖 obeys the standard normal distribution in
which the expected value is 0 and the standard deviation
is 1. For example, in terms of 𝐶1 (enterprise low-carbon
qualification), suppose 𝑥 = 60, 𝑠 = 5, and 𝑥𝑖 = 70 for the
𝑖th supplier, and then 𝑧𝑖 = 2 according to formula (1). From
normal distribution table, we can get 𝑃 (𝑧𝑖 < 2) = 0.977,
which means the evaluation value of 𝐶1 of 97.7% of suppliers
is less than the evaluation value of𝐶1 of the 𝑖th supplier within𝑛 suppliers. So we can use 0.977 as the membership degree of
𝐶1 of the 𝑖th supplier. In order to simplify the problem, the
value of 𝑧𝑖 is limited in (−3.1, 3.1), and then the membership
degree belongs to (0.001, 0.999). So themembership function
of normal distribution can be described as

𝐴 (𝑥) =
{{{{{
{{{{{
{

0 𝑥 ∈ (−∞, −3.1]
1

√2𝜋∫𝑥
−∞

𝑒−𝑥2/2𝑑𝑥 𝑥 ∈ (−3.1, 3.1)
1 𝑥 ∈ [3.1, +∞) .

(2)

4.4. Construct Fuzzy Judgment Matrix. Suppose there are 𝑞
experts who evaluate the criteria and the weight of 𝑞 experts
is the same.We canuse themean value of 𝑞 experts’ evaluating
values as the evaluation values of the criteria. 𝑅 denotes the
fuzzy relationship between the criteria set𝐶 and its evaluation
grade set 𝑉. Here

𝑅 =
[[[[[[[
[

𝑟𝑘11 𝑟𝑘12 ⋅ ⋅ ⋅ 𝑟𝑘1𝑚
𝑟𝑘21 𝑟𝑘22 ⋅ ⋅ ⋅ 𝑟𝑘2𝑚
... ... ... ...
𝑟𝑘𝑛1 𝑟𝑘𝑛2 ⋅ ⋅ ⋅ 𝑟𝑘𝑛𝑚

]]]]]]]
]

, (3)

and 𝑟𝑘𝑖𝑗 means the evaluation value of 𝑗th evaluation grade on
𝑖th criterion for the 𝑘th supplier. Take 𝑟𝑘𝑖𝑗 into formula (2), and
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then 𝑅 can be rewritten as

𝑅 =
[[[[[[
[

𝑟11 𝑟12 ⋅ ⋅ ⋅ 𝑟1𝑚
𝑟21 𝑟22 ⋅ ⋅ ⋅ 𝑟2𝑚
... ... ... ...
𝑟𝑛1 𝑟𝑛2 ⋅ ⋅ ⋅ 𝑟𝑛𝑚

]]]]]]
]

. (4)

Here 𝑅 denotes the fuzzy judgment matrix.

4.5. Calculate the Weight of Each Criterion. Grey relational
analysis proposed by Deng [7] is used to calculate the weight
of each criterion, which is a helpful tool inMCDMproblems.
Here 𝑎𝑖 denotes the weight of 𝑖th criterion and ∑𝑛𝑖=1 𝑎𝑖 = 1, 𝐴
denotes theweight set, and𝐴 = (𝑎1, 𝑎2, . . . , 𝑎𝑛). Take themain
criteria weights calculation as an example; follow 5 steps [39].

Step 1. Determine the criteria set of importance. For 𝐶 =
{𝐶1, 𝐶2, 𝐶3, 𝐶4}, we can construct the matrix

𝑈 =
[[[[[
[

𝜆11 𝜆12 ⋅ ⋅ ⋅ 𝜆1𝑚
𝜆21 𝜆22 ⋅ ⋅ ⋅ 𝜆2𝑚
𝜆31 𝜆32 ⋅ ⋅ ⋅ 𝜆3𝑚
𝜆41 𝜆42 ⋅ ⋅ ⋅ 𝜆4𝑚

]]]]]
]
, (5)

and here 𝜆𝑖𝑗 (1 ≤ 𝑖 ≤ 4, 1 ≤ 𝑗 ≤ 𝑚) means the importance
level 𝑗 and𝑚means the number of importance levels.

Step 2. Determine the reference sequence. The reference
sequence is determined through scoring the criteria’s impor-
tance by experts. 𝑈0 = {𝜆max1, 𝜆max2, . . . , 𝜆max𝑚} denotes
the reference sequence. Here 𝜆max𝑖 = max(𝜆𝑖𝑗) (𝑗 =
1, . . . , 𝑚). For the 4 main criteria, we can use 𝑈0 =
{𝜆max1, 𝜆max2, . . . , 𝜆max𝑚} as the reference sequence and
𝑈1 = {𝜆11, 𝜆12, . . . , 𝜆1𝑚}, 𝑈2 = {𝜆21, 𝜆22, . . . , 𝜆2𝑚}, 𝑈3 =
{𝜆31, 𝜆32, . . . , 𝜆3𝑚}, and 𝑈4 = {𝜆41, 𝜆42, . . . , 𝜆4𝑚} as compar-
ative sequences.

Step 3. Calculate the grey relational coefficient. The grey
relational coefficient 𝜉𝑖(𝑘) between the reference sequence
𝑈0 and the comparative sequence 𝑈𝑖 (𝑖 = 1, . . . , 𝑛) can be
calculated by

𝜉𝑖 (𝑘)

= min𝑖min𝑘
𝑈0 (𝑘) − 𝑈𝑖 (𝑘) + 𝜌max𝑖max𝑘

𝑈0 (𝑘) − 𝑈𝑖 (𝑘)𝑈0 (𝑘) − 𝑈𝑖 (𝑘) + 𝜌max𝑖max𝑘
𝑈0 (𝑘) − 𝑈𝑖 (𝑘) . (6)

Here, 𝑘 = 1, . . . , 𝑚. 𝜌 is the distinguishing coefficient
and 𝜌 ∈ [0, 1]. The purpose of distinguishing coefficient is
to reduce the effects of calculation from extremum value. In
general, 𝜌 = 0.5.
Step 4. Calculate the grey relational grade.The grey relational
grade directly reflects the pros and cons of the comparative
sequence to the reference sequence and can be calculated by

𝑟𝑖 = 1
𝑚
𝑚

∑
𝑘=1

𝜉𝑖 (𝑘) . (7)

Step 5. Calculate theweights of criteria.Through formula (8),
we can get the weights of criteria:

𝑎𝑖 = 𝑟𝑖
∑𝑚𝑖=1 𝑟𝑖 𝑖 = 1, 2, . . . , 𝑛. (8)

For the weights of the 4 main criteria, we can get
𝐴 = (𝑎1, 𝑎2, 𝑎3, 𝑎4) = (𝑟1/∑ 𝑟𝑖, 𝑟2/∑ 𝑟𝑖, 𝑟3/∑ 𝑟𝑖, 𝑟4/∑ 𝑟𝑖).
In the same manner, we can get the weights of the sub-
criteria; namely 𝐴1 = (𝑎11, 𝑎12, 𝑎13, 𝑎14, 𝑎15, 𝑎16, 𝑎17), 𝐴2 =
(𝑎21, 𝑎22, 𝑎23, 𝑎24), 𝐴3 = (𝑎31, 𝑎32, 𝑎33, 𝑎34, 𝑎35), and 𝐴4 =
(𝑎41, 𝑎42, 𝑎43, 𝑎44, 𝑎45, 𝑎46).
4.6. Conduct Multistage Fuzzy Comprehensive Evaluation.
Formula (9) can be used to conduct multistage fuzzy com-
prehensive evaluation:

𝐵 = 𝐴 ⋅ 𝑅 = (𝑎1, 𝑎2, . . . , 𝑎𝑛) ⋅
[[[[[[
[

𝑟11 𝑟12 ⋅ ⋅ ⋅ 𝑟1𝑚
𝑟21 𝑟22 ⋅ ⋅ ⋅ 𝑟2𝑚
... ... ... ...
𝑟𝑛1 𝑟𝑛2 ⋅ ⋅ ⋅ 𝑟𝑛𝑚

]]]]]]
]

= (𝑏1, 𝑏2, . . . , 𝑏𝑚) .

(9)

Compare the objects’ evaluation results and rank them,
that is, to convert the comprehensive evaluation results𝐵 into
comprehensive grades and then select the best green supplier.

5. Case Study

5.1. Case Company Background. Company Z, founded in
September, 2001, is a steel enterprise located in Changzhou,
a city of Jiangsu Province in China. Now company Z has
developed into a large-scale steel joint venture with annual
steel production capacity of 11.8 million ton, which covers
various industries of steel. Z has been certified by the
ISO9001 Quality System Certification, the API-Q1 Quality
System Certification of American association of Pipe, the
ISO14000 Environment Management System Certification,
and so forth.

For company Z, one of the important issues is how to
reduce its carbon emissions to maintain market competitive-
ness and profit. In China, the government has set the target
of carbon emissions reduction for the steel enterprises. If the
steel enterprise’s total carbon emissions exceed the carbon
emissions limit set by the government, it needs to buy carbon
emissions rights from the carbon emissions trading center;
otherwise it will face huge fines from government agencies.
Under this condition, company Z needs to select its green
supplier from a large number of suppliers in the low-carbon
supply chain.

It is difficult for companyZ to select its best green supplier
from these potential suppliers. Firstly, although company
Z has established the criteria for supplier selection, it did
not establish the criteria for the green supplier selection in
low-carbon supply chain. It is not appropriate to use the
existing criteria to select green supplier. Secondly, company
Z has to nondimensionalize the criteria in company Z’s
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Table 2: The evaluated values of 12 main suppliers.

Supplier Enterprise low-carbon
qualification 𝐶1

Low-carbon production and
service 𝐶2

Low-carbon business
operation 𝐶3 Low-carbon innovation 𝐶4

Supplier A 8.3 8.2 8.0 7.0
Supplier B 7.8 8.7 7.3 7.2
Supplier C 8.6 8.1 8.6 8.3
Supplier D 8.4 8.6 7.4 7.7
Supplier E 8.0 8.7 8.4 7.4
Supplier F 9.0 8.3 7.8 8.2
Supplier G 9.3 8.2 8.4 8.2
Supplier H 7.6 8.0 8.4 8.3
Supplier I 9.2 8.3 8.3 8.0
Supplier K 8.4 8.7 8.0 8.1
Supplier J 8.8 8.2 7.6 8.3
Supplier M 8.7 7.8 8.5 7.9

Table 3: The importance of the 4 main criteria.

Expert 1 Expert 2 Expert 3 Expert 4 Expert 5 Expert 6 Expert 7 Expert 8 Expert 9 Expert 10
C1 10 9 10 8 9 8 8 7 8 9
C2 8 8 10 8 9 9 6 6 7 7
C3 8 9 10 9 9 10 9 10 8 8
C4 6 7 10 7 7 7 8 6 7 8

previous supplier selection, which brings a lot of calculating
work. Moreover, it is difficult for company Z to deal with
qualitative criteria. Thirdly, the managers and practitioners’
understanding of the weights of criteria for green supplier
selection are in the grey state, so it is suitable to use grey
relational analysis to calculate the criteria’s weights. Fourthly,
company Z usually used expert scoring method to select its
suppliers, which is very subjective and is easily influenced
by other factors. Therefore, company Z urgently needs an
approach to select its green supplier in low-carbon supply
chain management.

5.2. Application of the Proposed Criteria and Method. After
referring to a preliminary list of criteria compiled using
literature review on green supplier selection and the company
Z’s actual situation, 10 managers, practitioners, and experts
are asked to determine the green supplier selection criteria
and allowed to discuss each criterion for clarification. Finally,
it can be seen in Table 1 that the main criteria for company
Z’s green supplier selection are grouped into four categories,
which also include 22 subcriteria.

For company Z, it has a large number of suppliers.
Taking the business development and needs to reduce carbon
emissions into account, company Z only needs to select its
green supplier from 12 main suppliers.Themethod proposed
in Section 4 is used for green supplier selection. For the sake
of simplicity, we only give out the calculation for the 4 main
criteria. The evaluated values of 12 main suppliers, which are

given by 10 managers, practitioners, and experts, are listed in
Table 2.

From Table 2, the mean value and standard deviation of
the 4 main criteria are 𝑥 = (8.5083, 8.3167, 8.0583, 7.8833)
and 𝑠 = (0.5334, 0.2980, 0.4461, 0.4569), respectively,
through calculation. Take𝑥 and 𝑠 into formula (1), and then 𝑧𝑖
can be obtained. Next, take 𝑧𝑖 into formula (2), and then the
fuzzy judgment matrix 𝑅 also can be obtained. In the same
way, for the sake of simplicity, we give out the fuzzy judgment
matrix which only includes supplier A, supplier B, supplier C,
supplier D, and supplier E. So 𝑅 can be written as

𝑅 =
[[[[[[[[
[

0.3480 0.3477 0.4480 0.0266
0.0921 0.9009 0.0446 0.0674
0.5682 0.2336 0.8877 0.8191
0.4195 0.8292 0.0700 0.3441
0.1703 0.9009 0.7781 0.1451

]]]]]]]]
]

. (10)

The importance of the 4 main criteria determined by 10
managers, practitioners, and experts is listed in Table 3.

From Table 3, we can get the reference sequence and the
comparative sequences: 𝑈𝑜 = {10, 9, 10, 9, 9, 10, 9, 10, 8, 9},
𝑈1 = {10, 9, 10, 8, 9, 8, 8, 7, 8, 9}, 𝑈2 = {8, 8, 10, 8, 9, 9, 6, 6,
7, 7}, 𝑈3 = {8, 9, 10, 9, 9, 10, 9, 10, 8, 8}, and 𝑈4 = {6, 7, 10, 7,
7, 7, 8, 6, 7, 8}.

According to formulas (6) and (7), the grey relational
grade of 4 main criteria are, respectively, 𝑟1 = 0.8233, 𝑟2 =0.6400, 𝑟3 = 0.9167, and 𝑟4 = 0.5567. Here 𝜌 = 0.5. By
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formula (8), we can get the weights of the 4 main criteria
𝐴 = (0.2804, 0.2179, 0.3121, 0.1891).

In the end, we can conduct the fuzzy comprehensive
evaluation by formula (9): 𝐵 = 𝐴 ⋅ 𝑅 = (0.3182, 0.2488,
0.6426, 0.3854, 0.5145). So the order of green supplier
selection is as follows: supplier C, supplier E, supplier D,
supplier A, and supplier B.

Based on the evaluation and selection above, supplier
C is recommended as company Z’s best green supplier. In
fact, company Z has given priority to supplier C in its new
projects construction according to the results. Supplier E is
recommended as the reserved green supplier.

Through the analysis above, it is easy to see the advantages
and disadvantages of the alternative green suppliers and the
field and direction that 12 suppliers need to improve. Based
on the concept of continuous improvement, company Z can
continue to improve its competitiveness and profitability in
low-carbon supply chain.

6. Conclusions

With “United Nations Framework Convention on Climate
Change” and “Kyoto Protocol” signed and entering into
force, there has been broad consensus on carbon emissions
reduction. So low-carbon supply chain management has
become an inevitable choice for enterprises to cope with the
pressure from the government and the market. It is one of the
most important factors to select green supplier for the success
of low-carbon supply chain.

In this paper, we propose a fuzzy-grey multicriteria
decisionmaking approach for green supplier selection in low-
carbon supply chain. According to the demand of enterprises
in low-carbon supply chain, 4 main criteria and 22 subcri-
teria are established for green supplier selection. A method
integrating fuzzy set theory and grey relational analysis is
also proposed. According to the principle that the criteria
value will obey normal distribution in the case of large
sample size, a membership function of normal distribution
is also introduced to calculate the membership degree of
each criterion. Due to that the people’s understanding of
the weights of criteria for green supplier selection is in
the grey state, so grey relational analysis is used to cal-
culate the weight of each criterion. Fuzzy comprehensive
evaluation is also used due to the nature of unquantifiable
and incomplete information in green supplier selection. The
proposed method can make the localization of individual
green supplier more objectively and more accurately in the
same trade, and it is easier for us to find the problems in
green supplier selection. A steel company Z is studied to
verify the scientificity and feasibility of the proposed criteria
and method for green supplier selection. The result shows
that the proposed criteria andmethod have good applicability
in practical situation. To some extent, the proposed method
can be widely used as a structural model for green supplier
selection.

It needs to be pointed out that the approach proposed
in this paper is not suitable for green supplier selection
when there are only a small number of potential suppliers or

criteria. For further study, a fuzzy based questionnaire can
be used for data collection in order to prevent information
bias.
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Fixture plays a significant role in determining the sheet metal part (SMP) spatial position and restraining its excessive deformation
in many manufacturing operations. However, it is still a difficult task to design and optimize SMP fixture locating layout at present
because there exist multiple conflicting objectives and excessive computational cost of finite element analysis (FEA) during the
optimization process. To this end, a new multiobjective optimization method for SMP fixture locating layout is proposed in this
paper based on the support vector regression (SVR) surrogate model and the elitist nondominated sorting genetic algorithm
(NSGA-II). By using ABAQUS� Python script interface, a parametric FEA model is established. And the fixture locating layout
is treated as design variables, while the overall deformation and maximum deformation of SMP under external forces are as the
multiple objective functions. First, a limited number of training and testing samples are generated by combining Latin hypercube
design (LHD) with FEA. Second, two SVR prediction models corresponding to the multiple objectives are established by learning
from the limited training samples and are integrated as the multiobjective optimization surrogate model.Third, NSGA-II is applied
to determine the Pareto optimal solutions of SMP fixture locating layout. Finally, a multiobjective optimization for fixture locating
layout of an aircraft fuselage skin case is conducted to illustrate and verify the proposed method.

1. Introduction

Sheet metal part (SMP), having the advantages of high
strength, light weight, and fluent geometric modeling, widely
exists in various fields of aerospace, vehicle, and so on [1, 2].
However, it is easy to deform during its assembly, machining,
and inspection processes because of the properties of thin
wall, large size, and low rigidity. Recently, flexible fixture
is widely used during the whole manufacturing process to
locate and constrain SMP accurately to reduce its dimen-
sional and form errors. Moreover, the “N-2-1” (𝑁 > 3)
locating principle, originally proposed by Cai et al. [3], is
extensively recognized in the fixture design to not only ensure
the locating deterministic but also restrain the excessive
deformation of SMP. However, the key to the application of
“N-2-1” principle in flexible fixture design is how to find
the optimal fixture locating layout to minimize the SMP
deformation.

To determine the optimal SMP fixture locating layout
effectively and efficiently, many scholars and technicians have
conducted a lot of research. In the beginning, finite element
analysis (FEA) and evolutionary algorithm were integrated
to model the SMP fixture system and search for the optimal
SMP fixture layout. Kaya [4] proposed a combined GA and
FEA approach to optimizing the fixture layout to decrease
the workpiece deformation during its machining process.
Prabhaharan et al. [5] used FEA to compute the workpiece
deformation and applied ant colony algorithm (ACA) for
the workpiece fixture layout optimization to minimize its
dimensional and form errors. Dou et al. [6] established an
FEA model implemented by ANSYS to calculate the elastic
deformation of the part and employed four evolutionary
approaches including GA, PSO, improved GA, and improved
PSO for fixture layout optimization. Cheng et al. [7] presented
a hierarchical fixture layout model to optimize the locating
points of aeronautical thin-walled structure to decrease the
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assembly variation by genetic algorithm and ants algorithm.
Xiong et al. [8] put forward an “N-2-1-1” locating principle
and then solved the fixture layout optimization of a compliant
aerospace part by integrating FEA and GA.

We can see that the optimizationmethod integrating FEA
with evolutionary algorithm has become the main popular
method to optimize the fixture locating layout of SMP. How-
ever, since there is no explicit functional relation between
fixture layout scheme and the corresponding SMP deforma-
tion, the above optimization methods for SMP fixture layout
often involve a lot of time-consuming FEA which results
in unbearable computational costs and burdens. Therefore,
the surrogate or prediction models, such as artificial neural
network (ANN) and response surface methodology (RSM),
were developed and applied to approximate the mapping
relation between the design variables and objective values
so as to improve the optimization efficiency and to decrease
the computational cost. Li et al. [9] developed three different
design models of an ANN-enhanced RSM, a nonlinear pro-
gramming model, and a polynomial RSM to assist optimiza-
tion and design of fixture layout during the SMP spot welding
assembly. Rex and Ravindran [10] also established an ANN-
basedmodel to approximate theworkpiece fixture system and
determine the optimal fixture layout to reduce the maximum
elastic deformation by incorporating full factorial design of
experiments (DOE) and statistical analysis. Lu and Zhao [11]
built a back propagation neural network (BPNN) so as to
approximate the deformation of SMP under a given fixture
layout and then employed GA to find the optimal fixture
layout based on the BPNN prediction model. Wang et al. [12,
13] proposed a radial basis function neural network (RBFNN)
prediction model to predict the deformation of SMP and
then carried out the follow-up work to search for the optimal
fixture layout by integrating RBFNN and bat algorithm to
improve the location quality and optimization efficiency.
Furthermore, Yang et al. [14] presented an integrated method
to determine the optimumfixture locating layout tominimize
the overall deformation of SMP by combining kriging with
cuckoo search algorithm.

All researches above only involve single objective of fix-
ture layout optimization. However, in most cases, the fixture
layout design should satisfy the requirements of multiple
objectives. So as to decrease the workpiece deformation
and improve the deformation distributing uniformity, Chen
et al. [15] put forward a multiobjective method for fixture
design optimization, where FEA was used to calculate the
deformation and GA was employed to solve the optimization
model. By regarding fixture locating layout as amultiobjective
optimization problem, Wang and Nee [16] applied nondom-
inated GA and ACA to solve the multiobjective problem
with the objective of maximizing the distance of the locators
and minimizing the locating error and the deviation of the
locating error. Liu et al. [17] developed an accelerated FEA
model to calculate the nodal displacements of the workpiece
under external forces and proposed an optimization method
to find the optimal fixture layout based on the multiobjective
GA. Considering multiple requirements for the locating
layout of a checking fixture such as detachability, stability, and
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Figure 1: The “N-2-1” locating principle for a curved SMP.

accuracy, Jiang et al. [18] presented amultiobjective optimiza-
tion method to continuous search for a detachable, stable,
and accurate locating layout in checking fixture design. By
combining nondominated sorting algorithm and the social
radiation algorithm, a nondominated sorting social radiation
algorithm was proposed by Xing et al. [19] to conduct
the multiobjective optimization of compliant parts fixture
scheme to simultaneously meet the multiple requirements of
gravity deformation and assembly tolerance.

In this paper, a new multiobjective optimization method
by integrating support vector regression (SVR) with the
elitist nondominated sorting genetic algorithm (NSGA-II)
is proposed for the SMP fixture locating layout design. The
objective here is twofold. One is to minimize the overall
deformation of SMP, and the other is to minimize the max-
imum deformation. A parametric FEA model implemented
by Python scripting interface of ABAQUS is developed to
calculate the deformation for a given fixture layout under
given forces. Then NSGA-II is integrated, and the NSGA-II
toolbox based on MATLAB� is developed to solve the opti-
mization problem. The remainder of this paper is organized
as follows. The mathematical model for SMP fixture layout
multiobjective optimization is represented in Section 2.
The fundamental theory related to SVR is introduced in
Section 3. Section 4 describes the construction flowchart for
the multiobjective optimization of SMP fixture layout using
SVR and NSGA-II. In Section 5, an experiment is conducted
to verify the proposed optimization method by comparing
the simulated results with the experimental data. Finally, the
major conclusions are provided in Section 6.

2. Problem Formulation

Since it is easy to deform in many manufacturing operations,
SMP is often located under an overconstraint condition in
the flexible fixture based on the “N-2-1” (𝑁 > 3) locating
principle. Figure 1 depicts the typical “N-2-1” (𝑁 = 4) fixture
locating scheme for a curved SMP. It can be seen that N
locating points (LPs), generally more than three, are required
on the primary datum to prevent excessive deformation and
supply more reinforcements for SMP. And two LPs on the
secondary datum and one on the tertiary datum are expected
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to locate SMPuniquely in space.Obviously, the locating effec-
tiveness based on “N-2-1” principle is strongly related to the
layout of theN LPs where the numberN is determined by the
SMP dimensional specifications. In this paper, our interests
focus on the flexible fixture layout optimization of SMP on
the primary datum to minimize its overall deformation and
maximum deformation synchronously. Therefore, the fixture
layout design is regarded as a multiobjective optimization
problem in this work.

In SMP fixture layout optimization problem, two goals
(the overall deformation accuracy and the maximum defor-
mation accuracy) should be synchronously satisfied to obtain
an optimal solution. In this paper, FEA method is employed
tomodel the SMPfixture system and to compute the objective
values. Here, in order to minimize the human assistance and
realize the automation of the whole iterative optimization
and FEA, this paper performs the secondary development
of ABAQUS and establishes a parametric FEA model for
SMP fixture layout optimization. Thus, the multiobjective
optimization problem can be formulated as

Find: X = [x1, x2, . . . , x𝑖, . . . , x𝑗, . . . , x𝑁]
Minimize: 𝐹 = {𝐹1, 𝐹2}

𝐹1 (X) = √∑𝐿𝑖=1 𝑤𝑖2 (X)𝐿
𝐹2 (X) = max {𝑤𝑖 (X)}

Subject to: x𝑖 ∈ 𝑆, x𝑗 ∈ 𝑆, x𝑖 ̸= x𝑗,

(1)

where X represents the design variables on behalf of various
fixture layout schemes; x𝑖 and x𝑗 represent the coordinates
of any two different LPs, respectively, where 𝑖, 𝑗 = 1, . . . , 𝑁;𝐹1 and 𝐹2 denote the two goals, the overall deformation, and
maximum deformation, respectively; 𝑤𝑖 is the displacement
deviation of the ith finite element node after deformation; L
depicts the total number of the SMP finite element nodes; S
represents the set of all finite element nodes. Here, the design
variable X has to be in the predetermined domain S, and in
each fixture layout scheme, any two LPs cannot overlap.

3. SVR

As a powerful machine learning method, support vector
machine (SVM) was initially presented by Vapnik [20, 21]
and applied to solve regression and classification problems
having small samples and high dimensions on the base of
structural riskminimization principle and statistical learning
theory. By introducing Vapnik’s 𝜀-insensitive loss function,
the regression version of SVM, named SVR, has been used
as a powerful and effective method to solve the nonlinear
regression problems.

Given a training set 𝑇 = {(X𝑗, 𝐹𝑗) | 𝑗 = 1, 2, . . . , 𝑙} of
size 𝑙, where X𝑗 are the input vectors (representing fixture
locating layout schemes) and 𝐹𝑗 = {𝐹1𝑗 , 𝐹2𝑗 } are the associated
output values (representing the SMP overall deformation𝐹1𝑗 and maximum deformation 𝐹2𝑗 ) of X𝑗. The aim of SVR
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Figure 2: SVR and Vapnik’s 𝜀-insensitive loss function.

is to provide a nonlinear mapping function to map the
training data to a higher dimensional feature space. Now, the
nonlinear mapping relation between the input data and the
output values can be expressed as follows:

𝐹 (X) = W𝑇𝜑 (X) + 𝑏, (W,X ∈ 𝑅𝑁) , (2)

where 𝜑(X) is the feature that is nonlinearly mapped from
the input vector X; W and b are the coefficients to be
adjusted. Moreover, Vapnik’s 𝜀-insensitive loss function [20]
is employed in this paper to panelize the training error
between the real training value 𝐹𝑗 and the regression value
𝐹𝑗.

As displayed in Figure 2, this 𝜀-insensitive loss function
formulizes a tube with a radius of 𝜀 around the assumptive
regression function so that if a training sample point lies
within the tube, the loss function equals zero, while if a
training sample point falls on or outside the tube, the loss is
in proportion to the magnitude of the Euclidean difference
between the training sample point and the radius 𝜀 of the
tube. Thus, the SVR regression problem can be solved by
calculating the following constrained optimization function:

minimize: 12W𝑇W + 𝐶 𝑙∑
𝑗=1

(𝜉𝑗 + 𝜉∗𝑗 )
subject to: 𝐹𝑗 − (W𝑇𝜑 (X𝑗) + 𝑏) ≤ 𝜀 + 𝜉𝑗

(W𝑇𝜑 (X𝑗) + 𝑏) − 𝐹𝑗 ≤ 𝜀 + 𝜉∗𝑗
𝜀, 𝜉𝑖, 𝜉∗𝑗 ≥ 0, 𝑗 = 1, 2, . . . , 𝑙.

(3)

Here, the penalty factor 𝐶 > 0 defines the trade-off
between the model complexity of 𝐹(X) = W𝑇𝜑(X) + 𝑏 and
the amount up to which deviations larger than the radius𝜀 can be tolerated. 𝜉𝑖 and 𝜉∗𝑖 denote the nonnegative slack
variables measuring the error of the up and down sides,
separately. Then, by solving the optimization problem above
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and introducing Lagrangemultipliers, the coefficientW of (1)
can be obtained by

W = 𝑙∑
𝑗=1

(𝛼𝑗 − 𝛼∗𝑗 )𝜑 (X𝑗) , (4)

where 𝛼𝑖 and 𝛼∗𝑖 (0 ≤ 𝛼𝑖, 𝛼∗𝑖 ≤ 𝐶) are the Lagrange multipli-
ers.Then the SVR regression function can be reformulated to
a dual equation:

𝐹 (X) = 𝑙∑
𝑗=1

(𝛼𝑗 − 𝛼∗𝑗 )𝜑𝑇 (X𝑗)𝜑 (X) + 𝑏

= 𝑙∑
𝑗=1

(𝛼𝑗 − 𝛼∗𝑗 )𝐾 (X𝑗,X) + 𝑏.
(5)

Here,𝐾(X𝑗,X) stands for the so-called kernel function. In
this paper, the most commonly used kernel function, namely,
the Gaussian radial basis function (RBF), is adopted in the
SVR modeling. The RBF kernel function can be expressed as

𝐾(X𝑗,X) = exp (−𝛾 X𝑗 − X2) , (6)

where 𝛾 denotes the width of the Gaussian RBF function;
X𝑗 represents the jth input of the training sample set, and
X represents the input of the prediction data. Here, the
coefficient of 𝑎𝑗, 𝑎∗𝑗 , and b can be obtained by several
iterations of the training sample set. Now, by tuning the
penalty factor C, width of the RBF kernel function 𝛾, and
tube size of 𝜀-insensitive loss function 𝜀, the SVR model can
be constructed to deal with the optimization problem of the
SMP fixture locating layout.

4. Multiobjective Optimization Based on
SVR and NSGA-II

Multiobjective optimization always typically involves multi-
ple conflicting objectives and does not have a feasible solution
that minimizes or maximizes all objectives synchronously.
Hence, the final outcome of such a multiobjective opti-
mization problem is a set of trade-off solutions between
different objectives. These trade-off points are termed as
Pareto optimal solutions which are not dominated by any
other solution and cannot be improved in the case of at
least one other objective without worsening. The set of all
these feasible nondominated solutions is termed as Pareto
optimal solution set, and the corresponding objective values
are named the Pareto front [22]. Figure 3 demonstrates the
Pareto front for the optimization of two objectives of Obj-1
and Obj-2.

Recently, it has been found that NSGA-II can converge
near to the real Pareto front and keep a good diversity
of the population in the final Pareto optimal solution set
[23, 24]. In this work, the Pareto optimal solutions and the
corresponding Pareto front are obtained by NSGA-II which
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Figure 3: Pareto front for a two-objective optimization.

was originally proposed by Deb et al. [24] based on the
nondominated sorting genetic algorithm (NSGA) [25]. The
three main features of NSGA-II are elitist strategy, crowding
distance, and fast ranking of nondominated solutions.There-
fore, so as to verify the feasibility and effectiveness of the
proposed multiobjective optimization method integrating
SVR and NSGA-II, based on the ABAQUS [26] secondary
development, this paper uses Python language to compile
FEAmodel of the parametric SMP fixture system to generate
the limited training and testing samples for SVR surrogate
models and finally uses MATLAB language to compile the
NSGA-II program to do the multiobjective optimization of
SMP fixture layout.

ABAQUS can execute the finite element calculation by
running a script file with the .PY extension and store the
postprocessing results in a database file with the .ODB
extension. MATLAB can read and modify the PY and
ODB files to achieve the connection and data transmission
between MATLAB language and ABAQUS software. Thus,
the information from optimization algorithm can be sent
to finite element model by modifying the PY files, and the
displacement can be received from ABAQUS by reading the
ODB files. The main steps of the multiobjective optimization
method are described as follows.

Step 1. Generate the limited training and testing samples by
Latin hypercube design (LHD) [27] and then calculate the
responding overall deformation and maximum deformation
of the SMP under external forces with the help of the
parametric FEA model.

Step 2. Scale the training data set and testing data set into the
range of [0, 1] using the following normalization formula:

𝑥𝑖 = 𝑥𝑖 − 𝑥min𝑥max − 𝑥min
, (7)

where 𝑥𝑖 is the ith original data value, 𝑥𝑖 is the ith scaled data
value, and 𝑥max and 𝑥min are the upper and lower bound of
the original data, respectively.
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Figure 4: Flowchart for multiobjective optimization of SMP fixture layout using SVR and NSGA-II.

Step 3. Tune the SVR hyperparameters (C, 𝛾 and 𝜀) and
establish the SVR prediction models to depict the nonlinear
mapping relation between different fixture layout and the
corresponding SMP deformation.

Step 4. Calculate and analyze the relative root mean squared
error (RRMSE) of the SVR models on the testing sample set.
Then increase training samples and repeat Steps 1–4 until the
prediction accuracy is satisfied.

Step 5. Initialize the parent population 𝑃0 of NSGA-II ran-
domly and evaluate the population by calculating the objec-
tives of each individual using the established SVR prediction
models.

Step 6. Perform the nondominated sorting on 𝑃0 and rank
each individual based on the dominance criteria.

Step 7. Compute the crowding distances and sort the individ-
uals.

Step 8. Select individuals using a tournament selection and
store them in a temporary mating pool. Then apply the
crossover and mutation operators to produce the offspring
population𝑂𝑡 where subscript t denotes the count of current
generation.

Step 9. Merge the parent population 𝑃𝑡 and offspring popu-
lation 𝑂𝑡 to generate a larger population and assign a fitness
value to each individual by a fast nondominated sorting.

Step 10. Perform elitism to find the individuals with better
fitness from the merged population as the new parent
population 𝑃𝑡+1.
Step 11. Repeat Steps 8–10 until the maximum number of
iterations is reached (𝑡 = 𝑡max).

When the optimization process terminates, the nondom-
inated solutions of the final population are the approximate
Pareto optimal solutions with a good diversity. Figure 4
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Table 1: The material physical properties.

Material properties Values
Mass density 2.8 × 103 kg/m3
Poisson ratio 0.33
Young’s modulus 7.12 × 104MPa

2000 mm
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Figure 5:The initial “N-2-1” fixture layout for the simplified aircraft
fuselage skin.

explains the implementation of the proposed multiobjective
optimization of SMP fixture layout.

5. Case Study

In this section, a simplified aircraft fuselage skin is chosen
as an example to illustrate and evaluate the multiobjective
optimization method for SMP fixture locating layout by
combining SVR and NSGA-II. The basic dimension, force
condition, and initial fixture layout of the sheetmetal fuselage
skin are demonstrated in Figure 5, and the physical properties
of the material are listed in Table 1. “N” (𝑁 = 4) LPs
on the primary datum plane of the fuselage skin are LP-
1, LP-2, LP-3, and LP-4, and the “2” LPs on the secondary
datum are LP-5 and LP-6, while the “1” LP on the tertiary
datum is LP-7. The coordinates of the fixed locating points
(FLPs) of LP-1, LP-2, LP-3, LP-5, LP-6, and LP-7 are preset
as (900, 1500), (300, 1500), (300, 500), (0, 1500), (0, 500), and(600, 2000), respectively. The LP to be optimized (OLP) is
LP-4 and its coordinate is expressed by (𝑥, 𝑦). The sheet
metal fuselage skin is subjected to its own gravity (G) and a
concentrated external force (F).

The Pareto optimal position of LP-4 is to be determined
by the method proposed in this paper by combining SVR
and NSGA-II for a trade-off between the two goals, the
minimum overall deformation and the minimum maximum
deformation of the aluminum alloy sheet metal fuselage skin.
According to the workflow in Figure 4, the training and
testing sample points are produced by LHD and the two-
objective function values of the fuselage skin under its dead
weight and a concentrated force is calculated by ABAQUS.
In this work, after several trials and a normalization of the
sample data sets, two SVR models are built with 800 sets of
known input and output values for training and 40 sets of
known values for testing. Figure 6 depicts the comparison
between the SVR output and the expected FEA output for
the same testing samples. As a result, the RRMSE of the
SVR prediction models for the overall deformation and
maximum deformation are 3.68% and 3.55%, respectively;

both are less than the need of general engineering of 10%.
Theparameter setting and the RRMSE of the two SVRmodels
are listed in Table 2. Therefore, the response surface models
depicting themapping relation between fixture layout and the
corresponding SMP deformation are built, as demonstrated
in Figure 7. Now, for a given fixture locating layout, the SMP
deformation (the overall deformation and the maximum
deformation) can be obtained.

The crossover and mutation probabilities of NSGA-II
used in this example are 0.9 and 0.1, respectively. The Pareto
front by NSGA-II is illustrated in Figure 8, with 100 popu-
lation individuals and the maximum number of iterations is
1000. (The coordinate values and the corresponding overall
and maximum deformation of the trade-off points on the
Pareto front are given in Table 4.)

In order to further verify the feasibility and effectiveness
of the proposed multiobjective optimization method, the
multipoint flexible fixture system, as shown in Figure 9, was
designed, and the validation experiment for the Pareto opti-
mal solutions of the sheet metal fuselage skin was conducted.
The experimental data weremeasured to assess the validity of
the simulated results. In this experiment, the high precision
coordinate measurement system of API Laser Tracker 3 was
used to determine the locators’ spatial position of the flexible
fixture system, and the HandySCAN 3D� handheld scanner
was employed to measure the deformation condition of the
sheet metal fuselage skin after being located, as shown in
Figure 10.

In this paper, the two ends (numbers 1 and 100 in Table 4)
of the Pareto front and an arbitrary point (number 57) in
the middle were taken for experimental verification. The
experimental comparisons are given in Table 3.

It is known from Table 3 that the maximum relative
error of the simulated results is not more than the need of
general engineering of 10% from the experimental data. The
results show that the established FEA model can be effi-
ciently applied to analyze the SMP overall deformation and
maximum deformations, and the proposed multiobjective
optimization method as well as the given Pareto front (see
Figure 8) can be used to guide the designers to evaluate and
determine the final optimal acceptable fixture layout design
with a proper trade-off based on multiple objectives.

6. Conclusions

In order to realize the multiobjective optimization of SMP
fixture locating layout and reduce the cost of FEA calculation
during the iterative optimization, a new multiobjective opti-
mization design method is proposed, which combines SVR
surrogate model and NSGA-II in fixture layout design. The
two major conclusions are as follows:

(1) On the basis of a few FEA calculations, the SVR pre-
diction models of the SMP overall deformation and
maximum deformation are constructed, respectively,
which greatly reduce the cost of finite element cal-
culation of fixture layout optimization and improve
the fixture design effectiveness. At the same time, the
RRMSE of the prediction data satisfies the general
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Table 2: Experimental results of SVR prediction models.

Penalty factor (C) Width of RBF kernel
function (𝛾) Tube size of 𝜀-insensitive loss

function (𝜀) RRMSE

SVR model for 𝐹1 6.7 213 0.0171 3.68%
SVR model for 𝐹2 17 164.5 0.02 3.55%

Table 3: Comparison of simulated results with experimental data.

Number Coordination Simulated results Experimental results Relative errors𝐹1/mm 𝐹2/mm 𝐹1/mm 𝐹2/mm 𝐹1 𝐹2
1 (857.1263, 640.515) 1.727699 6.430427 1.6582 6.125 4.1895% 4.9866%
57 (871.6877, 641.0927) 1.75448 6.208433 1.9243 6.562 8.825% 5.3881%
100 (883.6917, 651.7052) 1.819898 6.161721 1.978 6.443 7.9917% 4.3657%
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Figure 6: Output curves of SVR prediction models for the overall and maximum deformation.
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Figure 7: Response surfaces of SVR prediction models for the overall and maximum deformation.
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Figure 10: SMP fixture system and the measurement operation.

engineering requirement (10%), and the prediction
speed is fast and the prediction result is stable.

(2) A new multiobjective optimization model for SMP
fixture locating layout is established by combin-
ing SVR with NSGA-II. The Pareto distribution is
obtained, which can provide a theoretical guidance
for multiobjective optimization design of SMP fixture
locating layout.

Table 4: Pareto optimal solution set.

Number Coordination 𝐹/mm𝐹1 𝐹2
1 (857.1263, 640.515) 1.727699 6.430427
2 (857.4084, 640.3446) 1.72771 6.423829
3 (857.558, 640.5037) 1.727724 6.420588
4 (857.9121, 640.012) 1.727788 6.41228
5 (858.0873, 640.1298) 1.727824 6.408521
6 (858.2955, 640.4132) 1.727882 6.404211
7 (858.4601, 640.1936) 1.727936 6.400485
8 (858.6489, 639.8772) 1.728013 6.39622
9 (858.8504, 640.4498) 1.728097 6.39238
10 (858.9442, 639.7643) 1.728146 6.389922
11 (859.1689, 639.9301) 1.728254 6.385363
12 (859.2113, 640.0448) 1.728275 6.384564
13 (859.4965, 639.8107) 1.728445 6.378577
14 (859.6698, 639.8657) 1.728555 6.375112
15 (859.8157, 640.0276) 1.728655 6.372288
16 (859.9493, 639.4548) 1.728765 6.369304
17 (860.1582, 640.032) 1.728912 6.365522
18 (860.4934, 639.3426) 1.729205 6.358663
19 (860.6067, 638.5751) 1.729375 6.356181
20 (860.8294, 638.8946) 1.729543 6.352104
21 (861.2121, 638.8173) 1.729931 6.344983
22 (861.3658, 638.5834) 1.730117 6.342108
23 (861.8739, 639.0724) 1.73066 6.333174
24 (862.0308, 639.0256) 1.730856 6.330407
25 (862.1956, 639.5911) 1.731055 6.327726
26 (862.8157, 639.1991) 1.731914 6.317078
27 (863.0007, 639.3575) 1.732186 6.314057
28 (863.2695, 639.3298) 1.732599 6.309667
29 (863.5583, 640.197) 1.733112 6.305263
30 (863.66, 640.1977) 1.733282 6.303648
31 (863.9331, 639.6238) 1.733705 6.299226
32 (864.1062, 639.6468) 1.734011 6.296564
33 (864.293, 639.0971) 1.734331 6.293644
34 (864.828, 639.2486) 1.735339 6.285737
35 (864.9587, 639.1982) 1.735594 6.283842
36 (865.2114, 640.2559) 1.736193 6.280348
37 (865.4428, 639.7651) 1.736616 6.277022
38 (865.7169, 639.772) 1.737202 6.273236
39 (865.7257, 639.9955) 1.737247 6.273134
40 (865.9755, 639.4373) 1.73774 6.269726
41 (866.0171, 639.4455) 1.737833 6.269171
42 (866.2835, 639.4555) 1.738436 6.265652
43 (866.4907, 638.627) 1.738879 6.263041
44 (866.5304, 638.8366) 1.738974 6.262505
45 (867.1737, 639.0451) 1.740534 6.254456
46 (867.3659, 639.0463) 1.741016 6.252137
47 (868.4293, 639.2489) 1.74385 6.239908
48 (868.4349, 639.2294) 1.743863 6.239851
49 (868.6918, 638.9492) 1.744555 6.237148
50 (868.9649, 638.973) 1.745335 6.234259
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Table 4: Continued.

Number Coordination 𝐹/mm𝐹1 𝐹2
51 (869.5347, 639.8578) 1.747138 6.228198
52 (869.9662, 639.4221) 1.748383 6.224126
53 (870.3028, 639.4324) 1.74944 6.220968
54 (870.9122, 639.925) 1.751508 6.215329
55 (871.0192, 639.9366) 1.751865 6.214398
56 (871.1483, 640.2595) 1.752376 6.213178
57 (871.6877, 641.0927) 1.75448 6.208433
58 (872.2787, 640.9801) 1.75653 6.203838
59 (872.5152, 641.3372) 1.757522 6.201948
60 (872.6415, 641.3698) 1.757997 6.20101
61 (873.039, 641.3271) 1.759454 6.198197
62 (873.4614, 641.3901) 1.761079 6.195316
63 (873.9644, 641.7911) 1.763208 6.191943
64 (874.2811, 641.796) 1.764462 6.190021
65 (874.3631, 641.9308) 1.764855 6.189481
66 (874.7061, 640.6866) 1.765692 6.188154
67 (875.1304, 642.3306) 1.768186 6.185035
68 (875.3949, 642.0009) 1.769109 6.183821
69 (876.0423, 641.8134) 1.771753 6.18083
70 (876.1436, 641.8305) 1.772197 6.180367
71 (876.6645, 641.9238) 1.77451 6.178109
72 (876.9324, 641.9135) 1.775686 6.177062
73 (877.2183, 642.3166) 1.777186 6.175749
74 (877.2129, 644.6902) 1.77883 6.17469
75 (877.5359, 645.1398) 1.780681 6.173351
76 (877.7426, 644.8819) 1.781407 6.172697
77 (878.1743, 645.8126) 1.784253 6.170986
78 (878.4108, 646.2754) 1.78582 6.170133
79 (878.666, 646.2975) 1.787051 6.169366
80 (878.8959, 646.2787) 1.788129 6.168725
81 (879.0174, 646.8048) 1.789262 6.168275
82 (879.4558, 646.3675) 1.790925 6.167285
83 (879.6992, 646.4447) 1.792194 6.166714
84 (880.1559, 646.2866) 1.794284 6.165852
85 (880.6159, 646.3753) 1.796674 6.165043
86 (880.8007, 646.5716) 1.797813 6.164695
87 (880.6268, 648.522) 1.799213 6.164473
88 (881.1824, 646.3025) 1.799467 6.164314
89 (881.6068, 646.5678) 1.801923 6.163765
90 (881.4987, 648.1459) 1.803189 6.163329
91 (881.941, 648.5292) 1.805964 6.162812
92 (882.3562, 648.1199) 1.80762 6.162642
93 (882.6308, 648.0689) 1.809005 6.162536
94 (882.5089, 649.601) 1.81038 6.162209
95 (882.6627, 649.5111) 1.811069 6.162146
96 (882.9777, 649.8114) 1.813167 6.161979
97 (883.1503, 650.466) 1.815044 6.161847
98 (883.3552, 650.5182) 1.816223 6.161807
99 (883.6135, 650.6113) 1.817757 6.161787
100 (883.6917, 651.7052) 1.819898 6.161721

Appendix

Table 4 gives the coordinate values and the corresponding
overall deformation andmaximum deformation of the trade-
off points on the Pareto front.
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