TECHNOLOGICAL AND ECONOMIC DEVELOPMENT OF ECONOMY
ISSN 2029-4913 / eISSN 2029-4921

ﬂ‘ 2016 Volume 22(5): 738-765
: doi:10.3846/20294913.2016.1210694

AHP/ANP theory and its application in technological and economic development. The 90th anniversary of prof. Thomas I. Saaty

Review article

PAIRWISE COMPARISON MATRIX IN MULTIPLE CRITERIA
DECISION MAKING

Gang KOU?, Daji ERGUP, Changsheng LIN®, Yang CHEN?

aSchool of Business Administration, Southwestern University of Finance and Economics,
Chengdu, China
bSouthwest University for Nationalities, Chengdu, China
“Yangtze Normal University, Chongqing, China

Received 29 April 2016; accepted 02 July 2016

Abstract. The measurement scales, consistency index, inconsistency issues, missing judgment esti-
mation and priority derivation methods have been extensively studied in the pairwise comparison
matrix (PCM). Various approaches have been proposed to handle these problems, and made great
contributions to the decision making. This paper reviews the literature of the main developments of
the PCM. There are plenty of literature related to these issues, thus we mainly focus on the literature
published in 37 peer reviewed international journals from 2010 to 2015 (searched via ISI Web of
science). We attempt to analyze and classify these literatures so as to find the current hot research
topics and research techniques in the PCM, and point out the future directions on the PCM. It is
hoped that this paper will provide a comprehensive literature review on PCM, and act as informa-
tive summary of the main developments of the PCM for the researchers for their future research.
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Introduction

The pairwise comparison technique has been widely used to tackle the subjective and objec-
tive judgments about qualitative and/or quantitative criteria in multi-criteria decision mak-
ing (MCDM)), especially in the Analytical Hierarchy Process (AHP) and Analytical Network
Process (ANP), and usually denoted as pairwise comparison matrices (hereinafter, PCMs).
The preference relations in the PCMs are filled in by the decision maker judgments, and
presented using different measurement scales such as ratio scale (Saaty 1977), geometric
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scale (Lootsma 1989) and logarithmic scale (Ishizaka et al. 2010) etc. The judgments may be
inconsistent and/or incomplete because of the limits of decision makers’” expertise and capa-
bilities or the complexity of the decision problems, and various approaches and models are
proposed to handle these problems (Benitez et al. 2011; Ergu et al. 2011; Kou et al. 2014a).
To evaluate the level of inconsistency in a PCM, different consistency indices have been
proposed and compared (Brunelli et al. 2013a). The importance of criteria and the ranking
of alternatives are often judged through the priority weights derived from a PCM, thus many
prioritization approaches have been proposed to derive the priority weights from a PCM
(Cavallo, D’Apuzzo 2011; Kou et al. 2014b).

There is an article reviewing the main developments in the AHP regarding the problem
modelling, pairwise comparisons, judgment scales, derivation methods, consistency indi-
ces, incomplete matrix, synthesis of the weights, sensitivity analysis and group decisions
from 1996 to 2010 (Ishizaka, Labib 2011). This paper extends some of the main develop-
ments through a literature review, and mainly focuses on the hot research topics in the
PCM, including measurement scales, cardinal or ordinal inconsistency processing models,
missing data estimation, consistency index and priority derivation methods. The reviewed
literature were published in 37 peer reviewed international journals and searched via the
IST Web of science from 2010 to 2015. Based on the 93 journal articles collected, we at-
tempt to analyze which topics on PCM were prevalently studied in recent years and which
techniques were used to explore these issues, while which directions on the PCM remain
to be studied in future. In addition, it is hoped that this paper will provide a comprehensive
literature review on PCM, and act as informative summary of the main developments of
the PCM for the researchers for their future researches.

The paper is organized as follows: Section 1 reviews the literature on the measurement
scales, consistency indices, inconsistency processing models, missing judgments processing
models and priority derivation methods in the multiplicative and additive PCM as well as
interval PCM. The literature on Statistical (stochastic) approaches are reviewed in this sec-
tion. Section 2 analyses the most prevalently research topics in the PCM, and some obser-
vations and discussions are presented in this section. The last Section concludes the paper.

1. Review of the main research topics in the PCM

When it comes to the pairwise comparison matrix (PCM), the existing researches usu-
ally focus on the measurement scales, consistency index, inconsistency issues and priority
derivation methods either in multiplicative, additive or interval (fuzzy) PCM, therefore, the
reviews of the main research topics in the PCM are grouped into two classes, i.e. multipli-
cative and additive PCM approach, interval PCM approach. Most of these researches were
conducted based on optimization methods. Few of the articles focused on these issues from
the statistical perspective, therefore, a review on the literature from the statistical perspec-
tive is presented separately in the following.
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1.1. Multiplicative and additive PCM approaches

1.1.1. Measurement scales

Five out of ninety-three articles (5.38%) studied the measurement scales in the PCM.

Filop et al. (2010) focused on small scale construction for the PCM, and proposed to
use the 3-point scale (1 to 3 scale). They proved that the smaller scale has better math-
ematical foundations than larger ones. Kim et al. (2010) analyzed the consistency concept,
and the 9-point scale was mapped to verbal scale. Based on the verbal scale, they proposed
new criteria to solve the contradictory transitivity. The Monte-Carlo simulation based on
bootstrap approach was conducted to derive the criteria. Choo, Wedley (2010) analyzed
the issue of value changes between different unit measure when multiplying a ratio scale by
a positive constant, and evaluated column averaging approaches for aggregating estimates
with unknown units into overall values.

Dong et al. (2013) presented a novel framework for AHP users to generate numerical
scales individually, which is based on the 2-tuple linguistic modeling of AHP scale problems.

Xia et al. (2015) presented the relative measure to calculate the relative values based on
Abelian linearly ordered group (Alo-group).

1.1.2. Consistency indices

In a PCM, the relationship between judgments might be multiplicative, additive or fuzzy.
For the different relationship, the consistency indices are different, and many consisten-
cy indices have been proposed to measure the consistency for a PCM. Among the re-
viewed 93 articles, 10 papers (10.75%) focused on the inconsistency indices. Cavallo and
D’ Apuzzo (2010) presented an alo-group G = (G,(©,<) to unify the multiplicative, additive
and fuzzy PCMs and a consistency index /G(A) is developed to measure the consistency
for the generated PCM.

Brunelli et al. (2013a) analyzed ten inconsistency indices of PCMs by numerical examples
to investigate the degrees of their agreement. They are: CI, Index of determinants and ¢3
(CT, -¢3), Squared differences index (LS), the Geometric Consistency Index (GCI), Harmonic
Consistency Index (HCI), Cavallo and D’Apuzzo (I-p), the relative error index (RE), Golden-
Wang index (GW), Koczkodaj index (K), Ramik-Korviny index (NI, °). Brunelli et al. (2013b)
analyzed four consistency indices in the AHP in order to avoid redundancy in the selection of
consistency preferences. The compared indices are: the Geometric Consistency Index (GCI),
the index of Lamata and Peldez (CI'), the index ¢; the index p.

Ergu et al. (2014a) presented a maximum eigenvalue threshold as the consistency index
for the ANP, and a block diagonal matrix was introduced to reduce the times of consistency
test, then the inconsistent elements were identified and adjusted by an induced bias block
diagonal comparison matrix.

Brunelli, Fedrizzi (2015a) analyzed the relationship between the consensus and preference
aggregation of the PCM in group decisions. The following inconsistency indices, CI, CI"* GCI,
I-p and K, were analyzed and some properties of the inconsistency indices were defined.
Brunelli, Fedrizzi (2015b) presented five axioms to characterize inconsistency indices, and
some of the existing indices were tested by the proposed axioms. They found some of the
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inconsistency indices satisfy the proposed axioms while some are not. Meng, Chen (2015)
proposed the multiplicative geometric consistent index (MGCI) to measure the consistency
of multiplicative preference relations. Koczkodaj et al. (2016) presented an abelian linearly
ordered group (alo-group) to analyze the iconsistency indicator map of PCM on a group, and
proposed a new consistency index that called T-inconsistency indicator. Siraj et al. (2015)
investigated various consistency measures by Monte-Carlo simulations, and proposed two
measures (i.e. congruence and dissonance) for cardinal inconsistency and ordinal incon-
sistency. Xia, Chen (2015b) defined a consistency index I, (A) for the PCM generated by
Abelian linearly ordered group (alo-group), and consistency improving method has been
proposed to deal with the inconsistency. Meanwhile, a consensus index GI (A) was defined
to aggregate the individual PCMs. Grzybowski (2016) investigated the relationships among
the values of the consistency indices, the “consistency” of the decision maker’s judgments
and prioritization results. The Monte Carlo simulations were conducted to analyze the per-
formance of the most common inconsistency indices, and a new inconsistency index, called
the average value of all “triad inconsistencies” (ATI) was proposed based on the KI index.

1.1.3. Inconsistency processing models

1.1.3.1. Ordinal inconsistency

The intransitivity or contradictory phenomenon between paired comparisons is regarded as
ordinal inconsistency. four out of reviewed ninety-three papers (4.3%) studied the ordinal
inconsistency in a PCM.

Kéri (2010) employed the graph theoretic approach to deal with the intransitive and
contradictory judgment matrices.

Siraj et al. (2012a) developed a heuristic algorithm to improve the ordinal consistency
through identifying and eliminating the intransitive judgments in the PCMs. The near-opti-
mal solution could be generated by the proposed model. In addition, Monte-Carlo simulation
was conducted to collect the statistical evidence on the occurrence of three-way cycle in a
PCM with acceptable consistency ratio.

Kou et al. (2014a) proposed a Hadamard product induced bias matrix (HPIBM) model to
handle the cardinal and ordinal inconsistencies simultaneously. The proposed model is only
based on the original matrix and is independent of the methods chosen to the prioritization
methods.

Cavallo, D’Apuzzo (2015) analyzed the transitivity issue in the PCM over alo-group, and
a tool was proposed to check the transitivity in the alo-group based PCM.

1.1.3.2. Cardinal inconsistency

Compared with the ordinal inconsistency, the cardinal inconsistency happened more often
in the real world decision making, and much attention has been paid to this issue. Among
the reviewed 93 papers, 17 papers (18.28%) focused on the cardinal inconsistency issue,
which are reviewed below.

Temesi (2010) discussed the relationship between the consistency of a PCM and the
consistency of the decision maker. The error-free property is proposed to describe the latter
consistency.
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Benitez et al. (2011) presented a linearization technique to handle the inconsistency
issue in a PCM. Broadly speaking, the orthogonal projection is used to obtain the closest
consistent matrix to an original inconsistent matrix, and the consistency has therefore been
improved in a closed form. Ergu et al. (2011) proposed an induced bias matrix model to
identify the most inconsistent elements in the PCM. The proposed model is capable of
preserving most of the original information provided by the decision makers. To avoid
the consistency issue and reduce the times of pairwise comparisons in a PCM, Hsu, Wang
(2011) established a multi-criteria decision making with incomplete linguistic preference
relations model (InLinPreRa) by using horizontal, vertical and oblique pairwise compari-
sons algorithm. In the proposed model, only #n-1 pairwise comparisons need to be provided
instead of n(n-1)/2 times. Hou (2011) applied semirings algebra to discuss the properties of
multiplicative reciprocal judgment matrices and additive reciprocal judgment matrices. In
the proposed approach, optimization models were developed to find the nearest consistent
judgment matrx.

Benitez et al. (2012) proposed an optimization method to improve the consistency of
PCMs. The proposed model is based on the minimization of the distance between two
matrices, and the number of decision variables is reduced to improve the computational
efficiency.

Bozoki et al. (2013) conducted an empirical research on the empirical PCMs. The CR
index proposed by Saaty and the CM proposed by Koczkodaj index were used to test the
consistencies for the PCMs. They found that two factors impacted on the inconsistency,
i.e. the type of the problem and the size of the matrix. In addition, They investigated the
incomplete matrices so as to reveal the decision makers’ behavior during the completing
process.

For the dimensionality issue, Jalao et al. (2014a) proposed a PCM decomposition meth-
odology to reduce the number of pairwise comparisons. The binary integer programming
was used to decompose the PCM into smaller subsets, and the local priorities and the pivot
element were obtained by minimizing the inner dependencies to estimate the global priori-
ties. Ergu ef al. (2014b) conducted simulation experiments for improving the consistency
ratio of PCMs. The simulation was based on an induced bias matrix model. Zhang, H.
et al. (2014) first defined the modified consistent PCM and an adjustable consistent PCM
using the original inconsistent matrix, then developed an algorithm with segment tree to
derive a consistent PCM with crisp or fuzzy elements. Based on three inconsistency indices
(CR, CM and CI), Bozdki et al. (2014) employed a nonlinear mixed-integer optimization
approach to find the minimal number of matrix elements in order to obtain appropriate
modification and make the matrix acceptable. In addition, the proposed model can im-
prove the consistency given the maximal number of modifiable matrix elements. Pereira,
Costa (2014) presented a nonlinear programming model to improve the inconsistency by
adjusting the original judgments in a minimum way. Girsang et al. (2014) proposed an ant
algorithm based approach to find the minimal distance between the original PCM and the
modified PCM in the AHP.

Kutakowski et al. (2015) proposed a concurrent inconsistency reduction algorithm to
obtain a generalized PCM, aiming to deal with the large order of matrices in large decision
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support systems. Koczkodaj et al. (2015) conducted theoretical proof and empirical evi-
dence of the reduction algorithm convergence for the distance-based inconsistency in the
PCM. The Monte Carlo simulation was conducted to demonstrate the convergence speed
of inconsistency reduction in pairwise comparisons. Xia, Chen (2015a) introduced the
bilateral agreement to conduct group evaluation of alternatives, and employed the quasi-
arithmetic mean to ensure the consistency property of the PCMs in multi-criteria group
decision making.

Zhang (2016) studied the properties of the consistency and consensus of multiplicative
consistent reciprocal preference relations, and a consensus optimization model for group
decision making was proposed to obtain consensus with the highest overall consensus level.

1.1.4. Priority derivation methods

How to derive the priority vectors from a PCM is one of the most important issues, and
many prioritization methods have therefore been proposed. Ten out of reviewed ninety-
three papers (10.75%) studied the priority derivation methods.

Fedrizzi, Brunelli (2010) presented two straightforward methods for deriving the priority
vector in the additively consistent PCM and multiplicatively consistent PCM respectively,
and analyzed the relationships between the weight vectors and the reciprocal relations. Yuen
(2010) proposed the analytic hierarchy prioritization process (AHPP) to provide the guide-
lines for selecting the most appropriate prioritization operator when the PCM is inconsistent.
Nine prioritization operators and seven measurement criteria were used to validate the ef-
fectiveness of the proposed model.

Huo et al. (2011) developed a new parametric prioritization method (PPM) by three
parameters to derive the priority vectors from a PCM and proved that a consistent comple-
mentary matrix can be transformed into a consistent reciprocal matrix, vice versa. Cavallo,
D’Apuzzo (2011) applied the Abelian linearly ordered group (alo-group) to derive weights
from a PCM. The proposed model satisfied the independence of scale-inversion condition.
Dijkstra (2011) studied the properties of weight extraction methods for the PCMs by mini-
mizing the suitable measures of inconsistency, “average error gravity’, and recommended the
geometric mean when considering the weight extraction.

Lin et al. (2013a) developed a logarithmic transformation based algorithm to obtain a
nearer consistent matrix so as to derive the priority vector.

Kou, Lin (2014) proposed a cosine maximization method (CM) that is based on similarity
measure to derive the priority vector for a PCM. The proposed model maximizes the sum of
the cosine of the angle between the priority vector and each column vector of a PCM, and
then reliable priority vector can be derived.

Tomashevskii (2015) analyzed the reliability of the eigenvector method (EM) based on
“right-left asymmetry”, “rank reversal” and reversal of “order of intensity of preference”. This
study shows that the numerical value of the errors completely relies on the inaccuracy of a
measuring scale and inconsistent judgments. Jablonsky (2015) compared the three popular
prioritization methods of PCM such as eigenvector method (EM), LLSM, LSM with other
three goal programming methodologies, minimization of the sum of absolute and relative de-
viations (ASUM and RSUM) and minimization of the maximum deviation (absolute AMAX
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and relative RMAX). Kutakowski (2015a) analyzed the relationship between inconsistency
of input and discrepancy of output, and two properties of the prioritization procedures were
proposed based on the inconsistency and discrepancy indices.

1.1.5. Missing judgments processing models

In the decision making problem, incomplete judgments could occur because of various
factors such as the incomplete information and limited expertise etc, thus the missing judg-
ment estimation, the consistency issue of incomplete pairwise matrix have been paid more
attention to in the PCM. Eight out of reviewed ninety-three papers (8.6%) concentrated
on the missing estimation issue.

Gomez-Ruiz et al. (2010) developed a model based on the Multi-Layer Perception
(MLP) neural network to estimate the missing judgments in an incomplete PCM, and
improve its consistency simultaneously.

Dopazo, Ruiz-Tagle (2011) defined a similarity function and a parametric compromise
function to develop a logarithmic goal programming formulation computational method
for incomplete PCMs in the group decision-making problem. Bozdki et al. (2011) extended
the distance-based inconsistency indicator to the incomplete case in a PCM. They trans-
formed the optimization problem into an equivalent linear programming problem so as to
obtain an optimal solution.

Siraj et al. (2012b) proposed generation of all possible preferences from a set of PCMs.
Based on a graph-theoretic approach, the pivotal combination concept was introduced to
generate a forest with all spanning trees. In the proposed model, the following three factors
such as the mean of all preferences, the variance, the enumerating all spanning trees (EAST)
were used to deal with the final priority vector, the inconsistency measurement, the prefer-
ences estimation in an incomplete PCMs, respectively.

Fedrizzi, Giove (2013) proposed an optimal sequencing approach for incomplete PCMs
in the case of large-dimensional problems. The fair involvement and the consistency of
judgment were regarded as two criteria to define the choice rule and to obtain a rational
questioning process.

Benitez et al. (2014) developed an approach to complete the incomplete judgments by
minimizing the Frobenius norm based matrix distance.

Chen et al. (2015) proved that the connecting path method (CPM) can guarantee mini-
mal geometric consistency index, and proposed a PCM based method to estimate the miss-
ing judgments whilst improve the consistency for an incomplete PCM. Ergu et al. (2016)
proposed a revised geometric mean induced bias matrix to estimate the missing values for
the incomplete decision matrix in the case of emergency management. The consistency
ratio can be efficiently improved by the proposed model.

1.2. Interval PCM approaches

In addition to the multiplicative and additive judgment matrices, the interval judgment
matrices are used to establish the decision maker’s preference relations based on interval
values.
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1.2.1. Measurement scales

There are only three papers (3.23%) studied the measure scales. They are:

Dong et al. (2011) analyzed the individual numerical scale in the AHP, and a 2-tuple
fuzzy linguistic model was proposed to evaluate the effect of the numerical scales.

Abdullah, Najib (2014) proposed a new preference scale by considering he membership
function, the non-membership function and the degree of hesitation of interval-valued
intuitionistic fuzzy numbers (IVIFN) simultaneously, and a modified interval-valued in-
tuitionistic fuzzy weighted averaging was presented to define the weight entropy of the
aggregated matrix of IVIFN.

Dong, Herrera-Viedma (2015) proposed a consistency-driven methodology to set the
interval numerical scale without the need of the semantics used in interval type-2 fuzzy sets.

1.2.2. Consistency indices and Inconsistency processing models

Seven papers (7.53%) paid attention to the consistency indices and inconsistency issues in
interval PCM.

Conde, de la Paz Rivera Pérez (2010) established an “interval judgment matrix” by
determining a set of bounds on the preference ratios for the PCM, and a linear optimiza-
tion problem was introduced to define a consistency index for the interval matrix, then the
relative weights were derived by solving the linear optimization problem.

Pedrycz, Song (2011) applied the information granularity to investigate the consistency
and the consensus of the individual PCMs in AHP based group decision making. The
granular entries in the granular PCM was presented by intervals, and the inconsistency
indices were minimized to increase the level of consensus within the group.

Dong et al. (2014) studied the consistency issues in interval PCMs, and a new con-
sistency index of interval PCM was proposed based on logarithmic Manhattan distance,
then linear programming models were presented to calculate the consistency indices for an
interval PCM. A LP-based consistency improving model was also proposed for improving
the consistency of interval PCMs.

Ramik (2015) employed the abelian linearly ordered group (alo-group) to handle the
PCM with fuzzy entries, and two consistency indices were proposed to deal with the in-
consistency of triangular fuzzy numbers (PCFN) matrices. Li et al. (2016) focused on the
consistency ratio for interval multiplicative comparison matrices (IMCMs), and a geomet-
ric mean based index was proposed to test the indeterminacy ratio of an IMCM.

Wang (2015a) proposed a new triangular fuzzy arithmetic based transitivity equation
to define consistent Triangular Fuzzy Preference Relation (TFPR), and an acceptable con-
sistency was proposed for TFPRs. The normalized triangular fuzzy multiplicative weights
were transformed into consistent TFPRs by geometric mean and uncertainty ration based
transformation formulae. The weight vectors of TFPR were derived by a logarithmic least
square model.

1.2.3. Priority derivation methods

There are 11 papers (11.83%) studying the priority derivation methods.
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Torabi, Rafiei (2012) developed a single-decision-making optimization model along with
two group-decision-making optimization model to derive the weights from fuzzy PCMs.

Xu, Cai (2012) studied group decision making problems with interval multiplicative
preference relations, and proposed two linear programming models to derive the weight
from intervals multiplicative preference relations. Then, the continuous ordered weighted
averaging operator or the continuous ordered weighted geometric operator was used to
aggregate all the values in each weight interval.

Mirhedayatian et al. (2013) proposed a new approach for ranking the alternatives in
fuzzy AHP by fuzzy data envelopment analysis. Lin, J. et al. (2013) proposed a new formula
for ranking multiplicative interval weights in the AHP, and an approximation and adjust-
ment (AAM) method was presented to obtain multiplicative triangular fuzzy weights. The
geometric mean centroid of multiplicative triangular fuzzy weight was proposed to com-
pare two multiplicative triangular fuzzy weights. Izadikhah (2013) employed the ranking
function to transform the triangular fuzzy data into crisp one, then proposed the goal
programming method to derive the fuzzy weights of criteria from fuzzy PCM.

Mohtashami (2014) proposed a Modified Fuzzy Logarithmic Least Square Model
(MFLLSM) to derive the crisp priority vector from consistent and inconsistent fuzzy PCMs.
The triangular shaped fuzzy number and trapezoidal shaped fuzzy numbers were used to
present the fuzzy judgments for the first time. Zhang, E et al. (2014) proposed an algorithm
to derive the final priority interval weights for both consistent and inconsistent interval PCM.

Ramik (2015) studied the fuzzy PCM by Abelian linearly ordered group (Alo-group),
and some concepts on the reciprocity and consistency as well as priority vector for fuzzy
PCMs were generalized and analyzed. Chen, Xu (2015) presented a new fuzzy program-
ming method (NFPM) to derive the priority vector from an interval PCM. Dutta, Guha
(2015) proposed a novel approach to derive weights from the PCM with intuitionistic fuzzy
numbers (IFNs), which generates crisp priority from PCM with IF. Meng et al. (2015) pro-
posed two new methods to derive the interval priority vector from the interval preference
relations based on the eigenvalue method and the row geometric mean method.

1.2.4. Missing judgments processing models

Five papers (5.38%) proposed new approaches for estimating the missing judgments in the
interval PCM.

Liu et al. (2012) proposed a goal programming model to complement the acceptable
missing values in incomplete interval multiplicative preference relations (IMPR), which
was based on the consistency property of IMPR, then a new algorithm was developed to
obtain the priority vector from incomplete IMPR. Again, an interval weighted geometric
averaging (IWGA) operator was proposed to aggregate the individual preference relations.

Wang, Chen (2014) focused on the consistency prioritization and completion of inter-
val fuzzy preference relations, then a geometric mean based uncertainty ratio, a logarith-
mic least squares based method and a logarithm least squares completion approach were
proposed to deal with the uncertainty, interval weights, inconsistency modification and
missing values estimation for interval fuzzy preference relation (IFPR) respectively. Ramik
(2014) studied the relations between transitivity and consistency of fuzzy PCMs and mul-
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tiplicative preferences PCMs. A new approach was proposed to estimate the missing values
in the fuzzy PCMs. Xu et al. (2014) focused on the incomplete interval fuzzy preference
relation, and a new approach was proposed to handle the AHP for group decision making
with incomplete IFPR.

Zhang et al. (2015) defined the concept of additive consistent hesitant fuzzy preference
relations, and the following three concepts were introduced, i.e., incomplete hesitant fuzzy
preference relation, acceptable incomplete hesitant fuzzy preference relation, and additive
consistent incomplete hesitant fuzzy preference relation, then two estimation procedures
were proposed to estimate the missing values in the incomplete hesitant fuzzy preference
relation.

1.3. Statistical (stochastic) approaches

In recent years, some statistical or stochastic approaches were developed to measure the
consistency level of the PCM and derive the priority weights from the PCM. However,
only thirteen papers (13.98%) out of the ninety-three reviewed papers investigated the
consistency indices, inconsistency issues and priority derivation methods from the statisti-
cal analysis perspective, very few articles have addressed the missing judgment estimation
from the statistical analysis perspective.

1.3.1. Consistency indices and Inconsistency processing models

Five papers (5.38%) focused on the consistency indices and inconsistency processing models.

Tsyganok (2010) analyzed the effectiveness of some methods of expert estimate aggrega-
tion in the PCM based on the simulation of possible expert errors. The genetic algorithm
was suggested to search the maximum possible deviation in the PCM.

Liu et al. (2011) proposed a method for solving the stochastic multiple criteria decision
making (SMCDM) problem. The dominance degree matrix was constructed by compari-
sons of probability distributions, and PROMETHEE II was used to built an overall domi-
nance degree matrix as so to obtain the final ranking order of alternatives.

Entani, Sugihara (2012) defined the uncertainty indices for intervals from the perspec-
tives of entropy in probability, sum or maximum of widths, or ignorance, then obtained
the intervals of attributes by minimizing the uncertainty indices.

Lin et al. (2013b) developed an improved statistical approach for consistency test of the
PCM by combining the test hypotheses and maximum likelihood estimation. Based on the
significance level.

Lin et al. (2014) proposed a new statistical approach to deal with consistency issue in
a PCM based on the hypothesis test and the random consistency index. The proposed ap-
proach is not only capable of identifying the deviation of consistency index (CI), but also
reflecting the significance level of testing the consistency.

1.3.2. Priority derivation methods

There are eight papers (8.6%) using statistical analysis approaches for deriving the weights
from the PCM.
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Bernasconi et al. (2010) transformed a rigorous statistical analysis equation about the
ratio scale of the PCM in AHP into a regression model, and then a method of the statistical
analysis was conducted to estimate the priority weights in the AHP that takes into account
the distortions caused by the subjective weighting function. Zhang et al. (2010) proposed a
novel method based on the stochastic dominance degree (SDD) to solve a discrete stochastic
multiple criteria decision-making (MCDM) problem, and an approach based on PROMETH-
EE-II was proposed to derive the priority weights for ranking alternatives.

Jalao et al. (2014b) used the method-of-moments methodology to fit the varying stochas-
tic preferences of the DM into beta stochastic pairwise comparisons. Zhu and Xu (2014) pro-
posed numerical preference relations (NPRs) to be the general form of the four existing pref-
erences relations, i.e. multiplicative preference relations (MPRs), fuzzy preference relations
(FPRs), interval MPRs (IV-MPRs) and interval FPRs (IV-FPRs). Then a stochastic preference
analysis (SPA) method was developed to aid the decision makers (DMs) in decision making.

Lin, Kou (2015) proposed a Bayesian revision method for improving the individual PCMs
by making full use of the prior distribution for parameters and sample information. Wang
(2015b) defined a geometric mean based uncertainty index to measure the uncertainty level
of the established interval matrix. In addition, a parameterization approximate relation was
presented to show the relation between the normalized interval probabilities and the estab-
lished interval matrix. Then a two-stage procedure was proposed to obtain the interval prob-
abilities from A multiplicative reciprocal comparison matrix. Kutakowski (2015b) presented a
new iterative heuristic rating estimation algorithm that tries to deal with the situation when
exact estimations for some concepts (stimulus) CK are a priori known and fixed. Yaraghi
et al. (2015) used a simulation approach to compare the results of AHP with Monte Carlo
analytic hierarchy process (MCAHP) under different levels of uncertainty. The results showed
that the performance of AHP is not statistically different from the performance of MCAHP
if the variation in different PCM is lower than 0.24, otherwise the MCAHP provides more
precise rankings.

2. Observations and discussion

In the previous reviews, 93 journal articles published in 37 peer reviewed international
journals from 2010 to 2015, were collected through ISI web of science. These articles mainly
focused on the main developments in the PCM, including the measurement scales, con-
sistency indices, inconsistency processing models, priority derivation methods, missing
judgments processing models. Table 1 shows the distribution of the reviewed articles by
journals. Obviously, the journal European Journal of Operational Research contains the
most relevant articles, comprising 15 out of the 93 articles reviewed (16.13%), followed by
Information Sciences (9.68%) and Annals of Operations Research (6.45%), while 21 journals
contains only 1 related literature respectively.

Some observations based on the reviews are made and discussed in the following.

As classified in the previous sections, the pairwise comparison matrices can be generally
grouped into three types: multiplicative, additive and interval (fuzzy) PCM.
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Table 1. Distribution of the selected articles by journals
Name of the journal Ar?ozl)mt Percentage
1 European Journal of Operational Research 15 16.13
2 Information Sciences 9 9.68
3 Annals of Operations Research 6 6.45
4  Applied Soft Computing 5 5.38
5  Expert Systems with Applications 5 5.38
6  Central European Journal of Operations Research 4 43
7 Applied Mathematics and Computation 4 4.3
8  Computers & Industrial Engineering 4 43
9  Soft Computing 3 3.23
10  Applied Mathematical Modelling 3 3.23
11 Fuzzy Sets and Systems 3 3.23
12 Mathematical and Computer Modelling 3 3.23
13 Computers & Operations Research 2 2.15
14 Fundamenta Informaticae 2 2.15
15  IEEE Transactions On Fuzzy Systems 2 2.15
16 International Journal of Intelligent Systems 2 2.15
17  Artificial Intelligence and Soft Computing 1 1.08
18  Abstract and Applied Analysis 1 1.08
19  Group Decision and Negotiation 1 1.08
20 International Journal of General Systems 1 1.08
21 International Journal of Computers Communications & Cont 1 1.08
22 IEEE Transactions on Cybernetics 1 1.08
23 IEEE Transactions on Engineering Management 1 1.08
24  Information Fusion 1 1.08
25 International Journal of Approximate Reasoning 1 1.08
26 International Journal of Computational Intelligence Systems 1 1.08
27  Journal of Intelligent & Fuzzy Systems 1 1.08
28  Journal of Physics: Conference Series 1 1.08
29  Journal of the Operational Research 1 1.08
30 Journal of the Korean Institute of Industrial Engineers 1 1.08
31 Journal of the Operational Research Society 1 1.08
32 Mathematical Problems in Engineering 1 1.08
33 Management Science 1 1.08
34  Neural Computing and Applications 1 1.08
35 Technological and Economic Development of Economy 1 1.08
36  The International Journal of Advanced Manufacturing Technology 1 1.08
37  Transactions on Computational Collective Intelligence 1 1.08

Total

\O
w
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It can be seen from Figure 1 that the researches on the first two types of PCM (54 pa-
pers, 58%) were more popular than the interval (fuzzy) PCM (26 papers, 27.96%). More-
over, 13 papers utilized the statistical analysis methods to study the above issues, account-
ing for 13.54% of the reviewed 93 papers.

Statistical (stochastic) h 13

approaches

2
Interval PCM approaches _ 6

Types of PCM

Multiplicative/additive PCM _ 54

approaches

0 20 40 60

No. of articles

Fig. 1. The distribution of researches on three classes of PCMs

In the multiplicative and additive PCMs, Figure 2 shows that the most prevalent re-
search topics is cardinal inconsistency issue, and fewer researches focused on the ordinal
inconsistency and measure scales. For the measure scales in the multiplicative and additive
PCMs, Table 2 (see Appendices) shows that the attention has been paid to the size of scale,
the verbal scale, numerical scale and relative measure scale. In the studies on consistency
indices, some researchers focus on the comparison among the existing consistency indices
in order to provide a guideline for selecting appropriate consistency index, some concen-
trate on the analysis of the properties of the inconsistency indices so as to propose axioms
to characterize inconsistency indices, while much attention has been paid to developing
new consistency indices for improving the test efficiency, as shown in Table 3 (see Ap-
pendices).

Missing judgments processing models 8
Priority derivation methods 10
Cardinal inconsistency processing.. 17

Ordinal inconsistency 4

Research topics

Consistency indices 10

Measurement scales 5

0 5 10 15 20

No. of articles

Fig. 2. The distribution of researches on the main developments
of multiplicative and additive PCMs
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On the inconsistency processing models, the inconsistency issue in a PCM can be
grouped into two classes: ordinal inconsistency (intransitivity) and cardinal inconsistency,
in which the latter is more popular than the former, as shown in Table 4 (see Appendices).
In addition, the graph theoretic approach is usually used to study the ordinal inconsistency.
There are various approaches for cardinal inconsistency, including linearization technique
and nonlinear optimization approach. Specifically, the consistency ratio can be improved
by identifying and modifying the most inconsistent elements, minimizing the distance be-
tween the inconsistent PCM and constructed near-consistent PCM, reducing the number
of pairwise comparisons and so on.

For the priority derivation methods, Table 5 (see Appendices) shows that some research-
ers focus on the analysis and comparison among the existing prioritization approaches and
provide guidelines for selecting the appropriate derivation method, while others concen-
trate on developing new derivation methods such as the parametric method, logarithmic
transformation based algorithm and cosine maximization method.

The approaches on missing judgments processing models include Multi-Layer Perception
(MLP) neural network, a logarithmic goal programming formulation method, linear pro-
gramming method, graph-theoretic approach, optimal sequencing approach, Frobenius norm
based matrix distance minimization approach, connecting path method (CPM) based method
and geometric mean induced bias matrix approach, as shown in Table 6 (see Appendices).

. 11
12 B Measurement
L, 101 scales
Q
a8 A 7
8
chE ’
g 4 3 = Consistency
~ 5 indices and
Inconsistency
0 ' ' processing
1 2 3 4 models

No. of articles

Fig. 3. The distribution of researches on the main developments of interval (fuzzy) PCMs

In the studies on interval (fuzzy) PCM, Figure 3 shows that only three papers focused
on measure scales. Much attention still has been paid to the consistency indices, inconsis-
tency processing models, priority derivation methods and missing judgments processing
models, in which the most frequently studied topic is the priority derivation methods (11
papers out of 93 papers, 11.83%), followed by consistency indices and inconsistency pro-
cessing models (7 papers, 7.53%), missing judgments processing models (5 papers, 5.38%)
and measure scales (3 papers, 3.23%). It can be seen from Table 7 (see Appendices) that
fuzzy techniques were used in the measure scales. Different from the multiplicative and
additive PCM, there are more integrated approaches in the interval PCM. For instance,
Table 8 (see Appendices) indicates that researchers first proposed a new consistency index,
then developed related models to improve the consistency or derive the weights for interval
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PCM. The employed approaches contain linear programming model, information granu-
larity, logarithmic Manhattan distance, geometric mean, abelian linearly ordered group
(alo-group) and logarithmic least square model etc.

To derive the priority weights for an interval PCM, various techniques have been em-
ployed in the reviewed articles, including linear or nonlinear progamming methods, fuzzy
data envelopment analysis, approximation and adjustment (AAM) method, Fuzzy Loga-
rithmic Least Square Model, Abelian linearly ordered group (Alo-group) and fuzzy pro-
gramming method (FPM) etc, as shown in Table 9 (see Appendices).

For the missing judgments estimation problem in interval PCM, we found that two paper
focused on consistency, weight prioritization and missing judgments estimation concurrently,
and the other three papers paid attention to both consistency and missing judgments estima-
tion procedures. Table 10 also presents that the used techniques include goal programming
model, logarithm least squares optimization and mathematical optimization etc.

10
% 8 8 H Consistency indices and
‘8 Inconsistency processing
S 6 5 del
= X models
8 B Priority derivation
g 2 methods
a 0

1 2 3 4

No. of articles

Fig. 4. The distribution of researches on the main developments of statistical approaches

Compared with the previous approaches in multiplicative, additive PCMs and interval
PCM, Figure 4 shows that few articles involved in the above mentioned research issues
using statistical approach, in which 5 out of ninety-three articles concentrated on the con-
sistency indices and inconsistency processing models using statistical approach such as
probability distribution, test hypotheses and maximum likelihood estimation etc (see Ap-
pendices, Table 11), while 8 papers focused on the priority derivations. The employed tech-
niques include regression model, statistical analysis, stochastic dominance degree (SDD),
PROMETHEE-II, method-of-moments methodology, beta stochastic distribution, non-lin-
ear programming mode, stochastic preference analysis (SPA) method, ayesian method, geo-
metric mean, parameterization approximate relation, iterative heuristic rating estimation
algorithm and Monte Carlo analytic hierarchy process (MCAHP) etc, as shown in Table 12.

Conclusions

This paper is based on a literature review on the main research topics in the pairwise com-
parison matrix (PCM) from year 2000 to 2015. First, it was found that various approaches
were proposed to deal with the measurement scales, consistency index, inconsistency issues
and priority derivation methods either in multiplicative, additive or interval (fuzzy) PCM.
The most popular research topic is the inconsistency issue, the employed techniques mainly
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include linearization technique and nonlinear optimization approach. Second, it was no-
ticed that the priority derivation approaches were paid more attention when the statistical
analysis methods are employed. In addition, integrated approaches become popular than
single method.

In the era of big data, all the approaches proposed for the above issues in the PCM will
face big challenges, especially with the increase of dimension of matrix size, the existing ap-
proaches and algorithms for consistency test, inconsistent element identification and modi-
fication priority derivation methods are not capable of dealing with these issues for the PCM
with large dimensions. The missing judgments in the PCM with large size will be another
big challenge in the big data environment. Therefore, new approaches remain to be studied
under the big data environment in future.

Acknowledgements

This research has been partially supported by grants from the National Natural Science
Foundation of China (#71373216, #71471149 and #71222108), grants from Academic
Degree Programs Construction at Southwest University for Nationalities (#2016XWD-
S1601, B0304) and Major project of the National Social Science Foundation of China
(# 15ZDB153).

References

Abdullah, L.; Najib, L. 2014. A new preference scale mcdm method based on interval-valued intuition-
istic fuzzy sets and the analytic hierarchy process, Soft Computing 20(2): 511-523.
http://dx.doi.org/10.1007/s00500-014-1519-y

Benitez, J.; Carrion, L.; Izquierdo, J.; Pérez-Garcia, R. 2014. Characterization of consistent completion
of reciprocal comparison matrices, Abstract and Applied Analysis 2014: 1-12.
http://dx.doi.org/10.1155/2014/349729

Benitez, J.; Delgado-Galvén, X.; Izquierdo, J.; Pérez-Garcia, R. 2011. Achieving matrix consistency in
AHP through linearization, Applied Mathematical Modelling 35(9): 4449-4457.
http://dx.doi.org/10.1016/j.apm.2011.03.013

Benitez, J.; Delgado-Galvan, X.; Izquierdo, J.; Pérez-Garcia, R. 2012. Improving consistency in AHP
decision-making processes, Applied Mathematics and Computation 219(5): 2432-2441.
http://dx.doi.org/10.1016/j.amc.2012.08.079

Bernasconi, M.; Choirat, C; Seri, R. 2010. The analytic hierarchy process and the theory of measure-
ment, Management Science 56(4): 699-711. http://dx.doi.org/10.1287/mnsc.1090.1123

BozdKki, S.; Dezs6, L.; Poesz, A.; Temesi, J. 2013. Analysis of pairwise comparison matrices: an empirical
research, Annals of Operations Research 211(1): 511-528.
http://dx.doi.org/10.1007/s10479-013-1328-1

Bozoki, S.; Fillop, J.; Koczkodaj, W. W. 2011. An LP-based inconsistency monitoring of pairwise com-
parison matrices, Mathematical and Computer Modelling 54(1-2): 789-793.
http://dx.doi.org/10.1016/j.mcm.2011.03.026

Bozoki, S.; Flop, J.; Poesz, A. 2014. On reducing inconsistency of pairwise comparison matrices below
an acceptance threshold, Central European Journal of Operations Research 23(4): 849-866.
http://dx.doi.org/lO. 1007/s10100-014-0346-7


http://dx.doi.org/10.1007/s00500-014-1519-y
http://dx.doi.org/10.1155/2014/349729
http://dx.doi.org/10.1016/j.apm.2011.03.013
http://dx.doi.org/10.1016/j.amc.2012.08.079
http://dx.doi.org/10.1007/s10479-013-1328-1
http://dx.doi.org/10.1016/j.mcm.2011.03.026
http://dx.doi.org/10.1007/s10100-014-0346-7

754 G. Kou et al. Pairwise comparison matrix in multiple criteria decision making

Brunelli, M.; Canal, L.; Fedrizzi, M. 2013a. Inconsistency indices for pairwise comparison matrices: a
numerical study, Annals of Operations Research 211(1): 493-509.
http://dX.doi.Ol‘g/lO.1007/310479-013-1329-0

Brunelli, M., Critch, A.; Fedrizzi, M. 2013b. A note on the proportionality between some consistency
indices in the AHP, Applied Mathematics and Computation 219(14): 7901-7906.
http://dx.doi.org/10.1016/j.amc.2013.01.036

Brunelli, M.; Fedrizzi, M. 2015a. Axiomatic properties of inconsistency indices for pairwise compari-
sons, Journal of the Operational Research 66(1): 15. http://dx.doi.org/10.1057/jors.2013.135

Brunelli, M.; Fedrizzi, M. 2015b. Boundary properties of the inconsistency of pairwise comparisons in
group decisions, European Journal of Operational Research 240(3): 765-773.
http://dx.doi.org/10.1016/j.ejor.2014.07.045

Cavallo, B.; D’Apuzzo, L. 2010. Characterizations of consistent pairwise comparison matrices over abe-
lian linearly ordered groups, International Journal of Intelligent Systems 25(10): 1035-1059.
http://dx.doi.org/10.1002/int.20438

Cavallo, B.; D’Apuzzo, L. 2011. Deriving weights from a pairwise comparison matrix over an alo-group,
Soft Computing 16(2): 353-366. http://dx.doi.org/10.1007/500500-011-0746-8

Cavallo, B.; D’Apuzzo, L. 2015. Reciprocal transitive matrices over abelian linearly ordered groups:
Characterizations and application to multi-criteria decision problems, Fuzzy Sets and Systems 266:
33-46. http://dx.doi.org/10.1016/j.fss.2014.07.005

Chen, K.; Kou, G.; Michael Tarn, J. ; Song, Y. 2015. Bridging the gap between missing and inconsistent
values in eliciting preference from pairwise comparison matrices, Annals of Operations Research
235(1): 155-175. http://dx.doi.org/10.1007/s10479-015-1997-z

Chen, L;; Xu, Z. 2015. A new fuzzy programming method to derive the priority vector from an interval
reciprocal comparison matrix, Information Sciences 316: 148-162.
http://dx.doi.org/10.1016/j.ins.2015.04.015

Choo, E. U,; Wedley, W. C. 2010. Estimating ratio scale values when units are unspecified, Computers &
Industrial Engineering 59(2): 200-208. http://dx.doi.org/10.1016/j.cie.2010.04.001

Conde, E.; de la Paz Rivera Pérez, M. 2010. A linear optimization problem to derive relative weights
using an interval judgement matrix, European Journal of Operational Research 201(2): 537-544.
http://dx.doi.org/10.1016/j.jor.2009.03.029

Dijkstra, T. K. 2011. On the extraction of weights from pairwise comparison matrices, Central European
Journal of Operations Research 21(1): 103-123. http://dx.doi.org/10.1007/s10100-011-0212-9

Dong, Y.; Chen, X; Li, C.; Hong, W.; Xu, Y. 2014. Consistency issues of interval pairwise comparison
matrices, Soft Computing 19(8): 2321-2335. http://dx.doi.org/10.1007/s00500-014-1426-2

Dong, Y. C; Herrera-Viedma, E. 2015. Consistency-driven automatic methodology to set interval nu-
merical scales of 2-tuple linguistic term sets and its use in the linguistic GDM with preference
relation, IEEE Transactions on Cybernetics 45(4): 780-792.
http://dx.doi.org/10.1109/TCYB.2014.2336808

Dong, Y.; Hong, W.-C; Xu, Y,; Yu, Sh. 2011. Selecting the individual numerical scale and prioritization
method in the analytic hierarchy process: a 2-tuple fuzzy linguistic approach, IEEE Transactions
On Fuzzy Systems 19(1): 12. http://dx.doi.org/10.1109/TFUZZ.2010.2073713

Dong, Y.; Hong, W.-C; Xu, Y; Yu, S. 2013. Numerical scales generated individually for analytic hierar-
chy process, European Journal of Operational Research 229(3): 654-662.
http://dx.doi.org/10.1016/j.€jor.2013.03.019

Dopazo, E.; Ruiz-Tagle, M. 2011. A parametric GP model dealing with incomplete information for

group decision-making, Applied Mathematics and Computation 218(2): 514-519.
http://dx.doi.org/10.1016/j.amc.2011.05.094


http://dx.doi.org/10.1007/s10479-013-1329-0
http://dx.doi.org/10.1016/j.amc.2013.01.036
http://dx.doi.org/10.1057/jors.2013.135
http://dx.doi.org/10.1016/j.ejor.2014.07.045
http://dx.doi.org/10.1002/int.20438
http://dx.doi.org/10.1007/s00500-011-0746-8
http://dx.doi.org/10.1016/j.fss.2014.07.005
http://dx.doi.org/10.1007/s10479-015-1997-z
http://dx.doi.org/10.1016/j.ins.2015.04.015
http://dx.doi.org/10.1016/j.cie.2010.04.001
http://dx.doi.org/10.1016/j.ejor.2009.03.029
http://dx.doi.org/10.1007/s10100-011-0212-9
http://dx.doi.org/10.1007/s00500-014-1426-2
http://dx.doi.org/10.1109/TCYB.2014.2336808
http://dx.doi.org/10.1109/TFUZZ.2010.2073713
http://dx.doi.org/10.1016/j.ejor.2013.03.019
http://dx.doi.org/10.1016/j.amc.2011.05.094

Technological and Economic Development of Economy, 2016, 22(5): 738-765 755

Dutta, B.; Guha, D. 2015. Preference programming approach for solving intuitionistic fuzzy AHP, In-
ternational Journal of Computational Intelligence Systems 8(5): 977-991.
http://dx.doi.org/l().1080/18756891.2015.1099904

Ergu, D; Kou, G.; Peng, Y.; Shi, Y. 2011. A simple method to improve the consistency ratio of the
pair-wise comparison matrix in ANP, European Journal of Operational Research 213(1): 246-259.
http://dx.doi.org/10.1016/j.ejor.2011.03.014

Ergu, D.; Kou, G.; Peng, Y;; Yang, X. 2014b. Simulation experiments for improving the consistency
ratio of reciprocal matrices, International Journal Of Computers Communications & Control 9(4):
11. http://dx.doi.org/10.15837/ijccc.2014.4.1165

Ergu, D.; Kou, G; Peng, Y.; Zhang, M. 2016. Estimating the missing values for the incomplete decision
matrix and consistency optimization in emergency management, Applied Mathematical Modelling
40(1): 254-267. http://dx.doi.org/10.1016/j.apm.2015.04.047

Ergu, D.; Kou, G; Shi, Y,; Shi, Y. 2014a. Analytic network process in risk assessment and decision
analysis, Computers & Operations Research 42: 58-74. http://dx.doi.org/10.1016/j.cor.2011.03.005

Entani, T.; Sugihara, K. 2012. Uncertainty index based interval assignment by Interval AHP, European
Journal of Operational Research 219(2): 379-385. http://dx.doi.org/10.1016/j.¢jor.2012.01.010

Fedrizzi, M.; Brunelli, M. 2010. On the priority vector associated with a reciprocal relation and a pair-
wise comparison matrix, Soft Computing 14(6): 639-645.
http://dx.doi.org/10.1007/s00500-009-0432-2

Fedrizzi, M.; Giove, S. 2013. Optimal sequencing in incomplete pairwise comparisons for large-dimen-
sional problems, International Journal of General Systems 42(4): 366-375.
http://dx.doi.org/10.1080/03081079.2012.755523

Filop, J.; Koczkodaj, W. W.; Szarek, S. J. 2010. A different perspective on a scale for pairwise compari-
sons, in I. N. T. Nguyen, R. Kowalczyk. Transactions on computational collective intelligence. Berlin,
Heidelberg: Springer Berlin Heidelberg, 71-84. http://dx.doi.org/10.1007/978-3-642-15034-0_5

Girsang, A. S.; Tsai, C.-W.; Yang, C.-S. 2014. Ant algorithm for modifying an inconsistent pairwise
weighting matrix in an analytic hierarchy process, Neural Computing and Applications 26(2): 313-
327. http://dx.doi.org/10.1007/s00521-014-1630-0

Gomez-Ruiz, J. A; Karanik, M.; Peldez, J. I. 2010. Estimation of missing judgments in AHP pairwise
matrices using a neural network-based model, Applied Mathematics and Computation 216(10):
2959-2975. http://dx.doi.org/10.1016/j.amc.2010.04.009

Grzybowski, A. Z. 2016. New results on inconsistency indices and their relationship with the quality of
priority vector estimation, Expert Systems with Applications 43: 197-212.
http://dx.doi.org/10.1016/j.eswa.2015.08.049

Hou, F. 2011. A Semiring-based study of judgment matrices: properties and models, Information Sci-
ences 181(11): 2166-2176. http://dx.doi.org/10.1016/j.ins.2011.01.020

Hsu, S.-C.; Wang, T.-C. 2011. Solving multi-criteria decision making with incomplete linguistic prefer-
ence relations, Expert Systems with Applications 38(9): 10882-10888.
http://dx.doi.org/10.1016/j.eswa.2011.02.123

Huo, L.-A; Lan, J.; Wang, Z. 2011. New parametric prioritization methods for an analytical hierarchy
process based on a pairwise comparison matrix, Mathematical and Computer Modelling 54(11-12):
2736-2749. http://dx.doi.org/10.1016/j.mcm.2011.06.062

Izadikhah, M. 2013. Deriving fuzzy weights of criteria from inconsistent fuzzy comparison matrices by
using goal programming method, Journal of Intelligent & Fuzzy Systems 25(1): 69-80.
Ishizaka, A.; Balkenborg, D.; Kaplan, T. 2010. Influence of aggregation and measurement scale on

ranking a compromise alternative in AHP, Journal of the Operational Research Society 62: 700-710.
http://dx.doi.org/10.1057/jors.2010.23


http://dx.doi.org/10.1080/18756891.2015.1099904
http://dx.doi.org/10.1016/j.ejor.2011.03.014
http://dx.doi.org/10.15837/ijccc.2014.4.1165
http://dx.doi.org/10.1016/j.apm.2015.04.047
http://dx.doi.org/10.1016/j.cor.2011.03.005
http://dx.doi.org/10.1016/j.ejor.2012.01.010
http://dx.doi.org/10.1007/s00500-009-0432-2
http://dx.doi.org/10.1080/03081079.2012.755523
http://dx.doi.org/10.1007/978-3-642-15034-0_5
http://dx.doi.org/10.1007/s00521-014-1630-0
http://dx.doi.org/10.1016/j.amc.2010.04.009
http://dx.doi.org/10.1016/j.eswa.2015.08.049
http://dx.doi.org/10.1016/j.ins.2011.01.020
http://dx.doi.org/10.1016/j.eswa.2011.02.123
http://dx.doi.org/10.1016/j.mcm.2011.06.062
http://dx.doi.org/10.1057/jors.2010.23

756 G. Kou et al. Pairwise comparison matrix in multiple criteria decision making

Ishizaka, A.; Labib, A. 2011. Review of the main developments in the analytic hierarchy process, Expert
Systems with Applications 38(11): 14336-14345. http://dx.doi.org/10.1016/j.eswa.2011.04.143

Jablonsky, J. 2015. Analysis of selected prioritization methods in the analytic hierarchy process, Journal
of Physics: Conference Series 622: 012033. http://dx.doi.org/10.1088/1742-6596/622/1/012033

Jalao, E. R.; Wu, T; Shunk, D. 2014a. An intelligent decomposition of pairwise comparison matrices for
large-scale decisions, European Journal of Operational Research 238(1): 270-280.
http://dx.doi.org/10.1016/j.¢jor.2014.03.032

Jalao, E. R.; Wu, T.; Shunk, D. 2014b. A stochastic AHP decision making methodology for imprecise
preferences, Information Sciences 270: 192-203. http://dx.doi.org/10.1016/j.ins.2014.02.077

Kéri, G. 2010. On qualitatively consistent, transitive and contradictory judgment matrices emerging
from multiattribute decision procedures, Central European Journal of Operations Research 19(2):
215-224. http://dx.doi.org/10.1007/s10100-010-0138-7

Kim, J.-B.; Cho, Y.-G.; Yong-Gon, C.; Yun-Bae, K.; Keun-Tae, C. 2010. New criteria for the consistency
in reasonable pairwise comparison matrices, Journal of the Korean Institute of Industrial Engineers
36(1): 6.

Koczkodaj, W. W,; Kosiek, M.; Szybowski, J.; Xu, D. 2015. Fast convergence of distance-based inconsis-
tency in pairwise comparisons, Fundamenta Informaticae 137(3): 12.

Koczkodaj, W. W.; Szybowski, J.; Wajch, E. 2016. Inconsistency indicator maps on groups for pairwise
comparisons, International Journal of Approximate Reasoning 69: 81-90.
http://dx.doi.org/10.1016/j.ijar.2015.11.007

Kou, G.; Ergu, D.; Shang, J. 2014a. Enhancing data consistency in decision matrix: adapting Hadamard
model to mitigate judgment contradiction, European Journal of Operational Research 236(1): 261-
271. http://dx.doi.org/10.1016/j.ejor.2013.11.035

Kou, G; Lin, C. 2014. A cosine maximization method for the priority vector derivation in AHP, Euro-
pean Journal of Operational Research 235(1): 225-232. http://dx.doi.org/10.1016/j.ejor.2013.10.019

Kou, G.; Peng, Y.; Wang, G. 2014b. Evaluation of clustering algorithms for financial risk analysis using
MCDM methods, Information Science 275: 1012. http://dx.doi.org/10.1016/j.ins.2014.02.137

Kulakowski, K. 2015a. A heuristic rating estimation algorithm for the pairwise comparisons method,
Central European Journal of Operations Research 23(1): 187-203.
http://dX.doi.Otg/lO.1007/510100—013—031l—X

Kutakowski, K. 2015b. On the properties of the priority deriving procedure in the pairwise comparisons
method, Fundamenta Informaticae 139(4): 7. http://dx.doi.org/10.3233/FI-2015-1240

Kutakowski, K.; Juszczyk, R.; Ernst, S. 2015. A concurrent inconsistency reduction algorithm for the
pairwise comparisons method, Artificial Intelligence and Soft Computing 9120: 214-222.
http://dx.doi.org/10.1007/978-3-319-19369-4_20

Lootsma, E. 1989. Conflict resolution via pairwise comparison of concessions, European Journal of Op-
erational Research 40: 109-116. http://dx.doi.org/10.1016/0377-2217(89)90278-6

Li, K. W;; Wang, Z.-].; Tong, X. 2016. Acceptability analysis and priority weight elicitation for interval
multiplicative comparison matrices, European Journal of Operational Research 250(2): 628-638.
http://dx.doi.org/10.1016/j.jor.2015.09.010

Lin, C.; Kou, G. 2015. Bayesian revision of the individual pair-wise comparison matrices under consensus
in AHP-GDM, Applied Soft Computing 35: 802-811. http://dx.doi.org/10.1016/j.as0¢.2015.02.041

Lin, C.; Kou, G; Ergu, D. 2013a. A heuristic approach for deriving the priority vector in AHP, Applied
Mathematical Modelling 37(8): 5828-5836. http://dx.doi.org/10.1016/j.apm.2012.11.023

Lin, C.; Kou, G; Ergu, D. 2013b. An improved statistical approach for consistency test in AHP, Annals
of Operations Research 211(1): 289-299. http://dx.doi.org/10.1007/s10479-013-1413-5


http://dx.doi.org/10.1016/j.eswa.2011.04.143
http://dx.doi.org/10.1088/1742-6596/622/1/012033
http://dx.doi.org/10.1016/j.ejor.2014.03.032
http://dx.doi.org/10.1016/j.ins.2014.02.077
http://dx.doi.org/10.1007/s10100-010-0138-7
http://dx.doi.org/10.1016/j.ijar.2015.11.007
http://dx.doi.org/10.1016/j.ejor.2013.11.035
http://dx.doi.org/10.1016/j.ejor.2013.10.019
http://dx.doi.org/10.1016/j.ins.2014.02.137
http://dx.doi.org/10.1007/s10100-013-0311-x
http://dx.doi.org/10.3233/FI-2015-1240
http://link.springer.com/book/10.1007/978-3-319-19369-4
http://dx.doi.org/10.1007/978-3-319-19369-4_20
http://dx.doi.org/10.1016/0377-2217(89)90278-6
http://dx.doi.org/10.1016/j.ejor.2015.09.010
http://dx.doi.org/10.1016/j.asoc.2015.02.041
http://dx.doi.org/10.1016/j.apm.2012.11.023
http://dx.doi.org/10.1007/s10479-013-1413-5

Technological and Economic Development of Economy, 2016, 22(5): 738-765 757

Lin, C.; Kou, G.; Ergu, D. 2014. A statistical approach to measure the consistency level of the pairwise
comparison matrix, Journal of the Operational Research Society 65(9): 1380-1386.
http://dx.doi.org/10.1057/jors.2013.92

Lin, J.; Lan, J.; Jiang, Y. 2013. Some models for generating and ranking multiplicative weights, Comput-
ers & Industrial Engineering 65(4): 586-593. http://dx.doi.org/10.1016/j.cie.2013.05.006

Liu, Y; Fan, Z.-P; Zhang, Y. 2011. A method for stochastic multiple criteria decision making based on
dominance degrees, Information Sciences 181(19): 4139-4153.
http://dx.doi.org/10.1016/j.ins.2011.05.013

Liu, F; Zhang, W.-G.; Wang, Z.-X. 2012. A goal programming model for incomplete interval multi-
plicative preference relations and its application in group decision-making, European Journal of
Operational Research 218(3): 747-754. http://dx.doi.org/10.1016/j.¢jor.2011.11.042

Meng, E; Chen, X. 2015. An approach to incomplete multiplicative preference relations and its applica-
tion in group decision making, Information Sciences 309: 119-137.
http://dx.doi.org/10.1016/.ins.2015.03.020

Meng, E; Chen, X.; Zhu, M,; Lin, J. 2015. Two new methods for deriving the priority vector from in-
terval multiplicative preference relations, Information Fusion 26: 122-135.
http://dx.doi.org/10.1016/j.inffus.2014.12.002

Mirhedayatian, M.; Jelodar, M. J. ; Adnani, S.; Akbarnejad, M.; Saen, R. E 2013. A new approach for
prioritization in fuzzy AHP with an application for selecting the best tunnel ventilation system, The
International Journal of Advanced Manufacturing Technology 68(9-12): 2589-2599.
http://dx.doi.org/10.1007/s00170-013-4856-6

Mohtashami, A. 2014. A novel meta-heuristic based method for deriving priorities from fuzzy pairwise
comparison judgments, Applied Soft Computing 23: 530-545.
http://dx.doi.org/10.1016/j.as0¢.2014.05.030

Pedrycz, W.; Song, M. 2011. Analytic Hierarchy Process (AHP) in group decision making and its opti-
mization with an allocation of information granularity, IEEE Transactions on Fuzzy Systems 19(3):
12. http://dx.doi.org/10.1109/TFUZZ.2011.2116029

Pereira, V.; Costa, H. G. 2014. Nonlinear programming applied to the reduction of inconsistency in the
AHP method, Annals of Operations Research 229(1): 635-655.
http://dx.doi.org/10.1007/s10479-014-1750-z

Ramik, J. 2014. Incomplete fuzzy preference matrix and its application to ranking of alternatives, Inter-
national Journal of Intelligent Systems 29(8): 787-806. http://dx.doi.org/10.1002/int.21663

Ramik, J. 2015. Pairwise comparison matrix with fuzzy elements on alo-group, Information Sciences
297: 236-253. http://dx.doi.org/10.1016/j.ins.2014.11.010

Saaty, T. 1977. A scaling method for priorities in hierarchical structures, Journal of Mathematical Psy-
chology 15: 234-281. http://dx.doi.org/10.1016/0022-2496(77)90033-5

Siraj, S.; Mikhailov, L.; Keane, J. 2012a. A heuristic method to rectify intransitive judgments in pairwise
comparison matrices, European Journal of Operational Research 216(2): 420-428.
http://dx.doi.org/10.1016/j.ejor.2011.07.034

Siraj, S.; Mikhailov, L.; Keane, J. A. 2012b. Enumerating all spanning trees for pairwise comparisons,
Computers & Operations Research 39(2): 191-199. http://dx.doi.org/10.1016/j.cor.2011.03.010

Siraj, S.; Mikhailov, L.; Keane, J. A. 2015. Contribution of individual judgments toward inconsistency
in pairwise comparisons, European Journal of Operational Research 242(2): 557-567.
http://dx.doi.org/10.1016/j.ejor.2014.10.024

Temesi, ]. 2010. Pairwise comparison matrices and the error-free property of the decision maker, Cen-
tral European Journal of Operations Research 19(2): 239-249.
http://dx.doi.org/10.1007/s10100-010-0145-8


http://dx.doi.org/10.1057/jors.2013.92
http://dx.doi.org/10.1016/j.cie.2013.05.006
http://dx.doi.org/10.1016/j.ins.2011.05.013
http://dx.doi.org/10.1016/j.ejor.2011.11.042
http://dx.doi.org/10.1016/j.ins.2015.03.020
http://dx.doi.org/10.1016/j.inffus.2014.12.002
http://dx.doi.org/10.1007/s00170-013-4856-6
http://dx.doi.org/10.1016/j.asoc.2014.05.030
http://dx.doi.org/10.1109/TFUZZ.2011.2116029
http://dx.doi.org/10.1007/s10479-014-1750-z
http://dx.doi.org/10.1002/int.21663
http://dx.doi.org/10.1016/j.ins.2014.11.010
http://dx.doi.org/10.1016/0022-2496(77)90033-5
http://dx.doi.org/10.1016/j.ejor.2011.07.034
http://dx.doi.org/10.1016/j.cor.2011.03.010
http://dx.doi.org/10.1016/j.ejor.2014.10.024
http://dx.doi.org/10.1007/s10100-010-0145-8

758 G. Kou et al. Pairwise comparison matrix in multiple criteria decision making

Tomashevskii, I. L. 2015. Eigenvector ranking method as a measuring tool: formulas for errors, Euro-
pean Journal of Operational Research 240(3): 774-780. http://dx.doi.org/10.1016/j.ejor.2014.07.050

Torabi, S. A.; Rafiei, H. 2012. An optimization framework towards prioritization in fuzzy comparison ma-
trices, Expert Systems with Applications 39(1): 638-646. http://dx.doi.org/10.1016/j.eswa.2011.07.055

Tsyganok, V. 2010. Investigation of the aggregation effectiveness of expert estimates obtained by the
pairwise comparison method, Mathematical and Computer Modelling 52(3-4): 538-544.
http://dx.doi.org/10.1016/j.mcm.2010.03.052

Wang, Z.-]. 2015a. Consistency analysis and priority derivation of triangular fuzzy preference relations
based on modal value and geometric mean, Information Sciences 314: 169-183.
http://dx.doi.org/10.1016/j.ins.2015.03.074

Wang, Z.-]. 2015b. Uncertainty index based consistency measurement and priority generation with
interval probabilities in the analytic hierarchy process, Computers & Industrial Engineering 83:
252-260. http://dx.doi.org/10.1016/j.cie.2015.02.013

Wang, Z.-J.; Chen, Y.-G. 2014. Logarithmic least squares prioritization and completion methods for
interval fuzzy preference relations based on geometric transitivity, Information Sciences 289: 59-75.
http://dx.doi.org/10.1016/j.ins.2014.08.009

Xia, M.; Chen, J. 2015a. Multi-criteria group decision making based on bilateral agreements, European
Journal of Operational Research 240(3): 756-764. http://dx.doi.org/10.1016/j.ejor.2014.07.035

Xia, M.; Chen, J. 2015b. Consistency and consensus improving methods for pairwise comparison ma-
trices based on Abelian linearly ordered group, Fuzzy Sets and Systems 266: 1-32.
http://dx.doi.org/10.1016/j.fss.2014.07.019

Xia, M.; Chen, J.; Zhang, J.2015. Multi-criteria decision making based on relative measures, Annals of
Operations Research 229(1): 791-811. http://dx.doi.org/10.1007/s10479-015-1847-z

Xu, Z.; Cai, X. 2012. Deriving weights from interval multiplicative preference relations in group decision
making, Group Decision and Negotiation 23(4): 695-713. http://dx.doi.org/10.1007/s10726-012-9315-5

Xu, Y,; Patnayakuni, R.; Tao, F; Wang, H. 2014. Incomplete interval fuzzy preference relations for sup-
plier selection in supply chain management, Technological and Economic Development of Economy
21(3): 379-404. http://dx.doi.org/10.3846/20294913.2013.876688

Yaraghi, N.; Tabesh, P; Guan, P; Zhuang, J. 2015. Comparison of AHP and Monte Carlo AHP under
different levels of uncertainty, IEEE Transactions on Engineering Management 62(1): 10.
http://dx.doi.org/10.1109/TEM.2014.2360082

Yuen, K. K. F. 2010. Analytic hierarchy prioritization process in the AHP application development: a
prioritization operator selection approach, Applied Soft Computing 10(4): 975-989.
http://dx.doi.org/10.1016/j.as0¢.2009.08.041

Zhang, H. 2016. Group decision making based on multiplicative consistent reciprocal preference rela-
tions, Fuzzy Sets and Systems 282: 31-46. http://dx.doi.org/10.1016/j.fss.2015.04.009

Zhang, Y,; Fan, Z.-P; Liu, Y. 2010. A method based on stochastic dominance degrees for stochastic
multiple criteria decision making, Computers & Industrial Engineering 58(4): 544-552.
http://dx.doi.org/10.1016/j.cie.2009.12.001

Zhang, F; Ignatius, J.; Lim, C. P; Zhao, Y. 2014. A new method for deriving priority weights by extract-
ing consistent numerical-valued matrices from interval-valued fuzzy judgement matrix, Informa-
tion Sciences 279: 280-300. http://dx.doi.org/10.1016/j.ins.2014.03.120

Zhang, H.; Sekhari, A.; Ouzrout, Y.; Bouras, A. 2014. Optimal inconsistency repairing of pairwise
comparison matrices using integrated linear programming and eigenvector methods, Mathematical
Problems in Engineering 2014: 1-16. http://dx.doi.org/10.1155/2014/140140

Zhang, Z.; Wang, C.; Tian, X. 2015 Multi-criteria group decision making with incomplete hesitant fuzzy
preference relations, Applied Soft Computing 36: 1-23. http://dx.doi.org/10.1016/j.as0c.2015.06.047

Zhu, B; Xu, Z. 2014. Stochastic preference analysis in numerical preference relations, European Journal
of Operational Research 237(2): 628-633. http://dx.doi.org/10.1016/j.ejor.2014.01.068


http://dx.doi.org/10.1016/j.ejor.2014.07.050
http://dx.doi.org/10.1016/j.eswa.2011.07.055
http://dx.doi.org/10.1016/j.mcm.2010.03.052
http://dx.doi.org/10.1016/j.ins.2015.03.074
http://dx.doi.org/10.1016/j.cie.2015.02.013
http://dx.doi.org/10.1016/j.ins.2014.08.009
http://dx.doi.org/10.1016/j.ejor.2014.07.035
http://dx.doi.org/10.1016/j.fss.2014.07.019
http://dx.doi.org/10.1007/s10479-015-1847-z
http://dx.doi.org/10.1007/s10726-012-9315-5
http://dx.doi.org/10.3846/20294913.2013.876688
http://dx.doi.org/10.1109/TEM.2014.2360082
http://dx.doi.org/10.1016/j.asoc.2009.08.041
http://dx.doi.org/10.1016/j.fss.2015.04.009
http://dx.doi.org/10.1016/j.cie.2009.12.001
http://dx.doi.org/10.1016/j.ins.2014.03.120
http://dx.doi.org/10.1155/2014/140140
http://dx.doi.org/10.1016/j.asoc.2015.06.047
http://dx.doi.org/10.1016/j.ejor.2014.01.068

759

Technological and Economic Development of Economy, 2016, 22(5): 738-765

suonjeoynsn( $901pUI A0U)STSUOOUT

[eonoeld pue eoTjeWAYIRA — 9Z119)J.IEYD O] SWOTXE JUISAIJ —
SIOTPUT ADUR)SISUOIUT dAY SOIpUL
Jo uostredwod pue sisd[euy — Koudysisuoour a3 Jo sansadoid suge -
SIOTPUT AOUL)SISTOOUT INOJ Aouepunpai proay —
Jo uostredwod pue sisffeuy — juouroarde
SIOIPUT- ADU2ISTSUOUT S$9TpUT JUIAPIP Jo sa130p oY) 23eSnsaau] —
ud)] Jo uostredwod pue sisA[euy — (ILLV)
qS10¢ 1ZZ1Ipag pue Ipunig — SUOTJE[NUIIS O[IED)-JUOIA —  SIIOUI]SISUOIUT PELI], :Xopur MaN dsodoig —
©GT(T 1ZZLIPa, pue I[ounig — (dnoi3-ore) Q\V O pue Q\v Oy :sd1put mau asodoid -
qg10T v 12 MoUNIg —  dnoid pazepio A[resur] uerpqy - SOINSBIW JOUBUOSSIP
BETOT v 12 T[[PUNIg — UOIJE[NIUIS O[Te)-IJUOIA! pue 20uan18uod :s0Tpul MaN asodord —
9107 DSM0Q4AzID) — pue uonezrundo [edT)RWAYIeA — JI03edTpUT
©GTOT USYD U eIy — (dnoi3-ore) £oua)sTSHOOUT- ], :Xopur maN asodoid -
G107 v 32 fexig - dnoil paropio A[resur] uerpqy — (IDDIN) Xopul JU)SISUOD J11PW033
9102 ‘v 12 (epoxzo0Y - uone[nwIs aATedTdny[nuu :Xapur maN asodord —
G10¢ uday) pue Sus]y - pue uonjezrundo [edsneULYIRIN — proysaIy)
®H10T v 12 nd1g - uoneziwmndo [ednEWAYIely — IN[EAUISIO WNWIXEW € :Xapul mau asodoid — saoTpur WD 2anIppe
0102 0zzndy, pue offeae)) — unpriode o dnoid-ory - (v)?1 =xopur maN asodorg - £oudysisuoy  pue aaredrdimy
2INJeINIT anbrutpay, JU2U0D) sordog, D Jo sadAT,
NDJ 2AnIppe pue aAnedT[dinur ur sad1pur A>ua)sIsuod uo sanbruyda) pue sjus)uod S} Jo UOTZLILWIWNG "¢ J[qe],
9INSBAW JATIE[NY —
G107 12 ery -  (dnoid-opy) dnoid paiopio Apresur] uerpqy - SO[DS [EOLISWINN] —
€10¢ v 32 3uo( - Surpppowr onsmury ojdm-¢ - JInseaw jrun
0102 £3[pap pue ooy — STSA[eUY ‘UOTJRULIOJSURI], —  JUSISJIP Udam1aq saSuerd anfep — saypoeordde
010T ‘v 12 WDy - UOTIR[NUIIS O[T8D)-9JUOJA ‘UOTJRULIOJSURI], — 3[edS [eqIoA — S3eIS INDJ 2AnIppe
0102 v 12 domng - suorjeoynsn( eoryoerd pue [esnEWSY RN — oress jutod-¢ —  JuowaInsedly  pue danedstdnny
2INJeINIT anbrutypay, U0 sordog, WD Jo sadAT,

JNDd 2ANIPPE PuE dANEdIdNNUI UT S9[eDS JUSUISINSEIA U0 sanbruyps) pue sjusajuod a1} Jo UoTezIIewWwwng 7 [qe],

D WU2I3PIp Jo Juddo[aAdp urewr 3y} uo sanbruysa) pue s3usu0d Y3 JO sUONjEZLIBUIUING
XIANAddV



G. Kou et al. Pairwise comparison matrix in multiple criteria decision making

760

[epow uonezrumndo snsuasuoy) — SNSUISUOD
UBSW J[JOWILIe pue £oud)s1suod ay) Jo santadord ayy Apnig —
-1senb quowrsarde [erajeqiq - SINDJ 2 Jo A1xradoad Louaystsuod oy amsuy —
UOTIR[NUIIS O[Te)) £ou2)sISUOOUT PIseq-2oueISIp dY3 I0J
sJuoly pue yoeoidde [eorrdwyg —  2oudpIAd [edtrdwa pue Joord [ed1)2109Y) JUISAI —
uryjriode ‘NDJ 281e] Jo Surssaooid jusroyge A3
uonewnss Sunes onsLNAE —  2a01dwr 0} Josqns 1949 UT peLr) JSIom ) pur —
wyjLode juy - INOd pagipout a4} pue JNOJ
910 Sueyz - [epow SurwrurerSoid JeauruoN - [eUISLIO o) U22MISq 0ULISIP [EWTUTW ) PUI —
BGI0T UYD pue ey — yoeordde vonjezruundo Aem
ST0T v 32 [epodZO0Y ~ 1539)uI-paxXIW JESUI[UON — wnwrurw e ur sjuswdpn( reurduio oy snlpy —
S10T v 12 DSMoyey — SPOYISIN 10309AUSTg pue SJUAWI XLIJEW JO J9qUINU [eWTUTW 3Y) pUL] —
¥10T v 32 Suesnin - GurnwweiSoig Jesur] parerdoru] — JADJ JU2ISISUOD PAYIPOU MIU PUT —
$10C ©1S0) pue eIRIdd — syuawrradxa uone[nuIg —  SADJ JO SIUIWI JUIISISUOIUT JSOW ) \@Euom -
¥10C 1Y 12 ™ozZog — SurwrwresSoid 1a8ayur Lreurg — anssT AJ[eUOTSUSWIP 3} 2oNpay —
¥10C v 32 'H Bueyz - yoeoidde feorndwy —- Aouaystsuoour Jo 1030ef Joedur ay) azAeuy —
q¥10z v #2 nS1g - yoeoxdde uonjezrumdo X1ryew juawdpn( Jua)sIsuod 3s3S0[d Y3 pul —
BH10T JY 12 Oe[e[ — pU® WLIOU XLI)BW SNIUQOI] — X1rjewr JuawSpn{ JUL)SISU0D 1S9IeAU ) PUL] —
€107 ‘v 12 DoZOg — [epowr uonjezrwurndo Koudjsisuoour proae pue Aousmiye Yy} saordwy —
T10T ‘v 12 Zayuag — pue “exqagde surrwog - INDd
110Z NOY - unyodre DJ 3} UT SJUSTUI[D JUS)SISUOOUT JSOUT oY) AJIIUSP] —
1107 Suepp pue nsyy —  onbr[qo pue [eo1}10A ‘[BJUOZLIOL] — XLIJBW JUSISISUOD 1SISO[D A} JAJYOY —
1102 v 2 nd1g - [PPOoW XLIjew SeIq pasnpuy — Ioew
1102 ‘v 12 Zoyuag — anbruys) uorjezrreaury - UOTSIDaP 31} JO AOUIISISUOD 3} pue NDJ © JO Kdouzystsuoour
010 1w, — saanpaooid Juruonsonb sanoersur —  Aoud)sisuod oY) usamiaq drysuorye[or 9y} sSnosI — [eurpIe)
dnoig-ory -
S10T K100ty yded Ayansuen) ay) yoayd 0) [003 & asodoid -
ozzndy, pue offeae) - pue uonjezrurido [EONRWSYIRIA —  SIIOUI)SISUOOUT [eUIPIO pUE JeUTPIed Y} d[pUeE] —
BH10C v J2 nOY - £109y) yder ‘vonernuurs syuowSpn( sanIsuesjur oY) AJ1109y — WOd
BZI0T v 92 femIg — O[1e]D)-2JUOJA] “WIYILIOZ[e ONSLINSE] — syuowdpn( Koudstsuoour SAnIppe pue
0T0Z LI - K109t ydein) - £10101peIjUO0d pUE JAIISURIIUT JBUIWI[H — [eurp1Q aaneotdnmy
InjeIar| anbruypay, JuAUOD) sordoy, NDd Jo sadA],

WDJ 2an1ppe pue aanedsrdnnur ur sppour Surssasoxd Aouaistsuoour uo sanbrutyda) pue sjuUOd 3} JO UONEZLILWIWNS F J[qE],



761

Technological and Economic Development of Economy, 2016, 22(5): 738-765

UONRZIWIUTW

X2AUO0D pue uoTjezLresut] 410ay) ydern) - WOd
wypIode sanesd) pue ‘uonouny uriodg — Jo uonajduroo jo sanradord asodoig -
uorje[nuIs SwA[qoId UOISTOIP [eUOISUIWIP-25Te]
o[1eD)-uUOIy pue £1057) ydern — Ul $95ua1dJaId s IR UOISIOAP JOI[H —
pompowr SurwrurerSoxd syuaw3pn( Jo 395 & wWoIy
$107 v 12 zoyuag —  [eo orwryrreSoT ‘uonouny astwordurod saouarajaxd a[qrssod [[e Jo uonerouad
€T0T 2A0TD) pU 1ZZLIPd] — smmpuwrered pue wonouny Arrerung — 1) uo paseq poyjowr e asodoig -
qz10C v 12 fexis - XLIJEW SBIq PIonpUl U JLIJUI0dD) — SIATJRUId)[E PAIIPISUOD
110¢ 93e],-zmyg pue ozedo(q - j1onpoid piewrepey a3 o 103094 Arorrd dnoiS e aasrnoy - S[opow
9107 ‘v 12 nd1g - ‘NdD) poyrew yed 3unopsuuo)) - A[snoauejnurrs A5Us)SISTOD Suissacoxd  saypeordde WDJ
ST0T v 12 WBYD — YIomjou )1 aaoxdur pue NDJ 2[dwoour ue syuawdpn( 2AT)IppE pue
0102 ‘Iv 12 ZINY-ZoWOKL) — emau (JTN) uondaoidg 1odeT-nnA — ur syuawSpn( Surssrur ayy Aewnsy — Surssty aATeoTdnNIN
2INJRIANIT anbruyoay, JuUOD) sordoy, WD Jo 2d4],

NDJ 2anIppe pue aaneosrdnmur ur sppow Surssasold syuawdpn( Sursstur uo sanbruyps) pue sjusUu0d ) JO UOTEZIIEWWING "9 [qE],

SISATeUE [eOTJRWdYIRIA — sanpaosold uoneznuond
sardooporewr SurrrerSoid [eony — oy jo sontadoxd om) asodoid —
£1001]) JUoUIDINSEI]N —  spoyew uoneznoud [eIaAds dzA[euy —
S[ppow (NF) poyou 10309AUTIO
uonezrundo mseswr AJLre[ruarg — o Jo ANiqer|ar oy} ozAeuy —
UnLIo3[e SANBIAN PO UOHBZIWIXEW JUISOd & asodord —
qSTOT DISMOYeY — PU® UOTJBULIOJSURI) JTUIYILIEZOT — XLIJBW JU9JSISUOD I2IBdU B Ure}qQ —
$10¢ Asuorqe( — uonjezrumdo [eoneusyIey — SPOYIOW UOT)ORIIX
GT0T TD[SAdYSBWIO], — (dnoad yS1om Jo sonaadord oy Apmyg —
$107 ur] pue noy - -ore) dnoid pazopio Apreaur uerpqy - 10J09A ueaw-() ay) asodorg —
BETOT v Jo ur] — sppow Surwrwrerdord reonewsylen — (JNdd) poyow uoneznriord
110C ensYlIq - BLIDILID JUSWIINSEIW oowered mou e dojoasq —
110z ozzndy,(q pue ofjeae) —  UaAds pue s1ojerddo uoneznuoud  Jojerado uonezypuoud syerdoidde ysow
110T ‘v 32 ony - suru jo uostredwod pue sIsA[eUy — 9y} Sunod[os 10§ SOUIOPING oY) OPIAOIJ — spoyjou sayoeoxdde
010C Uonix — spoylawr ueawr spoypow uoneznLond UONBALISD N Dd 2ANIppe pue
010T l[[ounig pue 1zZzupad — S1130W093 puE ULIW JNOWIIY — plemiopy3rens omj Juasald — Kuoug aaneordnnA
SIMJeIANIT anbruypoay, JuauoD) sordog, WD Jo sad4],

NDJ 2A1Ippe pue aanedsrdnnu ur spoypawr uoneArlrdp Auiorid uo sanbrutyps) pue sjusjuod o) Jo UOEZLIEWWING °G J[qR],



G. Kou et al. Pairwise comparison matrix in multiple criteria decision making

762

(dd4.1) uone@y ddua1dja1d
AzznJ rem3uerl], Jo UOTJBALIOP

Ayrrorrd pue £ous)sisuod ajednsoauy —
Xopur AoeururIa}opur
paseq uesawr oLowoag e asodoig -

SIOLIJeW
[opouw arenbs jses] (NADd) s1oquinu £zznj renSuern
Srury)LreSo[ ‘UL JLIJAWO) — 10§ sao1pur £>Ud)sIsu0d asodord —
yoeoxdde reonewayey - xapur £jurerooun
$10¢ uayD pue Suep - (dnoi3-ore) paseq ueaw drnowoad e asodoxd —
9107 12 1T - dnoi8 pazopio Ajresur| uerpqy - (A)
G107 Yrwuey - spppowr wonezrumdQ — IDI Xapur Aouajsisuod mau e asodoid —
5107 Suepy — SurwruwresSoxd resur| SINDd [eNPIAIPUT Y} JO SNSUISUOD S[Ppow
$10C v 72 Suo( - “odouelSIp UeRYURIA OTW)LIeS0T — 2y} pue £5ud)sIsuod ay3 a3ednsoAu] — Surssacoxd
1102 Suos pue zoA1pag — Ayrenuess uoneuriojuy — SIYSrom AKouapstsuoouy
0T0T 2319 BISATY uoryezrundo SATJE[2I SALISP pUE XLIJEW [BAISIUI pue sao1pur
ZeJ [ 9p pue dpuo)) - TeauT] 2A1}02(qO-IyMIA — 31} J0J XU £AOU2)SISUOD € dUYS(T — Kouaysisuo) NDJ TeATdu]
2INJRIANIT anbruyoay, lieNi]g) soidoy, WD Jo 2d4T,

NDJ Tearau] ur sppowr Surssaoord Aous)sisuodur pue sa01pUT A5U2ISISUOD U0 sanbIuda) pue sjusju0d ) Jo UORZIIBUIWNG g J[qE],

ASo[opojow USALIP-AoUR)SISUO)) —

GurSerose
G10¢T eWPAIA-eId1I9]] pue Suo( - paySram Azzng onystuonymjur 3[eds [ESLISWINU [eAIIUT JZA[RUY —
$10Z qIfeN pue ye[npqy - PaN[eA-[eAISIUT PIYIPOIA — areos aouardjord mau e asodoid - So[eos
1102 v 12 Suo(q - [epow onsm3ur| Azzny ofdn)-z —  9[EOS [EOLISWINU [eNPIAIPUI JZA[BUY —  JUSWSINSBIA DA [eAldu]
aInjera anbruypay, JUU0D) sordoy, NDd Jo adA4],

JNOd [eAJU] UT S9[eds JuatlaInseal uo wOBUMEJUOu Pue SJUaJu0d 9] JO uonezrrewrwng °/ a[qeJ,


file:///C:\Users\ergu\Desktop\Tables-4-24-revised version-fuzzy PCM.docx#_ENREF_19
file:///C:\Users\ergu\Desktop\Tables-4-24-revised version-fuzzy PCM.docx#_ENREF_19
file:///C:\Users\ergu\Desktop\Tables-4-24-revised version-fuzzy PCM.docx#_ENREF_67
file:///C:\Users\ergu\Desktop\Tables-4-24-revised version-fuzzy PCM.docx#_ENREF_21
file:///C:\Users\ergu\Desktop\Tables-4-24-revised version-fuzzy PCM.docx#_ENREF_79
file:///C:\Users\ergu\Desktop\Tables-4-24-revised version-fuzzy PCM.docx#_ENREF_70
file:///C:\Users\ergu\Desktop\Tables-4-24-revised version-fuzzy PCM.docx#_ENREF_55
file:///C:\Users\ergu\Desktop\Tables-4-24-revised version-fuzzy PCM.docx#_ENREF_78

763

Technological and Economic Development of Economy, 2016, 22(5): 738-765

spoyowr uoryezrurido [edTIeWIYIeA — SUOT}e[aI
spoyjow uorjezrurido [esTjewayIe — souaiajaid Azzny jueyrsoy ajopduoour areday —
SINDd 2anedrdnnu pue sSNDJ uone[a1 souardjaId
Azzng Jo £oud)sIsuod pue AJAT)ISURI}  [BAISIUI JUSISISUOD ATIPPE 232[dW0d € JoNIISU0)) —
U2aM]2q SUOIIE[aI o) JO SIsA[euy —  SJNDJ 4Zzny oy} ur sanfea Sursstu ay3 djewunsy —
S107 Iv 32 Sueyy — spoyjow uonaduwoo pue AdIAT 23°7dWodouT WoIj 101094
$10T v 32 nX — uonezrumdo sarenbs jsea] wiyyireSo - Lyuorrd 9y urejqo pue sonfea Surssrur syewunsy — sppowr
F10C Yrwey - 101e19do (VOMI) NdNT Surssaooxd
$107 uayD pue Suep - Surderase orowoad pajydrom ajorduroour woy 103024 £yrotid oy urelqo pue syuowdpn(
T10T wjonr] -  [earsyur ‘pPpouwr Jurwrureroid [eon — sonfea Sursstur ajqeidasoe a1y Juswsiduro)) — Surssty NDd [eAlaIU]
QINJRINIT anbruyoay, JU2UOD) sordog, WD Jo 2d4T,

WD Teaau] ut sppow Surssadord syuawuSpn( Surssrur uo sanbrutpa) pue sjus)U0d ) JO UOHEZLIEWWING 0T J[qQE],

poylow ueaw S11}ow0a3

MOI 3} pue poyjow anfeauary — suorje[o1 20ud1§o1d [eATUT
wapqoid uonjezrwmdo JeaurUON — Y3} WOIJ 103094 AJ1I0Lxd [BAISIUT Y} SALID( —
(NdIN) (SNAI) sT2qunu Azzny dnstuonmur
pompow SurururerSold Azzny maN - M INDJ ) WwoIj sIYSIom AL —
(dnoi3 SINDd Azznj woiy 103094 Ayronid oy 2ALIR( -
-o1y) dnoid paiapio A[resur| uerpqy — 103004 £yrzonad se [[om se Aou)sIsuod
s[opow pue £yo1dioar ay) uo sydeouod suyag —
S10T v 12 SuaN - SurwrwrerSoxd resurjuou 1o resury — WOd
G10T BYND pue enn( - [PPOIAl 21nbg [BAIS)UT JUSISISUOOUT PUE JUDISISUOD Y30q
G107 MY pue uay) - jsea] orwyire3oT Azzng payIpoly — 10§ sjySrom [eardjur Lyrrorid [euly Y3 dALId(T -
ST10T Yrurey — poyowr urwrurerdoid reoo - 103094 Ayzotxd dsto oy aAmId(T -
$102 v 12 *f ‘Sueyy - poyleuwr (NVY) eLINLD Jo syyStom Azznj oY) SALId( —
$10¢ TweysejyoN — juounjsn(pe pue uoneurrxoiddy —  syySrom sanesrdiynur Junyuel pue sjeIdUdD) —
€10T yeyyIpez] — stsATeue Juawdofoaus eyep Azzng - SOATJRULIS)E
€107 v Jo UIT - 1oyerado (orowoad) Jurderoae oy} Supyuer 10y yoeordde mou e asodoig - spoyjow
€102 ‘[v Jo uenjeAepayIrn - PaAyS1om paIapIo SNONUNU0d suorje[ar aouaiapaid aaneordinu UOIJRALIOD
7107 18D pue ny - ‘spopowr urwrwrerdord reaury — STEAIIUT WOIJ JYSTOM 3} dALI(T — Ayronig DA TeATU]
2INJeIANIT anbruypoay, JU2IU0D) so1doy, INDJ Jo 9d4T,

NOd [eATaiu] Ut Spoyjowl UOTJRALIOP %ﬁ.HOM.H& uo wOBT_ESUOH Ppue Sjuajuod 9} Jo uonezrrewrwng ‘6 9[qe],



G. Kou et al. Pairwise comparison matrix in multiple criteria decision making

764

stsATeue
[eonsneys ‘yoeordde uonjenug —
wyLod[e uonewnss

Sunex o1SLINAY SATIBISN MIN - (dHVDIN) ssa001d Ayoreiary onieue
uoneaI O[1e)) AJUOIN YIM JHV JO snsax ay3 axedwo)) —

sjewrxoxdde uoneziroyowered — paxy pue

SI0113 TewIOuSo[ umowy Lorxd e are YD) (snnuuns) s3daouod swos

.@OEHDE UOISTAQI E.m_woxwmm — JOJ suoneur)s9 3oexo UsayM uorjeniis oy} Yym fesd —
uonemnuis Xopur %uﬁﬂﬁuhwuﬁs poseq ueowx UM.EQEOMM eouge( -

(S10T 7v 12 TySeex - O[feD) IUOIN ‘Poyiau (VdS) SO [enprarpur ay asoxdur -
BSTOT DSMOYEY — stsA[eue aoua1djo1d o1)seYd0I§ — suorje[a1 20uaIayaId
qs10z Suem - £3oopoyjowr [eoLIoWNU UT sIs[eue 20ua1ajo1d o1Iseyo0)s —
G10g NOY pue ury - SIUSWOW-JO-POYIIA — suostredwod asimired o1)seydO03S €39q OJUT
$10C NX pue nyz - I-IIHLANOYd (aas) N 2Y3 Jo saouairagaxd onseyools Surkiea ayy i -
q¥10z 1v 12 o®le( — 92135p 2dUBUTWOP OT)SLYD0I§ — SaAleUId)E spoyjowr soypeoidde
010 ‘v 12 Sueyy - [epouw Sunjuer 105 sjydrom Lyrorad ay) aane( - UOTJBALISP (onseyoo3s)
0T0¢ 7v 72 TUOOSEUId — uorssarSaI‘sisA[eue [ednsnels — syySrom Lyurord oy syewnysy — Ayong [eonsnels
InjeIdI anbruyoay, JUAUOD) sordoy, sayoeorddy

TNDJ [eAIIU] UT SPOYIAW UOTIBALIDP AJ1rorid uo sanbrutpa) pue sjuajuod oY) Jo UOHeZLIBWWNG 7T 9[qE],

Xapur £ou)sIsuod

wopuer 3y} pue 1s9) SISAYI0dAL] - ansst Aoud)sIsuod
UOTIRWUIIISS POOYI[NI] yum [eap o1 yoeoidde [eonsners mau e asodoid —
wnwixew pue sasayiodAy sy, — NDJ Y3 JO 1533 £OU2)SISUO0D
SUIPIM JO WNWIIXBU 105 yoeoxdde reonysners pasoirdur ue dofoasq -
$10C v jo ury — 10 wms £yiqeqoad ur Adonuy - S[EAIOIUI JOJ SIOTPUT AJUTeIIOOUN dY) dUYd(J — s[opow
q€10z v 32 ury - I F9HIANOYd woarqoxd (IWADINS) Sunjewr Surssaooxd
7107 eI1eyISng pue ruejuy - pue ‘suonnqrusip Aiqeqoid UOISIOAP LId)LID S[dIynuur o13seyo0s oy} 9A[0S —  AOU)SISUOOU] saypeoxdde
110Z v 2 0] — XLIyeW 92139p 2dURUTWO — WDd pue sao1pur (onseyoo3s)
010¢ Youe34sy, - wyrIode onauan) — 3} UT UOTJEIASP 3[qIssod WNWIXeW 3y} [oIeds — Aouaysisuon) [eonsnIels
INjeIANIT anbruypay, JuAUOD) sordoy, sayoeorddy

soyoeoldde (onseyools) feonsnels ur spepowr Jurssaoold AouolSISUOOUL pue SAJIPUI AJULISISUO)) UO SonbIuyds) pue Sjueju0d ay} JO uonezuewwng ‘1] 9[qe],



Technological and Economic Development of Economy, 2016, 22(5): 738-765 765

Gang KOU. Doctor, Professor. Executive dean of School of Business Administration, Southwestern
University of Finance and Economics, China. Bachelor, Tsinghua University (1997). MS, University of
Nebraska at Omaha (2003). PhD, University of Nebraska at Omaha (2006). Research scientist in Thom-
son Co., R&D (2007-2008). The managing editor of International Journal of Information Technology &
Decision Making and editor-in-chief of Springer book series on Quantitative Management. Author
of more than 100 scientific articles. Research interests: big data and data mining, credit risk analysis,
multiple criteria decision making.

Daji ERGU. Doctor, Professor. College of Electrical &Information Engineering, Southwest University
for Nationalities, China. Bachelor degree in Applied electronic technology, Southwest University for
Nationalities (1999). Master of Communications Management (2004). Doctor (2014). Research visits
to Katz Graduate School of Business, University of Pittsburgh (USA, Aug. 2012 to Aug. 2013). Author
of about 30 scientific articles. Research interests: risk analysis, emergency management and multiple
criteria decision making.

Changshen LIN. Doctor, Associate Professor. School of mathematics and statistics, Yangtze Normal
University, China. Bachelor degree in Mathematics and education, Hubei University for Nationalities
(1998). Master of Science (2005). Doctor (2015). Author of about 7 scientific articles. Research interests:
data analysis and multiple criteria decision making.

Yang CHEN. Doctor, Professor, Department of Management, School of Business Administration,
Southwestern University of Finance and Economics, China. Bachelor degree in economics, Nanjing
University (2008), Doctor in Management Information Systems, Hong Kong Baptist University (2011).
Author of about 30 scientific articles. Research interests: corporate sustainability, I'T business value, and
human resource management.



