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Abstract

In this paper, proposing a mathematical model with disjunctive constraint system, and providing
approximate membership function shapes to the optimal values of the decision variables, we improve
the solution approach to transportation problems with trapezoidal fuzzy parameters. We further
extend the approach to solving transportation problems with intuitionistic fuzzy parameters; and
compare the membership function shapes of the fuzzy solutions obtained by our approach to the
fuzzy solutions to full fuzzy transportation problems yielded by approaches found in the literature.

Keywords: full fuzzy transportation problem, extension principle, intuitionistic fuzzy numbers.

1 Introduction

Fuzzy mathematical programming is widely studied in the literature. Recently, Ghanbari et al. [6]
surveyed fuzzy linear programming, and provided detailed descriptions of the relevant models and their
solutions. Fuzzy linear transportation problems, as part of fuzzy linear programming problems were
also analyzed in [6]. Fuzzy linear fractional programming problems including fractional transportation
problems in fuzzy environment were recently reviewed by Stanojevié et al. [14]. We briefly present
below the papers relevant to our study.

Liu and Kao [10] proposed a solution approach to linear transportation problems with trapezoidal
fuzzy parameters. Their approach was based on the extension principle, and provided the fuzzy set of
the optimal solution values. Later on, Liu [9] proposed a similar solution approach to linear fractional
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transportation problems with fuzzy parameters. Both approaches solved crisp primal-dual-like-pair
models for fixed a-cut intervals of the parameters. In this paper we improve Liu and Kao’s approach
[10] by optimizing their objective function over a wider feasible set using a disjunctive system of
inequalities in the primal model. We also suggest improvements to Liu’s method [9] by fixing some
coefficients of the objective function to their upper limits instead of considering them as variables in
the dual model.

Anukokila and Radhakrishnan [1] solved a full fuzzy fractional transportation problem using fuzzy
goal programming. They used trapezoidal fuzzy numbers to describe the fuzzy goals.

Stanojevi¢ and Stanojevié [16] proposed a Monte Carlo simulation algorithm to disclose the shapes
of the fuzzy sets optimal solution and solution values to a full fuzzy linear programming problem.
Further on, employing the same Monte Carlo simulation algorithm, Stanojevi¢ and Stanojevi¢ [15]
empirically constructed the envelope for the optimal solution values to a full fuzzy transportation
problem, thus identifying a shortcoming of the solution approach provided in [10]. In this paper we
overcome the shortcoming proposing a disjunctive mathematical model as foundation to the solution
approach.

Full intuitionistic fuzzy transportation problem was addressed in the recent literature. Singh and
Yadav [13] proposed a method based on the analogy to the modified distribution method used to
solve crisp transportation problems. Ebrahimnejad and Verdegay [5] proposed a solution approach
based on the accuracy function used for ordering the trapezoidal intuitionistic fuzzy numbers. Mishra
and Kumar [12] provided a procedure to balance the full intuitionistic fuzzy transportation problem,
thus extended the applicability of Mahmoodirad et al’s approach [11] that was able to solve only
balanced forms of full intuitionistic fuzzy transportation problems. Approaching the full intuitionistic
fuzzy transportation problem in the way we introduce in this paper, we avoid the balancing step and
provide an extension-principle-based optimal solution fuzzy set to the problem.

A brief presentation of basic notation and terminology related to fuzzy numbers and the exten-
sion principle can be found in Section 2. Section 3 describes the main solution approaches to fuzzy
transportation problems related to our study. Section 4 presents the improvements we propose to the
existing methods, the shortcomings we overcome by our solution approach, and the relevance of our
new theoretical results to solving full intuitionistic fuzzy transportation problems. Section 5 reports
our numerical results. Our conclusions and directions for further research are included in Section 6.

2 Preliminaries

Fuzzy sets were introduced by Zadeh [17], and their applicability to mathematical programming was
emphasized by Zimmermann [19] and [20]. The general aspects of fuzzy sets theory that contributed
to the development of soft computing and artificial intelligence were recently described in [4].

A fuzzy subset A of a universe X is a collection of pairs (CL‘, By (:E)) such that z € X, and py (v) €
[0,1]. The value 5 (z) is called the membership degree of the element z in A, and p 7: X —[0,1]is

called the membership function of the fuzzy subset A in the universe X. When there is no confusion
about the universe to whom a fuzzy subset belongs, that fuzzy subset can be called fuzzy set.

To aggregate the fuzzy sets, Bellman and Zadeh [3] formulated the following extension principle:
the fuzzy set B of the universe Y that is the result of evaluating the function f at the fuzzy sets

Ay, As, ..., A, over their universes X1, Xo,..., X, is defined through its membership function as
sup  (min{pg (#1),..ong @)}), ) A0
pg(Yy) =14 (@ezn)ef ()
0, otherwise.

The intuitionistic fuzzy sets were introduced in [2] as a generalization to the fuzzy set. An intu-
itionistic fuzzy subset A’ of a universe X is a collection of triples (ac, tar (), v (:U)) such that z € X,
pgr (z) vy (z) € [0,1], and 0 < pz; (z) + v, (x) < 1. The value pg; (@) is called the membership
degree of the element x in Al the value Vi (z) is called the non-membership degree of the element
z in A7, par s X — [0,1] is the membership function, and vir: X — [0,1] is the non-membership
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function of A’ in X. For each € X the value h(z) = 1 — pgr (x) — vz () is called the degree of

hesitancy of x in Al

Fuzzy numbers, as particular fuzzy sets were introduced in [18]. They generalize the real numbers
in a specific direction toward modeling uncertainty and incertitude. A fuzzy set A of the universe of
real numbers R is called fuzzy number if and only if: (i) it is fuzzy normal (i.e. at least one xp € R
exists such that p 7 (z9) = 1) and fuzzy convex (i.e. Vz1,29 € R, VA € [0,1], p7 (Az1 + (1 — A) 22) >
min {,ug (x1), 17 (xg)}), (ii) p 7 is upper semi-continuous; and (iii) its support {x € Rluy(v) > 0} is
bounded. Similarly, an intuitionistic fuzzy set of R is an intuitionistic fuzzy number if and only if

its membership function fulfills all conditions in the definition of a fuzzy number; vy (xo) = 0; and

the non-membership function is fuzzy concave (i.e. v3(Az1 + (1 — A)x2) < max {UZ (z1), vy ($2)}),

lower semi-continuous, and its support {:U € Ry (x) < 1} is bounded.

In what follows we describe the trapezoidal fuzzy numbers that are used in our numerical examples.
The graph of the non-zero piece of the membership function of a trapezoidal fuzzy number forms a
trapezoid with the abscissa. One way to denote a trapezoidal fuzzy number Ais by using an quadruple
of real numbers (aj,as,as,as), where [ag,as] is the interval of the elements with the membership
degree equal to 1, and the interval (a1, ayq) represents the support of the fuzzy number. The algebraic
definition of the membership function is 7 : R — [0, 1],

(x —a1) /(a2 —a1), a1 <z <ay,
17 a2 < x < as,

(as —x) /(a4 — a3), a3 <z < ay,
0, otherwise.

py(x) =

For any trapezoidal fuzzy number A= (a1,a2,as,aq) its a-cut is the interval
[AL =la(ag —a1) + a1, (as — aq) + a4 .

For each a € [0, 1] we have min ,uil (o) = a (a2 — a1) + a1, and max ,uil (o) = a(ag — aq) + ay.
For any two trapezoidal fuzzy numbers A = (a1, az,as,a4) and B = (b1, ba, b3, bs), the basic

arithmetic operations between them (addition, subtraction and multiplication by a scalar) are derived
using the extension principle, and are defined as follows:

%—FE: (a1+b1,a2+bg,a3+bg,a4+b4),
A — B = (a1 — by, az — b3, a3 — by, ay — by),
kA = (kay, kag, kas, kay), k real scalar, k > 0,

kA = (kayg, kas, kag, kay), k < 0.

(1)

A trapezoidal fuzzy number A= (a1, asz,as, a4)~is reduced to a triangular fuzzy number if ay = ag.
A trapezoidal intuitionistic fuzzy number A’ has the membership and non-membership functions
defined as below:

(x—a1) /(ag —a1), a1 <z < ag,

1, a2 <z <as,

par (@) = (ag — ) /(as —az), a3z < x < ag,
0, otherwise,

(=) J(dy—d) . ol < <

0, da)<zx<as,

i @)= @ al) f(h - ah) dh <z <d)
1, otherwise,

respectively, where a] < a1 < ab < ag < ag < af < aq < aj. Such trapezoidal intuitionistic fuzzy
number is denoted by

Al [

A == (ala az, as, a4; ay, 0y, as, a4)'

The basic arithmetic operations for trapezoidal intuitionistic fuzzy numbers are direct extensions of
(1). Given two trapezoidal intuitionistic fuzzy numbers A’ and B! and a real scalar k,
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%I + %I = (a1 4+ b1,a9 + by, a3 + b3, a4 + b4;a’1 + bll,aIQ + b’2,a:’3 + bé,aﬁl + bﬁl),
Ai_ BI = (a/l - b47a2 - b37a3 - b27a4 - bl;a/l - 2,&’2 - :/370'{7, - /2,6121 - bIl):
kAL = (kay, kag, kag, kay; kaly, kaly, kaly, ka}), k > 0,
kAL = (kay, kas, kag, kay; ka'y, kaly, kaly, ka}), k < 0.

A trapezoidal intuitionistic fuzzy number A’ = (ay, a9, a3, aq; a}, ab, ak, a))) is reduced to a triangular
P y ) ) ) y U, U, U3, Uy
intuitionistic fuzzy number if ay = af = a3 = aj.

3 Existing approaches to fuzzy transportation problems

In a classic linear transportation problem the total cost of transferring commodities from m sources

with certain supply capacities (a;);_1, to n destinations with certain demands (bj)j:ﬁ has to be

m n

minimized. When the total supply is equal to the total demand (i.e. Zai = ij), the problem is
i=1 j=1

balanced and its general model is given in (2).

m n
min chijxij

i=1j=1
n

s.t. Zl‘ij = Qyg, 1= l,m,
=1
i~ (2)
Zij:bj7 j:17n7
=1
zi; > 0, 1=1,m,7 =1,n,

where (a:w)z;l T"n is the decision variable representing the amount of commodities transported from the

source ¢ to the destination j, and (CU)Z;I% is the unit transportation cost from the source i to the
n

m

destination j. The condition Zai = ij assures a non-empty feasible set to Problem (2).
i=1 i=1

Generally, if the transportation pljroblem is unbalanced, depending on the inequality between the
total supply and total demand, only one of Models (2-a) and (2-b) has a non-empty feasible set and
should be considered in the optimization process.
m n m n
min Z Zcijxij min Z ZCijZCij

i=175=1 i=1j=1
n

n
s.t. inj <a;, t=1,m, s.t. Za:ij =a;, ©=1,m,
=1 _ =1 _
I (2-a) i= (2-b)
wa = b]’ J = 1,7’L, sz] S ij J = 17”)
=1 i=1
x5 2 0, i=1,m, zi; > 0, i=1,m,
j = 1,TL. ] - 1,7’L.

In fuzzy transportation problems the parameters (ai);—y .. (bj);—; _, and (CZ])Z;LZL become

j=1n

T respectively. When fuzzy decision vari-

fuzzy numbers denoted by (a;);,_15, (EJ) . and (¢;)
) j=1ln

j=1ln

i1 and used in fuzzy models analog to Models (2),

ables are considered, they are denoted by (Z;;)
(2-a) and (2-b).

Among crisp linear TPs the balanced problems are efficiently solved using MODI (MOdified DIs-
tribution) method; while the other variants are solved either directly using a simplex method or via
an equivalent balancing transformation. The theoretical foundation of our novel solution approach
will show that balancing a transportation problem with fuzzy parameters is an unnecessary step.
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m n
Liu and Kao [10] proposed a solution approach to Problem (3) and imposed Z'dz- > ij to assure
i=1 j=1
the feasibility of the model.

m n
min Zzgijl'ij

i=1j=1
n
s.t. inj < Zii, 1= 1, m, (3)
Jj=1
m
Zx’bj >bj7 ]:17n7
=1
a:ijZO, 1=1,m,7 =1,n,

Their extension-principle-based solution concept is defined by the membership function of the
optimal solution value fuzzy set

max g (@b, c)) , 3Ja,b,clz = min 'z,

1 T < (a’b’g) €X,

M};(Z) = (a,b,c)lz:xren)%trib ctx T b (4)
0, otherwise,

where

H@pe) (a,b,¢) = min {p (cij) i =T,m,j = l,n}U{ 5. (ai) i = 1,m} U{ b, (bj)]j = 1,n}

and

n m
KXap = {(%g)j mxn (R) D wij < ai,» @i > bj,wy > 0,i=T,m,j = 1,7”&} :
j=1 i=1

They derived an approximate membership function shape of the optimal solution value fuzzy set
by solving the following pair of optimization problems for fixed values of the parameter «.
m n

. L
min Z Z (Cij)a ZTij m n
i=1j=1 max — Zaiui + ijvj,
n =1 =1

s.t. ZIE” < a;, 1=1,m, st —uj+vj < (Cij)ga i=T,m,
]17:11 7 =1,n,
L U

> wij = by, I=TR (g (ai)y <o < (), i=Tm, 4
Py v (0))y <bj < (b)g» F=Tm,
( ) <al§(al)a7 Z:Lm’ m n
(bi)y <bj < (bj)y =T, > ai =) b,

i=1 j=1
Zal >Zb]7 U’LZOa Zzlvmv

Vj > 0, ] 1

207 Z_lam) ji=T1In,
It is clear that Models (4-a) and (4-b) are not a primal-dual pair, but the former was obtained
from the crisp form of Model (3) with lower and upper bounds for (a;) and (b;),_1; that became
j=1,n

j=1,n
—Tm ((Ew)é)j - n; and the later was constructed as a dual to the crisp
i=1,m
form of Model (3) with lower and upper bounds for (a;); and (b;);
j=In ~ \U j=Ln
(CZ]) =1,m ((Clj)a>i:m'
Stanojevi¢ and Stanojevi¢ [15] provided empirical solutions to the special class of full fuzzy trans-

portation problems. Quadratic optimization models were derived from the original transportation
model considering the cost coefficients, demands and supplies as decision variables. The numerical
results obtained in [15] by employing a Monte-Carlo-simulation-based algorithm (introduced in [16])
in solving relevant instances represent a good validation test for our results that will be reported in
Section 5.

i=1,m

variables, and (c”)

that became variables, and

i=1,m i=1,n
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Ebrahimnejad and Verdegay [5] proposed a solution approach to balanced full trapezoidal intu-
itionistic fuzzy transportation problems

min 337

i=17=1
n
~T ~ .
s.t. Zmzj =al, i=1Tm, (5)
—
m
~I 1
>l =i, =T,
=1
T >0, i=1,m,j=1,n

They interpreted the trapezoidal inutitionistic fuzzy valued objective function as a multiple objective
function due to its eight components; and converted it into a single objective function

1 m n 4
a2 2> (cunmign + chiuTin)

using the weighted sum method, and assigning an equal Welght to all components. The single
objective function is then optimized over the feasible set descrlbed in (5). Each equality of (5) is
component by component transformed to eight crisp constraints

n n

/ !/ . T A
Z%‘j,k = Q; k, mek =a;y, t=1,mk=14,
i=1 =1

m m

. Y - _
> Tijk =bik, D vy =V j=Tnk=T14
= =1

The non-negativity of the decision variables were transformed to non-negativity of all components and
the needed inequalities between the components of decision variables were included.

Mahmoodirad et al. [11] addressed the same problem (5) but used triangular intuitionistic fuzzy
numbers as parameters, and solved it in the same way. Mishra and Kumar [12] proposed a method
to transforming an unbalanced fully intuitionistic fuzzy transportation problem into a balanced one.
Their method is an analog extension of the method introduced by Kumar and Kaur [7] to transporta-
tion problems with fuzzy parameters.

4 Our novel solution approach

Taking into consideration one neglected fact of the extension principle, we first improve Liu and
Kao’s solution approach [10] by introducing a disjunctive system of constraints in Model (4-a), and
propagating it through duality to Model (4-b).

Further on, we provide approximate membership function shapes for the optimal solution fuzzy sets
of the decision variables, thus showing that the original transportation problem with fuzzy parameters
implicitly assumes that the decision variables are also fuzzy sets.

Finally, incorporating the novel ideas we extend the solution approach to the class of intuitionistic
fuzzy transportation problem.

4.1 Mathematical model with disjunctive constraint system

Any crisp transportation problem can be solved choosing one of Models (2), (2-a) and (2-b): if the
problem is balanced the first model is chosen, if sources together supply more commodities than the
total demand then the second model is used, otherwise the third one must be employed.

A sunllar ﬂex1b1hty should be assured when proposing fuzzy models to real systems. Unfortunately,

assuming Zal > Zb when modeling a transportation problem with imprecise information about
=1 7=1
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supplies and demands brings a weakness to the solution approach since the inequality between fuzzy
numbers can be interpreted in a wide variety of ways. Moreover, using the crisp models (4-a) and (4-b)
in solving Model ( ), as proposed in [10], accentuates the weakness since the crisp models contain the

crisp constraint Zaz > Zb that restricts the feasible sets more than demanded by the extension
=1 7=1
principle.
As a more flexible alternative to Models (3-a) and (3-b), we propose two new models (9) and (10)
whose solutions improve the solutions derived in [10]. The new models are based on the crisp model

m n
min E E CijTij

=1 j=1 (6)
i=1,n disj.
S.t. (‘/Ei’j)g:l,m S Xa,bj ,
1,‘2]>0, i=1,m,j=1n,
where
di =T
Xa,zlfj (xi’j)gzljn S men |Z$z] < ay, Z‘TU > bj? 1= ]— = U

(7)

(i )j Ln

m><n |ZIE’L] > auzxm < b],Z =1m

We make use of a binary variable y, and a great scalar constant M, to describe in,fj " by the following
conjunctive system of constraints

n
ai_(l_y)Mﬁinjﬁai—FyM, i=1,m

j=1
- . (8)
i=1
y € {0,1}.
Further on, releasing (a;);_1; and (b;);_1 to vary between their lower and upper bounds, and

fixing the coefficients of the obJectlve function to their lower and upper bounds respectively, we derive
the final new models (9) and (10).

Model (9) is used for minimizing the minimal cost with respect to variables x, y, a, and b; while
Model (10) is used for maximizing the minimal cost with respect to variables w, u, v, p, ¢, a, and b.

m n
min ZZ (ci])a Lij
i=1j=1
n
st ai—(1—y) M <>z <ai+yM, i=Tm,
m =1
bj—yM < 3wy <bj+(1-y)M, j=Tm, (9)
=1
(ai)y < a; < (ai), , i=T1,m,
L U
(bj)a <b; < (bj)aa j=1n,
x5 > 0, i=1,m,j=1,n,
y €{0,1},

Solving Models (9) and (10) for fixed values of a € [0,1] we obtain an approximate shape of the
membership function p5-
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max w
st. —u;+v; < (cij)g, i1=1,m,j=1,n,
pl_QJS(Cl])g7 Z:]-vmaj:]-vn)
m n
—Zaiui—Fijvj > w, i=1,m,j=1,n,
a big;i > w, i=1m,j=1,n,
Z iPi — Z 49 = J (10)
(az) < az > (az)U7 1= 17777,,
(bj)e < b < (b)), j=Tm,
n
(1—-y M<Zaz—2bj§yM,
j=1
Uz‘,QyZQ i=1,m,5=1,n,

y € {0,1}.

In the same way, a disjunctive system of constraints can be incorporate in the methodology pro-
posed in [9] to improve solutions to linear fractional transportation problems.

4.2 Membership function shapes of the optimal solution values of the decision
variables

Our next goal is to define the membership functions of the optimal solutions fuzzy sets, and propose
optimization models to approximate the membership function shapes of the optimal solution values
of the decision variables.

Preliminary ideas about the membership function of the vector of the decision variables in a
fuzzy linear programming problem were given in [16]. Using a Monte Carlo simulation algorithm
the envelopes of the membership functions of the variables were drafted. We next define the exact
membership function for each decision variable separately as

max (u ~~~ (a,b, c)) , Jda,b,c|t = arg; min Ty
(1) ={ (abolt =arg; min c'y (262) yeXap =T 11
luml( ) - y€e 1;] y = 7ma ( )

0, otherwise

where arg; m}%n ¢’y represents the optimal value of the i-th decision variable obtained when mini-
YE€EXa b

mizing ¢y over the feasible set x% a, 7, and p (a77) (a,b,c) has the same meaning as in the definition

of the membership function of optimal solution values (4).

Defining the membership functions of the decision variables with the help of (11) we round out a
solution concept to both classes of problems: with fuzzy parameters and full fuzzy. We proceed to
formalize mathematical models able to derive the shapes of decision variables membership functions.

For any fixed value of « € [0, 1] and fixed indexes k = I,m and [ = 1,n we construct the pair of
the optimization models

min Thl

st. (a,b,c,x,y) € P, (12)
and

max Tkl

st. (a,b,c,x,y) € P, (13)

where P is the constraints set described by System (14). To describe System (14) we use the minimal
and maximal values (2" and z%%) of the objective function yielded by solving Models (9) and (10)
respectively.
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n
aZ_(l_y)MSZxZ]§a1+yM7 Z:177/’17
m i=1
by —yM <> xij <bj+(1—y) M, j=TIn,
=1
L U
(bj)aLS bj < (bj)a ) Jj=1Ln, (14)
(Cij)a SCZ] < (Cij)aa Z:Lm’j:Ln
m n
Zgiin < chisz] < zanax’
i=1 j=1
x5 > 0, 1=1,m,7 =1,n,
y€{0,1}

4.3 Extension to intuitionistic fuzzy transportation problems

Both pairs of models (9)-(10) and (12)-(13) can be extended to provide the approximate member-
ship function shapes of the optimal solution values of the objective function and decision variables to
a full intuitionistic fuzzy transportation problem. The extension is made by adding two more pairs of
optimization models that derive the non-membership function shapes of the optimal solution values.

Since in all Models (9), (10), (12) and (13) the lower and upper bounds of (a;),_17;, (b;);,_7 and

(CZJ)Z:ﬁ1 are defined with the help of the membership functions of problem’s parameters (Mg.) -
=4 v/i=1m

j=1ln
(,wg_) and (Ha). - and their corresponding a-cuts, in the case of intuitionistic fuzzy parame-
i/ j=1mn W/ i=1,m

. . Jj=ln . .
ters, the non-membership functions (Vai>i:1,m’ (ng)j:Ln and (Vgij)z‘:l,m together with their a-cuts
dictate the lower and upper bounds of the variables (a;); _17;, (b;);_1; and (Cz‘j)gz l,rnn in the additional

models.
The solution approach to full intuitionistic fuzzy transportation problem defined through its intu-

- ~ 7 \I=Ln . .
itionistic fuzzy parameters (aI ) I (b]I ) __and (CI ) representing the supplies of all sources,
i=1,m

v j=1n Y/ i=1,m

demands of all destinations, and unit transportation costs from each source to each destination re-
spectively is described by Algorithm 1.
Using notation from Algorithm 1 the approximate membership function of optimal objective values

is described by
{(zina) s = TopU{ (252, a0) Is = Top )+

the approximate non-membership function of optimal objective values is described by

{(zmin 1 —a) s = ToU{ (25 1= o) Is = Tp} 5

the approximate membership functions of the optimal values of the decision variables are described

by

{(# s 05) s =T UL (#5 par 0) s = T} b = Tom, 0 = T
and the approximate non-membership functions of the optimal values of the decision variables are
described by

{(x?}cifll)%as, 1-— 045) |s = 1,p} U{(x?;c?l};,u,as’ 1-— as) |s = 1,p} Jk=1,m,l=1,n.

5 Numerical results

To report our numerical results we follow the same structure as in presenting our theoretical results.
We first solve an example of a transportation problem with trapezoidal fuzzy parameters from [10],
showing our improvements. Then we solve two examples of intuitionistic fuzzy transportation problems
one form [5], and second from [5], [8] and [11] in order to illustrate the advantages of the new approach.
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Algorithm 1 Solution approach to full fuzzy intuitionistic transportation problem

Require: the membership and non-membership functions of the intuitionistic fuzzy parameters, and
p a-levels ay < ap < ... < oy chosen for the desired approximation.
1: for s=1,p do
L _ . -1 L _ . -1 L _ _ . -1
2: Set (ai)y, = min =" (as), (b)), = min /i (), (¢i5),, = min K (as),
1 'j g

(ai)gs = max ,ufgl (as), (bj)gs = max ,ufl;l (as), (Cij)gs = max p,il (as), i=1,m, j =1,n.
K J

3: Solve Models (9) and (10) and derive the optimal values z' and Zox respectively.
4: for k=1,mandl=1,n do
5: Set Zmln — Z;I‘[‘llfl9 and Zmax — Zmax
6: Solve Models (12) and (13) and derive the optimal values x(k D s T(hD) e, TesPectively.
7: end for
8: Set (ai)gs = min (1 - Vil (as)), (bj)i- = min (1 — Vil (as)>, (Cij)gs = min <1 — V’E:]-l (as)>,
(ai)gs = max (1 - Vgl (as)), (bj)gs = max <1 - Vil (as)>, (Cij)gs = max <1 - I/~]1 (ozs)>,
7 J Z
i=T,m, j=1,n
9: Solve Model (9) and (10) and derive the optimal values 2z’ and z}J2* respectively.
10: for k=1,m and [ =1,n do
11: Set 0 = 20 and 20X = Zax,
12: Solve Models (12) and (13) and derive the optimal values xI(I]:Ji,rll),V,as7 LD 00, TESPECtivEly.
13: end for
14: end for

Ensure: the approximate membership and non-membership functions of optimal objective values and
values of the decision variables.

Table 1: Trapezoidal fuzzy parameters of the transportation problem used for Example 1

c j=1 7] =2 71=3 a

t+=1 (10,10,10,10) (50,50,50,50) (80,80,80,80) (70,90,90,100)
(60 (20
( (

i=2 (60,70,80,90) ,60, 60, 60) ,20,20,20) (40, 60, 70, 80)
b (30,40,50,70)  (20,30,40,50) (40, 50, 50, 80)

Example 1 was first addressed in [10]. The problem was formulated using Model (3) and the
fuzzy parameters reported in Table 1. Models (4-a) and (4-b) were used in [10] to derive the shape of
the membership function of optimal values. Tackling the essence of the problem, and allowing more
flexibility in modeling, we make use of Models (9) and (10) to derive a similar shape.

The numerical results are reported in Table 2 and graphed in Figure 1. Analyzing the results ob-
tained for the optimal values one can notice a difference only on the first component of the trapezoidal
fuzzy numbers reported in Table 2: 1500 for our approach, and 2100 for the Liu and Kao’s approach
[10]. It means that our approach provided the smallest value 1500 of the transportation cost that can
be reached for a certain combination of the parameters, and was not revealed by the approach from
the literature.

Figure 1 shows graphically the differences between the membership functions of the optimal values
of both objective function and decision variables. In the case of the objective values the compared
shapes differ only on their left side for o € [0,0.4]. No complete information about the optimal values
of the decision variables were provided in [10]. The values reported in [10] for « = 0 and o = 1 can be
seen within the approximated enveloped area provided by our approach. Therefore the optimal values

Table 2: Numerical results for Example 1

Zmin M
Liu and Kao [10] (2100, 2900, 3500, 5800)
Our approach (1500, 2900, 3500, 5800)




https://doi.org/10.15837 /ijccc.2021.1.4057 11

Our approach —@—
Liu and Kao, 2004 —@— —@—

1 P e N 1 LI ——
08 - 0.8 ¢ = 0.8 ¢ 1
B os & 0.6 § . & 06 ¢ 4
& & a
o 04 % ] 0.4 % = o 04 ¢ —
0.2 ¢ 0.2 ¢ — 0.2 ¢ 1
0 lgl 1 | 0% i ee 1118 Y SR §
1 — T 0 20 40 60 B0 100 0 102030405060708090 0 10 20 30 40 50 60
ur approach —@—
Liu and Kao, 2004 —@&—
sl Both approaches —8— | %11 %12 %13
i s
ol T T 1 @—— T L
= 0.8 ¢ - 0.8 ¢ = 08 - —
ol _g_ 06 ¢ R _g_ 06 4 - _g_ 06
© 0.4 T T = 0.4 + = = 04 {
sl 02 & . 024 - 02 &
oL 11 1N oL 111 P} SRR
o L - : L L . . . 0 10 20 30 40 50 60 0 10 20 30 40 50 &0 0 10 20 30 40 50 60 70 8O
1500 2000 2500 3000 3500 4000 4500 5000 5500 6000
x21 x22 X23

Figure 1: Approximated membership functions of the optimal solution values of the transportation
problem with fuzzy parameters given in Table 1

Table 3: Intuitionistic fuzzy parameters of the transportation problem used for Example 2

~1 I

¢ i=1 i=2 b

j=1 (10,20,30,40;5, 15,35, 45) (60, 70, 80, 90; 55, 65, 85, 95) (30, 50, 70, 90; 20, 40, 80, 100)
i=2 (50,60,70,80;45,55,75,85) (70,80, 90, 100; 65, 75,95,105) (20, 30, 40, 50; 15, 25, 45, 55)
j=3 (80,90,100,110;75,85,105,115) (20,30,40,50; 15, 25,45, 55) (50,60, 70, 80; 45, 55, 75, 85)
al (60, 80, 100, 120; 50, 70,110, 130) (40, 60, 80, 100; 30, 50, 90, 110)

of the decision variables cannot be derived by solving Models (4-a) and (4-b). Therefore, Models (9)
and (10) bring essential improvements to the existing approach [10].

The similarity to Liu and Kao’s results for the objective values shows that we solved the same
problem like them, a transportation problem with fuzzy parameters. On the other side, the envelopes
of the values of the decision variables show that in fact, the solving method assumes that the variables
are also fuzzy quantities, thus the methodology can be applied to solve full fuzzy problems. This fact
will be illustrated by the next example.

Example 2 is a full fuzzy problem recalled form [5] that uses Model (5) with the trapezoidal
intuitionistic fuzzy parameters provided in Table 3.

The numerical results reported in [5] together with our results are shown in Table 4 and graphed in
Figure 2. Our method finds the membership functions of the optimal values of the decision variables.
Their shapes are non-linear but similar to the shapes of trapezoidal intuitionistic fuzzy numbers. Our
approach identified smaller values with non-zero membership values that are optimal values for certain
combinations of the given parameters, thus providing more relevant information about the minimal
transportation cost of the modeled problem.

Analyzing Figure 2 we can notice an essential difference between the fuzzy sets provided as final
fuzzy-valued decision variables by the existing approach and our approach. Our results fulfill the
extension principle concept applied to the optimization problem as a whole, and not only to the
arithmetic on the coefficients and variables as in [5].

Example 3 is a real life problem discussed in the recent papers [5], [8] and [11]. The triangular
intuitionistic fuzzy parameters are given in Table 5, and a comparison of the results is shown in Table
6 and Figure 3.

Comparing the numerical results obtained for the objective function Kumar and Hussain’s method

Table 4: Numerical results for Example 2

=T
Zmin o v

Ebrahimnejad and Verdegay [5] (3300, 5800, 9100, 13200) (2350, 4450, 11050, 15550)
Our approach (1400, 3760, 13500, 8750) (700, 2280, 9550, 16000)
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Figure 2: Approximated membership functions of the optimal solution values of the transportation
problem with intuitionistic fuzzy parameters given in Table 3

Table 5: Triangular intuitionistic fuzzy parameters of the transportation problem used for Example 3

o’ j=1 j=2 i=3 al

i=1 (1,4,90,4,12) (3,13,14,2,13,15) (4,6,16;1,6,33) (6,7,10;2,7,11)
i=2 (4,5,7;1,5,9) (5,10,15;0,10,39) (7,16,24;0,16,41) (6,15,23;1,15,29)
i=3 (1,3,6;0,3,10)  (5,13,21;5,13,35) (8,18,27;6,18,48)  (2,10,16;0,10,21)
B (3,8,16,0,8,19) (1,6,7;0,6,14) (10, 18,26; 3, 18, 28)

[8] is the best considering the minimal value with maximal amplitude. However, some of the values
of the decision variables provided by Kumar and Hussain’s method are negative, fact that cannot
by acceptable in any model of transportation problem. Our approach provides non-negative fuzzy
intuitionistic numbers to all decision variables, and smaller minimal value with maximal amplitude
than the methods in [5] and [11].

In the same way as in the previous example, the results obtained by our approach are better then
those found in the literature since our methodology follows the extension principle applied to the
optimization problem as a whole, while the others were focused just on following the arithmetic rules
on the coefficients and variables.

6 Final remarks

The main contribution of this paper is three-fold: (i) we involved a mathematical model with
disjunctive system of constraints in modeling transportation problems in fuzzy environment, thus
improving an existing solution approach to transportation problems with fuzzy parameters; (ii) we
proposed mathematical models able to provide approximate membership functions shapes to the opti-
mal values of the decision variables, thus extending the solution approach to full fuzzy transportation
problems; (iii) we expanded our approach to solving full intuitionistic fuzzy transportation problems
consistently respecting the extension principle.

We included in the paper several numerical examples from the literature in order to illustrate our

Table 6: Numerical results for Example 3

=T
Zmin

Kumar and Hussain [8]
Ebrahimnejad and Verdegay [5]
Mahmoodirad et al. [11]

Our approach

137 292, 502) (12 292, 961)
63,313,773)  (2,313,1726)
63,310,757) (2,310, 1806)
32,305.4,765)  (0,305.4, 1697)

NN N
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Figure 3: Intuitionistic fuzzy numbers of the minimal objective values obtained by approximating the
results of our approach compared to the results reported in [5], [8] and [11]

theoretical results, and provide a visualization of the improvements brought in by our novel solution

approach.
Our future research will focus on extending the ideas on which our solution approach is based to

a wider class of optimization problems under uncertainty.
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