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Multiple Attribute Strategic Weight Manipulation
With Minimum Cost in a Group Decision Making
Context With Interval Attribute Weights Information

Yating Liu, Yucheng Dong

Abstract—In multiple attribute decision making (MADM),
strategic weight manipulation is understood as a deliberate
manipulation of attribute weight setting to achieve a desired
ranking of alternatives. In this paper, we study the strategic
weight manipulation in a group decision making (GDM) con-
text with interval attribute weight information. In GDM, the
revision of the decision makers’ original attribute weight infor-
mation implies a cost. Driven by a desire to minimize the cost,
we propose the minimum cost strategic weight manipulation
model, which is achieved via optimization approach, with the
mixed 0-1 linear programming model being proved appropriate
in this context. Meanwhile, some desired properties to manip-
ulate a strategic attribute weight based on the ranking range
under interval attribute weight information are proposed. Finally,
numerical analysis and simulation experiments are provided with
a twofold aim: 1) to verify the validity of the proposed models
and 2) to show the effects of interval attribute weights informa-
tion and the unit cost, respectively, on the cost to manipulate
strategic weights in the MADM in a group decision context.

Index Terms—Interval attribute weight information, mini-
mum cost, multiple attribute decision making (MADM), strategic
weight manipulation.

NOMENCLATURE
The main notations in this paper are as follows.
X Set of alternatives.
A Set of attributes.
E Set of experts.
V = ijlaxm Decision matrix.
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Standardized decision matrix.
Evaluation function of alternative
x; with weight vector w.

Weight vector of attribute weights.
Original attribute weight vector
over expert ei.

Revised attribute weight vector
associated with expert e.
Ranking of alternative x, under
attribute weight vector w.
Attribute weights set without any
constraint.

Best ranking of alternative
x, under the set of attribute
weights W.

Worst  ranking of alternative

xp, under the set of attribute
weights W.

Ranking range under the set of
attribute weights W.

Ranking range under the set of
attribute weights W associated
with the WA operator.

Ranking range under the set of
attribute weights W associated
with the OWA operator.

Set of interval information of
attribute weights.

Best ranking of alternative xj
under the set of interval attribute
weights S.

Worst ranking of alternative xj
under the set of interval attribute
weights S.

Ranking range under the set of
interval attribute weights S associ-
ated with the WA operator.
Ranking range under the set of
interval attribute weights S associ-
ated with the OWA operator.

I. INTRODUCTION

ULTIPLE attribute decision making (MADM) aims
to obtain a ranking of alternatives based on their
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evaluation information regarding multiple attributes. MADM
has received increasing attention in decision analysis [22],
[37], [45], [46], and it has been applied in a wide range of
fields [5], [8], [19], [33].

Attribute weights play an important role in the resolution
of MADM problems [28], [29]. Until now, there exist many
approaches in the specialized literature on how to obtain the
attribute weights in MADM. The existing approaches can be
mainly divided into three categories [12].

1) The subjective approach obtains the attribute weights
according to the decision makers’ subjective preference
information on the set of attributes. For example,
Doyle et al. [15] proposed a direct rating method
and a point allocation method; Barron and Barrett [1]
investigated three rank-ordered methods, while
Roberts and Goodwin [32] provided a rank order
distribution approach.

2) The objective approach determines the attribute
weights by using objective decision matrix informa-
tion and the entropy method [47]; or a TOPSIS-based
method [48]; or some other mathematical programming-
based method [7], [35].

3) The integrated approach obtains the attribute
weights according to both the decision makers’
subjective preference information and the objec-
tive decision matrix information. For example,
Cook and Kress [10] proposed a preference-aggregation
model, while Fan et al. [16], Horsky and Rao [20], and
Pekelman and Sen [30] constructed optimization-based
models.

Strategic manipulation or noncooperative behavior in deci-
sion making describes those situations in which some deci-
sion makers dishonestly express opinions to enhance the
chances of obtaining their most preferred alternatives. Strategic
manipulation is a common phenomenon and has been ana-
lyzed in depth in different decision contexts. For example,
Pelta and Yager [31] and Yager [42], [43] have proposed aggre-
gation approaches to defend against the strategic manipulation
in group decision making (GDM); where as Dong et al. [13],
Palomares et al. [26], and Xu et al. [41] have investigated
how to detect and manage a series of noncooperative behav-
iors in GDM consensus reaching processes from different
perspectives.

As mentioned above, approaches to set attribute weights
have been investigated intensively, however, in these
approaches decision makers are assumed to be honest
when expressing their preferences regarding attribute weights.
Recently, Dong et al. [12] proposed the concept of strate-
gic weight manipulation, in which a decision maker can be
dishonest in the sense of setting attribute weights strategically
to obtain his/her desired ranking of alternatives.

Although this paper by Dong et al. is useful in MADM,
there still exist issues that need to be addressed.

1) In [12], the strategic weight manipulation was inves-
tigated in an individual decision making context.
However, the increasing complexity of decision envi-
ronments means that many practical decisions involve
multiple decision makers. Additionally, the strategic
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weight manipulation investigated in [12] assumed no
constraints on the weights and consequently the strate-
gic attribute weights could be set freely as any-
one of the domain values. However, decision mak-
ers often will present some attribute weight informa-
tion [6], [21], [23], [27], and thus, some attribute weight
information is partially known or subject to certain con-
straints. Therefore, it is necessary to investigate the
strategic weight manipulation in a group decision con-
text in which attribute weight information is partially
known.

2) When decision makers provide partially attribute
weights information in a group decision context, it is
more challenging for a manipulator to strategically set
attribute weights because some decision makers may be
reluctant to change their original attribute weights pref-
erences. As a result, the manipulator needs to take some
cost for decision makers to revise their original attribute
weight preferences. Driven by a desire to minimize the
cost, it is necessary to investigate the strategic weight
manipulation with minimum cost.

In order to address these two issues, this paper proposes
the strategic weight manipulation with minimum cost in
a GDM context with interval attribute weight information. The
proposed methodology to achieve this consists of the following
main steps.

1) Attribute weights are considered partially known, and
they are described by numerical intervals, i.e., interval
attribute weights information is assumed. Additionally,
multiple decision makers are assumed to be involved
in the strategic weight manipulation. Following these
assumption, this paper develops a new strategic weight
manipulation model in a group decision context with
interval attribute weights information.

2) A minimum cost model is developed to strategically
set the attribute weights, by revising the decision
makers’ original preferences of attribute weights to
obtain a desired ranking of alternatives. Meanwhile,
some desired properties with zero cost for manipulat-
ing strategic attribute weights are explored. Simulation
experiments with real data are provided to show the
effects of the interval attribute weight information
and the unit cost, respectively, in the cost to manip-
ulate strategic weights in the MADM in a group
context.

The remainder of this paper is organized as follows.
Section II introduces some basic concepts regarding the
MADM. Mixed 0-1 linear programming models to set
a multiple attribute strategic weight vector with minimum cost
are constructed in Section III. Section IV presents numerical
analysis and simulation experiments to justify the proposal put
forward in this paper. Concluding remarks and future research
agenda are included in Section V.

II. PRELIMINARIES

This section introduces some basic knowledge regarding
MADM and attribute weights.
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A. Classical MADM Problem

A classical MADM problem can be described as fol-
lows: Let X = {x1,...,x,} be a finite set of alternatives,
A = {ai,...,an} a set of predefined attributes, and w =
(Wi, wa, ..., wy)T the weight vector of the attributes, where
wi > 0 and 30 w; = L. Let V. = [vjluxm be the deci-
sion matrix, where v;; denotes the attribute value associated
with alternative x; € X and attribute a; € A. The resolu-
tion process of an MADM problem includes, generally, two
steps.

1) Normalization Phase: Attributes are split into two cate-
gories: 1) benefit attributes and 2) cost attributes. The decision
matrix V = [vjj]yxm, is transformed into a normalized decision
matrix V = [Vijlnxm, Where

Vij — mln(v,/)
i

vij = (D

max(v;) — min(v;)
1 1

if a; € A is a benefit attribute, while

max(vjj) — vjj
1

- 2
Vi ml?lx(Vij) — miin(v,-j) @

if aj € A is a cost attribute.

2) Ranking of Alternatives: Alternatives are ranked by
associating them with an evaluation value D,,(x;), which is
computed by a decision function F that assigns an overall eval-
uation to each alternative, i.e., Dy, (x;) = Fy Vi1, Vi2s . ..\ Vim),
with w = (w, wa, ..., wn) ! being the attribute weight vector.
It is worth mentioning out at this point that the alterna-
tives’ overall evaluation is frequently derived by fusing their
attributes normalized decision values, i.e., by using as function
F an aggregation operator such as the weighted average (WA)
or the ordered weighted average (OWA) operators [38], [44],
which would result, respectively, in

m
Dy (xi) = WA (i1, Viz, ., Vim) = ) _ WiV 3)
j=1
where w; is the weight associated with the attribute a;
m
Dy (x;) = OWA, (Bi1, iz, ..., Vim) = »_ Wiy (4)
j=1

where v;;) is the jth largest value in {v;1, V2, ..., Vin}, and
w; is the weight associated with the jth largest value in
(Vit, Viz, .., Vim}-

There exist various approaches to rank the alternatives.
However, as this paper is a continuation of the study presented
in [12], the ranking approach used there is also employed here:
let Onw = {xi|Dyw(x;) > Dy (xp),i=1,2,...,n} be the set of
the alternatives whose decision evaluation value is greater than
that of the alternative xj,, and |Qj, | its cardinality. Then, the
ranking position of the alternative xy, is

rw () = |Qnw| + 1. (5)
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B. Research Problem: Attribute Weights in Group Decision
Context With Interval Attribute Weight Information

As mentioned in Dong et al. [12], the setting of
attribute weights has an important effect on the ranking
of alternatives. Thus, a manipulator may strategically set
the attribute weights to attain his/her desired ranking in
the MADM.

Generally, in real-life MADM problems, the decision matrix
V' = [vijluxm is considered as providing representing objective
information, with the attribute weights being set by one or
more decision makers.

We make the following assumption.

1) Let E = {ey, ez, ...,e} be a set of decision makers and
let wk = (w’f, w’é, e, WZ)T be the weight vector of the
attributes associated with the decision maker e¢; € E,
where w]]? > ( and Z;":l wj]-‘ = 1. The attribute weight
vector w = (Wi, wa,...,wy)! is determined as the
average of all decision makers’ corresponding attribute
weight vectors
1 3 W]-C

_ Zk—ll J ) ( 6)

In MADM problems, because of time pressure or
limited expertise, some decision makers might not
be able to provide precise attribute weights but
incomplete attribute weights instead [6], [21], [23],
[27], i.e., some information on attributes weights
may be unknown or represented as interval values.
Usually, the basic forms of incomplete attribute weights
include weak ranking, strict ranking, ranking multi-
ples, interval form, ranking differences, and bounded
(see [21], [23], and [27]). In this paper, we consider
interval attribute weights, i.e., the attribute weights are in
some numerical intervals. Then, we make the following
assumption.

2) The attribute weight vector w* = (w]f, wé, ey w’,j,)T,
associated with the decision maker ¢ € E, is an interval
weight vector, i.e.,

wh=[rm 1] (M

Wi

k

J J J

where 0 < Ij]-‘ﬁ < jicha < 1. When conditions
Y IEt — max (= 1°7) = 0 and Y7 18T +
Inaxj(lf"|r — 1]1.(’_) < 1 are verified, w¥ is said to
be a normalized interval weight vector [37]. These
conditions guarantee that there exists a weight vector
w = (Wi, wa,...,wn)! such that ijzl wj = 1 and
I < wy < 1)),

When the decision makers have interval information of
attribute weights, setting strategic attribute weights carries
a cost as the original attribute weight information has to
be revised, i.e., modified. Inspired by the classical min-
imum cost model [2], [3], in this paper, we study the
multiple attribute strategic weight manipulation with mini-
mum cost in a GDM context with interval attribute weights
information. Minimum cost strategic weight manipulation
(MCSWM) will be formulated and discussed in the next
section.
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ITI. MULTIPLE ATTRIBUTE STRATEGIC WEIGHT
MANIPULATION WITH MINIMUM COST

This section contains 1) the strategic weight manipulation
with minimum cost in MADM, 2) an approach based on the
mixed 0-1 linear programming to obtain its optimal solution,
and 3) some desired properties.

A. Basic Ideas and Model

In this section, we introduce some basic ideas and con-
struct an optimization-based model with minimum cost to find
out the manipulator’s strategic weight vector to obtain his/her
desired ranking of alternative(s).

In this paper, without loss of generality, we assume that the
manipulator wants to manipulate the alternatives {XjeG|G C
{1,2,...,n}}, to which the attribute weight vector w =
wi,wa, ..., wm)T is to be strategically set.

Let wk = (w]l< , wg, e, wfn)T be the original normalized
interval attribute weights vector associated with the decision
maker ex. In order to strategically set the attribute weight
vector w = (wi, wa, ...,wm)T, the manipulator hopes that
the decision makers can revise their original interval informa-
tion regarding attribute weight vectors. Let us denote wk =
wk )T as the revised attribute weight vector asso-
1 and

0 < w¥ < 1. The difference between the original and the
revised attribute weight vector associated with the decision
maker e can be measured by

(o) = Zd(

Kk
(wl, Wos oo,
ciated with the decision maker e, where Z;": 1 wk =

W) ®)

where
k— % = k,—
LT IJ Wi OSWJin -
. . = k
a(wf. v}) 0; L 1, s_]slj ©)
k
Wi — I./ ’ I/ ./51

Motivated by the minimum cost model, setting strate-
gic attribute weights means the manipulator needs to take
some cost for the decision makers to revise their original
interval attribute weights information. Let f; be the unit cost
to revise the decision maker e;’s attribute weight. The unit
cost is a basic concept of minimum cost GDM models [17],
[18], [24], [51], [53] and refers to the cost for the deci-
sion makers adjusting the unit opinions. Usually, the unit
cost can be measured by money, time, and so on. In prac-
tical GDM context, the manipulator often assumes the cost
to persuade the decision makers in changing their opinions,
and the finalized measurement for the cost is determined by
the specified decision making problem. Generally, the greater
the distance of experts changing their opinions, the greater
the cost. Thus, the cost function of revising the decision
maker e;’s attribute weight can be defined as the prod-
uct of the unit cost and distance of opinions changing:
fedWE, wh).
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Thus, the cost function of revising all the decision makers’
attribute weights can be denoted as

[

> d(ut) = -3 (o).

k=1 k=1 j=1

(10)

It is assumed that the manipulator aims to minimize the
cost, that is

min i ifkd(w]k, w_f)

k=1 j=1

(11)

Meanwhile, following (6), the attribute weight vec-
tor strategically set by the manipulator is determined as
follows:

Shoi W

=1"j

wj = — (12)
Moreover, we assume the set of the alternatives that the

manipulator wants to manipulate is {xycc|G C {1, 2,...,n}},

and the manipulator’s desired ranking of the alterna-
tives in {xeglG S {1,2,....n}} is {r"(mec)| G <
{1,2,...,n}}, ie.,

rw(x) = r*(xp) 13)

where i € G. Let |G| be the number of the alternatives in the
set {xpeg|G C {1,2,...,n}}, and it is assumed that |G| > 1
in this paper.

Based on (8)—(13), we construct the MCSWM model to set
the strategic weight vector as follows:

. i r
min ) 5, Z;n:lﬁcd<wjl-<» ij>

rw(xn) =r*(xp), (heG)
W=(W1,W2,...,Wm)T
2
w=E=N =12, m)
s.t. —

Ywh=1, (k=12,...,]

O<wh<l, (G=12.....m

k k,— 7k,+ _ .

W]_[Ij 5Ij ] (k_1527 5l7J_1725 ’m)
(14)

where w_ll-‘, k=1,2,...,5;j=1,2,...,m) are the decision

variables.

B. Solving the Minimum Cost Strategic Weight Manipulation
Model via Mixed 0-1 Linear Programming

In this section, we continue to use a mixed 0-1 linear pro-
gramming methodology to obtain the optimal solution to the
MCSWM [model (14)].

In order to transform model (14) into a mixed 0-1 lin-
ear programming, binary variable y;; € {0,1} and a large
enough number M are introduced. Then, we have the following
results.

1) x; > xp if and only if y;; = 1 under the conditions:

Dy (xi) > Dy (xp) — (1 — yin)M and Dy, (x;) < Dy, (xp) +
yiM.
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2) xi_=< xj if and only if y;; = O under the following
conditions: Dy, (x;) < Dy(xp) + yisM and Dy (x;) >
Dy (xp) — (1 — yin)M.
The following lemmas are proposed.
Lemma 1: For decision function with F the WA operator

as per (3), if there exists w* = (W}, wj, ..., wj‘n)T satisfying
constraint conditions
m S
D Wi > Y Wiy — (=M
(i=12,....,n;heqG) (15)
m _ m _
ijl WiV < ijl Wi + yinM
(i=1,2,....,mheG) (16)
yn=1or0, (=12,....,mheG) (17)
Y sutl=rw), (heq) (18)
[ *,k
w2 G (19)
SoUowt =1 k=120 (20)
j=1"J
0w <1, (=12...m @1
wWE=0T 10T =12, =1 m) (22)
k,— *,k *,k k,—
i =w; =w;" =]
k,— %,k k,+
sty < |0 <t
s hk=1,2,....Lj=1,2,....,m)
*,k k k,+ *,k
wit =L, T <wt =
(23)

then, ry+(xp) = r*(xp,), (h € G).
The proof of Lemma 1 is provided in Appendix A.
Lemma 2: For decision function with F' the OWA operator
as per (4), if there exists w* = (W}, w3, ..., w;jl)T satisfying
constraint conditions (17)—(25)

m _ m _
2:‘=1 W;vi(i) = Z]‘:] W;Vh(/) - (1 - yih)M

J

(i=1,2,....,mheG) 24)
m _ m _
ijl vai(j) < ijl W;"h(;’) + yinM
(i=1,2,....,mheG) 25)

then, ry+(xp) = r*(xp), (h € G).

The proof of Lemma 2 is provided in Appendix A.

Based on Lemmas 1 and 2, we obtain the following
theorem.

Theorem 1: By introducing the transformed decision
variables: zl‘q = 0 or 1, Z;_lzjkq = 1, k =

1,2,....,,qg = 1,2,3; j = 1,2,...,m), we have the
following.
) If F is a WA operator, the MCSWM [model

(14)] can be transformed into the mixed 0-1 linear
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programming
min Yy S LA = whe + ok — 101 (26)
k=1 2j=1/k %1 53
Zj ]w]v,]>z wivp — (1 — yin)M
(i=1,2,....m;heG) 27)
Zj:] wivi < Zj:] wivp + yinM
i=12,...,nheG) (28)
yvp=1lor 0,i=1,2,....,m;h € G) 29)
> 1=, (heG) (30)
-
Wi Z":l' L G=1,2,....,m) 31)
Z_ Lk=1,2,....0) (32)
swij"sl(k_lz Lji=1,2,...,m)
(33)
k, k,+
VAR
k=1,2,....Lji=1,2....m) (34
o IF~ <0+ -ZmM
- k=1,2,....Lj=1,2,....m) (35)
wh=0—(1—z)M
k=1,2,....Lj=1,2....m) (36)
wj’?— n*>0+(1—z2)M
k=1,2....Lj=12,....m) (37
;f—lk+<0—(1—zz)M
(k=1,2....Lj=1,2....m) (38)
wE— 1% > 04 (1 - M
k=1,2....Lji=12....m) (39
w;‘—1<0—(1—z3)M
k=1,2....5Lj=1,2,....m)  (40)
+z +z3—1
k=1,2....5Lj=1,2,....m) (41)
Zj’?q:Oorl,(q:1,2,3;k=1,2,...,l
i=12,....m). (42)

2) In (26)—(42) above, substitute constraints (27) and (28)
into constraints

m -
Z wivig) > Z wivigy — (I — yin)M

(=1 2 . heG) (43)
m _ m
Zj:l Wivig) = ijl Wivig) + yinM
(i=12....,msheq). (44)

If F is an OWA operator, the MCSWM [model (14)]can
be transformed into the mixed 0-1 linear programming
model (26), (29)-(44).

The proof of Theorem 1 is provided in Appendix A.

In this paper, denote models (26)-(42) as Py, and mod-
els (26), (29)-(44) as P>. In both Py and P, models, wj]?(k =
12 SLj=1,2,....,m); yin, @ = 1,2,...,n;h € G);
/ 7 (q =1,2,3;j=1, 2 ., m) are the decision variables.

The WA and OWA are two very popular aggregation
operators used in MADM problems. Compared with the
WA operator, the OWA is often be used to defend against
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the strategic manipulation. For example, in Olympic gym-
nastics competitions, the referees score the gymnasts. Then,
the maximum and the minimum scores are deleted, and
the arithmetic average of other scores is used as the col-
lective opinion of the referees. This procedure involves
the use of the OWA with the weight vector w =
0,1/m=2),...,1/(m—2),0)7.

Based on Theorem 1, we can obtain the optimal solution to
the MCSWM via mixed 0-1 linear programming. Clearly, if
the optimal solution to the MCSWM exists, a manipulator can
set a strategic weight vector to obtain his/her desired ranking
of the alternatives {r*(x;c6)|G C {1, 2, ..., n}}. Otherwise, it
is not possible to strategically manipulate the attribute weights
to achieve his/her goal.

C. Some Desired Properties for Models P; and P>

In this section, we present some desired properties of the
MCSWM. In order to make the proposed properties easy
to understand, we first introduce the ranking range of an
alternative.

In an MADM problem, let W = {(wy,wa,...,wn)T]
dimiwj = 1,0 < w; < 1} be the set of attribute weights
without any constraint; ryew (xp) = melvl"l/ rw(xp,) the best rank-

w
ing of alternative x; under W; and 7y ew (x;) = maxry, (xp) the

we

worst ranking of alternative x, under W. Then, Ryecw(x3) =
[Fyew n), Twew (xp)] is called the ranking range of alternative
xp, under the set of attribute weights W. o .

Let S = (Wi, w2, - wan)TIwy = ([ whI/D. 0 < wh <
LY wh = 1wk € [1}“‘,1}“*1}(;‘ = L2...omk =
1,2, ..., 1) be the set of interval attribute weights; ryes(xy) =
mig ry(xy) best ranking of alternative x; under S; and
we

rwes(xp) = maé( rw(xp) the worst ranking of alternative xj,
we
under S. Then, Ryes(xp) = [r,c5(xn), rwes(xn)] is called

the ranking range of alternative x; under the set of interval
attribute weights S.

Specifically, when the WA operator F, as per (3) is used
to compute the decision evaluation value, let RweW(xh)
[—weW(xh)’ weW(xh)] and RweS(xl) = [—weS(xl) Vweg(xt)]
be the ranking range of alternative x; under W and S,

respectively. When OWA operator F, as per (4), is used
to compute the decision evaluation value, let Rgzvv%(xh) =

[r2ip (vn). Pyl ()] and ROXA (up) = [rdt (vn). 72 ()]

be the ranking range of alternative x;, under W and S,
respectively.
Then, the following three desired properties to manipulate
the attribute weights are presented as Properties 1-3.
Property 1: For a desired ranking {r*(xeg)|G C
{1,2,...,n}} and |G| > 1, we have the following:
1) If the objective value of Pp is zero, then r*(x;) €
[rVA o). P (o). Vh € G.
2) If the objective value of P, is zero, then r*(x;) €
[res (vn), e (wn)], Vh € G.
The proof of Property 1 is provided in Appendix A.
Property 1 provides the necessary condition that make
possible for a manipulator to manipulate a strategic
attribute weight with zero cost to obtain a desired
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ranking of alternatives under the WA and OWA operators,
respectively.
Property 2: For a desired ranking {r*(xpeq)|G C
{1,2,...,n}} and |G| = 1, we have the following:
1) The objective value of P; is zero if and only if
r*(xhee) € [ryes(n). Fcs(n))-
2) The objective value of P, is zero if and only if
r*(¥he) € [roeg (on), Tvg: (xn)].
The proof of Property 2 is provided in Appendix A.
Property 2 provides the necessary and sufficient condi-
tion for a manipulator to manipulate a strategic attribute
weight with zero cost to obtain any desired ranking of one
alternative under the WA and OWA operators, respectively.
Notably, for the case that |G| > 2, we only can obtain
a necessary condition for the zero cost manipulation (see
Property 1).
Property 3: For a desired ranking {r*(xeg)|G  C
{1,2,...,n}} and |G| > 1, we have the following:

1) The solution of model P; does not exist if
it satisfies the condition I € G, r*(x;) ¢
(WA Con). Py Can) .

2) The solution of model P, does not exist if
it satisfies the condition 32 € G, r*(xp) ¢

[rpew (h), Py (n)]:

The proof of Property 3 is provided in Appendix A.
Property 3 provides the condition under which a manipula-

tor cannot manipulate a strategic weight vector under any cost

to obtain his/her desired ranking.

IV. NUMERICAL ANALYSIS AND
SIMULATION EXPERIMENTS

In this section, we present an example with real
data (provided in Appendix B) from the Academic Ranking
of World Universities (ARWU; http://www.arwu.org/) [34]
and several simulation experiments to show the valid-
ity and desired properties of the proposed MCSWM
model.

A. Numerical Analysis

Let 50 Universities taken from ARWU be the set of alter-
natives {xi,x2,..., x50}, which will be ranked using the
following set of six attributes {aj, as, ..., ag}.

aj: Quality of Education (Alumni: Alumni of an institution
winning Nobel Prizes and Fields Medals).

az: Quality of Faculty 1 (Award: Staff of an institution
winning Nobel Prizes and Fields Medals).

a3: Quality of Faculty 2 (HiCi: Highly Cited researchers in
21 broad subject categories).

a4: Papers published in Nature and Science (N&S).

as: Papers indexed in Science Citation Index-expanded and
Social Science Citation Index (PUB).

ag: Per capita academic performance of an institution (PCP).

First, we transform the data for the 50 universities regarding
the set of attributes above into a normalized decision matrix
V= [Vijlsoxe. Let E = {el,ez, e3} be a set of three experts.
Letw' = (wj, wy, ..., wg)", where wj = [0.1,0.3], and wj =
[0,1], j = 2,3,4, 5 6 are the interval attribute welghts of



LIU et al.: MULTIPLE ATTRIBUTE STRATEGIC WEIGHT MANIPULATION WITH MINIMUM COST IN GDM CONTEXT

2 2

expert e;; w2 = (w, w3, ..., wH)T, where w3 = [0.2,0.6],
and wj2 = [0,1], j = 1,3,4,5,6 are the interval attribute
weights of expert e>; and w3 = (w3, wg A wg)T, where wi =
[0.4,0.8], wg = [0.2,0.9], and wj3 =1[0,1],j=1,2,3,6 are
the interval attribute weights of expert e3.

Without loss of generality, let fi = 1,(k = 1,2,3), be
the unit cost of revising decision maker’s original attribute
weights. In the following, we assume that an expert wants
to manipulate the alternative xj, and his/her desired ranking
for such alternative is r*. Then, based on models P and P,
the manipulator can strategically set an attribute weight vector
w* with minimum cost C*, to obtain his/her desired goal of
ranking.

1) Let x3 be the manipulated alternative and r*(x3) =

3 the corresponding desired ranking. If F is the
WA operator, then this is possible as Pj results in
the following strategic attribute weight vector w* =
(0.367,0.067, 0.033, 0.133, 0.4, 0) with minimum cost
c*=0.

2) Let xp9 be the manipulated alternative, and r*(xp9) =
15 the corresponding desired ranking. If F is the
OWA operator, then this is possible as P, results
in the following strategic weight vector w* =
(0.421,0.375,0,0,0.011,0.194) with minimum cost
C* =0.57.

3) Let {xg, x13,x14, X15} be the manipulated alternatives,
and r* = {46,23,24, 13} their corresponding desired
ranking. If F is WA operator, then this is possible with
Py resulting in the following strategic weight vector
w* = (0.064,0.081, 0, 0.006, 0.849, 0) with minimum
cost C* = 0.382.

4) Let {x9, x10,x11,x12} be the manipulated alternatives,
and r* = {19,7,27, 16} their desired ranking. If F is
OWA operator, then because there is no solution to P,
the manipulator will be unable to strategically set an
attribute weight vector to achieve the desired ranking.

Table I shows a strategic weight vector w* with its corre-
sponding minimum cost C* for different manipulated alterna-
tive(s) x* to achieve a desired ranking r*.

From Table I, it can be noticed that in some cases the
manipulator incurred zero cost (C* = 0) to set a strategic
weight vector to obtain his/her goal. On the other hand, in
some other cases the manipulator is unable to set a strategic
weight vector under any cost. In the following, we will ver-
ify the validity of the conditions presented in Properties 1-3.
Table II shows the ranking ranges RYVV?W, RS\EVQ, RYVV?S, and
RS\EVSA for the 50 universities.

Based on the data from Tables I and II, we find the results
to be consistent with Properties 1-3.

B. Simulation Experiments

In this section, we present simulation experiments to analyze
the effect the interval attribute weights and the unit cost have
on the MCSWM.

1) Effect of Interval Attribute Weights: First, we con-
sider the constraints for the attribute weights. Let §; =
(Wi, oooowjy oo ow)lwe € TG = 1,2,...,m) be

[
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TABLE I
STRATEGIC WEIGHT VECTOR w* WITH MINIMUM COST C* FOR
DIFFERENT MANIPULATED ALTERNATIVE(S) x*
AND DESIRED RANKING r*
WA
Manipulated « * .
alternative(s) r w ¢
x3 3 (0.37,0.07,0.03,0.13,0.4,0) 0
X, 10 (0.03,0.06,0,0.13,0.77,0.03) 0.019
X5 9 No solution ~
{2,6,10,12} No solution ~
X, X135 X145 X5}
{46,23,24,13} (0.06,0.08,0,0.01,0.85,0) 0.382
{6,7,8,9} No solution ~
{9, X195 %15 X2
{6,8,9,10} (0.12,0.2,0,0.13,0.54,0) 0
{13,3,16,4} (0,0,0.17,0.01,0.82,0) 0.667
X205 X3 X35 Xy }
{10,2,15,3} No solution ~
OWA
Manipulated . * *
alternative(s) ! w ¢
X3 8 (0.98,0.02,0,0,0,0) 1.37
X 6 (0.37,0.13,0.3,0.13,0.07,0) 0
X0 15 (0.42,0.38,0,0,0.01,0.19) 0.57
{10,11,12,13} No solution ~
X X135 X145 X5}
{6,12,13,14} (0.1,0.07,0.63,0.01,03,0.07) 0.357
{8,9,10,11} (0.03,0.83,0,0.13,0.01,0) 0.198
{205 %105 %15 X,
{19,7,27,16} No solution ~
{17,9,21,10} (0.03,0.04,0.13,0.13,0.6,0.05) 0.069

{205 X33, X35 X7 }

{24,45,46,47} No solution ~

a set of interval attribute weights, where [/, ,Il-+ 1 C [0, 1]
(<)) and [/, Ii+] = [0, 1] (i > j). In the other words, set
S; constraints only the weight of an attribute a; with i < j.
In Simulation Experiment I below, set S; is randomly gener-
ated, and thus the bigger the value j the more constraints on
attribute weights there are, in the sense of average cases.

Let r*(x;) be the manipulator’s desired ranking of the alter-
native x;, and f; (k = 1,2, ...,1) the unit cost to revise the

expert ex’s original interval attribute weights. Let F}yA (xp) and

FgWA (xp) be the minimum cost to find out a strategic weight
vector from the set §; to obtain the manipulator’s desired goal
ranking of alternative x;, under the WA and the OWA operators,
respectively.

Next, we design Simulation Experiment I to analyze the
effect of interval attribute weights on the minimum cost
to manipulate a strategic weight vector. Without loss of
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RANKING RANGES

RWVA

TABLE

ROWA  pWA

weW? SweW? “wes?
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II

AND ROWA FOR 50 UNIVERSITIES

w

X X Xy X3 Xy Xs X
RA, (121 2,111 [213]  [2,14]  [2.25] [247]
RY; [1L21 27 291 251 27 [29]
R [1,1] [2,4] [3,5] [2,5] [2,5] [6,9]
RY L1 221 45 [451  [33]1  [6,6]
X Xy Xg Xo X10 X1 X2
RMA. (2,91 [147] [428] [442] [526] [4.27]
R [5,11] [1,91 [6,17] [6,12] [8,24] [10,19]
R [7.91 [611]  [6,8]  [811] [811] [12,15]
RO™ [8,8] [7,7] [9,91 [10,10] [11,11] [12,12]
X X3 Xig X5 Xi6 Xi7 X8
RM, 19281  [536] [536] [7,33]1 [530]  [9,28]
RO [8,30] [11,31] [11,31] [10,25] [10,30] [13,27]
R¥ [12,14] [12,15] [14,16] [13,16] [17,20] [20,21]
RO™ 13,131 [14,14] [17,22] [15,15] [16,20] [16,21]
X X9 X0 X1 X2 X3 X4
R, [8,38] [10,43] [11,50] [10,46] [3,50]  [9,46]
R [1336] [1534] [15,50] [1843] [9,50] [15,46]
R [17,19] [17,20] [1921] [25,31] [22,33] [22,29]
R4 [16,22] [2325] [1621] [22,23] [16,24] [16,23]
X Xas X6 Xy7 X8 X9 X30
RY,  [549] [8,45] [2,48] [15,48] [22,50] [9,47]
RO [13,48] [14,43] [8,48] [1944] [23.41] [20,42]
R% [2735] [31,37] [22.26] [22,25] [22,26] [28,35]
RO™  [26,34] [24.25] [2634] [2629] [27.31] [26,29]
Xi X31 X3 X33 X34 X35 X36
R¥. [17,43] [16,50] [16,50] [16,49] [22,48] [22,49]
RO [17,43] [21,43] [20,41] [2248] [27.43] [2549]
R 27311 [2531] [33,39] [35.41] [3849] [36,43]
RO™ [29,35] [30,34] [32,35] [36,40] [36,38] [29,34]
X X37 X3g X39 X40 X4 X4
R, [10,50] [21,49] [15,50] [13,50] [27,49] [15,50]
RO [20,48] [22,49] [24,49] [18,50] [33,50] [24.,50]
R™ [23,40] [32,38] [29,36] [44,49] [41,44] [4549]
RO [38,43] [27.35] [3842] [41.48] [4548] [3642]
X X43 Xaa Xys X46 X7 Xag
R¥. [22,50] [13,50] [28,50] [11,50] [21,50] [15,50]
RO [26,50] [23,50] [37,50] [22,50] [29,49] [24,49]
R™ [37.45] [4547] [37.42] [30.44] [4244] [46,49]
RO™' [40,48] [40,44] [47,49] [36,42] [46,49] [42,44]
X Y49 Xs0
R, [27,50] [30,50]
RO [38,49] [30,50]
R% [47,50] [49,50]
RO [45,49] [50,50]

generality, we set fy = 1,(k = 1,2,...,]) and set the

manipulated alternative to be x;.
Simulation Experiment I:
Input: n, m, and j.
Output: F}YA(xl) and FgWA(xl).

n=20,m=06 n=20,m=12

Fig. 1. Average values of Fg‘(A (x1) and FgWA (x1) under different parameters
in Simulation Experiment L.~ !

Step 1 (Generation of the Standardized Decision Matrix):
Generate randomly a standardized decision matrix V =
[Vijlnxm, where v;; € [0, 1].

Step 2 (Generation of the Desired Ranking of the Alternative
x1): Apply methods from Dong et al. [12] to obtain the rank-
ing ranges of the alternative xi, [gwwgw(xl),?xvﬁw(xl)] and
[L’SZ\%(XI)’ ?gzvv/;(xl)], for the WA and the OWA operators,
respectively. Let r*(x;) be the manipulator’s desired ranking
of the alternative x;. When using the WA operator, the value of
r*(x1) is randomly selected from [gwwﬁw(xl), ?xvéw(x])]. When
using the OWA operator, the value of r*(x;) is randomly
selected from [Zgzvvé(xl), 782‘{,’3 xpD].

Step 3 (Generation of the Interval Attribute Weights Sets
S;j): Generate randomly a set of interval attribute weights
S; = {(w1,...,wj,...,wm)T|wi € [If,l;r]}; generate a ran-
dom integer number j from set {1, 2, ..., m}; generate random
values I; (i <)) and Ii+(i <) from [0, 1) and [/;, 1), respec-
tively, and set [/;, Ii+] = [0, 1] (i > j). Apply models P; and
P> to obtain F}?’A(xl) and FgWA(xl), respectively. Compute
the minimum cost F_%’A(xl) and FgWA(xl) to find out a strate-
gic weight vector from the set §; to obtain the manipulator’s
desired goal ranking of alternative x; under the WA and the
OWA operators, respectively.

We set different values of n, m, and j, and run 100 times
Simulation Experiment I to obtain average values of F}’;’A(xl)

and FgWA(xl), which are shown in Fig. 1 below.

Clearly, Fig. 1 shows that: 1) in all cases, the aver-
age minimum cost to set strategic weight vectors under the
WA operator is smaller than that under the OWA operator
and 2) the average minimum cost to set strategic weight vec-
tors under the OWA operator increase more quickly than that
under the WA operator, as the attribute weights constraints
increase.

2) Effect of the Unit Cost: In Simulation Experiment II,
we assumed that the unit cost to revise the original attribute
weights information is the same for all experts, i.e., fy =
fi(k = 1,2,...,]), and respectively, set as f = (u/100)
(u=1,2,...,100) to study the effect of unit cost on the
minimum cost to strategically manipulate the attribute weight
vector in the MCSWM. Clearly, the larger the value of u, the
higher the unit cost is.
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n=20,m=6

Fig. 2. Average values of F§VA’”(X1) any

parameters in Simulation Method II.

d F?WA’"(xl) under different

Let r*(x;) be the manipulator’s desired ranking of the alter-
native x;. When setting f = (1/100), let F;}VA‘“(xl) be the
minimum cost to find out a strategic weight vector from a set
of interval attribute weights S to achieve the manipulator’s
desired goal ranking of alternative x;, under the WA and the
OWA operators, respectively. Without loss of generality, we set
the manipulated alternative to be x; and the sets of interval
attribute weights are generated randomly.

Simulation Experiment II:

Input: n, m, and u.

Output: F™"(x1) and FQ" ™" (x).

Step 1: Same as step 1 in Simulation Experiment L.

Step 2: Same as step 2 in Simulation Experiment I.

Step 3 (Generation of the Interval Attribute Weights Sets
S): Generate the set of interval attribute weights § =
{wi,wa, .., w)Twy € [1;,1]*],]' = 1,2,...,m} by
randomly selecting Ij_ and Ij+ from [0,1) and [Ij_, 1),
respectively.

Step 4 (Calculation of the Minimum Cost F;VA’"(x]) and
FOV™ (xp)): Set fy =f, (k=1,2,...,]) and f = 7. Apply
models P; and P, to obtain F;VA’”(xl) and F?WA’“(xl), respec-
tively. Compute the minimum cost F;NA’”(xl) and FgWA’"(xl)
to find out a strategic weight vector from the set S to obtain
the manipulator’s desired goal ranking of alternative x; under
the WA and the OWA operators, respectively.

We set different values of n, m, and u, and run 100 times
Simulation Experiment II to obtain average values of
Fy™M(xp) and F$™™(x), which are depicted in Fig. 2.

As with Simulation Method I, it is evident from Fig. 2 that
1) in all cases, the average minimum cost to set strategic
weight vectors under the OWA operator is larger than that
under the WA operator, and 2) as the unit cost increases, the
average minimum cost to set strategic weight vectors under
the OWA operator increases more quickly than that under the
WA operator.

Simulation Methods I and II both show a better performance
of the OWA operator than the WA operator in defending
against the strategic weight manipulation of the MADM
problems because of the higher associated minimum cost.
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Furthermore, as the attribute weights constraints and the
unit cost increase, the performance of the OWA operator as
a defense mechanism against the strategic weight manipulation
increases faster than if the WA operator were used instead.

Consequently, it can be concluded that the OWA operator
provides a better defense mechanism than the WA operator
against multiple attribute strategic weight manipulation with
interval attribute weights information.

V. CONCLUSION

This paper focuses on the strategic weight manipulation
with minimum cost to obtain a desired ranking of alter-
natives, in a group decision context with interval attribute
weights information. The existing approaches to set attribute
weights have been investigated intensively, however, in these
approaches decision makers are assumed to be honest aiming
to obtain “best” attribute weights to get a ranking of alterna-
tives. This paper follows the new assumption presented in [12]
that the decision makers are not honest to strategically set
attribute weights to obtain their desired ranking of the alter-
natives. The main contributions presented in this paper are as
follows.

1) The strategic weight manipulation issue in [12] was
investigated in an individual decision making context
with no constraints on the attribute. In this paper, we
present the MCSWM model in a group decision context
with interval attribute weights information.

2) We discuss the conditions based on the ranking range
under interval attribute weights information for a) the
existence of a weight vector to be set strategically to
achieve the manipulator’s desired ranking and b) zero
cost for the manipulation.

3) We present detailed simulation experiments to reveal
the effects of the attribute weights information and the
unit cost on the minimum cost to manipulate strategic
weights in a group context.

Meanwhile, we argue that it will be an interesting future
research topic to investigate multiple attribute strategic weight
manipulation in a consensus-reaching context [14], [49], [50]
and the presence of trust relationship [39], [40].

APPENDIX A
PROOFS

Proof of Lemma 1: 1) Substitute y;; = 1 into con-
stre;lints (_15) and m(16), _then Z;"zlw;f)ij > Z;":lw;-"fzhj and
ijlw;‘vij < Zj:l w]’»‘v.hj +1-M,G=1, 2., SRRLE h € G)
can be obtained. According to the result (1) in Section III-A,
xi > xp(h € G) can be guaranteed. If y;; = 0, then
D wivy < Dty wivy and 3T wivij > D Wi -
1-M,i =1,2,....,n;h € G). According to result (2) in
Section III-A, x;_< x, (h € G) can be guaranteed. Due to
w* = (W], w3, ..., wp) verifying constraints (15)—(23), the
strategic weight vector w* can be obtained by revising the
decision maker’s original attribute weights, so the distance

d(w;“'k, w]]?) should be given. Based on the non-negative prop-

erty of distance functions, we can obtain different distance
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formula for the different ranges of w*, i.e.,

k,— *,k *,k k,—
= L’ < < [
e LT
* .
ot wh =1 o, I <w <ot
wj‘,k_lj{fy‘l” Ilk’+<W7’k§1

Finally, the constraint condition > &,y + 1 =
r*(xp), (h € G) can guarantee ry«(xp) = r*(xp), , (h € G).
This completes the proof of Lemma 1. |

Proof of Lemma 2: Substitute the WA opera-
tor YL wivy o> YL ywivy — (I — yw)M  and
Smiwivy = 3 WM (= 1.2, i h € ) into

the OWA operator Z L WiViG) > Zj_] wivngy — (1 — ylh)M
and Z_lw Vi) = Z_lw Vh() +y,hM (i=12,.

h € G) in proof of Lemma 1 and conclude that
rws (xp) = r*(x), (h € G).
This completes the proof of Lemma 2. |
Proof of Theorem 1I: Introduce the following trans-
formed decision variables z/q, with z’F =0orl (g =
1,2,3), Zq_l ,%’_1 k = 1,2,. lj=1,2,...,m).
Because w
k— "% % k-
k ok b OkS Wjilj k
— - k S+
M) =10 BTl
k + + k
wi = <=

then, the mix 0-1 formulas.

j’.‘—Ij T <0+(1-7 l)Mandw >0—(1— zl)Mguarantee

“k _ gk—
Of_wj <I]

W]]-(—j’_>0+(l—zz)Mandw — <O—(1—Z2)M
guaranteelj < w]’-‘ glj

Wt S (1= )M and wF—1 < 0— (1 =) M ¢

i Z3)M and wy =< Zj3) guarantee
I}"Jr < wj]-‘ <.

k- ky _ k= k\ok "k kA k
Then, we have d(wj,wj) = ([ W )zjl + Wi — Iz

According to Lemmas 1 and 2, plug models (1]5)—(23)
and (17)—(25) into model (14) and transform the optimization
models into the mixed O0-1 linear programming mod-
els (26)—(42) and (26), (28)—(44), respectively.

This completes the proof of Theorem 1. |

Proof of Property 1: Assuming that Vi € G,r*(x;) €
[weS(xh) rwes(xh)] the objective value of P; is nonzero,
which means the manipulator must take some cost to revise
the decision maker’s original attribute weights. However, the
condition r*(x) € [rwes(xh), rwes(xh)] means the manipula-
tor can obtain his/her ranking in the ranking range under the
original interval attribute weights information. The above two
results are in contradiction.

This completes the proof of Property 1. |

Proof of Property 2 (Sufficiency): When |G| 1, the
number of alternatives which are associated with the desired
ranking by the manipulator is only one. Then, if r*(x4ec) €
[r, eS(xh), T eS(xh)] the manipulator can successfully obtain
his/her ranking in the ranking range under the original interval
attribute weights information, it is evident that the objective
value of Py is zero.
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TABLE III
ORIGINAL DATA FOR 50 UNIVERSITIES

X Vil Via Vis Vig Vis Vi
1 100 100 100 100 100 79.2
2 429 89.6 80.1 73.6 73.1 55.8
3 65.1 79.4 64.9 68.7 68.4 59
4 78.3 96.6 51.3 56.7 67.8 58.5
5 69.4 80.7 55.3 71.7 61.7 69.7
6 53.3 98 51.3 47.2 429 74.4
7 49.7 54.9 56.2 55 74.5 46.1
8 51 66.7 39.7 57.3 43.6 100
9 63.5 65.9 41 53.3 68.9 333
10 59.8 86.3 34 42.7 50.2 44.5
11 47.6 50.4 44.7 58.4 62.6 37.1
12 29.5 47.1 58 445 71.4 334
13 42 49.8 41 47 60.5 40.9
14 19.2 35.5 49.2 57.8 63.5 37
15 21.2 31.6 49.2 52.1 72.6 31
16 37.7 33.6 38.4 47 71.9 31.1
17 28.1 36.2 41 41.6 73.9 324
18 31.6 33.8 423 394 67.7 37.8
19 29.5 355 355 50.2 55.6 46.1
20 36.3 25.3 30.8 47.5 70 29.7
21 0 39.9 37 52.1 59.3 335
22 14.5 35.8 43.5 329 64 39.9
23 344 0 51.3 41.6 76.6 25.8
24 34.4 24.9 51.3 42 51.7 37.2
25 15.4 19.2 57.1 38.9 62.1 25.9
26 154 22.1 54.3 35.6 59.6 32.8
27 19.9 17.2 324 38.2 80.1 30.3
28 32.8 34.8 30.8 35 62.7 24.3
29 28.1 31.9 324 39.5 57.3 22
30 21.8 18.8 324 36.2 65.2 419
31 29.9 36.2 30.8 33.1 55.1 29.1
32 31.6 37.2 27.1 31.5 58.4 23.8
33 29.5 16.3 39.7 32.5 64.8 24.1
34 154 18.8 423 32.7 64.5 27.2
35 18.5 32.6 37 26.4 58.4 29
36 8.9 23.7 39.7 32.6 60.8 33.8
37 17 59.8 27.1 41.8 19.3 40
38 12.6 34.1 30.8 36.8 46.2 35.1
39 33.6 27.4 20.5 29.7 61.9 25.3
40 17 13.3 35.5 24.8 67.9 322
41 20.5 24.9 324 31.3 52.1 26.8
42 14.5 39.1 324 27.3 37.7 38.2
43 18.5 34.5 30.8 37.6 34.9 27.7
44 25.6 26.6 22.9 25.1 52.6 40.2
45 16.2 16.3 29 37 56.3 26.6
46 30.3 54.3 10.3 17.6 479 27.7
47 19.9 253 22.9 30.6 51.8 349
48 34.8 21.6 29 233 49.7 34.6
49 0 31.7 35.5 234 53.9 26.2
50 21.2 21 34 19.6 55.3 27.9

Necessity: The proof is same to the proof of Property 1.

Similarly, we can prove the property of model P,.

This completes the proof of Property 2. |

Proof of Property 3: Assuming that 34 € G, r*(x;) ¢
[_WEW(xh), rweW(xh)] solutions of models P; and P, exist,
which means that a manipulator can set strategic weight
to achieve his/her desired ranking. However, according to
the definition of ranking range under attribute weights W,

WAW(xh) = [ZWWQW (xpn), rng\W(xh)] means the ranking of alter-
native manipulator x;, vary in this range. The above two results
are in contradiction.

Then, this completes the proof of Property 3. |

APPENDIX B
See Table III.
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