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Abstract

To deal reliably with the cognitive uncertainty experienced by decision-makers when facing problems involving linguistic
group decision-making, we investigate a new research perspective: cognitive familiarity is regarded as a measure of
cognitive reliability. The linguistic variables examined in this work are quantified with the use of several granulation
optimization models that include consideration of cognitive reliability. Three types of linguistic variables are used for
describing the alternative grades, attribute weights, and levels of cognitive familiarity associated with the experts involved.
Three interrelated optimization models are built to quantify these linguistic variables. An information entropy model first
determines cognitive familiarity, which is applied as a measure of cognitive reliability. Using group consistency and cognitive
reliability, two proposed optimization models then successively establish the attribute weights and alternative grades. The
final element is a proposed new selection method based on the aggregated values for the alternative grades and cognitive
reliability. An illustrative example clarifies the steps in the proposed method, which produces a ranking of three alternatives
as a final decision. The validity and advantages of the proposed method are verified through a comparison with existing
approaches. The proposed method can be employed for effectively resolving decision-making uncertainty through the
improvement of the group consistency and cognitive reliability of the experts. Sensitivity analysis also reveals that cognitive
reliability has a strong impact on decision-making and should thus be considered during fusion processes.

Keywords Decision analysis - Cognitive reliability - Group consistency - Cognitive familiarity

Introduction

In real-world decision-makings, researchers often advocate
for granting full credence to collective wisdom in order
to improve decision-making accuracy [l, 2]. Moreover,
decision-makers would rather express their cognitions in a
natural and appropriate way instead of specifying a crisp
value [3, 4]. So, linguistic multi-attribute group decision-
making (LMAGDM) is preferred by administrators over
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individual decision-making [5, 6]. The literature reveals
that although multi-view learning methods [7, 8] entail
the collection of information from multiple sources, they serve
as machine learning tools that involve the use of large-
scale data and cannot use small-scale information for solving
decision-making problems. LMAGDM methods, which have
been successfully examined in numerous studies [10-12],
aggregate information from different decision-makers as a
means of managing both large- and small-scale linguistic
information related to the problems under study [9].

The primary goal in the quantitative solution of
LMAGDM problems is to quantify the linguistic cognitions
of decision-makers (or so-called experts) [6]. Many
researchers have investigated methods for quantifying
linguistic information using such techniques as fuzzy
membership functions [12], symbolic transferring scales
[13], 2-tuple linguistics [14], cloud models [15], and
discrete fuzzy numbers [16]. However, to some extent, these
numerical methods either weaken the flexible superiority
of information or lead to information loss. To make up for
these limitations, some scholars have adopted granulation
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methods as a means of setting an appropriate numerical
scale for linguistic terms [17, 18]. Such methods offer
two advantages: (1) information granules are uneven in
each interval, and (2) basic linguistic information is
not lost during the granulation process. With respect to
group decision-making, group conflicts often occur due
to social and cultural differences of decision-makers [19].
To enhance the acceptability of decision-making, group
consistency [20] is frequently employed as a means of
overcoming inadequacies associated with the conflicts
and biases of decision-makers’ opinions. Especially, the
granulation method to quantify the linguistic information
by maximizing group consistency is applied to solve
LMAGDM problems. For example, Fu et al. [21] proposed
an optimization method to determine the utilities of
linguistic terms by maximizing group consistency; Lin et al.
[22] proposed a multi-granulation method for rough sets.

However, in the above reported studies, in spite of
its essential role in helping administrators make reliable
decisions, no consideration was given to the cognitive
reliability of the experts either during the granulation or
throughout the decision-making process. Although group
consistency can improve information reliability to some
extent [23], it does not reflect the intrinsic properties of
experts who are information providers. In many practical
decision-making cases, decision-makers must make a
decision despite inherent uncertainty in the information
they are using. This factor can enhance any risk related to
the problems under review [24] but can be compensated
for when decision-makers take into account the cognitive
reliability of the decision-making process. Consideration
of cognitive reliability is an effective way to mitigate
uncertainty in LMAGDM problems [25], and ensuring
greater cognitive reliability means that less uncertainty is
associated with experts’ cognitions. Cognitive familiarity,
as proposed by Zhu et al. [26], denotes the cumulative
experience and knowledge of the experts (i.e., the intrinsic
properties of the experts). Experts with a higher degree
of cognitive familiarity offer more extensive experience
and knowledge in a given field [27, 28]. In general, with
respect to making reliable and convincing decisions, greater
persuasive power is attributed to experts who have more
experience and knowledge. Similarly, experts whose levels
of cognitive familiarity are higher are more likely to provide
more reliable information. Based on these considerations,
we employed cognitive familiarity as a measure of cognitive
reliability and took into account both group consistency
and cognitive reliability in the quantification and fusion
process. The proposed method is useful for improving the
acceptability of decisions and for differentiating between
expert information and any intrinsic aspects. This feature
allows the maintenance of expert information as well as its
full and reliable use.

Paper Contributions

This study is the first to extend classical LMAGDM meth-
ods using an ELMAGDM (extended LMAGDM) approach
that incorporates consideration of the cognitive familiar-
ity of the experts. Cognitive familiarity is employed for
measuring the cognitive reliability of the experts using a
granulation optimization model, and two other linguistic
granulation optimization models have been developed based
on a reliability perspective. These elements constitute the
primary contribution of the work presented in this paper.
It should be noted that information about cognitive famil-
iarity is generally given by experts because only experts
truly comprehend the levels of their cognitive familiarity.
The ELMAGDM approach entails the use of three linguistic
granulation optimization models for the successive quantifi-
cation of three linguistic variables. The first model measures
the levels of cognitive familiarity and the corresponding
cognitive reliability of the experts. Based on consideration
of group consistency and cognitive reliability, the second
and third models are used for determining attribute weights
and alternative grades, respectively. The weighted values
assigned to the experts are then determined from the levels
of cognitive reliability and group consistency and from prior
subjective information. A ranking method is also proposed
as a means of managing the aggregated results related to
alternative grades and cognitive reliability. The final step is
the application of the proposed method for solving the selec-
tion issues of small- and medium-sized enterprises (SMEs)
associated with a specific illustrative case.

The remainder of the paper is organized as fol-
lows. A “Preliminaries” section first introduces concepts
and descriptions related to classical LMAGDMSs and
ELMAGDMs. The “ELMAGDM Method” section explains
the techniques employed for establishing the three linguis-
tic optimization models and for generating a ranked order
of alternatives. A “Case Study” section provides a case
whereby the proposed approach is applied to the SME selec-
tion and is compared to several existing methods. The final
“Conclusion” section presents the findings from our study
as well as suggested avenues for future research.

Preliminaries

This section introduces some basic concepts related to our
research and describes the problem addressed in this work.

Basic LMAGDM Concepts
Some basic notations and operational laws related to

linguistic variables [29] are introduced in this section.
Suppose that G = {gi;lic = 1,..., M} is a finite and
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ordered discrete linguistic set, where g;,; denotes a possible
linguistic label in G, where M (an odd number) indicates
its cardinality, and where g < g» < --- < gu. G has
two properties: (1) if i < jg (ig, j¢ = 1,..., M), then
8ic < 8jos Q) if jc = M —ig, then Neg(gi;) = gj; is a
negation operator.

A classical LMAGDM problem often involves multiple
attributes, experts, and alternatives [30]. Suppose that £ =
{el,e2, ..., e}k € Ejk = 1,2,...,1,1 > 2)is a
set of experts and that A = ()Ll,kz, . ..,)J)T denotes
an expert weighting vector where Zi:l)‘k = 1 and
A e [0,1]. Let A = {a,a,...,am}(a; € A,i =
1,...,m,m > 2) be a finite set of alternatives, and let
G = {gl, 82, ..., gM}(giG € G,ig = 1,..., M) denote
a set of linguistic terms representing their grades. Suppose
that FF = {fi,....fu}(f; € F,j = 1,...,n,n >
2) denotes a set of attributes. Linguistic information for
attribute weights must then be provided by experts [31],
and the set of corresponding linguistic terms is H =
{h1,ha, ..., hn}(hiy € H,ig = 1,...,N). Then, let
gl{‘j (glkj € G) be a linguistic variable given by expert e* for
the grade of alternative a; with respect to attribute f; , and
let h’j‘ (h’; € H) indicate a linguistic variable for the weight
of attribute f; given by expert k.

We introduce two definitions that are useful for the

proposed method.
Definition 1 Zhao [32] supposing that 0 < o? < oV,
a = [aP, aY] is defined as a non-negative interval number
if and only if «”? = VY, then o is a non-negative real
number.

Definition 2 De Almeida et al. [33] supposing that « =
[P, aV]isa non-negative interval number, then & = aP +
(@Y —aP)m (r € [0, 1]) is defined as a binary connection
number, which is the whitening form of «.

Problem Description

With the LMAGDM framework as the basis, cognitive
familiarity is further considered and a new ELMAGDM
problem is thereby generated. Supposing that C =
{c1,¢c2,...,¢cL} (cic € C,ic = 1,...,L) is a set of the

linguistic variables representing the cognitive familiarity of
experts and that cf.‘j (cfj € C) is alinguistic variable denoting
the cognitive familiarity of expert ef with alternative a;
with respect to attribute f;, then the information included in
the ELMAGDM framework is shown in Table 1. Figure 1
provides a further illustration that enables a comparison
between new problems that can be solved only with the
use of the proposed method and those solved using the
LMAGDM method.

To measure the scales of the aforementioned linguistic
terms, we apply information granulation methods based on
a reliability perspective. The key purpose is to determine
the optimal granular segmentation points of an appropriate
range [6]. Given that an obvious linear order exists
between two adjacent linguistic terms of one set, linguistic
granulation is implemented in terms of intervals. In set
G ={g1, .., gu}, the value of gy, is the maximum. Based
on the principles of the symbol transferring method, the
value of gy is equal to M, so the terms of G are set to
be located within the range of [0, M]. Then, according to
the granulation method described in [6], we have g1 =
[0,a1), g2 = lar, o), ..., gy = [am-1, M], where
o1, ...,0p—1 denotes the segmentation points of the set.
For linguistic sets H = {h1,..., hy} (attribute weights)
and C = {cy, ..., cL} (cognitive familiarity), it is obvious
that they should both belong to range [0, 1]. Thus, we have
hy = [0, B1), ho = [B1,B2), ..., hxn = [Bn-1,1], and
c1 =[0,y1).,c2 =[y1,¥2), ..., cL = [yrL—1, 1]. Following
completion of the information granulation, the next task is
to determine the whitening form of each interval because
it is difficult to optimize variables in terms of intervals.
We therefore apply Definition 2 in order to transform each
interval number into a binary connection number, so that
we then have g, = -1 + (ai; — (x,-G_l)rrG (ic =
IL....M,ag = O,ayy = M, 7% e [0,1]), h;, =
Biv—1+ Biy — Biy—Dr iy =1,...,N,fo=0,By =
LaH e [0,1D), éic = Yie—1 + (ie = Yie-0)7 (ic =
1,...,L,yo=0,y. =1,7¢ € [0, 1]).

The ELMAGDM method has two significant features:
(1) Each expert can choose an appropriate variable from
specific linguistic labels according to his or her cognition,
which is comparatively convenient and practical for experts.
(2) More expert information can be excavated to help

Table 1 Linguistic information considered under the ELMAGDM framework

el

fi fa fi i

a (gl el b (gl el hb) (gh, ey hh) (g, et hh)
1 1 1 1 1 1 1 ) 1 1 ) 1

am (gml’cml’hl) (gmnvcmnvhn) (gml’cml’hl) (gmnvcmnv hn)
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Fig. 1 Illustration of the proposed problem solution

produce a reasonable decision. When some experts hold a
full range of cognitive familiarity, they cannot necessarily
provide this kind of information, which renders this
situation an exception to the usual functioning of the
method.

ELMAGDM Method

In this section, we illustrate the building of the three
linguistic granulation optimization models, as well as
the selection from alternatives based on a reliability
perspective. Cognitive familiarity is employed mainly to
describe the experience and knowledge of an expert that are
independent from those of other experts. Attribute weights
and alternative grades describe attributes and alternatives,
respectively, and it is preferable for experts to provide
similar information with respect to the same attribute
or alternative. Because optimized variables for cognitive

Information

familiarity, attribute weights, and alternative grades also
differ, three interrelated optimization models are proposed
for their determination. The first model is designed
to optimize linguistic variables that represent cognitive
familiarity and thereby to determine the corresponding
cognitive reliability levels; the second model optimizes
linguistic variables that denote attribute weights based
on the group consistency and cognitive reliability of the
experts; the third model optimizes linguistic variables
that designate alternative grades in order to obtain the
aggregated values of the alternatives derived from the group
consistency and cognitive reliability of the experts. Figure 2
presents a diagram of the ELMAGDM method.

Linguistic Granulation Optimization Model
for Quantifying Cognitive Familiarity

Cognitive familiarity denotes the depth and scope of
the information held by an expert in a relevant area of

Make A
Selection
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Fig.2 Diagram of the ELMAGDM method
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expertise. Experts who are comparatively more familiar
with their disciplines are considered to have greater
experience and knowledge in a relevant field, thus
enabling them to make more significant contributions in
terms of reliable decision-making [27]. Accordingly, if
one expert offers full knowledge (i.e., 100% cognitive
familiarity), he or she would be able to make a fully
accurate judgment. Clearly, in many decision-making
scenarios, experts with greater experience and knowledge
are more likely to be selected to participate in decision-
making processes, since these experts are more familiar
with the field in question and are thus more helpful
with respect to making reliable assessments. Cognitive
familiarity can be used for identifying essential differences
among experts, with different experts offering different
degrees of cognitive familiarity due to differences in
their knowledge, the methods used to collect information,
etc. In many applications, an expert who offers more
cognitive familiarity is often considered to have a stronger
impact on decision-making and is thus more highly valued.
When cognitive familiarity is not included in consideration,
decision-making processes may involve greater risk [26].
Cognitive familiarity can thus be used as a means of
objectively judging the experience and influence of the
experts. The familiarity of the experts can also be easily
and directly expressed using linguistic variables, thus
facilitating quantification. Treating the cognitive familiarity
of the experts as a measure of information reliability is
therefore reasonable.

Definition 3 Suppose that Ef.‘j (él’.‘j € {¢1,...,¢L}) denotes
the degree of cognitive familiarity of expert ¢ with alter-
native a; with respect to attribute f;, cognitive reliability
can be defined as:

k _ Ak
81»]- =¢jj

This definition of cognitive reliability reflects the
cognitive familiarity of the experts. In general, a positive
relationship exists between these two concepts: a higher
degree of cognitive familiarity denotes a higher level of
cognitive reliability, and vice versa.

Measuring cognitive reliability involves identifying
segmentation points yi, ..., yr—1 and 7€, and obtaining
its constraints should be the first step in the building of a
linguistic optimization model. To prevent the distribution of
the lengths of all intervals (Vi —Vic—1,ic =1, ..., L, yo =
0,y = 1) from being too uneven and to avoid having
two adjacent segmentation points (y;. and y;._1) positioned
too closely together, y;. — ¥ic—1 is set to be limited to

@ Springer

an approximate range. Let rg and rg 0 < rg <

rg < 1) be the respective upper and lower limits of
Yic — Yic—1, with values provided by experts according to
real conditions. When 1'5 and rg are not provided, they can
be approximately set around the upper and lower limits of
the intervals, which are uniformly distributed. We then have
rg < Yic — Vie—1 = 1'5. In addition, because linguistic
variable ¢(z41)/2 of C denotes the average level, its value
C(L+1y,2 should be 0.5, i.e.,

2 =vYa-n2+ W2 — )/(L—l)/z)ﬂc = 0.5.

Since the cognitive familiarity of the experts denotes
the uncertainty associated with their cognitions, a higher
level of cognitive familiarity indicates a lower degree
of uncertainty, thus enabling a higher level of cognitive
reliability to be obtained. Therefore, when segmentation
points are being determined, the linguistic cognitions of
the experts should be fully applied in order to limit the
experts’ cognitive uncertainty. However, with the exception
of their ranges, the specific probability distribution of
the segmentation points is unknown so that the cognitive
uncertainty based on the information given should be
minimized. According to the literature, entropy [34] can
be used as a measure of the uncertainty of a system: the
objective information of the experts is taken into account
in order to determine the probability distribution of the
information through the maximization of negative entropy,
which is expressed as follows:

L
max S(g) = — Z qic- Ingi.

ic=1

L
sy gie = 1. 1)

ic=1

As defined in [34], we use the convention that 0In0 =
0, which is easily proven by continuity when ¢;. — 0,
gic Ing;. — 0. The entropy method can thus be used
for establishing segmentation points. According to the
definition of information entropy, the first step is to generate
probabilities with respect to segmentation points, which are
expressed as

Yie—1 + Wic = Yie—1)7€
chzl[%‘c—l + Wic = Vie-17C]

dic = s (2)

where g;.(ic =1, ..., L) is the corresponding probability,
O<qi<...<qr-1 < l,andwhereZiLC:lqiC = 1.
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The information entropy model (expressed by Eq. M1)
can therefore be constructed as follows:
L
maxS(q) = — 3 LJ/inl + (ie = Vie-D7€ In LVicfl + ie = Vie-)7©
ic=l > Wie—1 + Wie = Yie-17€] > Wie—1 + Wic — Yie-17€]
ic=1 ic=1
TS = Yic = Vie—-1= 75,
Yi-n2 + Vi = vi-n2)nc =03,
st.30<7€ <1, M1

Ofyicfl,
VOZO,)/LZI,ic=1,...,L.

In Eq. M1, the first equality measures the range of
the interval length, and the next one denotes the value of
c(L+1)/2- From Eq. M1, the degree of cognitive familiarity
65} can be obtained, as can the cognitive reliability measure

k
8;

Theorem 1 An optimal solution is given by model (M1).

Proof Let the feasible region of model (M1) be denoted

as Q= {y = ..., v, 705 < v —w <
oo Ty < Y4z — Ya-np < T5..o 15 <
v —vie1 < 5.0 = Oy = 1L,a© = (05 -
Y12/ V12 — Vi-12),0 < 7€ < 1,0 < ;. <
1}. Since rg and ‘L'g are given parameters, and since 0 <

rg < ‘L'g , € exists and is bounded, it is not difficult to find

that other constraints in €2 are bounded and that 2| is non-
empty. 21 is thus non-empty and occupies a closed bounded
region.

Based on Q1. Yf_i[Vic-1 + (ie — Yie-D7€] >
0, Yic—1 + Wic — yic_l)nc > 0, then g; > 0. In
agreement with the definition of information entropy [34],
S(g) is a continuous function when ¢;- > 0. According
to the extreme value theorem of multivariate functions, the
objective function must thus obtain a maximum [35], and an
optimal solution therefore exists for model (M1). ]

A Linguistic Granulation Optimization Model
for Quantifying Attribute Weights

Unlike cognitive familiarity, which is the term used for
describing experts, linguistic terms for attribute weights and
alternative grades are used mainly for describing attributes
and alternatives. This distinction means that the method
for quantifying them should be established based on a
different perspective. With respect to the examination of an
LGDM problem, group consistency significantly enhances

the effectiveness and acceptability of decision-making [36].
For example, as shown in Fig. 3, for a given case,
while the linguistic information about alternative grades
given by most experts is similar, that given by several
individual experts is not. When consistency among experts
is neglected, the results may deviate from the opinions of
most experts because experts with significantly different
opinions can have a considerable effect on the aggregated
result. Group consistency can also weaken the influence
of individual experts, rendering results more consistent
with those of most experts (Fig. 3). An additional factor
is that the cognitive reliability of the experts significantly
shapes linguistic cognitions: a higher level of cognitive
reliability reflects the use of more effective information.
Incorporating consideration of cognitive reliability into
the linguistic quantification process can help mitigate
the risk associated with decision-making. Two linguistic
granulation optimization methods are therefore proposed as
a means of quantifying the linguistic variables that represent
attribute weights and alternative grades based on both group
consistency and cognitive reliability. In this section, we
introduce an optimization model for determining attribute
weights.

During the modeling process, specific constraints on
variables included in the model are established from a
determination of the segmentation points of C (the range of
Bin is [0, 11). Let t/l and tf (0 < tfl < «fl < D) be
the respective upper and lower limits of 8;,, — Bi,—1; we
thenhave T/ < Bi,, — Biy—1 <t} iu=1,....N,po =
0, By = 1). As well, because linguistic variable By 1)/2 in
H denotes the average level, we have

/’Al(N+l)/2 = Biv—1/2 + Bv+ny2 — Biv—n )7 = 0.5.

Let fz]; represent the specific value of h';, which signifies

the weight of attribute f; with respect to expert ek, and let
h’j‘ indicate the information initially given by the experts,

@ Springer
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Fig.3 Role of group
consistency o o
Linguistic Cognition A
Without Considering ,: @
Group Consistency e
Considering Group
Consistency
# Experts with High Consistency
A Experts with Low Consistency
® Aggregated Values
P Experts
where h]; {hiy} ig = 1,...,N; lej‘ = fzi ). For As noted above, we consider an optimization model

directly expressing the relationship between h* and the
segmentation points (f;,) of H, the following formula is
used:

N N

Rt = Z ek hiy = ek 1Biy—1+(Biy—Biy—D)m 1.
=1 ig=1

(3)

In Eq. 3, stlk =0or1,and ZlH | jHlk = 1, meaning

that only one linguistic variable is as51gned for describing
h* and that the specific value of %/ hin is determined by hk
Equation 3 does not increase the calculation complex1ty,

because SJH kH is known for a specific case and since (3)

is the same as the expression h’; = {hi,} in this case.
Then, if hlj = {h;iy,}, we have EJHkH =
0 (jH = 1,...,N, and ]H ;é ig). For example, if

{h(N+1)/2} we have h h(N+1)/2 = Bv-1n/2 +
(,B(N—i-l)/Z — ,3(1\/_1)/2)7'[ dlrectly; when Eq. 3 is used, we
have 8fé‘N+1)/2 = 1 and sfl.kH =0@(yg =1,...,N, and
ig # (N + 1)/2), and then we also have lej‘ = B2+
B+ — ﬂ(N_l)/g)rrH. To ensure that the sum of all
attribute weights is equal to 1, a normalization method is
applied in order to generate the normalized weight w’]‘. , as
follows:

1 n Hk =
adeMH

o=
2j=ihj
X e B + By — Biy—07 "]
- ZJ 12;;, 151,,1[/3111 1+ Biy = Big—)THY

“

wherez'}zlw’;=1,j=1,...,nandk=1,...,1.

@ Springer

based on group consistency and cognitive reliability.

Definition 4 Suppose that w’; is the normalized weight of
attribute f; with respect to expert ek, that 8{‘]. is the cognitive

reliability of expert e for alternative a; with respect to
attribute f;, and thus that attribute reliability with respect to
expert eX for alternative a; is defined as:

sk = Z wksf,

Z/ lZzH lslk] 71161_1[/31'11*1"'(/31'11
Z _IZzH 1 j,H[IBlH 1+(,31H

- IBinl)jTH]
IBiH—l)jTH]

&)

wherei =1,...,m,andk=1,...,1.

To improve the degree of cognitive reliability and thus to
mitigate decision-making risks that can arise from attribute
information, the process includes a minimum level of
attribute reliability (denoted by §7) required by the experts,
written as 8,1‘ = Z’}Z] w'J‘.Sf‘j > § where Sf‘j is obtained
using Eq. M1.

Definition 5 Suppose that lej‘ and fz;’ respectively denote
the weights of attribute f; for experts ek and e (k =

Ll,o =1,...,1, and k # o0); the degree of group
consistency for expert ef with respect to the attribute
weights is then defined as:

o = n(l—l) Z Z[l_’hk ho

,0#k j=1

| (©)
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Based on Egs. 3 and 6, the comprehensive degree of
group consistency for all experts with respect to attribute
weights can then be written as:
1 I n N
Hk H
oy > (egtt = el Y Biu—1 + Biy = Biy-)7 %

nl(l —1)

k=1 o0=1,0#k j=1 ig=1

The key goal of the consistency-driven method of linguistic
granulation is to obtain the maximum degree of comprehen-
sive group consistency [36], which is helpful for reducing
bias among experts and thus for improving the acceptability
of the decision-making. A linguistic granulation optimiza-
tion model is then applied for determining segmentation

S Y -

k=1 o0=1,0#k j=1 ig=1

max 67 =
l(l —1)

1Z,H 1 ,k,f,kH[ﬁzH 1+(Biyg —Biy D71

points B, ..., By and 1. The purpose of the model is
to maximize group consistency while ensuring that (Sl{‘ =
Z?: 1 wlj‘.SlZ‘j > 81, thus improving the results produced by
the model. To conclude, a mathematical model (designated
(M2)) is established to maximize the comprehensive group
consistency 67 of the attribute weights.

- Jl[.1> [IBZH l+(ﬂl[~] ﬂiH_l)nH]

SH

Tt Liygmt €08 i1+ (Biyy —Biy -]
,3(N 2+ Btz — Bav—ny2)rl =05,

H H

Ty < Biy — Biy—1 =1
H

0<n" <1,0<B, <1,

Bo=0,By=1,ig=1,...,N.

’

M2)

In model (M2), the first equality indicates that attribute
reliability with respect to expert ¢* on alternative ¢; is not
less than the level of reliability required. The next one
denotes the value of fl(NH) ,2 and the third one indicates
the range of each interval length. It should be noted that
afikH and sflf; are known model parameters. If the first
constraint cannot be obtained from the region of the other
constraints, the level of reliability of the information about
the attribute weights is too low to satisfy the requirement, so
the information should be adjusted so that the first constraint
is met. The first constraint is intended to be derived without

n N n
030 % B s+ oy — a1 30 Y

s5ett [Biy—1 + (Biy

§He 51,];, [Biy—1 + (Biy

violation of the other constraints involved in the model.
With the use of Eq. M2, wk Sk and 0F% can then be
acquired successively from Eqs 4 5, and 6.

Theorem 2 An optimal solution exists in model (M2).
Proof Let the feasible region of model (M2) be denoted as
Q5. In ), 87 < 8;‘ < 1 should be obtained from the region

occupied by the other constraints. Based on the constraints
on Biy, 7H and 0 < (Sfj < 1, inequality is transformed into

— Biy—
j=1
— Biy—Dm]

n

<185 =381,

j=1iH=1 j=lig=1

= Z Z ( Jig lk] jHlkH> [ﬁ’H 1+(ﬁl1—1 ,BiH—l)ﬂH]EZ(l—Slkj),
j= llH 1
n n

0= Z Z 85t [Biy—1 + Biy — Biy—1)7 "1 — Z Z

j=tin=1 j=lig=1
n N

= Z Z (8lkj ;IlkH - (SH flzky) [IBiH*I + (ﬁiH ﬂlH I)TF
j=lipg=1

j=1
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The above two inequalities are clearly bounded. The
other constraints are similar to those of model (M1) and
have been proven to be bounded and feasible in the proof
for Theorem 1. €2; is thus non-empty and occupies a closed
bounded region. O

In model (M2), the absolute value sign is determined

from the values of 8/Hi and eH ? . Supposing that et i ,Hl =

i S
ls”H2 1,1le1_lH2,wehave

N

Z <gjl'{l'kH - j ZH> [ﬁlH 1 + (/ng ,Bin])T[H]

ig=1
= [IBiylfl + (:31'1.11
_[,31'1_1271 + (,Bl'HQ

- :31'1.1171)7[1-1]
- ﬂiyzfl)ﬂHl

Ifig1 < igo, then

Z <8JI'-,IikH —&j lH) [ﬁlH 1+ (/311-1 ﬂiH—l)ﬂH]

ig=1
= [IBiyz—l + (ﬁi[-lz - ,Biﬂz—l)”H]
~[Biyi—1 + Biyy — Bir—1)7 1.

This calculation means that the absolute value sign is
independent of the values of B;, and 7. The objective
function is thus a continuous function of region €2, and must
obtain a maximum value in €2, according to the extreme
value theorem of multivariate functions [35]. An optimal
solution therefore exists in model (M2).

n

l m
eGk:mn(l—l) 2 ZZ[M 4 - &

o=1l,0#k i=1 j

I n

AL

o=1,0#k i=1 j=I

1
mn(l — 1)

A Linguistic Granulation Optimization Model
for Quantifying Alternative Grades

In this section, we introduce the third optimization model
used for quantifying segment points «;; (ic = 1,..., M)
in order to obtain the value of each alternative grade.
To prevent the distribution of the length of the intervals
(@i — Qig—1, 290 = 0, apy = M) from being too uneven
and o;; — @;;—1 from being too small, the length of each
interval is limited to an approximate range. Let rg and ‘L'g
O < ‘L'g < rg < M) be the respective upper and lower
limits of o;; — @j;—1. These values are determined in the
same way that rg and ‘L'D are established. We then have
‘L'g < g — Qjg-1 =< rU In addition, as a(y41)2 in G
denotes the average level, its value g(y+1),2 should be M/2,
ie.,

g2 = d—1y2 + @12 — au-12)T 8 = M/2.

Suppose that gl"] denotes the value of gf‘j, which
represents the linguistic variable for the grade of alternative
a; given by expert ¢ with respect to attribute f ;. Based
on the premise expressed in Eq. 3, the relationship between
rk and the segmentation points (aj;) of G can then be

ij
presented as follows:

M M
gzkj = Z ‘gg,kicg'ic = Z Sg,kig[O‘icfl“‘(aic_“icfl)ﬂ'G],
ig=1 ig=1
®)
where 81(];]; = 0or 1 and where ch | gle 1. The
specific value of 81 ]l is known according to the initial
information gl. T
Let glk] and g;’] denote the values of gf‘j and g7,
respectively. The degree of group consistency of expert e
with respect to alternative grades can then be expressed as

M
ijig — €iji [O[,G 1+ (a!(; aic—l)”G] . ©)]
- | Z (6l )

The comprehensive degree of group consistency for all
experts with respect to alternative grades can then be written
as:

n

1 l m
eczmnl(l—l)z 2. 2

k=1 o0=1,0#k i=1 j=1

M
Z < ijic — €ij, ,G> [aig—1 + (@ig — OliG_l)JTG] . (10)

@ Springer



Cogn Comput (2019) 11:172-192

181

In group decision-making settings, the weights assigned
to the experts are crucial factors in the final decisions
produced. Experts differ from one another due to individual
dissimilarities with respect to a variety of areas (e.g., their
knowledge and experience). For a comprehensive evaluation
of the alternatives, the impact of group consistency and the
effect of cognitive reliability should be considered as two
measures of expert weighting that also avoid the subjective
randomness of information combinations that subjective
information can create. Because group consistency is a
criterion of the validity of group decision-making, problems
associated with improving the group consistency of the
experts require further study [36]. In general, a positive
correlation exists between group consistency and expert
weights: experts with greater group consistency exhibit
less resistance to achieving group consistency and thus
contribute a larger weight to the information aggregation,
and vice versa. Group consistency can therefore be
considered a measure of expert weighting.

Definition 6 Let 6% and 6¢¥ denote the group consistency
of expert X (k = 1, ..., ) with respect to attribute weights
and alternative grades, respectively. The consistency weight
of expert X is then defined as:

1 er 9Gk
R = + = (an
2 Zk:l er Zk:l GGk

In this study, the level of cognitive reliability is
established based on cognitive familiarity. Experts who
have more cognitive familiarity also have more extensive
experience with and knowledge about the decision-making
elements, so the information they provide is more readily
adopted by administrators in many practical cases. This
means that an expert who has more cognitive familiarity
becomes more important to the decision-making process
and is thus assigned a higher weight. Since cognitive
reliability can be considered the quantification form of
cognitive familiarity (Definition 3), we use it as a measure
of expert weighting.

Definition 7 Let 8% denote the cognitive reliability of expert
¢k the reliability weight of expert ¢ is then defined as:

s o > 2o 3,{;
Thot® Y Ti X 8
In addition to objective factors, a priori subjective
experience also affects expert weighting. Suppose that
A%k is the priori subjective weight of expert ¢*. Three
types of weights then denote different dec1s1on—mak1ng
preferences, meaning that group consistency, cognitive
reliability, and a priori subjective experience might be
emphasized differently. To highlight differences in their
importance, we apply two preference coefficients in terms
of h (h € [0,1]) and ¢ (¢ € [0,1]) in order to
emphasize the weights for consistency and reliability,
respectively. The two coefficients can then be adjusted to
reflect the different decision-making conditions. Thus, the
comprehensive weight ¥ of expert e is set as:

A= mf% ek (1 — h— otk (13)

12)

The comprehensive cognitive reliability of the experts for
alternative a; can then be written as:

1
5= 3 akok. (14)

To improve the levels of cognitive familiarity and
thus mitigate decision-making risks, a minimum level of
cognitive reliability (denoted by 89) is required from
experts with respect to the alternatives, whereby §; =
Zi:l Akéf‘ > §G where 8; 1s obtained from the solutions of
Egs. M1 and M2. In addition, to enhance the achievement
of maximum levels of comprehensive group consistency
with respect to the alternatives and thus to increase the
acceptability of the decision-making, we use max6¢ as the
objective function of the model. Then, together with the
aforementioned constraints, a third linguistic optimization
model (M3) is established for determining the segmentation
points o, ..., cp—1 and 76

! I m n M
1
G G
max0” = i —1) > X ZZ -1 (%:m —&ij, m) [@ig—1 + (g — ig—1)7”]
k=1 o=l,0#k i=1 j=1 ic=1
8 = Yk Aksk > 59,
am—1y2 + @12 — em—1y2)7% = M/2,
S.t. ‘[g S Wi — Oig—1 = Ty (M3)
0<79<1,0<ai; <M,
Ol()ZO,OlM =M,i(; = 1,...,M.
In Eq. M3, the first inequality indicates that the  reliability. The second one denotes the value of g(x41),2,

comprehensive cognitive reliability of the experts with
respect to alternative a; is not less than the required level of

and the third one indicates the range of the interval length
of gi;. As with the first constraint included in Eq. M2,
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Zi:l )Lk(Sf‘ > 5% should be obtained from the region in
which the rest of the constraints in Eq. M3 are situated.

Theorem 3 An optimal solution exists in model (M3).

Proof Let the feasible region of model (M3) be denoted as
Q3. In Eq. 14, supposing that o* = roH* /(2 YL _ 91k 4+
5% 4+ (1 — b — £)Ak; then, in Q3, we have

| ..

k=1
I m n M Gk G G
I h 12:#]( 2:1 Zl M — 'Zl (8,']',,'6 - Eij,OiG) [dig—1 + (@i — dig—1)7 "]
o=l,0#ki=1 j= ic=
- ]; 1 ) m n M Gl G
B 2k2:1 IX:#k 2:1 Zl M- 'Zl (sij,ic - 5,']'3'6) [oig—1 + (@ig — Ofigfl)ﬂ'G]
=lo=1,0#ki=1 j= ic=
<1

+o (Sf‘

When h = 0, all of the variables in the constraint has no
meaning so that we have & > 0. The constraint is intended

o
IA

<
MN
. MN
NE

o
A

— &

(o) - (5,

<
MN M
: MN
M=

G G
1]»(:0> [aic—l + (aiG - aic—l)n ]

to be obtained from the region that contains the rest of the
constraints. It can then be transformed into

where a = 2 x (56 — Y4 _, pks¥)/h, and b = 2 x (1 —
Zi: 1 pkéf) /h. In this way, the first constraint is bounded

by the other constraints, and proving that Q3 is non-empty
and bounded is not difficult. O

Like the objective function of Eq. M2, the objective
function of Eq. M3 is a continuous function of region
Q3 and thus, according to the extreme value theorem of
multivariate functions [35], must attain a maximum in £23.
An optimal solution therefore exists for model (M3).

The next step is to obtain «y, ..., apy—1 and 7€ using
Eq. M3. From Egs. 13 and 14, we have A* and §;. Let
§IG be the aggregated assessment of alternative a;, which is
expressed as:

I n
87 =2 D M widy.

k=1 j=1

s)
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From the above discussion, it is evident that the solutions
from Eqs. M1 and M2 form the premise of Eq. M3, since the
optimized variables from Eqs. M1 and M2 are both utilized
as known parameters for solving (M3).

Using Egs. M1, M2, and M3, aggregated results can be
obtained for two types of values: aggregated grades g?lG and
aggregated cognitive reliability §;. Producing an accurate
decision based on these two kinds of values requires the
development of a selection method.

Selection Method Based on Two Aggregated Values

Suppose that R; denotes the aggregated values of alternative
a; and contains two aggregated values: aggregated grades
gl.G and aggregated cognitive reliability §;. From Egs. 14 and
15, we have

R =(80.5:). (16)
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In general, the alternative with the largest gf" should be
selected as the best candidate. However, to reduce decision-
making risk, decision-makers also require the alternative
with a higher §;. When a selection is made based only on
giG without consideration of §;, decision-makers are likely
to face high levels of decision-making risk in the future,
which they usually try to avoid. Thus, alternatives should
be selected with consideration given to both g,.G and §;.
Suppose that there are two alternatives denoted by a, and
ag (p,q = 1,...,m, p # q); seven situations then exist,
which can be represented as follows:

(1> 20 < 89,68, < 845 () g,? < 89,8, > & (3)
gp _gqv(s <8q’ (4)gp —gq,(Sp—(Sq, (S)gp _gq7
8 >8q7(6)gp>gq76 q7(7)gp>gq78 <8

Clearly, if situation (1) or (3) applies, we have a, < ag;
if situation (5) or (6) applies, we have a, > ag; if situation
(4) applies, we have a, = a,. However, if situation (2) or
(7) applies, a direct comparison is difficult. To deal with
these two situations, we propose the following new ranking
method.

In R;, cognitive reliability §; intrinsically indicates expert
certainty that the aggregated grade value of alternative
aj is g,G Experts generally assign the most likely grade
information to each alternative according to their knowledge
and experience. Thus, §; can be regarded as the probability
of gﬁ, which is considered the most probable value
of alternative a;. With g? € [0, M], the probability
distribution for g,G is not clearly known. Since g,G is the
most likely value of alternative a;, we consider that a grade
value closer to glG has a probability that is higher but less
than that of gzlG ; this characteristic conforms to features of
the triangle ambiguity function. A probability distribution
function is thus established based on the triangle ambiguity
function, as follows:

1. When g% =0, fi(x) = 0.
2. When g¢ > M/2,

x # [0, M]
, x € (0,251

g—g +28;. x € (89, M.

1

3_:>|_<}1 =

filx) =

3. When0 < g% < M/2,

0, x # [0, M]
8i(x—g¢ ~

fix) = % +8i, x € (0,871
B0 e (G

Suppose that the situation involving alternatives a, and
ag is g,? < gg and 8, > §&,, and that the probability
distribution functions of a, and a; are valued at f,(x)
and f,;(x). Clearly, f,(x) and f,(x) cannot be compared
when g}g # §qG , so making a comparison requires
that a suitable reference interval can be chosen. Because
an alternative with higher grades is a better candidate
for the decision-makers, we set the comparable interval
as [gfj, M]. The cumulative probabilities of f,(x) and
fq(x) are then calculated within the interval [gg, M];

ie., Fpp(x) féﬂg’ fr(x)dx, Fyp(x) = fg[g’ fy(x)dx.
The formulas used for generating Fj,(x) and F,(x) are
presented in Appendix A of the Appendices.

After obtaining F),(x) and Fy,(x), we can make a
direct comparison: if Fp,(x) < Fyp(x), then a, < aqy; if
Fpp(x) = Fyp(x), then ap = ay; if Fppp(x) > Fyp(x), then
ap > agq. Every two alternatives are then compared to each
other in order to obtain a ranked order of alternatives.

The following steps outline the details of the proposed
method:

Step 1 Form an ELMAGDM problem. [ experts are
selected to give their linguistic cognitions gf/., c,’.‘j, and
h’;. (gfj € G, cjfj e C, h’; €eHi=1,..mj=
I,...,n,k=1,...,1) for m alternatives with respect to
n attributes, where G, H, and C, respectively, denote the
linguistic sets of alternative grades, attribute weights, and
cognitive familiarity of the experts.

Step 2 Determine the cognitive familiarity and cognitive
reliability of the experts. In agreement with the entropy
method, linguistic variables indicating the cognitive
familiarity of the experts are quantified from Eq. M1,
enabling values for the cognitive reliability 5{‘/. of the
experts to be obtained.

Step 3 Generate the attribute weights. Through the
execution of Eq. M2, linguistic variables denoting the
attribute weights are quantified so that w* and 8;‘ can be
obtained using Egs. 4 and 5 based on the solutions from
Egs. M1 and M2.

Step 4 Generate alternative grades. Using the optimized
variables from Eq. M1 and M2, M3 is constructed
in order to quantify the linguistic variables for the
alternative grades. Next, comprehensive weights for the
experts are calculated from Eq. 13. Equations 14 and
15 are then applied in order to determine the aggregated
cognitive reliability §; and the aggregated grades gf"

Step 5 Make a selection from the alternatives. According
to the selection approach which involves the aggregated
assessment gl.G and the aggregated cognitive reliability
di, a ranked order of the alternatives is generated, which
constitutes a solution to the ELMAGDM problem based
on consideration of cognitive reliability.
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Case Study

This section describes the use of a numerical example as
a demonstration of the feasibility and rationality of the
proposed method. To illustrate its advantages, the new
method is also compared to the five methods previously
proposed in [14, 28, 30, 37, 38].

Background Description

By boosting employment and economic and technological
innovation, SMEs play a significant role in the economic
and social development of a nation [39]. In many countries,
governments have applied a series of policies directed
at increasing the financial support given to local SMEs
[40]. For the best use of funds and the selection of the
most suitable SMEs, investors must employ an appropriate
selection method. For example, in China, because of
the large number of SMEs that require funding, higher-
credit SMEs must be selected to utilize the money
efficiently. SME selection is often considered a multi-
attribute decision-making problem (MADM), which is
frequently characterized by interdependent criteria derived
from inaccurate or uncertain information [41]. Such an issue
is often referred to as decision-making uncertainty [37].
The successful selection of an SME from several choices
requires the use of information systems such as service-
oriented architecture (SOA) technologies in order to manage
the large volume of data obtained from heterogeneous
sources [42]. The use of SOA enables an investor to
grasp real-time cognition about SME performance in order
to make a decision [43], but SOA cannot be employed
for solving decision-making problems associated with a
system. Boumahdi et al. [30] therefore proposed their
SOA+d approach, which combines SOA with the decision
support systems of services. Selections are made using
MADM methods, such as the analytic hierarchy process
(AHP) [30, 44], the fuzzy VIKOR method [38], and
fuzzy multicriteria analysis combined with a similarity
method [45] used to make a selection. However, the
approaches presented in these studies omit consideration of
the reliability of the various information sources employed
during the decision-making process, and thus enhance
investment risk. For investors, uncertain information can
affect decision-making reliability and ultimately lead to
high degrees of investment risk and fund loss. To overcome
these limitations, we therefore applied the proposed method
to SME selection involving the use of uncertain information.

As explained by Sohna et al. [46] as well as Ju and Sohn
[47], the SME selection process involves an examination
of higher-credit alternatives with respect to 16 individual
attributes (fj, j = 1,...,16) that can be sorted into
four categories: management, technology, marketability,
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and profitability. The attributes pertaining to manage-
ment reflect the abilities of leaders in various areas (e.g.,
knowledge management, technological experience, man-
agement ability, funding supply, and human resources). The
attributes pertaining to management reflect the abilities of
leaders with respect to a variety of areas, such as knowl-
edge management, technological experience, management
ability, funding supply, and human resources. Attributes
that pertain to technology can be gauged according to
the technological development environment, the techno-
logical development output, new technologies, technologi-
cal superiority, and technological commercialization. Mar-
ketability is measured based on market potential, market
characteristics, and product competitiveness. Profitability is
often assessed with reference to sales schedules, business
progress, and investment returns.

In China, along with an investment company from
Beijing, the local government of Anshan (a city in Liaoning
province) has established a project for funding SMEs in
Anshan, with the intention of selecting an SME from a
number of industries. The high-technology industry is the
primary target for this project. However, many start-up
SME:s also require funds. If all SMEs were to be funded,
the total amount required would far exceed the planned
amount. For this reason, only one SME was selected from
all of the companies. Preliminary screening eliminated most
of the SMEs. The complex evaluation system that was
employed left only three potential candidates to choose
from: ay, a>, and az. Two of these are software management
businesses. Although various types of selection methods
exist, the government cannot collect complete information
about all of the candidates because the SME selection
process is complex and professional and because obtaining
accurate values for some attributes is difficult. On the other
hand, experts find it convenient to use linguistic variables to
express their cognitions. For these reasons, the application
of the proposed method is appropriate in this case.

The government invited three experts (e!, %, and ¢€3):
one each from a governmental agency, a supervision
organization, and a relevant company. Their priori weights
are provided as 1! = A2 = A%3 = 1/3. A linguistic set
representing the alternative grades is established as G =
{g1 = very poor, g» = poor, g3 = relatively poor, g4 =
average, g5 = relatively good, g = good, g7 = very good}.
A linguistic set denoting the attribute weights is recorded
as H = {h; = very unimportant, #i» = unimportant,
h3 = relatively unimportant, 44 = average, hs = relatively
important, hg = important, h7 = very important}. Another
linguistic set describing the cognitive familiarity of the
experts is expressed as C = {c; = very low, ¢; = low,
c3 = average, ¢4 = high, ¢s = very high}. The initial
information given by experts is shown in Appendix B of the
Appendices.
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75 =0.11 7o =0 |;/1:0.3| |7/2:0.41|

|}/3:0.51| |}/4:0.71| |75:1|

7€ =0.95 7€ =0.95 7€ =0.95 7€ =0.95 7€ =0.95

Fig.4 Equation M1 solution

The goal of stipulating the linguistic cognitions of the
experts was to make full use of the information available so
that the proposed method can be applied to produce a final
decision characterized by a high degree of reliability and
group consistency.

Computation Process and Analysis of Results

Based on the ELMAGDM method, we solved this case
by applying the following five steps. Some solutions were
obtained using the MATLAB optimization toolbox.

Step 1 Form an ELMAGDM problem. As described for
this case, three experts are selected for assessing the
three alternatives with respect to 16 attributes. Three
linguistic sets are provided: alternative grades, attribute
weights, and the levels of cognitive familiarity of the
experts, where M = 7, N = 7, and L = 5. This
case thus falls within the definition of an ELMAGDM
problem. Through the application of Definition 2, the
three kinds of linguistic variables are transformed into
binary connection numbers.

Step 2 Generate values for the cognitive familiarity and
the corresponding reliability of the experts. To prevent
the development of an uneven interval distribution, the
interval length threshold is set to vary by 50% relative to
that of an even distribution; i.e., rg = 0.3, and rg =
0.1. Figure 4 presents the solution produced by Eq. M1.

The distribution is intensive over natural intervals but
is scattered on both sides, which is consistent with the
characteristics of a normal distribution without loss of
the principle of universality. Applying (M1) to solve
the problem is therefore reasonable. Definition 3 can
be applied in order to obtain a value for the cognitive
reliability 8;‘]. of expert e for alternative a; with respect
to attribute f; ( =1,2,3;j=1,..., 16k =1,2,3).

Step 3 Determine the attribute weights. As was the case

for determining ‘L'g and Tg, t{}' = 0.215 and Tg =
0.072. The minimum requirement for the degree of
cognitive reliability of the experts with respect to every
attribute is set as 67/ = 70%, which is dependent on
the experience of experts in the SME industry. It should
be noted that if the value of each Sfj is generally low
or if 57 is set at a high level, Eq. M2 might not find a
feasible solution. In that case, initial cognitions should be
adjusted by specific experts. Based on Eq. M2, quantified
linguistic variables representing the attribute weights are
obtained (Fig. 5). The normalized weight wlj‘ of attribute
fj given by expert ek is generated (j = 1,...,16,
k = 1,2,3), and the cognitive reliability of expert ek
with respect to alternative g; is determined as 8% = 0.794,
8y = 0.771, 8} = 0.787, 87 = 0911, 83 = 0.897,
85 = 0.904, 87 = 0.976, 83 = 0.895, and 83 = 0.953.

Step 4 Generate alternative grades. As with the determi-

nation of ‘L'g and ‘L'g, ‘Cg and rg are set as 1.5 and
0.5, respectively. Since no clear preference exists for this

7 —00721 [ =0] [B=0215|[p,=0428] [5 =03

[6,=0.681] [p,=0856] [p,=0928] [5,=1]

| z"=0 z"=0 =0 z"=0 z"=0 z"=0 z"=0

tll =0.215 :
|

" =70% i li-o] i =‘0.215| B :04428| i, ;0.5| h, :‘0.681| , =0.856| [h, = 0928
o __ 1

Fig.5 Equation M2 solution
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Fig.6 Equation M3 solution

case, we have i = ¢ = 1/3. The minimum require-
ment for the level of reliability of each alternative is set
as 89 = 75%. The Eq. M3 solution is then obtained, as
indicated in Fig. 6. When Eq. 13 is applied, the compre-
hensive weights for the experts are computed as A' =
0.32, 2> = 0.336 and A> = 0.344. Using Eqs. 14 and 15,
the aggregated cognitive reliability values are established
as 81 = 0.861, 5 = 0.858, and §3 = 0.905, and those for
the aggregated grades as g? = 4.689, §2G = 4.713, and
g3y =5.536.

Step 5 Make a selection from the alternatives. Using the
selection method, the ranked order of the alternatives is
obtained as follows. (1) For SMEs a; and a», Fi; = 1.5
and F>; = 1.5, implying that a; = a3. (2) For a; and
as, Frp = 1.48 and F3p = 1.84, and thus a» < az. (3)
For a; and a3, F;1 = 1.15 and F3; = 1.85, and we have
ay < as. The ranked order of the SMEs is consequently
ap = ap < as.

Based on the ranked order, SME a3 exhibits the best
credit performance, while SMEs a; and a, belong to
the “average” level and SME a3 is categorized as being
at the “good” level. In particular, SME a3 presents
advantages with respect to some attributes (e.g., fund-
ing supply, human resources, technological development
environment, new technologies, technological superior-
ity, and technological commercialization). This assess-
ment is produced because the weights of these attributes
are higher than the average value of all of the attribute
weights, implying that these attributes have a stronger
impact on the overall performance of the alternatives.
If SMEs a; and a; wish to obtain the investment, they
should improve the performance of these attributes in
order to be assessed on par with SME a3. In general,
in terms of SME selection, the proposed method can be
deemed both rational and feasible.

With the proposed method, when the values of the three

types of linguistic variables are known, all of the algorithms
used during the aggregation process can be easily executed

@ Springer

using constants. The computational complexity of the
proposed method thus relies heavily on the solution methods
employed in the three optimization models ((M1), (M2)
and (M3)). For the case study, we used the sequential
linear programming (SLP) method to obtain solutions from
the three models, in accordance with each type. Of the
different optimization techniques available, the SLP method
is very popular owing to its conceptual simplicity and
simple algorithm [48, 49]. The computational complexity
of this method is strongly affected by the number of
variables and move limits under consideration [50]. In
the three models presented here, the maximum number of
variables is seven, and the number of optimized variables
is unaffected by the number of experts, alternatives, or
attributes. Hence, if the number of optimized variables is
fixed, the computational complexity of the three models
changes only insignificantly with an increasing number of
other parameters. An additional feature is that because the
distance between the upper and lower limits of the variables
is quite short ( maximum value = 7), move limits are largely
undefined during the solving process. For these reasons, the
SLP method is applied for the solution process in the three
models. With the SLP method, the three models produce
solutions within a short time frame (maximum time period
= 10 s), with the maximum amount of generator memory
used being measured at 26. The result is that the proposed
method is easy to implement using real-world applications
and is less computationally complex.

Sensitivity Analysis

In this work, cognitive familiarity is deemed to be a measure
of cognitive reliability. To provide a clear illustration of
the need for cognitive reliability and to demonstrate the
rationality of the proposed selection method, we further
analyzed the influence of cognitive reliability and of
alternative grades on a cumulative probability F. For
simplification purposes, we directly discuss the effects of
aggregated cognitive reliability §; and of aggregated grades
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§IG on F. §; is a type of variable with respect to éf.‘j (§lk]
and fz']‘ are fixed), and glG is varied in relation to g,k] (other
factors are left unchanged). Accordingly, 8; and g? , rather
than 6{‘. and gfj, are the salient features of the analysis. We
take SMEs a; and a, as examples to guide our discussion.
Figure 7 shows the impact of both §; and glG on F.

In Fig. 7a, for F; and F31, the aggregated grade é? of
SME aj, the grg of SME aj;, and the cognitive reliability &,
of SME a5 are all fixed. Different values of §; (describing
SME aj) hence lead to different F7; values, and a larger
81 results in a larger Fp;. In the figure, the intersection
of Fi1 and F>; denotes that ay = ap. As indicated in
Fig. 7a, we can clearly conclude that cognitive reliability has
a substantial impact on the decision-making results and thus
serves as a positive reference based on which administrators
can make reliable decisions.

Figure 7b shows the effect of glc on F when §;, 5
(61 = 87), and gg are fixed. To ensure that g? < gZG ,
ng is assigned the maximum value: §g = 6. As §1G
increases, the gap between Fj; and F»; tends to decrease,
and the difference between them gradually declines to 0. It
should be noted that inflection points can be observed in the
figure because different equations are used for computing
Fj1 and F»; when glG belongs to different intervals; i.e.,
0=28" <M/2<8Y,0<g% <M/2<3¥ andM/2 <
glG < §2G . As shown in Fig. 7b, the variation in F that
results from different g? values conforms to conventional
wisdom (a higher grade value for one alternative denotes
better performance from that alternative), thus illustrating
the rationality of the proposed selection method.

Comparative Analysis and Discussion

For further exploration of the advantages of the proposed
method, we compared our method (designated Method 1)
with two existing approaches that have been the focus

1.8 Fn
1.6 F21 /
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0.2
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(a) Impact of §; on F

Fig.7 Impact of §; and g,.G on cumulative probability F

of theoretical [14, 28] and practical [37, 38] research.
The two theoretical methods are referred to as Method
2 [14] and Method 3 [28]; the two existing practical
application approaches are identified as Method 4 [37] and
Method 5 [38]. Method 2, which omits consideration of
reliability and group consistency, is used mainly for solving
group decision-making problems that involve incomplete
weights, and Method 5 is employed for studying Web
service selection in SOA based on consideration of
confidence levels and the expertise of decision-makers
during the selection process. The two methods are suited
for group decision-making when no special requirements
are placed on group consistency. Method 4 is applied for
the examination of system service selection for Chinese
SME:s under uncertainty. The method is suited for use with
multi-attribute decisions to be made by one decision-maker,
and its relatively low computational complexity makes it
easy to execute. Method 3, which lacks consideration of
group consistency, takes into account expert information
and is thus comparable to the proposed method. These
four methods are therefore useful for making comparisons
with our method. Table 2 lists the detailed comparative
results obtained using these methods. A further comparison
involved contrasting the computations of group consistency
for the five methods using Eq. 5 (Table 2). It should be noted
that, because Methods 4 and 5 use different scoring rules,
we first translated these two methods so that they follow the
same scoring rule used in our method and so that all five
methods would be based on seven grades.

As indicated in Table 2, a comparison of the two
theoretical approaches (Methods 2 and 3) revealed that the
primary difference with respect to the three ranked orders
produced is the positioning of alternatives a; and ay. The
ranked order of the two alternatives obtained from Method
2 is a; < ap and that obtained from Method 3 is a; < a3

while that obtained using our method is a; = a». The
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Table 2 Results of the comparison

Method 2 [14]

Method 3 [28] Method 4 [37] Method 5 [38]

Method 1
Aggregated values aj R = (4.689, 0.861) -
a Ry = (4.713,0.858) —
as R3 = (5.536,0.905) -
Group consistency aj 6.52 6.04
as 6.44 5.96
a3 6.75 6.5

Ranked order ar=ap < az

a) < ayp <as

Ry = (4.73,0.75) 8¢ =505 -
Ry = (5.09, 0.68) 89 =497 -
R3 = (6.29,0.7) 8Y =526 -
6.04 5.8 591
5.96 5.78 5.86
6.5 6.36 6.42

ap <ax <as ap) <dayp <as a <a) <as

cognitive reliability with Method 1 is also shown to be
greater than that with Method 3, thereby reducing decision-
making risks. Method 2, on the other hand, does not include
consideration of cognitive reliability. In addition, greater
group consistency, which improves the acceptability of the
decision-making, is obtained with Method 1 than with either
Method 2 or Method 3. The ranked order obtained using the
proposed method is therefore more credible.

When the results using the proposed method are
compared to those produced by the two practical methods
(Methods 4 and 5), the ranked orders are found to be
different. Based on the aggregated values of Methods 1 and
4, the assessments of alternatives a; and a; are very similar,
so making a selection using only the aggregated grade
values of the alternatives is thus insufficient. However, this
issue can be addressed if the cognitive reliability of the
experts is taken into account. As can be seen in Table 2,
the performance of alternatives a; and a is identical, which
indicates greater validity. The table further reveals that the
group consistency of Method 1 is superior to that of either
Method 4 or Method 5 (Table 2), which means that the
acceptability of the decision-making is also enhanced by the
use of the new method.

Compared to the other four methods, our method
can facilitate decision-making characterized by a higher
level of cognitive reliability and group consistency. The
advantages evident in the results are derived mainly from
the computation process. To illustrate the enhancements
provided by the proposed method in greater detail, we
conducted a further comparison from the perspective of
basing a selection on the initial information, linguistic
quantification, weighting of the experts, and aggregated
values. (1) With respect to the initial information, in our
method, in contrast with other methods, the cognitive
familiarity of the experts is included in consideration as
an initial linguistic variable to be employed for making
a reliable decision. (2) Regarding linguistic quantification,
linguistic terms are quantified objectively using three

@ Springer

granulation optimization models that take into account
group consistency and cognitive reliability, thus limiting the
amount of information loss during the calculation process.
(3) The proposed method applies cognitive reliability, group
consistency, and subjective information in determining
the expert weighting, making the decision-making more
objective and comprehensive. (4) With the proposed
selection approach, two types of aggregated values are
obtained and combined, thus facilitating comprehensive
decision-making.

In addition to the above quantitative comparisons, we
also compared the proposed method to the AHP technique
described in [30] from a qualitative perspective. The
method described in [30] adds decision-making functions
to SOA and then applies the AHP approach in order to
make a selection for suppliers. The AHP is suitable for
both group and individual decision-making. It produces
problem solutions based on a hierarchy and thus follows
clear hierarchical logic. Table 3 provides the results of
the comparison of our proposed method with the method
proposed in [30]. It is apparent that our method offers
a number of advantages: it measures initial information
from multiple dimensions, introduces a more objective
calculation process, produces more comprehensive results,
and supports a higher level of decision-making accuracy.

The comparisons with other approaches have highlighted
the following advantages of the proposed method: (1)
The cognitive familiarity of the experts is considered as
a measure of cognitive reliability, which offers multiple
references with respect to evaluating results and which
is helpful for facilitating reliable decision-making. (2)
The three proposed linguistic granulation optimization
models take into account both group consistency and
cognitive reliability. These models enable higher levels of
group consistency and cognitive reliability to be obtained,
rendering the results produced more credible; in cases
requiring a higher level of cognitive reliability, when no
feasible solution is reached, the level of cognitive familiarity
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Table 3 Differences between the proposed method and the AHP approach

Items compared

The proposed approach

AHP approach [30]

Initial forms of information provided by
experts

Methods of transforming the linguistic
variables

Information regarding the weights assigned

to experts

Decision results

Qualitative and quantitative analyses

Linguistic terms for cognitive familiarity,
alternative grades, and attribute weights
Linguistic granulation optimization method
based on group consistency and cognitive
reliability

Cognitive reliability, group consistency,
and prior subjective information

Ranked order of alternatives based on
aggregated grade and cognitive reliability
values

Analysis more quantitative in nature

Linguistic terms for attribute and alterna-
tive judgments

Predefined assignment values

Individual decision-making without con-
sideration of expert weights

Ranked order of alternatives

Analysis more qualitative in nature

is too low to satisfy the required degree of reliability, and
the initial information should be adjusted in order to ensure
a sufficiently high level of decision-making reliability. (3)
The weights assigned to experts are measured based on
consideration of group consistency, cognitive reliability, and
subjective information, thus making them more objective.
It should be noted that the quantity of expert information
considered in Method 3 can involve the use of ineffective
information, and that cognitive familiarity is an indicator
of the effectiveness of the information held by the experts.
The use of cognitive familiarity is thus more appropriate for
describing experts.

Conclusion

We have studied decision-making problems characterized
by uncertainty (e.g., SME selection based on the subjective
attitudes of decision-makers) by exploring the possibility
of incorporating consideration of cognitive reliability
and group consistency. Three initial linguistic terms
are expressed in terms of alternative grades, attribute
weights, and cognitive familiarity. Cognitive reliability
is determined from cognitive familiarity calculated using
the first optimization model (M1). Then, two additional
optimization models ((M2) and (M3)) are proposed as a
means of generating attribute weights and alternative grades
based on group consistency and cognitive reliability. Since
the aggregated results include values for alternative grades
and cognitive reliability, the proposed selection method
combines these two values to enable a clear comparison
among alternatives. Comparisons involving SME selection
and previously published methods demonstrate that the
proposed method can satisfy decision-making requirements
with higher levels of group consistency and reliability.
Based on our sensitivity analysis, cognitive reliability has

a substantial effect on selection results and can serve as a
positive reference for administrators who wish to enhance
the reliability of their decisions; it thus should be considered
during the fusion process.

In addition to its application for SME selection, our
proposed method can be applied to other decision-making
problems involving uncertain information and subjective
expressions. Further studies should be conducted with the
goal of developing approaches that can be applied to
dynamic group decision-making involving non-cooperative
behavior. Methods of information inference should also be
studied in an effort to enhance the accuracy of the cognitive
reliability values. These issues could be investigated in
future work.
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Appendix A: Calculation of Fpp(x) and Fgp(x)

Five situations are considered for the computation of F,, (x)
and Fy,(x):
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L If0=2g5 < &g < M/2, then Fy,(x) = 0and 2. If0=_g85 < M/2 < ¥, then Fp,(x) =0 and
. & s M (s
5 [ (x - 89) Fp) = | Zax+ | =25 426, ) dx
qp G R G q
Fap(x) = =G T |dx 0 & g \ &
0 85 )
o) it w2
5, | M —2(§ )} _
M q = .
8y (M — q 5G
/ AEI x) dx = ) 284
o Y o
84 gq 2(M gq) 3. Ifo< gl(,; < qu < M /2, we have
M 5 ~G
Fo = YoM —x) Mx |y X 3 ,,(M—g,,)
pp ~ Jic M —gG TP M — 46 &5 G - 2 ’
&y P P 2 M—gp 46
V4
G
Fpp(x) = / gq)+5 d+/M8(M_x)
qp\X q | 4X — g dx
M —g§ i M—3§§
M — 236 M
. ( - gq)x gq ~|—8 Mx x2
- _ G _ G ~
M gq M —gg M =g, 2(M—g$) o
8q
5G 5G 5G 5G 2
[ £ (ag) a2 (a9)']
2( - 7)
4. If0 < gr]? <M/2 < gg,we have 5. IfM/2 < g,‘f < gg,wehave
M (_§,x
. F (x):f +26, | dx
Ma,M—x) S (M=&5) " ig \ &5
p P P
Fpp(x) = V20 X = 3 , 5
& M8 5, |4MgC — M2 —3 (S
P 8p 8p
& M s - 246 ’
Foe = | 2%+ %% 195, ) dx &p
qp ¢ pG G G 4q ~G
¢ 84 &g 84 84 84x —84x
Fop) = [ 2% ax / %% 4 o5, ) dx
G 2 56\’ _ (56) 8 S & &
o [omag =2 a0’ (55 DA
_ ] . 5, |4ME8 — M —2<gq> —(gp)
288 = .
zqu

Appendix B: Initial Linguistic Terms Given
by the Experts

[ (g6. ¢5. h6), (g7, ¢5. he), (g5, C4, he), (6. C4, h6), (84, 5. h7), (86, 4. ), (86, C5. hs), (87, ¢5, h7), ]
(gs. c2, he), (g6, 5, he), (g6, €3, hs), (86, €2, h7), (85, ¢4, he), (84, ¢5, he), (87, c4, h7), (g6, €3, he);

1 (s, ¢s, he), (g6, c4, he), (g6, 4, he), (86, €5, he), (85, ¢5, 117), (86, €3, he), (86, 4, hs), (g7, 5, h7),
(86> c3, he), (g7, ¢5, he), (g5, ¢3, hs), (g6, C2, h7), (84, 3, he), (&5, ¢5, he), (g6, €5, h7), (g6, €3, h6);
(86 cs5, he), (g6, ca, he), (g5, ca, he), (g6, ¢4, h6), (86, c55 A7), (86, €4, he), (86, C5, hs), (g7, ca, h7),

L (86, 3, he), (g6, c4, he), (85, c2, hs), (g6, c2, h7), (g5, 3, he), (86, €5, he), (g7, 5, A7), (g6, 4, hi6).
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(84, c4, he),
(g5, c3, hs),
(84, ca, he),

(g5, ¢5, h7),
(84, c3, he),
(84, c5, h7),

(g6 cs, hs),
(g5, cs, he),
(g6, ¢4, hs),
(g5, ¢4, he), (g5, ca, he), (g5, 3, hs),
(g7, ¢s, hs), (g5, c¢5,h7), (g6, C5, he),
(g5, ¢5, he), (g6, c3, he), (g5, 2, hs),

[ (g5, ¢5, he),
(g4, ¢4, h7),
(g4, ¢s, he),
(g5, c4, h7),
(g6 c5, he),

L (g6, c4, h7),

(g6 cs, he),
(g5, c4, he),
(g6, 5, hg),
(g4, c5, he),
(g6 c5, he),
(gs. s, he), (g6, 5, h7), (g6, €55 he), (85, ca, h7).

[ (g5, ¢5.h6), (865 €5, hs), (g6, €5, h6), (84,5, he), (85,5, he), (84, C5, he), (86, €5, h7), (84, C5, he), ]
(84, ¢s, h7), (g5, ¢5, he), (g5, ¢4, he), (g6, 4, h6), (86, c4, h7), (&5, ¢5, h7), (85, ca, hs), (g5, ¢5, h7);
(86> ¢s5, he), (g6, ca, hs), (g5, ca, he), (g5, ca, he), (84, 5, he), (g3, 4, he), (g5, ¢5, h7), (g3, ¢5, he),
(84, ¢4, h7), (g4, ¢s, he), (g5, ¢4, he), (g5, €2, he), (84, c4, h7), (84, ¢s, h7), (g6, €4, hs), (g5, ¢5, h7);
(g6, 5, he), (g6, 5, h5), (g5, ¢5, he), (g6, €5, h6), (g6 C5, h6), (&5, ¢5, he), (g6, ¢35, h7), (g5, 5, he),

| (g6 ca, h7), (g6, 5, he), (g6, 5, he), (g5, 4, he), (g6, 5. h7), (85, €3, h7), (g6, C5, h5), (g5, C5, h7). ]

(g4, cs, he),
(g5, ¢4, h7);
(g4, ¢s, he),
(g4, 3, h7);
(g5, cs, he),

(g4, c4, he), (g6, cs, he),
(g6, s, A7), (g5, Cs, he),
(gs, ca, he), (g5, cs, he),
(gs, ca, h7), (g6, C5, he),
(g7 ca, he), (g6, C5, he),
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