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ABSTRACT

In today's global marketplace, the success of a supply chain (SC) depends on its managerial ability to integrate and
coordinate business relationships among SC members. Ultimately, effectively integrated supply management results in
lower costs, higher quality, better customer service, and higher profits for the organization, their suppliers, and their
distributors. Recent advances in information technology provide an opportunity to the firms to integrate the planning of
the fundamental stages, procurement, production and distribution, of the SCs. This paper provides a multi-objective
production-distribution planning model. To provide a more realistic modeling structure by treating the vagueness in the
target values of the SC partners' objectives, and to reduce the computational burden, fuzzy modeling approach is used in
this paper. The model is implemented using linear programming (LP), goal programming (GP) and fuzzy goal program-
ming (FGP) approaches. The application of these approaches to the integrated model is illustrated by means of a realistic
numerical example and the results are compared.
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OZET

Glinimiiz piyasalarinin yiiksek diizeydeki rekabetci ve global yapisi, bunun yaninda tedarik stirelerinin azaltilmasi
yoniundeki strekli baski sonucu kurumlar, tedarik zinciri yonetimini gelismeleri icin bir anahtar olarak gérmektedir.
Gunumuzde firmalar bireysel olarak tek bir marka ile ve bagimsiz bir sekilde rekabet etmektense belli tedarik zincirlerinin
bir parcasi konumundadirlar. Bu durumda, bir firmanin nihai basarist tedarik zincirindeki is ortaklar: arasindaki iligki
agmi bitiinlestirebilme ve koordine edebilme konusundaki yénetimsel becerilerine baglhdir.

Geleneksel bir dagitim kanali, bireysel olarak karlarini enbiiytiklemeye caligan, birbirinden bagimsiz imalatgi, toptanci
ve perakendeci firmalardan olugur. Ancak, bu yapi icerisinde bir biitiin olarak sistemin kar azalmaktadir. Son zamanlarda
blinyesinde imalatgi, toptanci ve perakendeci firmalarin biittinlesik olarak hareket ettikleri dikey dagitim sistemleri ortaya
cikmustir. Aslinda tedarik zinciri yonetimi, imalatgi firmalarin tedarikgilerini ayni yapi icerisine dahil etmektedir.

Bir tedarik zincirindeki temel iglemler; tedarik, tretim planlama ve kontrol ve dagitimdir. "Uygun bir tedarik zinciri
yapist" kavrami son yillarda oldukca yogun bir sekilde tartisiimaktadir. Ornegin, tedarik zinciri tasarimi icin kullanilan
yontem ve modeller konusunda ve tedarik zincirlerinin bulanik mantik ile modellenmesi tizerine ¢aligmalar yapilmaktadir.
Gunimuzde, zaman odakl rekabet ve tam zamaninda tretim trendi Uretim ve dagitim kararlarinin butlinlesik olarak

alinmasini gerektirmektedir.
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Tedarik zincirleri birbirleri ile celisebilen amagclara sahip organizasyonlarin meydana getirdigi karmasik aglardir. Bu
durum, kalitatif ve kantitatif amagclar arasindaki etkilesimi agikga dikkate alan biitlinlesik tedarik, tretim ve dagitim
planlama kararlarinda ¢ok amacl bir yapi kullaniimasini gerekli kilmaktadir.

Gergek hayatta, tedarik zincirleri bir sekilde belirsiz bir cevrede faaliyet géstermektedirler. Bu belirsizlik, amaclara ait
hedef degerlerinde, dis tedarikte, tedarik zinciri boyunca saglanan tedarikte ve miisteri talebinde ortaya ¢ikabilmektedir.
Bugtine kadar gelistirilen tedarik zinciri modellerinde, birka¢c model harig, bu belirsizlikler dikkate alinmamig veya olasilik
yaklasimi kullanilarak yaklagtk ¢oziimler sunulmustur. Ancak, standart olasilik metotlari, ézellikle gecmise ait verilerin
yetersiz olmasi veya verilerin dogrulugunun kesin olmamasi durumunda uygun sonuclar vermezler. Bu durumda,
degerleri kesin olmayan parametreler yoneticilerin deneyimi veya stibjektif degerlendirmeleriyle belirlenebilir. Bulanik
kiime teorisi (Fuzzy Set Theory), belirsizliklerin ele alinmasinda ve tanimlanmasinda uygun bir yapi saglamaktadir. Bu
teori, karmagtk gercek hayat problemlerine daha esnek ve uygun modeller olusturulabilmesini saglamaktadir. Son on
yilda, cok amacl karar verme problemlerinin ¢oéziimiinde kullanilmak tizere bulanik hedef programlama, interaktif
bulanik ¢cok amagh karar verme gibi ¢ok sayida bulanik programlama teknigi geligtirilmistir.

Tedarik zinciri literatiiriniin pek de uzun olmayan ge¢misi incelendiginde bulanik kiime teorisini kullanan az sayida
calisma oldugu gortilebilir. Bu makalede ¢ok dénemli, cok triinlii, ve ¢ok tretim merkezli bir Giretim-dagitim modeli
gelistirilmistir. Bu model, kapasite ve stok denge kisitlar: altinda tiretim, dagitim ve stok tutma maliyetlerini enkiictikleyen
cok amagh bir yapidadir. Karar vericilerin kesin olmayan hedef degerlerini modele dahil edebilmek amaciyla bulanik
hedef programlama yaklagimlar: kullanilmigtir. Bulanik modelleme yaklagimlarinin ¢6ziim karmasikligt ve modelleme
esnekligi acisindan Ustiinliigiinti ortaya koymak amaciyla model, dogrusal programlama, hedef programlama ve bulanik
hedef programlama yaklagimlari kullanilarak ¢ozilmstur.

Olusturulan modeldeki tiretim ve dagitim sistemleri operasyonel olarak birbirine bagh ve yakin iligkilidir. Her birinde
on (¢ adet 6n iglem istasyonu ve yedi adet montaj istasyonu olan (¢ fabrika tiretim sistemini olusturmaktadir. Her bir
fabrikada, iki temel proses (6n islem ve montaj) kullanilarak yirmi farkli tipte Girin Gretilmektedir. Fabrikalarin tiretim
kapasitelerinin esit oldugu varsayilmistir. Her bir fabrikada toplam 298 is¢i olup fabrikalardaki her bir montaj istasyonundaki
isci sayis1 dénemsel olarak degisebilmektedir. Uretim sisteminde olusan maliyetler olan stok tutma maliyetleri ve degisken
tretim maliyetleri fabrikalar arasinda farkliik géstermektedir. Dagitim sistemi ise tirinlerin gecici olarak stoklandigi tig
depo ve nihai trtinlerin talebinde baglangic noktast olarak kabul edilen bes perakendeciden olusmaktadir. Uriinler
fabrikalardan depolara ve depolardan perakendecilere kamyonlarla tasinmaktadir. Bir kamyonun tagima kapasitesi her
bir triin tipi igin 1000 birimdir. Fabrikalardan depolara yapilan tagimalarin maliyetleri depolama birimlerinin maliyet
fonksiyonuna, depolardan perakendecilere yapilan tagimalarin maliyeti ise perakendecilerin maliyet fonksiyonlarina
dahil edilmistir. Uygulamada doért aylik bir déneme ait tiretim-dagitim plani olugturulmustur. Ele alinan problemdeki
fabrikalarin timu ayni firmaya aittir. Depolama birimlerinin tiimi fabrikalarin sahibi firmadan bagimsiz olmak tizere tek
bir firmaya aittir. Perakende firmalari ise birbirinden, fabrikalarin ve depolama birimlerinin ait oldugu firmalardan bagimsiz
firmalardir. Tedarik zincirindeki her bir ig ortad! firmanin kendine 6zgti amaclari ve kisitlari vardir.

Onerilen model, literatiirdeki butiinlesik tedarik zinciri modellerinden iki yéniiyle farklilik gdstermektedir. Birincisi,
énerilen model daha gercekgi biitiinlesik bir tedarik zinciri yapisi saglamaktadir. Ikincisi, énerilen modelde kullanilan
¢6zim yaklagimlarinin farklihgidur.

Bu caligmada sunulan uygulama sonugclari gostermektedir ki bulanik hedef programlama yaklagimlari kullanilan
diger yaklagimlara (dogrusal programlama ve hedef programlama) gére daha kisa stirede ¢éziim saglamigtir. Bulanik
modelleme ve ¢bézim yaklagimlarinin daha gergekgi tedarik zinciri modelleri olusturulmasinda kullanilabilecegi ortaya

konmustur.
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INTRODUCTION

In the face of today's highly competitive and global
markets, and constant pressure to reduce lead times,
enterprises consider supply chain management to be
the key area for improvement. Today, individual firms
no longer compete as independent entities with unique
brand names, but rather as integral part of SC links.
As such, the ultimate success of a firm will depend on
its managerial ability to integrate and coordinate the
intricate network of business relationships among SC
partners [1].

A supply chain is referred to as an integrated sys-
tem which synchronizes a series of inter-related busi-
ness processes in order to: 1) acquire raw materials
and parts, 2) transform these raw materials and parts
into finished products, 3) distribute these products to
either retailers or customers, 4) facilitate information
exchange among various business entities (e.g. suppli-
ers, manufacturers, distributors, third-party logistics
providers, and retailers). Its main objective is to en-
hance the operational efficiency, profitability, and com-
petitive position of SC partners [2].

A conventional distribution channel consists of an
independent manufacturer, wholesalers, and retailers
each of which is a separate business entity seeking to
maximize its own profit although this goal is known to
eventually reduce profit for the system as a whole.
Recently, vertical distribution systems which consist of
the manufacturer, wholesalers, and retailers acting as
an integrated system have evolved. In fact, supply chain
management includes the suppliers of the manufac-
turer into the same framework [3].

The main processes in a SC are procurement,
production planning and control, and distribution
and logistics. The production planning and control
describes the design and management of entire manu-
facturing process, such as material handling, sched-
uling and inventory control. The distribution and
logistics process includes the management of inven-
tory retrieval, transportation, and final product de-

livery [4, 5]. The concept of an appropriate SC is
popularly discussed in recent years. For example,
we find issues of model construction and methods
for SC design [6, 7], fuzzy modeling of a SC [8,9,10],
designing the green SC [11] etc. Today, time based
competition and just-in-time trend in manufactur-
ing requires integrating production and distribution
decision processes. Different aspects of such inte-
grated production-distribution systems are discussed
in[5,6,7,12,13,14, 15, 16,17, 18 and 19].

SC is a complex network of organizations with con-
flicting objectives. This implies that the SC research
needs to include multi-objective treatments of joint
procurement, production, and distribution planning
decisions that can explicitly consider tradeoffs among
quantitative and qualitative objectives. Ashayeri and
Rongen [20], Min and Melachrinoudis [21],
Melachrinoudis and Min [22], and Nozick and Turnquist
[23] can be given as some of the important researches
in this concern.

In real world, SCs operate in a somehow uncer-
tain environment. Uncertainty may be associated
with target values of objectives, external supply, sup-
ply deliveries along the SC and customer demand
etc. SC models developed so far, except a few ones,
either ignored uncertainty or consider it approximately
through the use of probability concepts [8]. A prob-
ability distribution is usually derived from evidence
recorded in the past. However, when there is lack of
evidence available or lack of certainty in evidence,
the standard probabilistic reasoning methods are not
appropriate. In this case, uncertain parameters can
be specified based on the experience and manage-
rial subjective judgment. Fuzzy Set Theory (FST)
introduced by Zadeh [24], provides an appropriate
framework to describe and treat these uncertainties.

FST helps to improve crisp models and provides
more robust and flexible models for real-world com-
plex decision problems, especially those involving hu-
man aspects. In the last decade, many fuzzy program-
ming techniques such as FGP, interactive fuzzy multi-
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objective decision making have been developed for
solving multi-objective decision making problems.

Scanning the not very long history of the SC lit-
erature one may see that there exist limited number
of research that use FST. Petrovic et al. [8] devel-
oped a fuzzy generative SC model to determine tar-
get order-up-to levels of inventories under uncertain
demand and external supply of raw materials. This
model, however, were confined to a single product
problem with no capacity constraint. Petrovic [10]
extended this model by incorporating the element of
uncertain lead times during the replenishment pro-
cess into fuzzy model framework. Chen and Tzeng
[9] use fuzzy multi-objective approach in order to re-
duce the computational complexity of their integrated
SC model.

In this paper, a multi-period, multi-product and
multi-plant production-distribution model is developed.
The model is formulated as a multi-objective model
which minimizes the costs of production, distribution
and inventory holding subject to capacity and inven-
tory balance constraints.

In order to incorporate the decision maker's impre-
cise aspiration levels for the goals FGP approaches are
used. The model is implemented using different ap-
proaches such as LP, GP and FGP and the results are
compared in order to indicate superiority of the fuzzy
approaches in terms of computational burden and
modeling flexibility.

The proposed model can be distinguished from the
previous models on integrated SC in two ways. First,
the proposed model provides more realistic integrated
SC structure. Second, the proposed model distinguishes
itself from previous models in the solution approaches
used.

The paper is further organized as follows: In the
next section, basic concepts and the frameworks of
fuzzy multi-objective linear programming and FGP are
presented. Integrated production-distribution system
modeled in this study is described, and then, LP, GP
and FGP formulations of the model are presented in

the subsequent sections, respectively. Finally, compu-
tational results and conclusions are given in the last
section.

FUZZY MULTI - OBJECTIVE LINEAR
PROGRAMMING

Consider the following linear multi-objective model,
opt Z=CX

(1)
s.t. AX<bD

where Z=(z,, z,,

a K*N matrix of constants, X is an N*1 vector of the

...,z is the vector of objectives, C is

decision variables, A is an M*N matrix of constants,
and b is an M*1 vector of constants. This model can
be applied to solve many real-world problems. Fuzzy
set theory can be useful in order to increase the model
realism.

The fuzzy programming approach for handling the
multi-objective problems was firstly introduced by
Zimmermann [25]. Narasimhan [26], Ignizio [27],
Wang and Wang [28] and Cadenas and Verdegay [29]
investigated and developed the use of FST in solving
problems with multiple goals.

Fuzzy version of the model (1) can be adopted ac-
cording to Zimmermann [25] as follows;

CX>Z
st. AX <b

Where the symbols" < and s " denote the fuzzified
versions of " < and > " and can be read as "essen-

2)

tially less (greater) than or equal to".
To solve (2), Zimmermann [25] suggested a linear

membership function for each goal y,, (C, X) , where

E]l if X227,
_%_(zk—ck)() = _
p,(CX)=0-—*—K—ifZ -d,<C,X<Z
S 1k
&l if C,X<Z, ~d,

And another linear membership function H,;(a;X)

for the it constraint in the system constraints AX < b,
where
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ifa, X <b,

0
O

Wy (aX)=H-—"—T" if b <a X <b +d,,
O

if a. X2b. +d,.
i i 2i

These membership functions are illustrated in Fig-
ure 1 and Figure 2 respectively. Where dik (k=1,2,...,K)
and dz (i=1,2,...,M) are chosen constants of admis-
sible violations, and a, is the i row of matrix A [30].
Thus, to build a fuzzy multi-objective programming
model, the decision maker may establish aspiration
levels for the values of the objective functions to be
minimized and maximized respectively, as well as each
of the constraint may be modeled as a fuzzy set by
specific membership functions. Hence, the conventional
distinction between objectives and constraints no longer
applies in the FLP models [31].

Zi-d i Zi CeX

Fig. 1. Membership Function of Fuzzy Goal

> aiX
b b+d

i i 2i

Fig. 2. Membership Function of Fuzzy Constraints

My (C X) and [, (a;X) denote the degree of the
membership of goals and constraints respectively. The
degree of the membership of goals and constraints

express the satisfaction of the decision maker with the
solution. So, values of the membership functions must
be maximized [28].

In one of the fuzzy set theorems, the membership
function of the intersection of any two (or more) sets is
the minimum membership function of these sets. Af-
ter eliciting the linear membership functions and by
applying this theorem, objective function of the multi-
objective linear programming model, incorporating the
fuzzy goals and the fuzzy constraints, can be formu-
lated as follows [32]:

max , min(py; (C,X),..., Hy (C X), My (2, X),...,

Haom (apmX))

By introducing the auxiliary variable A, this prob-
lem can be equivalently transformed as:

max A
s.t. M (CX) = A k=12,..,K
My (a;X) 2 A i=12,...M

According to above descriptions fuzzy linear pro-
gram can be rewritten as following [30]:

max A
s.t. A<1-(Z, -C,X)/d,, k=12..,K
A<1-(aX-b)/dy, i=12..M

0<A<1land X=0

Fuzzy Goal Programming

Goal programming is one of the most powerful
multi-objective decision making approaches. In a stan-
dard GP formulation, goals and constraints are de-
fined precisely. In fact, very often it is a difficult job for
a decision maker to find out what attainments are
desired for each objective function [33].

Application of GP to the real life problems may be
faced with two important difficulties; expressing the
decision maker's vague goals and/or constraints math-
ematically and optimizing all goals simultaneously.
The use of FST can be helpful in such situations [34].
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Fuzzy Set Theory in GP was first considered by
Narasimhan [26]. Narasimhan [35], Hannan [36] and
Tiwari [37]-[38] extended the fuzzy theory to the field
of GP. Ramik [33], Rao et al. [39], Wang and Fu [40],
Mohamed [30], Ohta and Yamaguchi [41], EI-Wahed
and Abo-sinna [42], Mohammed [43] have investigated
various aspects of decision problems using FGP theo-
retically.

If there are no priorities and also no relative impor-
tance assigned to objectives, formulation of the FGP
model is same as in general FLP model. The main
difference between FGP and FLP is that FLP uses the
definite intervals determined from solutions of the LP
models and so the solution does not change from de-
cision maker to decision maker, whereas in FGP, aspi-
ration levels are specified by decision maker and re-
flect relative flexibility [34].

In FGP, membership function values of each ob-
jective are replaced by the deviational variables in GP.
This approach depends on the fact that the maximum
value of any membership function is 1. Hence, maxi-
mizing any of them is equivalent to making it as close
as possible to 1 [30].

Since some goals may be more important than others
different priority levels are used in FGP formulations
frequently. In order to reflect the relative importance
of the goals, the weighted average of membership func-
tion values were used by Hannan [36]. Tiwari et al.
[38] have proposed a weighted additive model that
incorporates the weight of each goal into the objective

K

function, i.e., fA) = Z WiAk | where w, denotes
=1
the weight of the k™ fuzzy goal, and wy =1.
Weights in the weighted additive model reveal the rela-
tive importance of the fuzzy goals.
The structure of the production-distribution system
modeled in this study is described in the following sec-

tion.

THE INTEGRATED PRODUCTION-
DISTRIBUTION PROBLEM

The production-distribution problems in SCs can
be constructed in different forms. In this paper, a
multi-period, multi-product and multi-plant produc-
tion-distribution planning problem is dealt with. The
production and distribution systems considered are
operationally connected and closely related with each
other. Three manufacturing plants, each has thirteen
pretreatment stations and seven assembly lines, con-
stitute the production system. Two main processes,
pretreatment and assembly, are performed in each
plant which produces twenty different types of prod-
uct. Production capacities of the plants are assumed
equal. The number of workers in each assembly line
is allowed to be changed from period to period, how-
ever total number of workers is fixed to 298 in each
plant. The costs incurred in the production system
such as inventory holding cost and variable produc-
tion cost vary from plant to plant.

The distribution system contains three warehouses
where products are temporarily stored, and five retail-
ers that are assumed the origin of the demand. Prod-
ucts are transported by trucks from plants to ware-
houses and moved from warehouses to retailers to sat-
isfy their demands. The loading capacity of a vehicle
is 1000 units for each type of product. Transportation
costs from plants to warehouses and from warehouses
to retailers are included in warehouses' and retailers'
cost functions, respectively. The production-distribu-
tion plan for a four-month period is provided in the
application.

It is assumed that all of the manufacturing plants
belong to same company while the retailers are inde-
pendent business entities. Additionally, all of the ware-
houses belong to same company independent of the
other companies mentioned. It is also assumed that
each partner involved in the SC has its own objectives
and constraints.
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MODEL DEVELOPMENT

The integrated production-distribution problem de-
fined in the previous section is modeled using four dif-
ferent approaches: LP, GP, FGP and additive FGP.
Through the model developed, it can be decided when
and which product, how much of it should be pro-
duced at which plant, and should take which route to
retailers and store how much of products at which stor-
age points to satisfy the desired goals with in a certain
period. Mathematical formulations of the model are
presented in the following section.

The LP Model

Total cost of the SC is tried to minimize in the LP
model. Production, inventory holding and shortage costs
of manufacturing plants, and transportation, inven-
tory holding, and shortage costs of retailers and ware-
houses are included in the total cost function. In the
objective function, total cost of the manufacturing
plants and total cost of the warehouses are represented
by 'Procost' and 'Warecost', respectively. Additionally,
Ret(1)cost, Ret(2)cost, Ret(3)cost, Ret(4)cost, and
Ret(5)cost represent the retailers' costs. Mathematical
formulations of these cost functions are presented in
Table 1. Definition of the sets, the parameters and the
decision variables are given as follows.

Sets

set of product type

set of pretreatment station
set of plant

set of warehouse

set of retailer

set of assembly line

H0woOTUZ = —

set of time period

Parameters:

a; : unit production time for product i in pre-
treatment station j

bis  :unit production time for product i in assem-
bly line s

CAPO: : overtime capacity of pretreatment station
j in period t (min)

CAPOW;: overtime weekend capacity of pretreat-
ment station j in period t (min)

CAPOA_, : overtime capacity of assembly line s of
plant m in period t (min)

CAPOA W n:: overtime weekend capacity of assem-
bly line s of plant m in period t (min)

CPim:: unit variable production cost of product i in
plant m in period t

COnr: overtime cost per minute in plant m in period t

COW,;: overtime weekend cost per minute in plant
m in period t

CTLPp: : transportation cost per travel from plant
m to warehouse p in period t

CTPQyq: transportation cost per travel from ware-
house p to retailer q in period t

CTLQpq : transportation cost per travel from plant
m to retailer q in period t

Diq : the quantity of product i demanded by retailer
q in period t

MinWem : minimum workforce level that must be
assigned in assembly line s of plant m

MaxWsm : maximum workforce level that can be
assigned in assembly line s of plant m

PR, : regular time working capacity in man-hours
per employee in period t (min)

PO:: overtime working capacity in man-hours per
employee in period t (min)

POW:: overtime weekend working capacity in man-
hours per employee in period t (min)

R; : available regular time of pretreatment station j
in period t (min)

RAsm : available regular time of assembly line s of
plant m in period t (min)

SQiq : unit holding cost of product i in retailer g in
period t

SP¢: unit holding cost of product i in warehouse p
in period t

SPP;,: shortage cost of product i in warehouse p

SQQy : shortage cost of product i in retailer g
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TAnp : transportation time from plant m to ware-
house p

TBnyg: transportation time from plant m to retailer g

TCyq : transportation time from warehouse p to re-
tailer q

TBS : loading capacity of a vehicle per travel

TCS;: : the available distribution time of warehouse
p in period t

TCSS. : the available distribution time of retailer g
in period t

TQ,: product holding capacity of retailer q

TP, : product holding capacity of warehouse p

NW: total number of workers to be assigned to as-
sembly lines

Decision variables:

Iim : inventory of product i in plant m at the end of
period t

LPimp: : amount of product i transported from plant
m to warehouse p in period t

LQimq:: amount of product i transported from plant
m to retailer q in period t

Ojm: : overtime capacity used in pretreatment sta-
tion j of plant m in period t

OW,nt : overtime weekend capacity used in pretreat-
ment station j of plant m in period t

OAsm: : overtime capacity used in assembly line s of
plant m in period t

OAWsm: : overtime weekend capacity used in as-
sembly line s of plant m in period t

Py : amount of end of period inventory of product
i in warehouse p in period t

PLim: : amount of end of period deficit of product i
in plant m in period t

PQipqt : amount of product i transported from ware-
house p to retailer q in period t

Qiq:: amount of end of period inventory of product
i in retailer q in period t

QL - @mount of end of period deficit of product i
at retailer q in period t

TLPyp: : the number of travel needed from plant m
to warehouse p in period t

TLQmqt : the number of travel needed from plant m
to retailer q in period t

TPQpq: : the number of travel needed from ware-
house p to retailer q in period t

Xim: : production quantity of product i in plant m in
period t

Wam: : workforce level assigned to assembly line s of
plant m in period t (min)

WL, : amount of end of period deficit of product i
at warehouse p in period t

The mathematical statement of the model is as
follows:

Min Procost+Ret(1)cost+Ret(2)cost+Ret(3)cost
+Ret(4)cost+Ret (5)cost+ Warecost
s.t.
20

zaijximt—Rﬁ—ojmt—ow <0 Ojmt (3

jmt =
i=1

20
p lbiSXimt _RAsml _OAsml -04 Wsml <0 Dm,s,t (4)
1=
Ximt +Iimt—1 _Iimt +PLimt = DEMimt Di,l’l’l,t (5)
3
z DEM,,, =DEMAND,  0Oi,t ©6)
3
Ximt +Iimt—1 _Iimt = ZLPimpt +
p
2 : (7)
z LQimqt 0Oi,m,t
q
O ~CAPO; <0 Oj,m,t
OW,,,, ~CAPOW,, <0 0jm, ¢ ®)
OA,, —~CAPOA_, <0 Os,m, t
OAW,,, ~CAPOAW,,, <0 Os, m, t ©)
RA,, -PR, W, =0 Os,m, t
CAPOASm[ —POt smt = 0 Ds,m,t (10)
CAPOAW,,, —POW, W, =0  Osm,t
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7
Z W, = NW Om,t
s=1

Wi —MinW,, 20 Os,m,t
MaxW,, -W 20 Os,m,t

3
Pipt—l + z LPimpt + WLipt - Pipt =
5
z PQipqt Dla p,t
q
3 5
F;'pt—l + z LPl'mpt B F;'pt = z PQipqt b, pst
m q

3 3
Qiqt—] + z PQipqt + z LQimqt + QLiqt - Qiqt =
p m

D,, 0Oiq,t

iqt
20
ZQiqt <TQ, Oq,t
3
ZPipt <TP, Op, t
p

mpt —

3
z TA,,, TLP,,, < TCS, Op,t

3 3

z TB g TLQppq * z TC,, TPQ
m p

<STCSS,  Oqt

20
TLP,,, = [(Z LP;, )/ TBS] Om,p,t

20
TLQug 2[() LQing)/TBS]  Om. gt

20
TPQpq 2[() PQipq)/TBS]  [p,gt

(11)
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Xt Limgs PLimg» DEM; 20 Oi,m, t
O s OW,py 20 Oj, m, t
OA,,,OAW,, , W, =0 Os,m, t

Py, WLy 20 Oi, p, t

Qigi-QLijg 20 0i,q,t

LPip 20 Oi, m, p, t (22)
LQjpng 20 Oi,m,q,t

PQjpy 20 i, p,q,t

Total production quantity of each pretreatment
station and each assembly line per period is limited
by the available production capacity that also includes
overtime and overtime-weekend by constraint (3) and
(4) respectively. Constraint (5) ensures that the amount
of demand met by plant m in period t plus the inven-
tory of that product at the end of the period equals
the total supply consisting of the inventory from the
previous period or the amount of lost sales plus the
production in the current period. Constraint (6) pro-
vides the allocation of total demand of each product
in period t to plants as their individual demand.

Constraint (7) is the balance equation for the prod-
uct inventory of the plants in period t: the amount of
product stored in plant m in period t is the sum of the
amount of product produced in period t and the
amount of product stored in the previous period and
subtract the amount of product transported from the
plant to warehouses or retailers. Constraint (8) limits
the overtime and overtime weekend capacity of the
pretreatment stations to the available plant capacity
while (9) is used to limit overtime and overtime week-
end capacity of the assembly lines of each plant to the
available plant capacity in period t.

Constraint (10) is used to determine the available
plant capacity corresponding to the changing workforce
level. Constraint (11) is used to set the limit of maxi-
mum and minimum available workforce level to as-
sign for the assembly lines of each plant in the current
period. In addition, constraint (11) ensures that total
assigned workforce level must be equal to total avail-
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able workforce level in the current period in plant m.
Constraint set (12) is the balance equations for the
inventory of the warehouses. Constraint (13) is the
balance equation for the warehouse p: the amount of
products that enter to the warehouse must be equal to
the amount of products that leave from and stored at
the warehouse. Constraint (14) is the balance equa-
tion for the inventory of retailer q in period t. Con-
straints (15) and (16) limits the product holding ca-
pacity for retailers and warehouses respectively. Con-
straints (17) and (18) are the distribution time con-
straints for warehouses and retailers in period t. Con-
straint (19)-(21) determines the number of travel in
period t to transport the products from plants to ware-
houses, from plants to retailers, and from warehouses
to retailers respectively. Constraint set of (22) enforce
the non-negativity restriction on the decision variables.

GP Model

In this model, there are seven main goals that are
based on personal opinions or subjective judgments of
the decision makers of the SC members. The objective
of manufacturing plants is to maximize the total profit
while warehouses want to minimize their total costs.
Additionally, each retailer involved in the SC has its
own objective of minimizing their costs and meeting
their demand. Maximizing the profit of the plants has
the highest priority among the objectives. Minimiza-
tion of the cost of retailer 1 and retailer 2 are the ob-
jectives with second and third priority respectively while
minimization of the total cost of warehouses is the
objective with fourth priority. Finally, minimization of
the costs of retailer 3, 4 and 5 are the objectives which
are given the fifth, sixth and the seventh priorities re-
spectively.

Table 1. Mathematical Formulations of the Objective Functions

Objective Function

Mathematical Formulation

53

i=1 m=1 t=1

Profit

(X, ,PRC.)- gz (co 0,,+COW,OW, )+

20 3 4
0 (CP X, *+CI

=1 m=1 t=1

Uiz 3 4

+ CLIm PLimt) +

im Imt

=l m

U
U
U
U
U
U
U
U
EJ

§ZZ(CR RA,, +CO, OA, +COW, K OAW, )

Mw
M- M- M-

™M

m

>y

3

22

m

w

Production Cost of plants

(€O, 0,
(Procost) m

M

(CR,, RA

smt

(Cl)lm Ximt + Cllm Iimt + CLIm PLimt) +
,+COW, OW,, )+

+ COWI OAS

+ CO Wm OA Ws‘mt )

mt

2

S

Cost of Retailer q
(Ret(1)cost,...,Ret(5)cost) i

i(SQq 0,+50Q,0L, )+ i i(TLQW CTLQ,,) +i i(TPQW CTPQ, )

[ )

Total warehouse cost 2

(Warecost)

i

34
Z Z(SP P, +SPP WL, )+
P t

20

LPC, )

3 4
Z Z (TLIDmpt mp
D t

m

11
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Target values of these goals are assigned directly by
decision makers. These values are presented in Table 2.

Considering the given priority levels, the GP model
can be formulated as follows:

Min  P(d,")+P,(d})+P;(d}) +P,(d3)
+Pg(d3) +Pg(dg) +P;(d7)

s.t.

Profit  +d —d? =40.000.000

Warecos t+d; —d5 =900.000

Ret(l)cost+d; —di =600.000
Ret(2)cost+d, —d; =200.000
Ret(3)cost+d; —di =450.000
Ret(4)cost+dg —dg =330.000
Ret(5)cost+d; —d5 =450.000

and system constraints (3)...(22)

Table 2. Target Values in the GP Model.

Objective Function Target Value

Profit 40000000
Retlcost 600000
Ret2cost 200000
Ret3cost 450000
Retdcost 330000
Ret5cost 450000
Warecost 900000

FGP Model

In FGP model, aspiration levels are specified by
decision maker and reflect relative flexibility. While the
decision maker decides his fuzzy aspiration levels, the
LP results are starting points and the intervals are cov-
ered by LP solutions. For example, although the target
value of the profit maximization objective was
42,000,000 in LP solution, fuzzy aspiration levels as-
signed to profit objective by the decision maker are
expressed as acceptable intervals including flexibility.
Then the lower and upper bounds may be determined
as 38,000,000 and 42,000,000 respectively.

12

Aspiration levels [L,,U,] for FGP model are deter-
mined as in Table 3. After constructing aspiration levels
with respect to the linguistic terms of "approximately
less than or equal to", "approximately greater than or
equal to" and "around", the fuzzy membership functions

can be defined for each goal in the same manner.

Table 3. Aspiration Levels in FGP Model

Objective Function Min (L) Max (Uy)
Z, [Profit 38000000 42000000
Z, |Retlcost 650000 750000
Z;  |Ret2cost 300000 400000
Z; |Ret3cost 400000 500000
Zs  |Retdcost 300000 400000
Zs  |Ret5cost 350000 400000
Z, |Warecost 800000 1100000

Membership functions of 'profit' and 'warecost' ob-
jectives are presented below as examples:

[0 if z, <38000000 O
O O
B z -38.10° . =
W =O——F——— if 38000000 L% #2000000(]
[#2.10° -38.10 O
é if z, = 42000000 E
d if z; <800000 O
O O
0 1100000-z, O
p, = if 800000CE,, 1100000(]
H1100000-800000 0
ol if z, 21100000 .

We can illustrate these piecewise linear member-
ship function shapes as follows:

P Profit

38.10°  42.10°
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P Warecost

80000 1100000

Fig. 3. Membership Functions of the Objectives

As mentioned in the previous sections, the mem-
bership function of the intersection of any two (or more)
sets is the minimum membership function of these sets.
After eliciting the linear membership functions and by
applying to this theorem, the objective function can be
formulated as follows:

max min%jl (Z)),W2(Z5),15(Z5), My (24)»E
" s(Zs),M6(Zg),17(Z7)

By introducing the auxiliary variable, A , this prob-
lem can equivalently be transformed as:

max A

s.t. W(Z)zA
My (Zy) 2 A
H7(Z7) 2 A
0sA<l

and system constraints (3)...(22)
Then, FGP model can be written as follows:

max A

s.t.

A< (Z, —38000000) A < (750000-z,)
4000000 ’ 100000

_ (400000-25)
100000’

s < (300000-2,)
100000

< (400000-2;)
100000

< (400000-2)
50000

s < (1100000-2,)
300000

0<A <1 and system constraints (3)...(22)

Additive FGP Model

In this model, weighted additive structure of Tiwari
et al. [38] that incorporates weights for each goal into
the objective function is used. Using additive FGP ap-
proach, weighted sum of the achievement levels are
maximized instead of individual achievement levels of
SC partners' goals. However, we assumed there are
no priorities and also no relative importance assigned
to the objectives. Therefore, all weights considered are
equal to one. Additive FGP model maximizes the sum
of the achievement level of the fuzzy goals. Aspiration
levels presented in Table 3 are used at the solution

stage to reflect the relative flexibility.
Additive FGP model can be formulated as follows:

;
max Z Ay
S

s.t.
_ (Z,~38000000) _ (750000~z,)
LT 4000000 2T 100000
A < (400000-z5) , _ (500000-z,)
37100000 YT 100000
. (400000 ~75) _ (400000-z,)
T 100000 °T 50000
,  (1100000-2,)
300000
0<A, <1

and system constraints (3)...(22)

COMPUTATIONAL RESULTS

The integrated production-distribution model devel-
oped in this study is implemented by using four differ-
ent approaches: LP, GP, FGP and additive FGP. Com-
putational results are presented in Table 4. As can be
seen from this table, the highest profit value, 41120500,

13
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is obtained by using LP. However, total cost value,
3668698, and the difference of the cost values among
retailers' and of warehouse is relatively high. Target
levels determined by decision makers for each objec-
tive are considered by using GP. Target levels for profit,
warehouse cost, and for retailer 3 and 4 costs are ex-
actly satisfied while there are positive deviations in the
target levels of retailer 1, 2 and 5. The deviation in the
target level of retailer 5 cost is the highest one: d 5+ =
417601 (92.8 %), because minimization of the retailer
5 cost has the lowest priority among the goals.

Table 4. Computational Results

Solution Approach

Objective FGP
Function LP GP (A=0,4132) Additive FGP
Profit 41120500 40000000 39253500 38523860 (A=0,175)
Retlcost 898344 684801 708216 684801 (A=0,652)
Ret2cost 269721 490765 358216 300000 (A=1,000)
Ret3cost 463789 450000 458216 400000 (A=1,000)
Ret4cost 331352 330000 358216 317184 (A\=0,828)
Ret5cost 400978 867601 379108 367680 (A\=0,646)
Warecost 1304514 900000 974650 1062686 (A=0,124)
Total Cost

(except
production | 3668698 = 3723167 = 3236622 3132351
cost of the

plants)

In FGP model, relative flexibility is reflected by de-
cision maker through aspiration levels. FGP approach
allows the tradeoff among SC partners' goals and
maximizes the minimum auxiliary variable A4 by using
'max A' as the objective function. In this way, all part-
ners' objectives in the SC are considered simultaneously.
The results obtained through FGP approach show that
cost of retailer 5 is reduced extensively while the cost
of retailer 1, 3, and 4 increase in small amounts. As
can be seen from the results, if production plants sac-
rifice a small portion (1.86 %) of their profits, retailer
5's cost can be reduced extensively (56.3 %) compared
to the solution of GP. It is obvious that, FGP may
provide SC partners to increase their level of satisfac-
tion by considering all of the goals simultaneously.
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According to FGP solution, the value of A (global
achievement level) is 0.41.

Additive FGP model is used to maximize the total
achievement degrees of fuzzy goals. The values of aux-
iliary variables, A, obtained by solving additive FGP
model are also presented in Table 4. Although the
achievement levels, 4, for profit (0.18), and for ware-
house cost (0.124) are relatively low, the total cost
value (3132351) is minimum compared to the other
solutions presented. Here, the goals of all of SC part-
ners are given the same weight.

CONCLUSION

Today, time based competition, JIT, and global-
ization trends require integrating production and distri-
bution decision processes in SCs. In this paper, an
integrated production-distribution system in a SC en-
vironment is modeled.

Regarding the benefits of all partners in a SC is
crucial to provide the collaboration and effective-
ness. Considering this, multi-objective approach is
used in the model. To provide a more realistic mod-
eling structure by treating the vagueness in the tar-
get values of the SC partners' objectives, and to re-
duce the computational burden, fuzzy modeling ap-
proach is used in this paper. The model is imple-
mented using linear programming (LP), goal pro-
gramming (GP) and fuzzy goal programming (FGP)
approaches. It can be concluded from the results
that FGP is an effective approach in providing alter-
native solutions for integrated SC planning problems.
The results support our view that fuzzy modeling
approach may generate more realistic and satisfac-
tory solutions with relatively less computational bur-
den for integrated SC models.
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