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ABSTRACT Triangular intuitionistic fuzzy numbers (TIFNs) are effective and flexible to characterize the
fuzziness and uncertainty in real-world problems. The theories of TIFNs have been used in multi-attribute
decision making but are rarely applied in a two-sided matching decision. Therefore, it is important and
necessary to investigate the two-sided matching problem with TIFNs. This paper develops a decision method
for two-sided matching with triangular intuitionistic fuzzy numbers and applies it to smart environmental
protection. First, a similarity measure between generalized triangular fuzzy numbers (TFNs) is presented.
Then, a novel similarity measure between TIFNs is extended, where the maximum membership degrees
and minimum non-membership degrees, areas, and perimeters are considered. With respect to the two-sided
matching problem with TIFNs, the two-sided matching model with TIFNs is established. Using similarity
measures between TIFNs, the similarity matrices of triangular intuitionistic fuzzy preference matrices are
constructed by using the positive idea vectors. Then, the two-sided matching model with similarity measures
is obtained. Using the arithmetic mean, normalization formulas and linear weighting, the two-sided matching
model with similarity measures is transformed into a mono-objective model. The optimum matching scheme
is obtained by solving the model. Thus, a similarity measure-based two-sided matching decision method for
TIFNs is proposed. Finally, a matching example in smart environmental protection is provided to illustrate
the advantages of the proposed method.

INDEX TERMS Two-sided matching, smart environmental protection, triangular intuitionistic fuzzy

number, similarity measure, model.

I. INTRODUCTION

Two-sided matching has garnered much attention and has
been used for a wide range of applications, such as mar-
riage [1], advertising [2], college enrollment [3], service
matching [4], teachers-schools matching [5], and so on. Now,
two-sided matching has been extended to a different environ-
ment, such as ordinal numbers, order relations, and linguistic

The associate editor coordinating the review of this manuscript and
approving it for publication was Rongbo Zhu.

terms [6]—-[12]. However, considering the fuzziness, the com-
plexity intangibility of practical decision problems and the
cognitive limitation of agents, the agents’ preferences could
be in the format of triangular intuitionistic fuzzy number
(TIFN). As an extension of the intuitionistic fuzzy number
(IFS) [13], it is effective and flexible to use TIFNs to char-
acterize the fuzziness and uncertainty in real-world prob-
lems [14]-[17]. The difference between TIFNs and IFNs is
that the degrees of membership and non-membership are tri-
angular fuzzy numbers (TFNs), not real numbers. The related
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theories of TIFNs have been used in multi-attribute decision
making [18]-[20]. However, TIFNs are rarely applied in a
two-sided matching decision. Therefore, it is important and
necessary to investigate the two-sided matching problem with
TIFNs. On the other hand, smart environmental protection
could be regarded as a typical two-sided matching problem.
The monetary input of environmental protection monitoring
equipment in China has surpassed ten billion RMB. But the
effect is very poor. Hence, with respect to the smart environ-
mental protection, the input is not matched with the output.
In conclusion, the paper investigates the smart environmental
protection problem from the perspective of two-sided match-
ing in a TIFN environment.

The contribution of this paper is summarized as follows:

(1) A similarity measure between generalized triangular
fuzzy numbers (TFNs) is presented. Then, a novel similarity
measure between TIFNs is extended. The novel similarity
measure between TIFNs considers the maximum member-
ship degrees, the minimum non-membership degrees, areas
and the perimeters of TIFNs, which are comprehensive.

(2) Using the similarity measure between TIFNs, the sim-
ilarity matrices of triangular intuitionistic fuzzy prefer-
ence matrices are constructed. Then, the two-sided match-
ing model with similarity measures is obtained using the
two-sided matching model with TIFNs.

(3) Using the arithmetic mean, normalization formulas
and linear weighting, the two-sided matching model with
similarity measures is transformed into a mono-objective
model. Thus, a similarity measure based two-sided matching
decision method for TIFNs is proposed.

The remainder of this paper is explained below.
In Section 2, the concepts of TIFN and two-sided matching
are reviewed. A novel similarity measure between TIFNs
is presented in Section 3. In Section 4, a similarity mea-
sure based two-sided matching decision method is proposed
for addressing two-sided matching problems with TIFNs.
In Section 5, an example is presented to explain the proposed
method. The conclusions are discussed in Section 6.

Il. PRELIMINARIES
In this section, the definitions of TIFNs are first introduced.
Then, the concept of two-sided matching is presented.

A. CONCEPT OF TIFNs

Definition 1 [13], [14]: Let a =< (a,d, a); wz, uz > be a
special intuitionistic fuzzy number on real set R, where a <
d < a.If membership degree w;(x) and non-membership
degree u;(x) are respectively defined by

xX—a ,
wz; a<x<d,
7 a
a—a
/
g, x=d,
wz(x) = i—x (H
—w;, d<x<a,
/
a—a
0, x<a,x>a,
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p , a<x<d,
a —a
/
Uz, x=d,
uz(x) = _ 2
tl() x_a/_'_(a_x)u& , _ ()
— , a <xZ=<a,
a—ad
1, X <a,x>a,

where w; and u; are the maximum membership degree and
minimum non-membership degree, respectively, and satisfy
0<wz <1,0<u; <landO0 < wy + u;z < 1; then, a is
called a TIFN.

Remark 1: In the real world, TIFNs can be obtained
through online reviews [21], [22].

B. TWO-SIDED MATCHING

LetI’ = {t1, 70, ---, tw}and E = {ey, &3, ---,} be the set
of agents on two separated sides, where 7;(¢;) is the i th(j th)
agentonside '(E),andn >m > 2. LetM = {1,2,--- ,mj},
N = {1,2,---,n}. Inspired by references [23]-[25], the
definitions of two-sided matching can be described below.

Definition 2: Let £ : ' UE — I' U E be a one-to-one
mapping, then ¢ is called two-sided matching if it meets the
following three properties:

1) 4(t;) € E;

2) (&) € I' U {gj}; and

3) U(t;) = gjif £(g) = 1;, for all 7; and ¢;.

Thereafter, £(7;) = ¢; (or matching pair (7;, ¢;)) represents
that 7; matches with ¢; in ¢; £(g;) = ¢; (or single pair (¢;, &)
represents that ¢; does not match (or single).

Definition 3: Let £ : ' UE — TI' UE be the two-sided
matching, then it can be expressed as £ = £y, U £g;, where
£y, 1s the set of matching pairs, and £g; is the set of single
pairs.

Ill. NOVEL SIMILARITY MEASURE BETWEEN TIFNs
A. NOVEL SIMILARITY MEASURE BETWEEN
GENERALIZED TFNs
Inspired by references [26], [27], a novel similarity measure
between generalized TFNs can be expressed below.
Definition 4: Suppose a¥ = (a,d,a; qe) and b8 =
(b, b, b; upe) are generalized TFNs, in whicha < ¢’ < a,
b < b < b. Thereafter, a similarity measure between a?
and b8 is defined in (3) as shown at the top of the next
page, where Ar(a®) and Ar(b®) are the areas of a® and b5,
respectively; Pe(a$) and Pe(b8) are the perimeters of a8 and
b8, respectively, which are calculated by:

|
Ar(a®) = 5 @@= pas, )
1 -
A = 5 (b= b)- e, s)
Pe(@®) = /(@ — @ + () + /@ — P + (as?
+@-a). ©)
Pe(b¥) = \J 6" — B + (ups P + /(b — B + (e ?
+(b - b, )
42427
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la—b+2a’ —2b"+a—b|
4

S(as, b%) = 2~

min(Ar(ad), Ar(b%)) + min(Pe(ald), Pe(b?)) + min(ias, tps)

|a—b+2d' —2'+a—b|
e

S, ) =27

|a—b+2d' -2 +a—b|

max(Ar(as), Ar(b8)) + max(Pe(a8), Pe(b8)) + max(fuqs, ips) 3

y min(Ar(a}), Ar(b})) + min(Pe(a}), Pe(b})) + min(wz, w;) ®
max(Ar(ag) Ar(bg)) + max(Pe(ag) Pe(bg)) + max(wyg, a)l;)’

mln(Ar(az) Ar(b ) + mln(Pe(az) Pe(b ) +min(l — ug, 1 — uy) ©)

S(d3, b5) =2~

x max(Ar(az) Ar(b ) + max(Pe(az) Pe(b ) + max(1 —uy, 1 — ul;)’

Theorem 1: Let a8 = (a,d,a; pse) and bS =
b, b, b; Wpe) be generalized TFENSs, then S(a8, b¥) meets the
characteristics:

D0 <S@ad, b’ <1,

2) S(ad, b8) = 1if a® = b8,

3) S(ad, b8) = S(b8, ad).

Theorem 1 can be easily proved by Definition 4.

B. NOVEL SIMILARITY MEASURE BETWEEN TIFNs
According to Definition 4, some similarity measures are
expressed below.

Definition 5: Let & =< (a,d,a); wz, u; > and b =
b, b, b; g, Uz,) be TIFNs. The similarity measure S (af, b"]” )
between generalized TFNs a’f = (a,d,a; wz) and b‘;” =
(b, b, b; wy) is defined in (8) as shown at the top of this page,
where the areas Ar(a}) and Ar(b}) and the perimeters Pe(a})
and Pe(b‘f ) can be calculated by using Eqgs. (4)-(7).

Similarly, the similarity measure S(a$, bg) between gen-
eralized TFNs a5 = (a, d’, @; uz) and b% = (b, b, b; up) is
defined in (9) as shown at the top of this page where the areas
Ar(az) and Ar(bg ) and the perimeters Pe(az) and Pe(b ) are
respectively calculated by:

Ar(d3) = 5 -@—a) - (1 — ua), (10)

Ar(b}) =

l\)l'—* N =

(b=b)- (1 —up), (1)

Petd) = \J(@ —aP + (= 2 + /@~ a2 + (1~ w)?

+(a@ - a), (12)
Pe(b) = \/(b/ b2 + (1 — u; )2+\/(b PR+ (1 — u)?
+(b - b), (13)

Definition 6: Let a =< (a, d,a); wz u; > and b =
(b, b, b; wy,, uj,) be two TIFNs. Then, the similarity mea-
sure S(a, b) between a =< (a, d,a); wz,u; > and b =
(b, ', b; wp, u) is defined as:

S(af, b%) + S(ds, b3)

S(a, b) = >

(14)

where S(af,b]) and S(a3,b5) are
Egs. (8) and (9), respectively.

calculated by

42428

IV. SIMILARITY MEASURE BASED TWO-SIDED
MATCHING DECISION METHOD FOR TIFNs

The section describes the two-sided matching problem with
TIFNs. Then, a similarity measure based two-sided matching
decision method is proposed.

A. DESCRIPTION OF TWO-SIDED MATCHING

PROBLEM WITH TIFNs

With respect to the two-sided matching problem with TIFNSs,
assume A = [@ijlmxn is the triangular intuitionistic fuzzy
preference matrix from I to E, in which TIFN a;; is expressed
as a;; =< (au, i ) Gjj); gy, Ua; > Therein, wg;; represents
the maximum membership degree of 7; to ¢;, and ug, repre-
sents the of minimum membership degree of agent 7; to ;.
Assume B = [E,-j]mx,, is the triangular intuitionistic fuzzy
preference matrix from E to T, in which TIEN b;; ij is expressed
as b,/ =< @lj, i ,J) W Up > Therein, @, represents
the maximum membershlp degree of ¢j to 7, and Up,. Tepre-
sents the minimum membership degree dissatisfaction of &
to ;. Assume £* is the “optimum” alternative of two-sided
matching.

B. TRIANGULAR FUZZY TWO-SIDED MATCHING MODEL
To maximize the satisfaction degrees with TIFNs, a triangular
fuzzy two-sided matching model (M-1) is constructed by
using a multi-objective assignment model as follows:
n
max Gt,' = Z< (C_lijv a;’ja L_le), w&ijv Ma,-j > Pij» ieM
j=1
m
/7N, .
max Gg; = Z< (é,]s bij’ bij); Opi» Upy; = Pij> J EN
i=1

M—1 "
( ) s.t.Zpljzl, ieM;
j=1
m
Y o<1, jeN:
pij€{0, 1}, ieM,jeN

where p;; is a 0-1 variable, ,ol-j = 1 signifies £(7;) = ¢j, and
pij = 0 signifies £(t;) # ¢;; Z pij = 1 implies each agent
=

of side I" has exactly a matching agent of side E; Z pij <1

i=1
implies each agent of side E has at most one matching agent
of side I".

VOLUME 7, 2019
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A = [Zlij]mxn =

B = [Eij]mxn =

[~ / = .
< (ayy, ayy, a11); ©a,,5 gy, >

/ p .
< (2217 6121, a21)9w5215 u521 >

/ . .
_< (le,aml, aml)» a)&m17 uzlml >
[ < (byy, Vi, bun)s wp up >
< (b1, 621, bo1); wp, Ly, >

| < (le ) b/ml, bml); wi)ml ) u~ml

/= . n
< (21,17 alnv all‘l)v a)aln’ 1451,, >

/ = .
< (sz a2nv azn)s wZZQ,, ) 1462" >

/ = . - -
- < amn’ amn’ amn)’ a)amn ’ uamn > _
/ by ) e - .
< (1_71,17 b 1n;s bln), wbln’ ubln >

/ 5 .
< (byy: D'2ns bon): oy, s u, >

> o< by b iuns bn); wp, o Up =

C. SIMILARITY MEASURE BASED TWO-SIDED

MATCHING MODEL

Then, we use the similarity measures between TIFNSs to solve
the above triangular fuzzy two-sided matching model (M-1).
First, with respect to preference matrix A= [@ijlmxn, the pos-
itive ideal vector on side 7 can be expressed in AP =

(a 1 az e, &ZI )T, where the i th positive ideal component
af)l =< (g PI a/f[, sz’); wzpi, uzpr > can be calculated by
1 1

P’—max{a lieN}
/f”—max{a i €N}
_maX{aUUGN} (15)

wéf’ = max{a);llj ieN}

PI

ualﬂ = min{ug,l.j [] eEN}

With respect to preference matrix B = [I;ij]mxn, the pos-
itive ideal vector on side & can be expressed in B =
@B BAT, ..., BET), where the j th positive ideal component
I;jH =< (bPI b/f], 13;)1); ‘”Ef”’ ul;;az > can be calculated by

bl = max{b; i € M}

pi = max{b; |i € M}

13]1.31 = max({b; |i € M} (16)
a)};;v/ = max{w,;ij li € M}

ul;;u = min{u};ij lieM}

According to preference matrix A and B, as shown at
the top of this page, the positive ideal vector of trian-

gular intuitionistic fuzzy number AP = (< (a1 ,a’fl,
—PI. Pl /Pl -PI\. T
a’); Wgpls Ukl >, < (@, .d,, ,a,); Pl UgPl >)

and Definitions 5 and 6, the similarity measure S(a;;, sz T =
loZ). /PI ~PI\.
S(< (g[jv a ija aij)’ wﬁijv u&ij ai )’ wzpPI ,

>, < (@, ai,
u-pr >) can be calculated by
1

Plg) + S(a PIg)

2

S(a®

~ ~ i1 j2°
Sy, al’y = —~ e

7)

: 8 /- g _ -
Therein, a;) = (a;, d'ij, s way)s agy = (@, d'ijs @jjs Ugy),

/PI —PI. Plg _ = (@ PL /Pl gPI.

a;| :(a“,ai,a a)m)a a;’,a;; MPI)

S(al 0 llg) and S(alz, lzg) can be calculated by using
. (4)-(14). S1m1larly, according to preference matrix

VOLUME 7, 2019

the positive ideal vector of triangular intuitionistic fuzzy
number

BT — (< (Qfl, b/PI, Z)fl); a)l;PI, MEPI >, ...,

< @ BB g e >)
and Definitions 5 and 6, the similarity measure
S(by, by = S(< (b

/ 1. . - -
ljaby7by) wb..’ ub >

Pl
< (bPI b/ bjP]); Wipr, Ul >)
) )

can be calculated by

Plg g Plg
S(bij. b = . 5 i (18)
Therein, b5, = (b, by, bijs ) biy = (by. by, byjs uz).
PI
¢ =@, by  Br; wpr1), b = @, by b ),

S (bl 1 JPIg ) and S (b‘g;z, bPIg ) are calculated by using
Egs. (4)-(14).

According to similarity measures S(a;;, sz) Tyand S (13,-]-, b,
the triangular fuzzy two-sided matching model (M-1) is trans-

formed into the similarity measure based two-sided matching
model (M-2) as follows:

n

max O, = Y S(ag, a )py, i€M
j=1
m

max Oy, = ¥ _ S(by. b )py.
i=1

n
s.t. Zpif =1,
j=1

pij € {0, 1},

JEN

(M-2)
m

ieM;) pj<1,jeN;
i=1

ieM,jeN.

D. SOLUTION OF THE SIMILARITY MEASURE BASED
TWO-SIDED MATCHING MODEL

If we consider that the statuses of 7; (i = 1, 2, ..., m) are the
same in most actual situations, as are ¢; (j = 1,2,...,n),
using the arithmetic mean, model (M-2) is converted into

42429
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a two-goals model (M-3):

ZZ —S (@, @ )py

11]_

max O, = Z Z ;S(by, bf[)/)ij

i=1 j=1

n
s.t. Zp,-j =1,
j=1

pij € {0, 1},

Remark 2: In the real problems, if the statuses of t;
(i = 1,2,...,m) are different, then the weights of 7; (i =
1,2, ..., m) can be obtained through AHP approach, as are
g(G=12,...,n).

To solve model (M-3), considering that the dimensions
of %S(El,’j, szl) and %S(Zij, EJH) may not be consistent, they
should be normalized. The normalization formulas can be
displayed as:

max O; =

(M-3)

m

ieM: ) pj<l.jeN:
i=1

ieM,jeN.

5@, af’h)

max {%S(a,-j, ahylieM,je N}
1 7. L.PI
LS(By. BT)

SNor @y, ally = , (19

SN()}’ (51/’ é]PI) —

T )
max{ﬁS(bij,be)ﬁeM,jeN}

By using Egs. (19) and (20), model (M-3) can be
transformed into model (M-4):

m n
max OY" = Z Z SN (@, by py

ll/l

ZZSNW(Z)U’ ! ),Oz/

i=1 j=1
n m
st.Y p=1. ieM:; Y pj<1, jeN:
=1

= i=1
pij € {0, 1},

ieM,jeN.
Let w; and w, be the weights of objectives OY°" and 0N,
respectively. Then, using the linear weighting, model (M-4)
is transformed into model (M-5):

m n
max O = Z Z Sijpij

i=1 j=1
n
S.t. Z’OU =1,
j=1

pij € {0, 1},

where S; = w SN (@, @) + weSNT (b, b,

Remark 3: In actual problems, weights w; and w, could
be regard as the important degrees of agents of two sides
respectively, which can be determined on the basis of the
statuses of agents.

Solving model (M-5) yields the optimal solutions ,o;;
Furthermore, the “optimum’ matching alternative £x can be
obtained.

max ON°r
M-4)

M-5 -

(M- ieM:) pj=<1jeN:
i=1

ieM,jeN.

42430

E. SIMILARITY MEASURE BASED TWO-SIDED

MATCHING DECISION METHOD FOR TIFNs

According to the aforementioned analysis, a similarity mea-
sure based two-sided matching decision method for TIFNs is
summarized as follows.

Step 1: Establish model (M-1) based on the triangular
intuitionistic fuzzy preference matrices A = [Gijlmxn and B=
[l;,-j]mxn and the two-sided matching matrix ©® = [0;j]inxn-

Step 2: Calculate the positive ideal vectors AM =
(Zzid, aﬂd, el szfl’)T and B4 = (131‘{, Bé"', e, Ef,d) using
Egs. (15) and (16), respectively.

Step 3: Calculate the similarity measure S(a;, sz) )
according to preference matrix A = [Gijlmxn = [<
(_l], al ajj); Wa;s Uy, >]nxn and the positive ideal vec-

Spr_ -PI =PI aPT
or A (a1 JAy e, Gy )
= (<@ at, P’)wpl,up1>l_12 om)T

by using Eqgs. (4) (14) and(17) o
Step 4: Calculate the similarity measure S(b,-j,b}D Ty

Bijlnxn = [<
>]mxn and the positive ideal vector

according to preference matrix B =

(byj, b'ij> big); wp

B = 1B B = (< @, vy br"); wppr,
J

ugpr > |j = 1,2, ..., n) by using Egs. (4)-(14) and (13).
J

Step 5: Transform model (M-1) into model (M-2) based on
similarity measures S(a;, @) and S(b;, l;f 1.

Step 6: Convert model (M-2) into a two-objective model
(M-3) by using the arithmetic mean.

Step 7: Tranform model (M-3) into a two-objective model
(M-4) by using Egs. (19) and (20).

Step 8: Convert model (M-4) into a mono-objective model
(M-5) by using the linear weighting.

Step 9: Acquire the “optimum” two-sided matching £* by
solving model (M-5).

V. SMART ENVIRONMENTAL PROTECTION

AND ANALYSIS

This section provides an example to illustrate the advantages
of similarity measure based two-sided matching decision
method for TIFNs.

Suppose that the environmental monitoring station of
Nanchang plans to hire environmental protection personnel
in three positions, i.e., an environmental monitoring staff 7y,
a quality inspector 17, and a laboratory analyst t3. After pre-
liminary screening, five employees (g1, €2, ..., and €5) apply
for the three vacant positions. The department heads evaluate
the five employees from three perspectives: technical skills,
reaction capabilities, and human relationship skills; they then
provide the preference matrix A= [a;j]3x5, which is demon-
strated in Table 1. Five employees estimate the three positions
from three aspects: technical requirements, salary and wel-
fare, and work environment; they then provide the preference
matrix B = [bl]]3>< 5, which is demonstrated in Table 2.
Therein, the score ““1”” denotes the lowest satisfaction degree,
and the score “10” denotes the highest satisfaction degree.
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TABLE 1. Triangular intuitionistic fuzzy preference matrix A=[< (—ll’ a’l "'I)’ wa” , ua >]3x5-

o employee
position
gl €2 83 84 85
T, <(3,5,7);0.5,0.3 > <(4,6,7);0.6,0.3 > <(4,5,7);0.5,0.4 > <(3,4,6);0.6,0.2 > <(3,4,8);0.7,0.1>
T, <(3,5,8);0.6,0.2 > <(3,6,9);0.5,0.4 > <(3,4,9);0.7,0.2 > <(5,6,7);0.7,0.1> <(4,7,8);0.6,0.2 >
T, <(3,6,8);0.6,0.3 > <(3,6,8);0.7,0.2 > <(4,5,8);0.7,0.2 > <(4,5,7);0.8,0.1> <(3,5,9);0.6,0.3 >
TABLE 2. Triangular intuitionistic fuzzy preference matrix B = [< (b, b;.l., E,-i); ©p. > Up >l3x5.
y y
o employee
position
£ £, &y £, &
T, <(3,4,5);0.6,0.1> <(3,4,7);0.5,0.1> <(4,5,8);0.6,0.1> <(5,6,7);0.6,0.2 > <(3,5,8);0.7,0.3 >
T, <(4,5,6);0.5,0.2 > <(3,4,6);0.7,0.2 > <(5,6,8);0.6,0.3 > <(4,5,7);0.6,0.3 > <(3,5,7);0.6,0.3>
7, <(3,4,6);0.5,0.3> <(5,6,6);0.6,0.2 > <(5,6,7);0.7,0.2 > <(3,5,6);0.7,0.2 > <(3,6,8);0.5,0.2 >
T Pl
TABLE 3. Similarity measures S(aZI ,a; g) and S(aZz, a. g
Sayfay)
& & & £, &
S(a,5,a5%)
L 3 1 3
gy 181231405 o 571, 09462543406 o 74, 075461796405 _ 575, 09462543406 . iy 14482379407 oo
. 1.4+8.2379+0.7 1.4+8.2379+0.7 1.4+8.2379+0.7 14482379407 1.75+10.2814+0.7
' 21, JA+823T940.T o 4ocn 575, 105463396407 _ o oo 255 09462543406 4\ oo 2Ty 12+64347408 o )iy LB+83863+09 0
1.8+8.3863+0.9 1.8+8.3863+0.9 1.8+8.3863+09 1.8+8.3863+09 2.25+10.4454+0.9
: !
1, 14482379406 o 1y LA+82379+05 1o 52y 14482379407 0o 51, 07 +64413407 (oo 3, 12482256406 o o)
. 1.5+10.1475+0.7 1.5+9.0828+0.7 1.5+10.1475+0.7 1.4+8.2379+0.7 1.4+8.2379+0.7
> 5 \
27x1'8+8'3863+0’8:()_2482 EN 1.8+8.3863+0.6 —0.4563 = 2.1+12.2694+0.8 00424 P 0.9+6.6907 +0.9 ~0.3829 27><l'6+8'3855+0'7:0_6x]5
2+10.2589+0.9 1.8+9.1188+0.9 2.4+12.3442+0.9 1.8+8.3863+0.9 1.8+8.3863+0.9
' . s s
3y 15101475406 o o 23 1754101995407 _ o 1 LA+83012407 _ o 21y L2+64347408 1y 1y 184102589406 00,
. 2+10.2589+0.8 2+10.2589+0.8 2+10.2589 +0.8 2+10.2589 +0.8 2+11.1328+0.8
3 1 1 3 3
7 1754101995407 _ o 0 )iy 2+102589+408 o oo )iy 10+83855+08 o oo -1, 135465385409 o)) 24y 214103253407 oo
225+10.3253+0.9 225+10.3253+0.9 225+10.3253+0.9 2.25+10.3253+0.9 225+11.1798+0.9

Lastly, the board of the environmental monitoring station will
determine the “optimum’ matching alternative £ based on
the preference matrices of TIFNs.

To solve the aforesaid problem with TIFNs, a simple
description of the proposed similarity measure based two-
sided matching decision method is provided below.

Step 1: Based on the triangular intuitionistic fuzzy prefer-
ence matrices A = [ajj]3x5 and B = [b,]]3x5, and the two-
sided matching matrix ® = [p;j]3x5, the two-sided matching
model (M-1) can be established, i.e.,

5
max O‘E,'ZZ < (C_ll]’ a;j’ le])a le,'j’ uZl,:,' > lolja IEM
j=1
3
/ T . - - .. .
D max08_,=2;< (by. by by)s g, up > pij. JEN
5 3
s.t. Zpljz 1, ieM;Zpijf 1, jeN;
j=1 i=1
pij€{0, 1}, ieM,jeN.
whereie M ={1,2,3},je N ={1,2,...,5}.

Step 2: By Eq. (15), the triangular intuitionistic fuzzy
number positive ideal vector A = (@}, !, ah"
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< (4,6,8);0.7,0.1 >
<(5,7,9):;0.7,0.1 >
< (4,6,9);0.8,0.1 >
By Eq. (16), the triangular intuitionistic fuzzy number pos-
itive ideal vector BP' = (B8, BE1, ..., 13?531 ) can be calcu-
lated as: BY! = (<(4, 5, 6); 0.6,0.1>, <(5,6,7); 0.7,0.1>,
<(5,6,8);0.7,0.1>, <(5,6,7);0.7,0.2>, <(3,6,8),
0.7,0.2>).

Step 3-4: According to preference matrix A =
and the tri-

can be calculated as: A4 =

l[aijlzxs =
angular intuitionistic fuzzy number positive ideal vec-
< (4,6,8);0.7,0.1 >
< (57 75 9); 0.7, 01 >
< (4,6,9);0.8,0.1 >

f?g) between generalized TFNs aj =

/= . - .
< (g, aj» aij); g, U, > 1us

tor APl = , the similarity

measure S(a’

ij1°
PI, PI
(ay.  ajagog) and ap = (@.di al"; o)
can be calculated by using Egs. (4)-(8). The simi-

larity measure S(a’ gg) between generalized TFNs

i 4

PI /
aij2 = (ay, aij,a,], uz;) and aizg (PI fl, all; u p/)
can be calculated by using Egs. (9)-(13). Thereln,
Sy, ai Y. . .
H P,g is displayed in Table 3. According to prefer-
S(alﬂ, )

42431



IEEE Access

Q. Yue et al.: Two-Sided Matching for Triangular Intuitionistic Fuzzy Numbers in Smart Environmental Protection

TABLE 4. Similarity measures S(b?;I y b;’llg) and S(b?. bPlg

ij2> %j2
N
g £, £ &
S(bf.b7)
3 3 ol
- 1,07+44413405 o0 $, 105463396406 00 0.6+43324+0.6 _ 0o oo 3, 1754101995407 _ 0o
. [2 —0-5] 1+8.1594+ 0.6 12+82256+0.7 08+4.5612+0.7 1.75+10.1995+0.7
\ ,
27=05 2 3 0.8+4.5612+0.8 1
3,09+4.6907+09 o ot |5 135465385409 0 o 0.8+4.561240.8 _ o0, 3 L75+10.1995+07 _ ) oo
1.8+8.4775+0.9 1.8+8.4775+0.9 0.9+4.6907+0.8 2+10.2589+0.8
7 s s
0.5+42361+05 _ o0 )iy 07+44413+07 0o 0.9+62543+0.6 _ o oo 21, 08445612406 _ o 1 12+81761406 oo
. 0.6+4.3324+0.6 1.05+6.3396 +0.7 1.05+6.3396+0.7 0.9+6.2543+0.7 1.75+10.1995+0.7
: 0.8+4.5612+0.8 -2 0.9+4.6907+0.8 1.05+6.3396+0.7 2 0.9+4.6907+0.7 -2 1.4+82379+0.7
———————=0.9492 QAT T 0 _0.2226 ——=0.9205 a2 TP T 0.4567 2 ax T2 7T 04707
0.9+4.6907+0.9 " 12464347109 1.35+6.5385+0.9 105463396+ 0.8 “ 271025894 0.8
s | | s 3
51, 06443324405 00N (f 03427662406 o o) (,5, 08445612407 o 0N (3 08445612407 o) ()5 125410.1029405 o
. 0.75+6.1796 + 0.6 0.7+4.4413+0.7 1.05+6.3396+0.7 1.05+6.3396+0.7 1.75+10.1995+0.7
3 3 1 1 5 3
571 09446907407 0o | |55, 04429316408 oo || )f 09446907408 o | |55 09+4.6907+08 oo | |05 24102589408 oo
1.05+6.3396+0.9 0.9+4.6907 +0.9 1.35+6.5385+0.9 1.2+6.4347+0.8 2+10.2589+0.8
TABLE 5. Similarity measures S(a;, a’”) and S(b,l , b’.”).
~PI —
(S@,.a"),8(5,,b") & & €, & &
T, (0.4658, 0.5000) (0.6222, 0.2049) (0.4216, 0.4684) (0.2246, 0.9358) (0.3356, 0.6960)
T, (0.2474, 0.9478) (0.4528, 0.2187) (0.2259, 0.9396) (0.381 1 0.4540) (0.6836, 0.4698)
T, (0.6635, 0.4401) (0.685 1,0.53 16) (0.4748, 0.6208) (0.3245, 0.3170) (0.5424, 0.5759)

ence matrix B = [bjj]3x5 = [<(lglj,bl],by); Ws u};ii>]3x5

and the triangular intuitionistic fuzzy number positive ideal
vector B! (<(4,5,6);0.6,0.1>, <(5,6,7);0.7,0.1>,
<(5,6,8);0.7,0.1>, <(5,6,7);0.7,0.2>, <(3,6,8);0.7,
0.2>), the similarity measure S(b% Ig) between gen-

ul’
PI
eralized TFNs b‘? = (b lj,b,j,a)b) and by & =

(blD 1 b’ PI b]P ’. a)bpz) can be calculated by using Eqgs. (4) (8).

The similarity measure S(blﬂ, 2 ) between generalized
TENs b, = (b b, by; uj,) and bP s _ I
”b”) can be calculated by using Eqs (9)- (13) Therern

B
S(blﬂ, )\ .
P,g is shown in Table 4.
S(bfy. by
Furthermore according to the similarity measures
S(aljl, l1g) and S(alﬂ, Ig) the similarity measure

S(aU,a )between a; =< (a;

afl =< (a catt, Pl)a)pz,

S ; > can be calcu-
lated by usmg Eq a7. Accordrng to the similarity mea-
sures S(blﬂ, g) and S(blﬂ, Plg) the similarity measure
S(b,j,bP) between by =< (bu’ i bij); wp, . up, > and
br!

/=) - -
a;, al.j,a,j),a)aij,ua” > and

UPI

=< (blD 1 b’ PI bP 1y, a)bp/, ubpz > can be calculated by

using Eq. (18). Therein, (S(a,j, af ). (b, bf’)) is depicted
in Table 5.

Step 5-7: Based on similarity measures S(a;j, al’) and
S(EU,B;J 7y, model (M-1) with TIFNs can be converted
into model (M-2). Then, by using the arithmetic mean
approach, model (M-2) can be converted into a two-objective
model (M-3). Furthermore, model (M-3) can also be
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converted into the two-objective model (M-4), i.e.,

3 5
max O = Z Z SNor(aij, Zlf)l)/)ij
i=1 j=1

3 5
max O = Z Z SNT (by, Z?;)I)Pij

i=1 j=1

5
s.t. Zpij =1,
j=1
3
Zpij =< 1,

i=1
pij € {0, 1},
where the normalized similarity measures SN‘”(Zz,-j, sz Ty and
SN (b, BP T can be calculated by using Egs. (19) and (20).
Therein, (SNOr (@jj, NP Ty, gNor (b bP 7)) are depicted in Table 6.
Step 8: If we consrder the farrness of agents on both sides,
we have w; = 0.5 and w, = 0.5. Hence, model (M-4) is
changed to a mono-objective model (M-5) through using the
linear weighting approach, i.e.,

max O = Z Z Sij pij

i=1 j=1

(M-4)
ieM;

JEN;

ieM,jeN.

(M-5) s.t.;pijzl, ieM;
3
> o<1, jeN:
pij€{0, 1}, ieM,jeN.
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TABLE 6. Normalized similarity measure (SN""(&,-I-, &;"), SN""(B,-I-, 5”.")).

(SNor(&U,leI)’SNDr(EU’ngI)) g £, &, &, &
g (0.6799, .5275) (0.9082, 0.2162) (0.6154, 0.4942) (0.3278, 0.9873) (0.4899, 0.7343)
7, (0.3611, 1) (0.6609, 0.2307) (0.3297,0.9913) (0.5563, 0.479) (0.9978, 0.4957)
75 (0.9685, 0.4643) (1, 0.5609) (0.693, 0.655) (0.4737, 0.3345) (0.7917, 0.6076)
ici — Nor (5. Pl Nor (f.. BPI
TABLE 7. Coefficient S;; = 0.5SN°r (a;;, af’) + 0.55 °’(b,,,blf’ )- 0
3 33 I I I I |
ij & & & & & | | | | |
S e | | | | |
T, 0.6037 0.5622 0.5548 0.6576 0.6121 - 1* lo | | |
= [ | e I |
T, 0.6806 0.4458 0.6605 0.5177 0.7468 5 : : : : :
T3 0.7164  0.7805  0.674  0.4041  0.6997 15 : : : : : *0
| | | |
! | | | | |
TABLE 8. Solution matrix ©* = [P,-;-]st- 0.3 : : : : :
0 | ! ! ! !
p; e & & & & 0 15 30 45 60 75
T, 0 0 0 1 0 FIGURE 1. The trend graph of O from Case | to Case IV.
7, 0 0 0 0 1
Ty 0 1 0 0 0 &
225 | | | |
224 1o | | | |
TABLE 9. Eleven cases for weights w, and w,. - : : : }
223 | | | \
ekl | I I ‘
cases values of weights - I I I }
case | w,=Lw, =0 22 [ I. I | e
., | I I |
case II w, =0.9,w, =0.1 2 [ I I |
210 | | | !
case III w, =0.8,w, =02 = :‘ : : }
case IV w, :0'7’WF =03 218 T T T
0 15 30 45 60
case V w, =0.6,w, =0.4
case VI w, =0.5,w, =0.5 FIGURE 2. The trend graph of O from Case V to Case VII.
case VI W, =0.4,w, =0.6 0
case VIl W, =0.3,w, =07 -
- [ I I I |
case IX w,=02,w, =0.8 265 | } by } |
| | | | |
case X w, =0.1,w, =09 26 I I I I |
255 | | | | |
case XI w, =0,w, =1 \ s : :. : : :
| | | | |
o | | | | P
24 ls : : : :
-~ o~ A . . | | | | |
where S;; = 0.55V"(a;, all) +0.55N" (by;, bf’) is displayed 233 | [ [ [ [
. - | 1 1 1 1
in Table 7. 2y | | | | |
Step 9: By solving model (M-5), the “optimum” solution = s w0 i " s
matrix ©* = [ ,0;]‘.]3 «5 can be obtained, which is shown
in Table 8. FIGURE 3. The trend graph of O from Case VIII to Case XI.

Therefore, the “optimum” two-sided matching £* is £* =
e Y L5 where €3, = {(t1, e4), (12, &5),(t3, £2)} and
;l‘ = {(811 81)’ (83’ 83)}

In the following, we analyze how the weights w,; and

w, influence objective function value O, comprehensive

VOLUME 7, 2019

similarity measure S; and two-sided matching coefficient
pij, and we study the relation among O, S;; and p;;. For
convenience, eleven cases corresponding to weights w; and
wy are listed in Table 9.
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FIGURE 4. The trend graph of O from Case I to Case XI.
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s I l | I I
= I I > I I
I I | I I
2 i i i i I P
I I | I I
L5 I I | I | =S
I I [ I I N
. I I | I I pij
I . 5 I—
J ol
05 1 H
I
o ALl B
0 15 30 45 60 75
FIGURE 5. Relation among O, S,-j and Pij from Case I to Case IV.
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FIGURE 6. Relation among O, S;; and p;; from Case V to Case VIL.

Figure 1 shows the trend on objective function value O
from case I to case I'V. Figure 2 shows the trend on objective
function value O from case V to case VII. Figure 3 shows
the trend on objective function value O from case VIII to
case XI. From Figure 1 to Figure 3, the overall trend on O
from case I to case XI can be obtained, as shown in Figure 4.
We have known that objective function value O decreases first
from case I to case VI and then increases from case VI to
case XI. Figure 5 shows the relation between O, S;; and p;;
from case I to case IV. Figure 6 shows the relation between
0, S;j and p;; from case V to case VII. Figure 7 shows the
relation between O, Sj; and p;; from case VIII to case XI.
From Figure 5 to Figure 7, the overall relation between O,
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FIGURE 8. Relation among O, S;; and p;; from Case I to Case XI.

S;j and p;; from case I to case XI can be obtained, as shown
in Figure 8. We have known that objective function value O
decreases first from case I to case VI and then increases from
case VI to case XI; and comprehensive similarity measures
SjieM=1{1,23},jeN =1{l,2,...,5}) are different
for the eleven cases; But coefficient p; (i € M = {1,2, 3},
jeN ={1,2,...,5}) are not identical.

VI. CONCLUSION

This paper investigates a similarity measure based two-
sided matching decision method for solving a two-sided
matching problem with TIFNs. First, a similarity measure
between TIFNs is defined by extending the similarity mea-
sure between generalized TFNs. In the two-sided match-
ing problem with TIFNs, the two-sided matching model
with TIFNs is constructed. Using the similarity measure
between TIFNs, the similarity matrices of triangular intu-
itionistic fuzzy preference matrices are established. Then, the
two-sided matching model with similarity measures is gener-
ated. Using the arithmetic mean, the normalization formulas
and the linear weighting, the two-sided matching model with
similarity measures is transformed into a mono-objective
model to resolve. Thus, a similarity measure based two-sided
matching decision method for TIFNs is proposed.

Comparing with other similar methods, the proposed
method is based on the combination of two-sided matching
and TIFNs, which are usually ignored in other similar meth-
ods. The contributions and achievements have been presented
in introduction. However, two issues exist for further study.
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One is how to address the decision-making problems where
the preferences of agents are another type of fuzzy numbers.
At the same time, the properties and characteristics of the
novel similarity measure between TIFNs should be further
explored.
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