. mathematics

Article

An Investigation of Linear Diophantine Fuzzy Nonlinear
Fractional Programming Problems

Salma Igbal ¥, Naveed Yaqoob ¥

check for
updates

Citation: Igbal, S.; Yaqoob, N.;
Gulistan, M. An Investigation of
Linear Diophantine Fuzzy Nonlinear
Fractional Programming Problems.
Mathematics 2023, 11, 3383. https://
doi.org/10.3390/math11153383

Academic Editor: Ben Niu

Received: 12 May 2023
Revised: 19 July 2023
Accepted: 27 July 2023
Published: 2 August 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Muhammad Gulistan 2%t

Department of Mathematics and Statistics, Riphah International University, Sector 1-14,

Islamabad 44000, Pakistan; salmaigbalawan64@gmail.com (S.1.); nayagoob@ymail.com (N.Y.)

Department of Electrical and Computer Engineering, University of Alberta, Edmonton, AB T6G 2R3, Canada
Correspondence: mgulista@ualberta.ca

These authors contributed equally to this work.

Abstract: The linear Diophantine fuzzy set notion is the main foundation of the interactive method
of tackling nonlinear fractional programming problems that is presented in this research. When
the decision maker (DM) defines the degree « of « level sets, the max-min problem is solved in this
interactive technique using Zimmermann’s min operator method. By using the updating technique
of degree a, we can solve DM from the set of a-cut optimal solutions based on the membership
function and non-membership function. Fuzzy numbers based on a-cut analysis bestowing the
degree a given by DM can first be used to classify fuzzy Diophantine inside the coefficients. After
this, a crisp multi-objective non-linear fractional programming problem (MONLFPP) is created from
a Diophantine fuzzy nonlinear programming problem (DFNLFPP). Additionally, the MONLFPP can
be reduced to a single-objective nonlinear programming problem (NLPP) using the idea of fuzzy
mathematical programming, which can then be solved using any suitable NLPP algorithm. The
suggested approach is demonstrated using a numerical example.

Keywords: nonlinear programming problems; fuzzy sets; linear Diophantine fuzzy sets; LDF-nonlinear
programming problems

MSC: 90C30; 03E72

1. Introduction

Decision-makers encounter numerous issues in everyday life while deciding between
linear and nonlinear fractional programming problems (FPPs). The aims are typically
conflicting, incommensurable, and fuzzy; therefore, many factors of uncertainty’s ambigu-
ous character should be taken into consideration when formulating the issue. For the
objective functions and constraints, many fuzzy parameters have been used. With the help
of numerous studies, fuzzy nonlinear fractional programming problems (FNLFPP) are
divided into two categories: nonlinear fractional programming problems (NLFPP) with
fuzzy goals and NLFPP with fuzzy coefficients. These fuzzy parameters are described as
fuzzy numbers, introduced by Sakawa et al. [1-4].

The idea of fuzzy set was developed initially by Zadeh [5]. Bellman and Zadeh [6]
also provided a definition for a fuzzy decision. According to the theory of fuzzy sets, an
element’s membership in a fuzzy set is represented by a single value between zero and one.
However, because there may be some hesitation degree, it is not necessarily true that the
degree of non-membership of an element in a fuzzy set is equal to 1 minus the membership
degree. Because it provides a generalization of fuzzy sets, the theory of intuitionistic fuzzy
set (IFS) is anticipated to play a significant role in modern mathematics.

The intuitionistic fuzzy set was developed by Atanassov [7-9], who also expanded
upon the idea of a fuzzy set. Since it includes the degree of belongingness, the degree of
non-belongingness, and the hesitation margin introduced by Atanassov [10], the knowledge
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and semantic representation of IFS become more expressive, innovative, and appropriate.
IFS are fascinating and helpful when describing an issue using a linguistic variable in terms
of a membership function that appears too rough, according to Szmidt and Kacprzyk [11,12]

Hezibah [13] suggested a Taylor series method to solve the intuitionistic fuzzy multi-
objective nonlinear programming problem (IFMONLPP). In an intuitionistic fuzzy setting,
Singh and Yadav [14] presented a method for the handling of nonlinear programming
issues. A method to resolve the intuitionistic fuzzy linear fractional programming problem
was also devised by Singh and Yadav [15] (IFLFPP). The Sperm Motility algorithm was
studied by Raouf et al. [16] as a solution to fractional programming problems under
uncertainty (FPPU). An interactive intuitionistic fuzzy nonlinear fractional programming
problem was introduced by Amer [17].

The idea of “a-cut optimality” is proposed in this study based on “a-level sets of
fuzzy numbers” to address nonlinear fractional programming issues with fuzzy param-
eters classified by fuzzy numbers. Then, as a generalization of the findings in Sakawa
et al. [1-4], an interactive decision-making method is described that may quickly deter-
mine the decision-maker’s most satisfactory option from among a group of a-cut optimal
solutions. Additionally, the objective function’s coefficients are used to measure a linear
Diophantine fuzzy nonlinear fractional programming problem (LDFNLFPP), and the con-
straints are a set of triangular linear Diophantine fuzzy numbers (LDFNs). A deterministic
multi-objective nonlinear fractional programming problem (MONLFPP) is created from the
given LDFNLFPP. Next, the MONLFPP is converted into a single-objective NLPP utilizing
a fuzzy mathematical programming approach [18-20]. Finally, a numerical example is
provided to show the effectiveness of this approach.

In [1,13,14,17,21-25], (multi-objective) nonlinear programming problems have been
studied under the environment of fuzzy sets and intuitionistic fuzzy sets. However, here,
we study the nonlinear fractional programming problems in terms of more generalized
fuzzy sets called linear Diophantine fuzzy sets.

2. Preliminaries and Basic Definitions

This section is devoted to reviewing some fundamental ideas that are crucial in
understanding the dominant model.

Definition 1 ([5]). If X is a collection of objects denoted generically by X, then a fuzzy set N in
X is a set of ordered pairs: { (9, ux(9))|0 € X}, py is called the membership function of R, which
maps X to [0, 1], and py (0) is called the membership degree of ¢ in N.

Definition 2 ([260]). Let R be a fuzzy set on universal set X. Then, R is called convex FS if
Vr,s € Xand A € [0,1], and we have

pn(Ar 4 (1= A)s) = min{py(r), pu(s)}-
Definition 3 ([5]). A fuzzy set N is said to be normalized if h(R) = 1.
Definition 4 ([26]). An a-level set of an FS W is defined as
N = {8 € X: ux(9) > a} foreach a € (0,1].

Definition 5 ([26]). A fuzzy subset X defined on a set R (of real numbers) is said to be a fuzzy
number (FN) if X satisfies the following axioms:

(a) W is continuous: py (t) is a continuous function from R — [0, 1].

(b) N is normalized: there exists t € R such that puy(t) = 1.

(c) Convexity of X, i.e., Vt,u,w € R, if t <u < w then py(u) > min{uy(t), ux(w)}.

(d) Boundedness of support, i.e., 35S € Rand V' t € R, if |[t| > S then uy(t) = 0.

We denote the set of all FNs by F,;s(R).
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Definition 6 ([27]). Let X be the universe. An LDFS hsy on X is defined as follows
Iy = { (8, (Rx (8), 8 (8)), (a(9), B(8))) : & € X}
where R, (9), 55 (9), a(9), B(9) € [0,1] such that

0 < a(8)N5(9) + BOIEK(0) <1, VO € X M

0<a(8) +B(8) < L. @)
and the hesitation part can be written as

Nregy = 1 — (a(9)R5(8) + B(9)E% (8)) ®)

where N is the reference parameter.
We write in short hoy = ((N%, &%), (&, B)) or hoy = (N, &%), (a, B)) for

g = { (9, (R (9), E (8)), (x(8), B(8))) : ¥ € X}.

Definition 7 ([27]). An LDFS higy = { (9, (N%(9), &% (9)), (x(9), B(9))) : 0 € X} is called a
linear Diophantine fuzzy number (LDFN) if the following hold:
(i) There exists m € R such that R, (¢) = a(¢) = 1and 53, (8) = B(8) = 0, where m is the

mean value of ho.
(ii) (NG, and «) and (3, and B) are piecewise continuous functions from R to the closed interval

[0,1] and 0 < a(9)R (8) + B(8)C5 (9) < 1, VO € X, where

m—1t, <x<m

Gi(x) m-t <x<m £ 0 g0+ g <1
Rip(x) =4 Mmx) s<x<m+08;, frlx)=1 , () m < x < m+ 03 )
0 otherwise 2 0<hy(x)+hy(x) <1
0 otherwise,
and
! (x) m—10, <x<m;
gi(x) m—0 <x<m 2 0<gl() + a0 <1
a(x) =< h(x) B3<x<m+03, B(x)= i, (x) m<x<m+0; 5)
0 otherwise 2 0 < Hj(x)+hh(x) <1

0 otherwise.

Definition 8 ([28]). Let hgz be an LDFS on R with the following membership functions (N§, and
w) and non-membership functions (Cy, and B)

x—% O3—x
. 9,0, % <x <9 ) 193_1592 0 <x <0
= 5—X = X—U3
N3 (x) 99, B<x<d5 ., S (x) =0 BSx<ty (6)
0 otherwise 0 otherwise,
and
xfﬂl / ' 19, —X / /
19/192/ ﬁZSXSﬁS 19/3&/ 191§XS193
3/7 2 3_19,1 7
= — ! = —
MW= A cacd, PO 20 g cicyl @
4773 5773

0 otherwise 0 otherwise.
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Throughout the paper, we consider only a triangular LDEN of type 1 and we refer to
this type as triangular LDFN (TLDEN). This TLDEN is denoted by

R {(191,02,03,04,05)
- N VAN
TLDFN (19] r192 rl93/l94/l95)

(O192,95,94.95) e said to be positive if and only if

Definition 9 ([28]). A TLDFN ho,,pry = {(791,1%#93#94/195)

8, > 0and &, > 0.

81,80,83,84,0 51,02,03,04,
) ol Sox e, = { U5
(97,85,93,8,,95) (81,03,83,04,65)
. . . ! / ! !
are said to be equal if and only if 01 = 61, 02 = 0, 03 = 63, 04 = 64, 05 = 65, 0; = 6;, 0, = 65,
! / ! /
¥, = 6, and ¥5 = 5.

Definition 10 ([28]). Two TLDFNs hsx,, ey = {

We now define the arithmetic operations on TLDFNs using the concept of interval
arithmetic.

(01,82,83,04,05)

and & =
(19;,19;,193,1941,19;) 9‘TLDFN

Definition 11 ([28]). Consider two positive TLDFNS gy, ppy = {

51,02,63,84,6
{(oos) then
(51152r53/§4/55)
; (81+01,92+02,93+03,04+04,85+05)
i) h +9 =
@ Py pey + Sz {(19{+(5{,19;+(5;,193+(53,19jl+(5j1,19g+(5;)
g 01— 85,0, 84,0383, 04— 82,0551
i)k _g _ ) (81—05,02—04,03—03,04—02,05—01)
(&) hiopripey = S9ripe {(19;_5;,19;_5;,193_53,19;_5;,19’5_5;)'

0101,9202,8303,0404,9505)

o (¢
(&88) gy ppy X Spippy = {(1915{,19;5;,19353,19;5;19@5’5)’

(‘91 9 93 U 95)

) o B
(iv) thTLDFN ~ SRrpEN —
55'54’ 375
(k87 k8, k03, k0,,k05) .
ko kol kop kol ko)) K0
(k' k5 kd3,k8,,kds)
(k05,k84,k03,k82 k01) .
koL k', k03, k0, ko, ifk <0.
( 5V, AU3,AU, 1)

(v) k x ﬁmTLDFN =

3. Problem Formulation and Solution Concepts
The general mathematical model of LDFNLFPP can be written as follows:

Max Z(xt) = fxAl)

subject to hjl(x, ch < D],I]“, h=12,...,m,
hjz(x/EL) 25’;, jo=my+1,...,my, (8)
h]‘s(x,ﬂ) = L],L3, j3 =my+1,...,m,
x>0,
g(x,BY) #0,
where x is n-dimensional decision variable vector x = (x1,x2,...,%n), f(x, ALY and
Q(x, BL) #0, hj, (x,CL), hj, (x,EL) and hj, (x, TL), respectively, are supposed to be real val-

ued continuous nonlinear functions with LDFNs. The parameters AL BL,CL, DL, EL, }1, It

and LL are considered TLDFNSs.
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Similarly,
1 ~1L _ f/(x/’;q‘/L)
Max Z (x ) - g/(x/’E/L)’
subject to h;-l (x/, C’L) <D fL, h=12,...,my
h;-z(x’ )2] ]2_m1—|—1 ...,Mmo, )
h;S(x’, "y = L’L, j3=my+1,...,m,
x>0,

where x’ is n-dimensional decision variable vector x' = (x},x5,...,x}), f'(x, A'") and
g (x,BL) £0, h;-l (x,C'L), h}z (x,E'Y) and h;-s (x, '), respectively, are supposed to be real val-

ued continuous nonlinear functions with LDFNs. The parameters AL B'L C'L DL E'L, jN’L, Tt
and 'L are considered TLDFN.

In this section, the methodology for the solution of an interactive LDFNLFPP is expanded
where all coefficients are TLDFNs. This problem varies from the crisp problem via parametric
values. The parameters are known precisely in crisp or non-fuzzy models. Consequently, for
a precise degree of «, as in Definition 4, which is described by the DM, problems (8) and
(9) can be redeveloped as the following linear Diophantine non-fuzzy a-nonlinear fractional
programming problem («-LDNLFPP) with linear Diophantine non-fuzzy numbers («-LDFNSs):

Ny

Max 6(x) = FlxA

G(x,B)”
subjectto  H; (x,C) <D,, 1 =12,. 1
Hj, (x,E) 2 Jip, Jo = m1 + 1, (10)
H]'S(x,l) :LJS' ja=my+1,.
x>0,

G(x,b) #0, Npu(]) > ay,

where | is any coefficient and the parameters A, B,C,D,E, ], I and L, respectively, are
assumed to be non-fuzzy numbers defined as (61, 62,63, 04, 65).
F/ /’A/
Max0'(¥) = 57,
subject to ijl (x/,C") < D;l, h=12,...,m,
H]iz (x:/ Ei,) 2 D,;2/ ]2 = my + 1/ <., My,
Hj3(x,1) = D].3, ja=mp+1,...,m,
x' >0,
SV A0, au() 2,

where ]’ is any coefficient and the parameters A’, B, C’, D', E’,J',I' and L’, respectively, are
assumed to be non-fuzzy numbers defined as (61, 65,63, 0}, 0%).

(11)

4. Solution Procedure for an Interactive LDFNLFPP

By using the division in Definition (12), problems (10) and (11) reduce to an equiva-
lent linear Diophantine multi-objective nonlinear fractional programming problem (LD-
MONLFPP) as follows:
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I
]
=
8
>
-

Max 67 (x) G(x,z;;)’
Max 0,(x) = é((’;gi;,
,0.
Max 63(x) = (F;((’;/(Sz)),
F(x,0.
Max 04(x) G(();,Ji))'
— E(x65) (12)
Max 05(x) = Ctes)
subject to H;j, (x,C) <D ¥ h=12,...,m,
sz(x/E) > ]2/ 2 77’}’[14‘1 ..., My,
Hy(x, ) =L, j3=my+1,...,m,
x>0,
and
VA 3 € )
Max 6] (x") = m,
F'(x,0
Max 05 (x') = %/
F(x,0
Max 63(x) = G((J,’CC,;;))'
Max 0 (') = %/ »
F'(x,0,
Max b5(x") = G’<(;CC’ 5?)) ¢
/

subject to H’ (x,C) < D]/i’ h=L12...,my,
H/Z(x E') > D;z’ jo=my+1,...,my,
H]fa(x/,z/) = D]/é’ j3=ma+1,...,m,
x>0,

Let us consider {EziEgﬁgggxg'zgx;’z?Exﬁgig; > 0 as feasible regions of problems (12) and

(13). Hence, using Charnes and Cooper’s transformation, the above model LDMONLFPP
can be transformed into a linear Diophantine multi-objective nonlinear programming
problem (LDMONLPP) by taking y = tx,t > 0, as follows:

Max 61(y/t) = F(y/t,61),

Max 0>(y/t) = F(y/t,02),

Max 03(y/t) = F(y/t,03),

Max 04(y/t) = F(y/t,04),

Max 05(y/t) = F(y/t,05),

s.t G(y/t,d5) <1,
G(y/t,d4) <1,
G(y/t,d3) <1,
G(y/t,52) <1,
G(y/t,é1) <1,
Hj (y/t,c1) < (dh),, h =12,...,m,
Hh(y/t ) < (dz)] Jh= 1 2 .,
Hj (y/t,c3) < (d3);, o = 1,2,...,my,
H]1 (]//t C4) < (d4)/ ’ ]1 = 1 2 o.My, (14)
Hj (y/t,cs5) < (ds), , ]1 =1,2,...,my,
Hy(y/ter1) > (1) p=m +1,...,my,
Hj,(y/tea) = (2)p, ja=m+1,...,my,
Hj,(y/t,e3) = (J3) 0 j2 =m1+1, ...,mz,
H]z(y/t 64) > (]4)]2, ]2 = mq +1,. ..,mp,
Hj,(y/tes) > (J5)p p=m1+1,...,my,
H]3(y/t 11) = (Ll), ’ ]3 =my+1,...,m,
Hj,(y/tip) = (Lz)] ,3=mp+1,...,m,
Hy(y/ti3) = (La),,, j3=m2+1,...,m,
Hj(y/tis) = (La),, s =m2+1,...,m,
H] (y/t,is) = (Ls),,, js=ma+1,...,m,
y=>0,t>0.



Mathematics 2023, 11, 3383

Similarly,

Max 0} (y'/t')
Max 92(y /1)
Max 05(y/t)
Max 6 (y'/t")
Max 95(y /1)
s.t

7 of 21
=F'(y'/t,07),
=F(y'/t,0}),
= F(y/f,93),
— F/ //t/,el i
=D/t o)
—F(y /1,6l
G/t o) <1,
Gy /t,6) <1,
G(y/t,63) <1,
G’(g/y /t’3()5’) < 1
G/(y /t/ 5/) <
Hi (y'/t,c ’1)§ (d =12,
HY (/) < (@), jo = 1,20,
Hj] (y/tlc3) S (d3)]1/ ]1 1/2/' Im1/
Hi (y'/t,cy) < (dy),, h =1,2,...,m, (15)
Y (y/0,c) < (@), i =1,2,...,m,
H;z(y’/t’,e’l) > (H) ,p=mp+1,...,my,
H]{Z(y,/t,/eé) 2 (]é)jzr J2 = mq + 1/ ., My,
H]z(]//t/e?)) 2 (]3)]2/ ]2 - ml + 1/ /mz/
HE( /2,6)) = (T o = 1+ 1,0 s,
HL(y' /¥ e5) > (J5) s 2 =m1+1,...,m,
Hja(y’/t’,ig) = (L’l) ,ja=ma+1,...,m,
HL(y'/t,55) = (Ly),,, s=m2+1,...,m,
Hj,(y/ti3) = (L), ja=m2+1,...,m,
Hi (y'/¥,1}) = (LQ)B, ja=my+1,...,m,
Gy /8,) = (L), js = o +1,..m,
y >0,t>0.

Now, to solve problems (14) and (15), the following algorithm can be developed.
Step 1: Use the method proposed by Amer [17]; we expand this method to decom-
pose problems (14) and (15) into nine sub-problems, MONLPPs, according to TLDFNs

as follows:
(Py):

Max 01 (y/t)
Max 6, (y/t)
Max 605(y/t)
Max 04(y/t)
Max 05(y/t)

subject to

y/t 0s),
y/t,d5) <1,

Hjy(y/t,in) = (L1),, js =

., mq,
Hy(y/ter) 2 (J1)p a=mi+1,...,
my+1,...,m

my,

4
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(Py) :

(P3) :

(Py) :

(Ps) :

Max 01 (y/t)
Max 6, (y/t)
Max 65(y/t)
Max 04(y/t)
Max 65(y/t)

subject to

Max 01 (y/t)
Max 6, (y/t)
Max 03(y/t)
Max 04(y/t)
Max 65(y/t)

subject to

Max 61 (y/t)
Max 6,(y/t)
Max 03(y/t)
Max 04(y/t)
Max 65(y/t)

subject to

Max 01 (y/t)
Max 6, (y/t)
Max 63(y/t)
Max 04(y/t)
Max 05(y/t)

subject to

S (d2)j1/ jl == 1,2,...,m1,
(y/t’ez) > (]2)]‘2/ j2 = nm —|—1,...,m2,
( :(LZ)j3,j3:m2+1,...,m,

S (d3)].], jl = 1,2,...,1111,
(y/t,e3) > (]3)]»2, jo=my+1,...,my,
= (L3)]'3/ j3 =my+1,...,m,

< (d4)jll n=1L2...,m,
y/t,€4) Z (]4)]‘2/ jZ = m +1/-~1m2/
= (La)y,, j3=mz+1,...,m,

e
=
—~
<
~
T
o
Qa1
—
IN
—
QU
[6)}
—
=
~
~.
—
[
N
<

y>0,t>0,
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(Ps) :

(P7) :

(Pg) :

and

(Py) :

Max 6} (y'/t')
Max 92 (y'/t)
Max 63(y/t)

Max 60} (y'/t')
Max 65 (y'/t)

subject to

Max 6/ (v’ /t")
Max 9’ Ly /)
Max 03(y/t)

Max 0 (y'/t")
Max 9’ Ly /t)

subject to

Max 601 (y'/t')
Max 6’( "/t)
Max 605(y/t)
Max ) (y'/t')
Max 6’ Ly /t)

subject to

Max 6} (y'/t')
Max 9’ Ly /)
Max 93(y/t)

Max 6 (y'/t')
Max 9’ Ly /t)

subject to

_ F/(y//t/, Gi)/
_ F’(yl/tl, 95)[
= F(y/t/93),
— F/(]/I/tl, 9/ )/
=F(y'/t, 95)/
GWHWWS
HU6,0) < (@), i =1,2,...,m,
> )]2,j2=m1+1,...,m2,

)]3,j3:m2+1,...,m

H’ (y /t,e))
Jyﬁ’)
y’20,t’ >0,

(@
i
L

1
L
1

= FI /1,8,
— F(y/t6)),
ZF(y/t,Gg,),
— F/(yl/tllel)l
— F/(y /t,6L),
G'(y'/t,6y) <1
H'(y/t'cz)< dy), h=12...,m,
> )]2, 2—m1+1 , My,
= (L), o 3=mat+1,. ., m,

( '/t ¢)
gyﬁ’)
y >0t >0,

(d
i
(L

2
L.
2

=F'(y'/t,07),
F'(y'/t,03),
:F(y/t,gg),
— F/(y//t/lel ),
_ FI(]/ /t/ 6,),
GWHWWS,
Hi (v'/¥,cy) < (d}),, i = ,my,
H%y/ﬂa)z(bﬂdz—m1+l 1,
H; (y' /¥, 1)) = (L} my+1,.
y >0t >0,

)iy 3=

— F(y/t,0)),
= P /1,65),
:F(y/t/93)/
— F/<y//t/,6,),
— F(y'/t,6]),
G'(y'/t, o) <1
H'(y/tlc5)< ds),, 1 =12,...,m,
> )]2, 2*m1+1 , M3,
= ) ,]3 my+1,.

(y /Y, 35)
B@/H i)
y >0t >0,

(
i
(L

5
L
5

Step 2: Solve models P;,i = 1,2,3,4,5,6,7,8,9 as individual objective functions under
the given constraints.
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Step 3: Find the optimal points of all the sub-problems and let the total solution set be
X =U_X;.

Step 4: Find the value of each objective function 6;(y/t),i = 1,...,5 and 6.(y/t),
i=1,...,4 at each point obtained in step 3.

Step 5: Find the upper and lower bounds U, U’ and L, L', respectively, for objec-
tive functions

L = min{6;(y/t):xeX,i=1,...,5}and U = max {6;(y/t):x€ X,i=1,...,5}
' = min{6/(y/t): ¥ €Xi=1,... 4 andU =max {0i(y'/t'): ¥ € X,i=1,...,4}

Step 6: Then, IMONLFPPs (12) and (13) are equivalent to the following fuzzy model
using Zimmermann's technique.

Find x
O(x) > U
H; (x C)SD jlzl e,y
such that AT nrJ 7o TP
sz(x’E) ZDjzl ']22m1+l/--'1m2/ (16)
Hj3(x,l) ~ D]‘3, ja=my+1,...,m,
x>0,
and find x’
o' (x') > U’
: (x// C/) < D/ 7 jl 1/ ,my,
such that g _
H} (*,E') 2 D}, jp=mi+1,...,m, (17)
H]/»B(XI,I/) ~ D]/-S, j3 =my+1,...,m,
x>0

where <, > and = are fuzzy inequality and fuzzy equality, respectively. Fuzzy in this context
means that the DM'’s specified rigorous equality and inequality are subject to some tolerance.
Since the objective is to maximize it, the DM becomes more satisfied as the objective
value approaches the upper bound. Let X; and ay; stand for the degree of attainability of
the upper bound U of the objective function 6(x) and L stand for the least sustainable level
of the objective value by the DM.
Step 7: Take the membership functions as follows:

0 if 6(x) <L,
Ry(B(x)) = O 4 L <6(x) < U, (18)
1 if 0(x) > U.

Let Xp, N; and ¥;, respectively, represent the degree of achievability of the available
constraints; they are defined by the following.
For (h = 1,2,. . .,ml),

0 if Hjl(x,c) < djl’
- (d;l)ff (H]vl(x,C))t fd < H C < d}’
Rp(Hj, (x,C)) = @@y s i (%, C) < dj, (19)
0 if Hj,(x,C) > d! .
For (J, =my+1,...,my),
0 if Hj(x,E) < ji,
(Hj, (xE)! =)t .
Nj(Hp (v, E)) =8 —t=roni— ifjh, < Hy(%E) < jj, (20)
U —GE) j

1 if sz(x,E) >jj2'
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For (3 =my+1,...,m),

0 if Hy(x,1) <

J37
BT if Il < Hy(x,1) <

N (i (x, 1)) = (lfs)t*(lfg)t Ja 1)
I ) D)
Sy s < Hy(w D) <,
0 if Hj3(x’ I) > l]3
where t > 0 is specified by the DM.
Similarly, for the membership fuction «,
0 if 0'(x) <L,
ay(0'(x)) = ¢ CENZLT i 17 < 0/(x) < 1, (22)
1 if 0'(x) > U'.

Let ap, aj and ap, respectively, represent the degree of achievability of the available
constraints; they are defined by the following.
For (]1 = 1,2, - .,Wll),

0 if H;l (x’, C’) < d;-l,
(@) - (H] (C'))
AP i j o9l e '
wo(Hj (€)= ey 1 <H, (L) <, @)
0 if H]’-1 (x’, C’) > dg
For (]2 = ml—i—l,...,mz),
. I (T -/
?H (x, EN)E =)t if HJZ (x E ) < ]jZI
1o I o\t “Vjp so L) ! (A T -/
D‘](sz (x',E")) = ‘(jjzz)t,(j;zL)t lf]jz = sz («", E') < Jjyr (24)
1 if H]/-Z(x/, E’) > ]]/2
For (]3 = m2—|—1,...,m),
. 1l T /
0 if Hjs(x’l) < I]-3,

H. (&, ) =)t
WU ey < 1 (0, 1) < 1,

(H’ ( , I’)) B (lj3)f—(lj3)f J3 J3 J3
YRS - @y

T

0 if HY (', 1') > I/

(25)

: / ! ! 7/ Ir
if [ <H;(x,I') <17,

The LDFNLFPP can be summarized as the question of how to formulate a sound strategy
that will satisfy the DM to the greatest extent given a set of fuzzy objectives and fuzzy
constraints. Between fuzzy objectives and fuzzy constraints, there should be the highest
possible degree of balance.

Let

(Nu(Q(X), ND(Hjl (X, C)), jl = 1,2, oo, mq,

A =min N](H]‘Z(X,E)), jo=my+1,2,...,my,

NL(HJ'S(X, I)), j3 =mp+1,2,...,m,

and .

(au(G(x),rxD/(H]’-l(x’,C’)), h=12...,m,
A =min a]/(H]’»z(x’,E’)), jo=my+1,2,...,my,

aL/(ijs(x’,I’)),j3 =my+1,2,...,m,

where A and A’ are the overall satisfaction levels for the DM.
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Step 8: Ask the DM to select ¢; then, transform models (16) and (17) into the crisp
model, which can easily be solved via suitable crisp NLPP methods as follows:

Max A

x/C)ZA’/jl: /"'/mll (26)

; Rp(Hj,
SUb]eCttO N](HJZ(X,E) > A, j2 =m+1,...,mp,
Np(Hj(x, 1) > A, s=ma+1,...,m,
x> 0.
or
Max A
(0(x))t — Lt > /\(Ut — Lt)
(dZ i (H]] (x/C))t > )\((d;l)t - (d]]) )/ = 1, sy,
subjectto  (Hj,(x,E))" — ()= A(Gj)" — GE)), p=mi+1,... my, (27)
] 2 2
(Hy (5, 1)) = (L) > () = (L)1), ja = ma+1,...,m,
() = (Hj(x, 1) = A7) = (I,)"), s =ma+1,...,m,
x > 0.
Similarly,
Max A
ay (0 (x") > N
. “D’(Hjl‘l (X,, C’) > /\/, j1 = 1,. ..,mq,
sub]ect to 0‘],(1_1]/'2 (x/, El) Z /\/, ]'2 =m + 1, e, MM, (28)
OLU(HJ/B(X/, >N, j3=my+1,...,m,
x> 0.
or
Max A

( X )) L/t > A/(u/t _ L/t)

() = (Hj (&, C)F = N ((d]) = (7)), h=1,...,m,

subject to (H/ (x', Ef )) (]]2) 2 )\((]]2) (]]2) ) ja=m+1,... my, (29)
(HL (1) = (1) = M) = (1)), js=ma+1,...,m
()t — > A

(Hjy (', 1) ((l”) (1)) js =ma+1,...,m

5. Numerical Example
Let us consider the following LDFNLFPP :

~I, 7x1 +gx2+§

Max8(x") = 7r5is

. 9x1 +3x; < 28 (30)
bject t
subject to 4x1 +3x; < 19
X1, X2 Z 0.
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where
5 (5,6,7,8,9) Z= (4,6,8,9,10) 53— (8,9,10,11,12)
— 0\ (247,910 "7\ (3,4,811,12) ' ° | (58,10,13,15) ’
g o (2,3,4,5,6) 5— (1,2,3,4,5) (2,4,6,8,9)
o (1,2,4,6,8) '~ | (0,2,3,7,8) ’ (1,3,6,9, 10 !
i — (6,7,8,9,10) 56 — (18,19,22,26,28) 79— (19,20,23,27,29)
o (5,6,8,11,13) ’ | (17,18,22,27,30) | (17,18,23,30,32) °
Taking
7x1+gx%+§
Max 9(3() 7x1+8x2+5
<
subject to 9x1 +3x2 28

4x1 4 3x, < 19
X1,%2 2 0.

Suppose that the DM determines « = 0.5 € [0,1]. The membership function (6) is
used to convert an LDEN of the above problem (30) into its linear Diophantine non-fuzzy
numbers («-LDFNs) referring to problem (10).

Let the LDFNs and a-LDFNs be given by the values listed in the Table 1 below.

Table 1. LDENs and their corresponding a-LDFNs.

LDFNs a-LDFNs
7=1(56,7,8,9) 7 =(6,65,7,7.5,8)
6= (4,6,8,9,10) =(6,7,8,8.5,9)

= (8,9,10,11,12) 8 =(9,9.5,10,10.5,11)
5=1(2,3,4,5,6) 5=(3,3.5,4,45,5)
9=(1,2,3,4,5) 9 =(2,25,3,3.5,4)
3=(2,4,6,8,9) = (4,5,6,7,7.5)

= (6,7,8,9,10) 4=(7,75,8,85,9)
26 = (18,19,22,26,28) 26 = (20,20.5,22,24,25)
19 = (19,20, 23,27,29) 19 = (21,21.5,23,25,26)

Problem (30) is equivalent to the following LDMONLEFPP:

6x24-6x349
Max 6 (x) = %’
Max 6(x) = %,
Max 03(x) = %
Max 0y(x) = %,
Max 65(x) = 8x2+9x3+11

subject to  2xq +4xpy < 20,
2.5x1 + 5xp < 20.5, (31
3x1 4+ 6xp < 22,
3.5x1 +7xp < 24,
4X1 + 7.SX2 S 25,
7x1 +4x, <21,
7.5x1 + 5xp, < 21.5,
8x1 + 6xp < 23,
8.5x1 + 7xp < 25,
9x1 +7.5x, < 26,
X1, X2 > 0.
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Using the transformation of Charnes and Cooper, problem (31) is equivalent to the

following LDMONLPP:

Max 01 (y/t)
Max 6,(y/t)
Max 03(y/t)
Max 04(y/t)
Max 65(y/t)
subject to

= 6y] +6y3 +9¢,

= 6.5y% + 7y3 + 9.52,

= 7y3 + 8y3 + 10#2,

= 7.5y% + 8.5y3 + 1052,
= 8y3 +9y3 + 11#2,

8y7 + 11y + 5t < 1,
7.5y3 +10.5y3 + 4.5t < 1,
7y? + 10y3 4;41&2 < 21
6.52y1 + 92.5y2 453.5t <1,
6y] +9y; +3t- <1,

2y1 +4yr, — 20t <0, (32)
2.5y + 5y — 205t < 0,
3y + 6y, — 22t <0,
3.5y1 + 7xy — 24t <0,
4y + 7.5y, — 25t <0,
7y1 +4y, — 21t <0
7.5y1 + 5y, —21.5t < 0
8y1 + 6y, —23t <0
8.5y1 + 7y, — 25t <0
9y; + 7.5y, — 26t < 0
y1,¥2 >0, t > 0.

The above problem (32) can be transformed into the following five sub-problems of

MONLPPs:
P 1:

Max 61 (y/t)
Max 6, (y/t)

Max 63 (y/t)
Max 04(y/t)
Max 605(y/t)
subject to

Max 01
Max 0, (y/t

y/t)

)

Max 65(y/t)
)

)

NN N N

Max 04(y/t
Max 05(y/t
subject to

= 6y3 + 6y3 + 912,

= 6.5y3 + 7y5 + 9.5¢%,

= 7y3 + 8y3 + 10¢2,

= 7.5y2 4+ 8.5y3 + 10.5t2,
= 8y3 +9y3 + 11#2,

8y7 + 11y5 + 5t < 1,
2y1 +4y, — 20t <0,

7y1 +4y — 21t <0
y1,y2 >0, t > 0.

= 6y2 + 6y5 + 9t2,

= 6.5yF + 7y5 + 9.5t%,

= 7y3 + 8y3 + 10¢2,

= 7.5y2 + 8.5y + 10.5t2,
= 8y3 +9y3 + 11#2,

7.5y3 +10.5y3 +4.5t2 < 1,
2.5y + 5y — 20.5¢ < 0,
7.5y1 + 5y, — 21.5¢ < 0,
y1,y2 >0, t > 0.
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Max 61 (y/t)
Max 6, (y/t)
Max 605(y/t)
Max 604 (y/t)
Max 605(y/t)
subject to

Max 61 (y/t)
Max 6, (y/t)
Max 605(y/t)
Max 04(y/t)
Max 05(y/t)
subject to

P5:

Max 61 (y/t)
Max 6, (y/t)
Max 605(y/t)
Max 04 (y/t)
Max 605(y/t)
subject to

= 6y3 + 6y3 + 912,

= 6.5y2 + 7y3 + 9.52,

= 7y3 + 8y3 + 10¢2,

= 7.5y% + 8.5y3 + 10.5t2,
= 8y3 +9y3 + 11#2,

7y3 +10y3 + 412 < 1,
3y1 + 6y2 — 22t <0,

8y1 + 6y, —23t <0
y1,¥2 >0, t > 0.

= 6y7 + 6y3 + 912,

= 6.5y2 + 7y5 + 9.52,

= 7y3 + 8y3 + 10¢2,

= 7.5y% + 8.5y3 + 10.5¢2,
= 8y +9y3 + 11#2,

6.5y% +9.5y3 +35t2 < 1,
3.5y1 +7xp — 24t <0,
8.5y1 + 7y — 25t <0
y1,¥2 >0, t > 0.

= 6y3 + 6y3 + 912,

= 6.5y2 + 7y3 + 9.52,

= 7y3 + 8y3 + 102,

= 7.5y% + 8.5y3 + 10.5¢,
= 8y3 + 9y3 + 11#2,

6y2 +9y3 +3t2 < 1,

4y + 7.5y, — 25t <0
Y1 + 7.5y2 — 26t < 0
y1,¥2 >0, t > 0.

Solve models P;,i = 1,2, 3,4, 5 as single-objective NLPPs. The lower and upper bounds
L and U, respectively, for the objective functions are L = 1.800000 and U = 3.666667.
The LDMONLEFPP (31) is equivalent to the following fuzzy model:

Find

subject to

X

8x3+9x3+11
Ty > 3.666667

9x1 +3xp, < 26 (33)
4x1 4 3xp <19

X1, X2 2 0.

Further, using the membership functions in (18)—(21), model (33) is equivalent to the

following crisp model:

Max A
(Sx%+9x§+11
. 6x74+9x3+3
subject to
) 9x1 4 3xp < 26

4x1 4+ 3xp <19

x1,x2 > 0.

)t — (1.800000)! > (3.666667)" — (1.800000)
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Using LINGO, taking t = 2, the solution is (x1,x) = (1.234568,1.234568), 0(x) =

(0.803613,0.941796, 1.098683,1.251017, 1.427196) with satisfaction level A = 1.

Now, suppose that the DM determines & = 0.5 € [0, 1]. The membership function (7)
is used to convert an LDEN of the above problem (30) into its linear Diophantine non-fuzzy
numbers (a-LDFNs) referring to problem (11).

Now,

Let the LDFNs and a-LDFNs be given by the values listed in the Table 2 below.

Max 6’ (x)

subject to

. 7x£2+gx’22+§
T84S
9x] + 3x) < 28
in +§x§ <19
xj, x5 > 0.

Table 2. LDFNs and their corresponding a-LDFNSs.

LDFNs a-LDFNs
7 =(2,4,7,9,10) 7 = (4.5,5.5,7,8,8.5)
6=(3,4,8,11,12) 6 = (5.5,6,8,9.5,19)

8 = (5,8,10,13,15) 8 = (7.5,9,10,11.5,12.5)
5=1(1,2,4,6,8) 5=(25,3,4,5,6)
9=1(0,2,3,7,8) 9 =(1.5,25,3,5,5.5)
3=(1,3,6,9,10) 3 =(35,45,6,7.5,8)
4=(56,8,11,13) 4=1(65,7,8,9.5,10.5)

26 = (17,18,22,27,30)
19 = (17,18,23,30,32)

26 = (19.5,20,22,24.5,26)
19 = (20,20.5,23,26.5,27.5)

Problem (30) is equivalent to the following LDMONLEFPP:

Max 0] (x)
Max 6} (x)
Max 603 (x)
Max 6} (x)
Max 6% (x)

subject to

45x2 4552475
8.5x/2+12.5x2+6 7
5.5x 2 +6x2+9
8xf+11.5x§2+5
7x7+8x3+10
7x2+10x5+4"
8x"249.5x2+11.5
55x7+9x243
8.5x2+10x7+12.5
45x2+7.502+2.5"
1.5x] +3.5x5 < 19.5,
2.5x] +4.5x} < 20,
3x1 + 6x0 < 22,
5x] +7.5x5 < 24.5,
5.5x] + 8x5 < 26,
6.5x] +3.5x5 < 20,
7x} +4.5x5 <205,
8x1 + 6xr < 23,
9.5x] +7.5x5 < 265,
10.5x] + 8x} < 27.5,
xq, x5 > 0.

(34)
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Using the transformation of Charnes and Cooper, problem (34) is equivalent to the
following LDMONLPP:

Max 67 (y'/t")
Max 9’ Ly /)
Max 93(y/t)
Max 0 (y'/t")
Max 9’ Ly /)
sub]ect to

= 4.5y} + 5.5y + 7.5t
= 5.5y + 6y5 + 9t

= 7y% + 8y3 + 10£2,

= 8y + 9. 5y’2 +11.5¢72,
=8. 5y + 10y + 12.5t",
8. 5y +12. 5y’2 + 6t <1,
8_1/ +11. 5y’2 4562 <1,
7y4 + 103 +412 <1,
5.5y + 9y’2 +3t?2 <1
45y +75yF + 252 <1
1.5y} + 3.5y, — 19.5¢' <0, (35)
2.5y) +4.5'y, —20t' <0,
3y1 +6y, —22t <0

5y4 + 7.5y5 — 245t <0
5.5y + 8yh — 26t <0
6.5y1 + 3.5y, —20t' <0
7y, + 4.5y, — 205t <0
8y; + 61y, — 23t <0

9.5y] + 7.5y, — 25t/ <0
105y} + 8yh — 275 <0
vy, >0, >0.

The above problem (35) can be transformed into the following four sub-problems of

MONLPPs:
Pi:

Max 61 (y'/t")
Max 9’ Ly /)
Max 93(y/t)
Max 0 (y'/t")
Max 9’ Ly /)
sub]ect to
Max 61 (y'/t")
Max 65(y' /1)
Max 65(y/t)
Max 6 (y'/t")
Max 6%(y' /1)
sub]ect to

= 45y + 5.5y + 7.5
= 5. 5y + 6y/2 +9¢72,

= 7yl +8y3 + 10¢2,

= 8y} +95y +11 5t72,
=8. 5y + 10y + 12.5t"2,
8.5y + 12. 5y’2 +6t"7 <1,
1.5y} + 3.5y, — 19.5¢' <0,
6.5y} + 3.5y, — 20t <0
v, Yy >0, >0.

= 4.5y + 5.5y + 7.5t
=5. 5y + 6y’2 + 92,

= 7yl +8y3 +10£%,
=8y +9 5y’2 +11.5¢2,
= 8.5y + 10y% + 12.5¢2,
8y2 + 11.5y% +5t’2 <1,
2.5y +4.5y, —20t' <0,
7y, + 4.5y, — 205 <0
v, Yy >0, >0.
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Py
Max ) (y' /') = 4.5y2 + 5.5y +7.5t"
Max 05(y'/t') = 5.5y + 6y5 + 9,
Max 03(y/t) = 7y% +8y3 + 10£2,
Max 0, (y'/t) =8y +9.5y% + 11.5¢2,
Max 6%(y'/t') = 8.5y + 10y + 12.5¢2,
subject to 5.5y +9y5 + 3t < 1,
5y +7.5y5 —24.5t' <0
9.5y} +7.5y5 — 25t' <0,
vy, >0, >0.
Pé:
Max 0 (y'/t') = 4.5y} + 5.5y + 7.5t
Max 05(y'/t') = 5.5y’12 + 6y’22 +9¢72,
Max 63(y/t) = 7]/% + 8y% +10¢£2,
Max 0, (y'/t) =8y +9.5y% + 11.5¢2,
Max 6%(y'/t') = 8.5y2 + 10y% + 12.5¢2,

subject to 45y + 75y +252 <1,
5.5y + 8y, — 26t' <0,
10,5 + 8y, — 27.5¢' < 0,
v, Y5 >0, >0.

Solve models P/, i’ = 1,2,4,5 as single-objective NLPPs. The lower and upper bounds
L and U, respectively, for the objective functions are L = 1.250000 and U = 5.000000.
The LDMONLEFPP (34) is equivalent to the following fuzzy model:

Find x!

8.5x2++10x2+12.5
1 2 >
45x24+7 527425 = 5.000000

subject to g/ 4 31" < 26 (36)
4x] 4+ 3x), <19
x}, x5 > 0.
Further, using the membership functions in (21)—(24), model (36) is equivalent to the
following crisp model:

Max A

12 2
(S T 22)f — (1.250000)° > (5.000000)" — (1.250000)!
53752212,

subject to 9x! +3x}, < 26
4x] 4 3x5 <19
xj, x5 > 0.

Using LINGO, taking t+ = 2, the solution is (xq,x) = (1.234568,1.234568),
60’ (x) = (0.598347,0.764026,1.098683, 1.5208096, 1.957533) with satisfaction level A = 1.
Hence, the optimal solution of the above TFLDFLP problem is

(61,62,05,04,65) [ (0.803613,0.941796,1.098683,1.251017,1.427196)
(67,05,05,0,,05) | (0.598347,0.764026,1.098683,1.5208096,1.957533) °

The flow chart is given in Figure 1.
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[ Consider a LDFNLFPP |

Convert the LDFN’s to «c-LDFN’s to
convert the problem in LDMONLFPP

[Transform the problem into nine subproblems ]

Four subproblems for Four subproblems for

(01,0,,03,0,,05) (0'1,0'5,05,60',,6'c)

[ One central problem for 93]

Transform all the nine

subproblems into LDMONLPP

Solve all the subproblems
by LINGO

Combine all the solutions
of nine subproblems

Figure 1. Problem-solving flow chart.

6. Conclusions

This study suggests an interactive technique to solve the LDFNLFPP in which the
coefficients of the objective function and the constraints are taken as TLDFNs based on a-cut
analysis defined by the DM. In the suggested methodology, the problem is transformed from
an LDENLFPP to an IMONLFPP using a fuzzy mathematical programming approach, and
then the solution is transformed into an NLPP. For problems with uncertain and hesitant
decision-making in manufacturing, planning, and scheduling systems, the suggested
methodology will be highly beneficial. The approach can be modified in the future to
address bi-level multi-objective nonlinear fractional programming problems using the goal
linear Diophantine fuzzy method.
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