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a b s t r a c t

The progress in high technology has led to the wide use of thin film transistor-liquid crystal display (TFT-
LCD). The evolution of the manufacturing technology of TFT-LCD keeps increasing the size of TFT-LCD
since a larger TFT-LCD allows a larger display application and an improved productivity. However, as the
size of TFT-LCD increases, the size of TFT-array substrates and color filter substrates has to increase simul-
taneously. This leads to a more complicated inventory problem of large-sized substrates. Therefore, this
eywords:
uzzy multiple objective programming
eplenishment
uantity discounts
ultiple suppliers

paper considers a color filter replenishment problem in TFT-LCD manufacturing with the consideration
of storage space, yield rate, quantity discounts and multiple suppliers. We first formulate the color filter
replenishment problem as a fuzzy multiple objective programming, and then a fuzzy multiple objective
programming with assigned weights for objectives based on experts’ opinions is proposed. An example
with four cases is given to illustrate the practicality for empirical investigation. The results demonstrate
that both methods are effective tools for inventory management of color filters for multi-periods. In
addition, the methods can be applied or modified for managing inventory in general.
. Introduction

The spread of flat panel displays (FPDs) is inescapable in the
igital era and is quickly becoming the preferred choice in many
pplications of human–machine interface. Because of their low
eight, slender profile, low power consumption, high resolution,
igh brightness and low radiance advantages, the use of FPDs has
een expanding from portable appliances to notebooks and desk-
op monitors and even to large screen digital televisions. Among
he industry, thin film transistor-liquid crystal display (TFT-LCD) is
he primary FPD technology and represents more than 80% of the
PD market. A statistics data indicated that global TFT-LCD market
ill increase to US$56 billion in 2009 [16].

In the fabrication of TFT-LCD panels, color filter substrates, one
f the most expensive raw materials, are usually purchased from
olor filter manufacturers, and sufficient amount of them must be
vailable in the plant to maintain a smooth production flow. In
ddition, the size and the unit cost of color filters increases as the

eneration of TFT-LCD increases through technology progress, and
he storage of these large-sized color filters and the high holding
ost become important issues that must be tackled. To summarize,
n order to reduce cost and to ensure product availability, the inven-

∗ Corresponding author. Tel.: +886 3 5186582.
E-mail address: amylee@chu.edu.tw (A.H.I. Lee).

568-4946/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.asoc.2009.11.035
© 2009 Elsevier B.V. All rights reserved.

tory management of color filters is especially important in TFT-LCD
manufacturing.

The purpose of this research is to construct a color filter’s inven-
tory model with the consideration of storage space, yield rate,
quantity discounts and multiple suppliers. The objective of this
model is to minimize total cost, maximize yield rate and fix the
replenishments to a desired number over the planning horizon. A
fuzzy multiple objective programming (FMOP) model is first pro-
posed. Next, we extend the model by considering the opinions
of experts on the importance of various objectives by develop-
ing a fuzzy multiple objective programming with assigned weights
for objectives (FMOP-W). To determine the importance of various
objectives, fuzzy analytic hierarchy process (FAHP) and extent anal-
ysis method (EAM) is applied to incorporate experts’ opinions. The
results of the two methods can both satisfy the decision-makers’
desirable achievement level of multiple objectives in a fuzzy envi-
ronment.

The remaining of this paper is organized as follows. Section
2 introduces the manufacturing process of TFT-LCD and reviews
some recent related works. In the subsequent section, the prob-
lem under consideration and the assumptions are described. The

construction of the algorithm is presented next. A numerical exam-
ple with four cases is presented to examine the practicality of the
proposed algorithms. The results of the FMOP and FMOP-W meth-
ods are compared for different cases. Some concluding remarks are
made in the last section.

dx.doi.org/10.1016/j.asoc.2009.11.035
http://www.sciencedirect.com/science/journal/15684946
www.elsevier.com/locate/asoc
mailto:amylee@chu.edu.tw
dx.doi.org/10.1016/j.asoc.2009.11.035


oft Co

2
r

d
m
o
p

2
p

s
i
fi
p
s
t
u
m
g
h
d

m
c
A
f
c
e
fi
o

c
i
c
c
t
(
t
2
p
a
p
d
p
f
t
1
o
f
e
b
p
[

b
o
h
T
u
f
f
u
m

H.-Y. Kang, A.H.I. Lee / Applied S

. Color filter inventory problem and related methodology
esearch

In this section, the manufacturing process of TFT-LCD is intro-
uced first, and some recent research in inventory models and fuzzy
ultiple objective programming are reviewed. The basic concept

f the extent analysis of fuzzy analytic hierarchy process (FAHP) is
resented.

.1. Manufacturing process of TFT-LCD and color filter inventory
roblem

TFT-LCD has a sandwich-like structure consisting of two glass
ubstrates with a layer of liquid crystal inside. The top substrate
s fitted with a color filter that contains the black matrix and resin
lm containing three primary-color (red, green and blue) dyes or
igments. The bottom substrate is TFT-array that contains the TFTs,
torage capacitors, pixel electrodes and interconnect wiring. The
wo glass substrates are assembled with a sealant, and spacers are
sed to maintain the gap between the substrates [3]. Liquid crystal
aterial is injected between two substrates. The outer face of each

lass substrate has a sheet of polarizer film. Each end of the gate
as a set of bonding pads and data-signal bus-lines to attach LCD
river IC (LDI) chips [3].

The manufacturing of TFT-LCD, can be categorized into five
ajor processes: TFT-array fabrication, color filter (BM) fabrication,

olor filter (RGB) fabrication, cell assembly and module assembly.
TFT-LCD manufacturer usually has different plants for TFT-array

abrication, cell assembly and module assembly. On the other hand,
olor filters are usually purchased from color filter manufacturers,
ven though there is a trend for vertical integration between color
lter manufacturers and TFT-LCD manufacturers or a certain degree
f alliance between the two.

The TFT-LCD industry is becoming extremely competitive and
ost-sensitive, and cost control efforts should stress on the increase
n the size of the substrates, the decrease in the number of pro-
ess steps, the simplification of the processes, the decrease in
ycle time, the improvement in yields, and especially the reduc-
ion of the price of materials [33]. The newer fabs use G7.5
1950 mm × 2250 mm) and G7 (1870 mm × 2200 mm) glass, and
he transition to G8 LCD glass (2160 mm × 2400 mm) started in
007 [33]. However, substrates of more than 3000 mm will face
ractical limits due to handling and transportation issues and fab-
nd operational-related height constraints [33]. The number of
anels that can be cut from an assembled substrate is variable,
epending on the size of the substrate and the size of the final
anel. The size of substrates has increased from 320 mm × 400 mm
or the first generation, which was started in the early 1990s,
o the current 1500 mm × 1800 mm for the sixth generation and
870 mm × 2200 mm for the seventh generation [36]. The number
f panels that can be cut from a sixth generation substrate can range
rom 2 to 24 for 54-in. panels to 17-in. panels, respectively. How-
ver, to have the most economic efficiency, a G6 substrate should
e cut up to twelve pieces of 26-in. panels or six pieces of 37-in.
anels to achieve an efficiency rate of 87% and 86%, respectively
36].

The front-end processes, i.e., array fabrication and cell assem-
ly, are highly automated and comprise the major portion, e.g. 90%,
f the total investment. Even though the front-end processes have
eavy investment on the equipment, the equipment investment of
FT-LCD manufacturers only accounts for 15% of the total man-

facturing cost [15]. Raw materials, on the other hand, account
or as high as 79% of the total manufacturing cost [13]. There-
ore, the focuses of TFT-LCD manufacturers, in addition to the good
tilization of processes, should be the reduction in the cost of
aterials, the increase in the utilization rate of materials and the
mputing 10 (2010) 1108–1118 1109

reduction in the failure rate of processes [15]. In the cell plant, a
monthly (medium-term) production plan based on the aggregate
demand forecast provided by the sales department is developed
first, and is disaggregated into daily (short-term) production plans
[43]. Because a TFT-array substrate and a color filter substrate must
be paired into the assembly station, adequate amount of color fil-
ters must be stored in the cell plant to avoid any shortages and the
stoppage of production flow.

Color filter, among all materials, has a very critical role in TFT-
LCD manufacturing. First, the cost of color filters is 25% of raw
material cost or 16% of total manufacturing cost, exceeding that for
all other materials except backlight units. For other major materi-
als, the costs of backlight units and PCBs are respectively 27% and
14% of raw material cost [13]. Second, transportation and handling
risk is high for newer generation color filters due to the continu-
ous increases in the size of substrates. Third, with larger sizes of
color filter substrates, a larger storage space is required in the cell
plant, so is the capital cost for acquiring them. Fourth, because of
the frequent upgrade in generations and the progress in manufac-
turing technology, the price of color filters of a same generation
has a decreasing trend, and color filters of older generations may
face an obsolete problem. Fifth, as stated before, a TFT-array sub-
strate must be matched with a color filter substrate, and sufficient
amount of color filters must be in the plant in order to fully uti-
lize the capital-intensive equipment. Time for the acquisition of
color filters is usually 7–10 days and can be even longer, depend-
ing on the location of suppliers and the priority level of orders,
such as hot, rush or normal. Acquisition time must be considered
when implementing the production plan to avoid equipment stop-
page and unnecessary higher purchasing cost. To summarize, in
order to achieve cost reduction and ensure product availability, the
inventory management of color filters is especially important in
TFT manufacturing.

Inventory management has always been a hot topic, and
tremendous amount of mathematical models have been devel-
oped, including, and not limited to, linear programming, non-linear
programming, dynamic programming, geometric programming,
gradient-based non-linear programming and fuzzy geometric pro-
gramming. Mixed integer programming is also a popular method,
and some recent works are Tarim and Kingsman [37], Wang and
Sarker [39], Wang and Sarker [40], Tarim and Kingsman [38]. Chang
et al. [7], considering variable lead-time, price-quantity discount
and resource constraints, developed a mixed integer approach for
solving a single item multi-supplier problem. Kang [17] proposed
a dynamic programming model and a mixed 0-1 linear program-
ming model to solve a control wafers replenishment problem with
inventory deterioration. da Silva et al. [10] used a multiple-criteria
mixed-integer linear programming model to solve an aggregate
production planning problem.

Quantity discounts and storage spaces are important issues that
may need to be considered in inventory management. With quan-
tity discounts, the purchase price from the suppliers is reduced if
a large order is placed. The two major types of quantity discounts
are all-units discount and incremental discount [5]. In the all-units
discount, the discounted price is applied to all units beginning with
the first unit, if the quantity purchased belongs to a specified quan-
tity level predetermined by the supplier. With a number of price
breaks, the unit discounted price decreases as the quantity level
increases. In the incremental discount, the discounted price is only
applied to those units inside the price break quantity; thus, dif-
ferent prices are applied to the units belonging to different price

breaks. Constrained storage space is considered by Kanyalkar and
Adil [18] and Mandal et al. [31] in their inventory models.

Because the size of color filters is relatively large and storage
capacity in a TFT-LCD plant is limited, only a limited quantity of
color filters can be stored in the plant. With the special character-
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stics of color filters, we will formulate the color filter inventory
eplenishment problem, with the consideration of yield rate, quan-
ity discounts, storage space and multiple suppliers.

.2. Fuzzy multiple objective programming (FMOP)

Multiple objective programming (MOP) is one of the popular
ethods for decision making in a complex environment. In an MOP,

ecision-makers try to optimize two or more objectives simulta-
eously under various constraints. A complete optimal solution
eldom exists, and a Pareto-optimal solution is usually used [42].
here are a few methods, such as the weighting methods, which
ssign priorities to the objectives and set aspiration levels for
he objectives, are used to derive a compromise solution [35].

hen formulating a MOP, various factors need to be included
n the description of the objective functions and the constraints;
owever, they are often imprecisely or ambiguously known. There-

ore, fuzzy multiple objective programming (FMOP) may be more
ppropriate since the parameters can be represented by fuzzy
umbers.

Different kinds of FMOP models have been proposed to solve
ifferent decision-making problems that involve fuzzy values in
bjective function parameters, constraints parameters, or objec-
ives [44]. Another research direction is the transformation of a
MOP problem into a crisp programming [23]. Some most recent
esearch related to FMOP is reviewed here. Karsak and Kuzgunkaya
20] proposed a FMOP approach to facilitate the selection of flexi-
le manufacturing system (FMS), and the objectives are assigned
eights indicating their importance using linguistic variables.
arsak [19] further used FMOP in the quality function deploy-
ent (QFD) planning process to prioritize design requirements.

umar et al. [21] formulated a vendor selection problem using
uzzy mixed integer goal programming (GP), in which some of
he parameters are fuzzy in nature, and the three primary goals
re minimizing the net cost, minimizing the net rejections, and
inimizing the net late deliveries. Kumar et al. [22] developed

nother fuzzy multi-objective integer programming approach for
endor selection problem in a supply chain, and the three goals
re cost-minimization, quality-maximization and maximization of
n-time-delivery. Amid et al. [1] also solved a supplier selection
roblem in a supply chain by establishing a fuzzy multi-objective

inear model by applying an asymmetric fuzzy-decision-making
echnique. Lam and Tang [24] proposed a multi-objective linear
rogramming model that took into account the cost objective and
ther important criteria in a multiechelon supply chain ranging
rom the upstream suppliers’ quality to end customers’ satisfaction

�G1 (fG1 (x)) =

⎧⎪⎨
⎪⎩

1, if
UG1 − fG1 (x)
UG1 − LG1

, if

0, if

�G2 (fG2 (x)) =

⎧⎪⎨
⎪⎩

1, if
fG2 (x) − LG2

UG2 − LG2

, if

0, if

⎧⎪⎪⎪⎪⎪
0, if
fG3 (x) − LG3 , if
�G3 (fG3 (x)) =
⎪⎨
⎪⎪⎪⎪⎪⎪⎩

TG3 − LG3
G3

1, if fG3 (x
UG3 − fG3 (x)
UG3 − TG3

, if TG3 ≤
0, if fG3 (x
mputing 10 (2010) 1108–1118

level and considered multiple time-phased demands. El-Wahed
and Lee [11] presented an interactive FGP approach to determine
the preferred compromise solution for the multi-objective trans-
portation problem. Fan et al. [12] proposed a GP approach to solve
group decision-making problems based on multiplicative prefer-
ence relations and fuzzy preference relations. Li et al. [29] presented
a two-phase max–min fuzzy compromise approach to solve fuzzy
multiple objective linear programming (FMOLP) problems by auto-
matically computing proper membership thresholds. Wu et al.
[44] developed a new approximate algorithm for solving FMOLP
problems involving fuzzy parameters in any form of membership
functions in both objective functions and constraints. Mishra et
al. [32] proposed a fuzzy goal-programming model with multiple
objectives and constraints to solve the machine–tool selection and
operation allocation problem. Pramanik and Roy [34] presented
a procedure for solving multilevel programming problems in a
large hierarchical decentralized organization through FGP, which
achieved the highest degree of each membership goal by mini-
mizing negative deviational variables. Yaghoobi and Tamiz [45]
constructed a model based on MINMAX approach for solving FGP
problems. Hu et al. [14] proposed a generalized varying-domain
optimization method for FGP approach to solve multi-objective
optimization problem with multiple priorities, so that a higher
priority expected by decision maker can achieve a higher satis-
factory degree. Chang [6] presented a method to program binary
FGP model so that it can be solved using the integer program-
ming method. Araz et al. [2] developed an outsourcer evaluation
and management system with two phases. PROMETHEE is used
in the first phase to evaluate the suppliers, and fuzzy goal pro-
gramming with multiple objectives is applied in the second phase
to select the most appropriate outsourcers and simultaneously
allocate the ordered quantities to these outsourcers. Wang and
Yang [41] applied AHP and fuzzy compromise programming to
obtain a compromise solution for allocating order quantities to
each supplier with quantity discounts. Wee et al. [42] proposed
an inverse weight fuzzy non-linear programming to formulate a
multi-objective joint replenishment inventory problem with dete-
riorating items. Even though there are works of FMOP on inventory
replenishment problems [1,2,21,22,24], none has tackled the prob-
lem by considering storage space, yield rate, quantity discounts and
multiple suppliers simultaneously.

In solving a fuzzy multiple objective programming model, linear
membership functions are usually considered for fuzzy parame-
ters. A linear membership function has a continuously increasing
or decreasing value over the range of parameter, and the lower and
upper acceptable values of parameter are defined. Fuzzy objectives
for minimization, maximization and target are, respectively:

x) ≤ LG1

≤ fG1 (x) ≤ UG1

x) ≥ UG1

, for minimization objective (1)

) ≥ UG2

fG2 (x) ≤ UG2 , for maximization objective

) ≤ LG2

(2)

) ≤ LG3

fG3 (x) ≤ TG3
) = TG3 , for target objective

fG3 (x) ≤ UG3

) ≥ UG3

(3)
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here UG , LG and TG are, respectively, the upper bound, lower
ound and target of the fuzzy objective.

The fuzzy solution for fuzzy multiple objectives can be given as:

D(x) =

⎧⎨
⎩

⋂
for all g

�Gg (x)

⎫⎬
⎭ (4)

here �D(x) and �Gg (x) represent the membership functions of
olution and objective functions.

The optimal solution (x*) is:

D(x∗) = max �D(x) = max

[
min

for all g
�Gg (x)

]
(5)

n finding the optimal solution (x*) in the above fuzzy model, it is
quivalent to solving the following crisp model [47]:

aximize � (6)

.t.

≤ �G(x) (7)

(x) ≤ b (8)

≥ 0 (9)

∈ [0, 1] (10)

here �, �G(x), g(x) and b represent the membership function,
bjective functions, constraints and right-hand sides.

.3. Fuzzy analytic hierarchy process (FAHP)

Analytic hierarchy process (AHP) is a well-known mathemati-
ally based multiple-criteria decision-making (MCDM) tool. While
uzziness and vagueness are common characteristics in many
ecision-making problems, fuzzy set theory has been incorporated

n the AHP, so-called fuzzy AHP (FAHP), to tolerate vagueness or
mbiguity in the decision process.

The FAHP is used in the FMOP-W method to determine the
eights of different objectives in this research. The extent anal-

sis method (EAM), proposed first by Chang [8], is applied. A brief
eview of the method is given here. Two triangular fuzzy number

1(m−
1 , m1, m+

1 ) and M2(m−
2 , m2, m+

2 ) shown in Fig. 1 are com-
ared. When m−

1 ≥ m−
2 , m1 ≥ m2, m+

1 ≥ m+
2 , the degree of possibility

s defined as V(M1 ≥ M2) = 1. Otherwise, the ordinate of the highest
ntersection point can be calculated [8,27,28,46]:
(M2 ≥ M1) = hgt (M1 ∩ M2) = � (d) = m−
1 − m+

2

(m2 − m+
2 ) − (m1 − m−

1 )

(11)

Fig. 1. Two triangular fuzzy numbers M1 and M2 (Lee [27]).
mputing 10 (2010) 1108–1118 1111

The value of fuzzy synthetic extent with respect to factor l is:

Fl =
g∑

j=1

Mlj ⊗

⎡
⎣ g∑

l=1

g∑
j=1

Mlj

⎤
⎦

−1

, l = 1, 2, ..., g (12)

g∑
j=1

Mlj =

⎛
⎝ g∑

j=1

m−
lj

,

g∑
j=1

mlj,

g∑
j=1

m+
lj

⎞
⎠ , l = 1, 2, ..., g (13)

[
g∑

l=1

g∑
j=1

Mlj

]−1

=
(

1∑g

l=1

∑g

j=1
m+

lj

,
1∑g

l=1

∑g

j=1
mlj

,
1∑g

l=1

∑g

j=1
m−

lj

)
(14)

A convex fuzzy number is defined by:

V
(

F ≥ F1, F2, ..., Fg

)
= min V

(
F ≥ Fj

)
, j = 1, 2, ..., g (15)

d (Fl) = min V
(

Fl ≥ Fj

)
= w′

l,

l = 1, 2, ..., g, j = 1, 2, ..., g and l /= j (16)

The weights, w′
l
, of factors are:

W ′ =
(

w′
1, w′

2, ..., w′
g

)T
(17)

After normalization, the priority weights are:

W =
(

w1, w2, ..., wg

)T
(18)

3. Problem description and assumptions

Some of the notations and assumptions used in this paper are
similar to that of Kang [17] and Lee and Kang [26]. In order to
simplify the complexity of the environment, we shall restrict the
investigation with the following assumptions:

• Because the cell plant is make-to-stock (MTS), the demand rate
for color filters is reasonably constant in a period. However, it can
be different in different periods.

• Each period can only place at most one order from each supplier.
• The replenishment lead-time is of known duration, and the entire

order quantity is delivered at the same time in the beginning of
a period.

• Shortages are not allowed.
• The price of each unit is dependent on the order quantity. All-

units discount schedule is considered.
• Storage space is limited.
• The inventory holding cost for each unit is known and constant,

independent of the price of each unit.
• Planning horizon is finite and known. In the planning horizon,

there are T periods, and the duration of each period is the same.
• The initial inventory level (X1) is zero.
• The order lead-time is zero.
• All the required notations in this paper are defined as below.

Notations

Indices
i supplier (i = 1, 2, . . ., I)
k price break (k = 1, 2, . . ., K)
t planning period (t = 1, 2, . . ., T)
v integer number for calculating purchase quantity (v = 1, 2,
. . ., V)

Parameters
dt demand in period t
ei yield rate of supplier i
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112 H.-Y. Kang, A.H.I. Lee / Applied S

1 minimum yield rate of color filters in a planning horizon
2 maximum yield rate of color filters in a planning horizon
1 minimum total cost of color filters in a planning horizon
2 maximum total cost of color filters in a planning horizon
1 minimum number of replenishments in a planning hori-

zon
2 maximum number of replenishments in a planning hori-

zon
T the target number of replenishments in a planning hori-

zon
inventory holding cost, per unit per period
a large number

i ordering cost per replenishment from supplier i

ik unit purchase cost from supplier i with price break k

ik the upper bound quantity of supplier i with price break k
storage space (volume) available at the plant

ecision variables
the degree of membership function, i.e., the overall satis-
factory level of compromise

c the degree of satisfaction for cost
r the degree of satisfaction for yield rate
n the degree of satisfaction for number of replenishments
c the normalized importance weight for cost
r the normalized importance weight for yield rate
n the normalized importance weight for number of replen-

ishments
total cost of color filters in a planning horizon
number of replenishments in a planning horizon
average yield rate of color filters in a planning horizon

(Qit) purchase cost for one unit based on the discount schedule
of supplier i with order quantity Qit in period t

it purchase quantity from supplier i in period t
t beginning inventory level in period t

itk a binary variable, set equal to 1 if color filters are pur-
chased from supplier i with price break k in period t, and
0 if no purchase is made from supplier i with price break
k in period t

it a binary variable, set equal to 1 if color filters are pur-
chased from supplier i in period t, and 0 if no purchase is
made from supplier i in period t

t beginning usable inventory level in period t, and Yt = Xt +
I∑

i=1

Zit × Qit

itv a binary variable for calculating purchase quantity from
supplier i in period t
Fig. 2 is the graphical representation of multi-period inventory
ystem for color filters. The beginning inventory level in period t + 1
Xt+1) is equal to the beginning inventory level in period t (Xt) plus
he purchase amount from supplier i in period t (

∑I
i=1Zit × Qit) and

inus the demand in period t (Dt), where Zit represents whether

Fig. 2. Graphical representation of
mputing 10 (2010) 1108–1118

color filters are purchased from supplier i in period t (1 if a purchase
is made, and 0 if no purchase is made). The beginning usable inven-
tory level in period t + 1 (Yt+1) is equal to the beginning inventory
level in period t + 1 (Xt+1) plus the purchase amount in period t + 1
(
∑I

i=1Zit+1 × Qit+1).
The total cost of color filters includes ordering cost, holding cost

and purchase cost in a planning horizon, and it is:

Total cost = Total ordering cost + Total holding cost

+ Total purchase cost (19)

Eq. (20) calculates the total ordering cost for the system, where
oi is the ordering cost per time from supplier i and Zit represents
whether color filters are purchased from supplier i in period t (1 if
a purchase is made, and 0 if no purchase is made).

Total ordering cost =
T∑

t=1

I∑
i=1

oi × Zit (20)

The beginning inventory in a period is equal to the beginning
inventory level in the previous period plus the purchase quantity
in the previous period minus the demand in the previous period
as shown in Eq. (21). Thus, the holding cost in period t is equal
to the holding cost per unit times the average inventory in period
t. The average inventory in period t is the sum of the beginning
usable inventory in period t (the beginning inventory for period t,
Xt, plus the purchase quantity in period t) and the ending inventory
in period t (the beginning inventory level in period t + 1), and divide
by 2. The total holding cost for a planning horizon is the summation
of the holding cost for each period, as in Eq. (22).

Beginning inventory in this period

= Beginning inventory in the previous period

+ Purchase quantity in the previous period

− Demand in the previous period (21)

Total holding cost =
T∑

t=1

h

2
(Yt + Xt+1)

=
T∑

t=1

h

2

(
Xt +

I∑
i=1

Zit × Qit + Xt+1

)
(22)

The total purchase cost is obtained by Eq. (23), where P(Qit) is the
unit purchase cost based on the discount schedule with the order
quantity Qit, and Zit represents whether color filters are purchased
from supplier i in period t (1 if a purchase is made, and 0 if no

purchase is made).

Total purchase cost =
T∑

t=1

I∑
i=1

(P(Qit) × Qit × Zit) (23)

color filter inventory system.
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In order to incorporate all-units quantity discount into the
odel, the following four equations are required:

inP(Qit) (24)

.t. P(Qit) =
∑K

k=1
pik × Uitk, i = 1, 2, . . . , I and t = 1, 2, . . . , T

(25)

qik−1 + M × (Uitk − 1) ≤ Qit < qik + M × (1 − Uitk),

i = 1, 2, . . . , I, t = 1, 2, . . . , T and k = 1, 2, . . . , K (26)

K

k=1
Uitk = 1, i = 1, 2, . . . , I and t = 1, 2, . . . , T (27)

here Uitk is a binary variable, M is a big positive value, and qik is
he kth discount level from supplier i.

The objective function (24) is to minimize the purchase cost
er unit from supplier i in period t. Eq. (25) determines the pur-
hase cost per unit, P(Qit), under the discount schedule based on
he quantity purchased from supplier i in period t. Eq. (26) sets the
urchase quantity between a lower bound quantity qik−1 and an
pper bound quantity qik in a price break k for supplier i, where M

s a large number. Eq. (27) makes sure that color filters can only be
urchased with one single price break k from supplier i in period t.

In addition, the products purchased from supplier i in period
must be an integer. Eq. (28) sets the purchase quantity to be an

nteger, and Eq. (29) is a binary variable for calculating the purchase
uantity from supplier i in period t.

it =
V∑

v=1

2v−1ˇitv, i = 1, 2, . . . , I and t = 1, 2, . . . , T (28)

itv ∈
{

0, 1
}

, v = 1, 2, . . . , V (29)

. Formulation of the color filter inventory problem

Color filter has a very critical role in TFT-LCD manufacturing due
o its high cost, large size for storage and prohibited shortage, etc. A
ood inventory management thus is necessary. The overall objec-
ive of the model is to maximize the satisfaction of the color filter
eplenishment management, and the multiple objectives are mini-
izing total cost (C), maximizing yield rate (R), and setting suitable

umber of replenishments (N). Two models are proposed to maxi-
ize degree membership function of color filters in the system and

o determine an appropriate inventory level of color filter for each
eriod in a planning horizon.

The first model is a fuzzy multiple objective programming
FMOP) model, and the second one is a fuzzy multiple objec-
ive programming with assigned weights for different objectives
FMOP-W). The major difference between the two models is the
eights of the objectives. For FMOP, there is no weight setting

or the objectives, and the aim is to maximize or minimize each
bjective. For FMOP-W, the importance of each objective is first
etermined by the experts, and the aim is to maximize the overall
atisfaction of the weighted objectives.

.1. Fuzzy multiple objective programming model (FMOP)
In this section, we formulate the color filter inventory problem
nto a FMOP model to solve the multi-period color filter problem
nd to determine an appropriate replenishment policy of color fil-
ers for each period. In this paper, we assume that a production
lanner’s objective is to determine the optimal purchase amount
mputing 10 (2010) 1108–1118 1113

of color filters in each period while considering the objectives of
minimizing total cost, maximizing yield rate and fixing the replen-
ishments to a desired number in a planning horizon. In each period,
sufficient color filters must be supplied for use in time, and short-
ages are not allowed.

The proposed FMOP model is formulated as follows:

Maximize � (30)

s.t. � ≤ c2 − C

c2 − c1
(31)

� ≤ R − r1

r1 − r2
(32)

� ≤ N − n1

nT − n1
(33)

� ≤ N − n2

nT − n2
(34)

C =
T∑

t=1

(
I∑

i=1

oi × Zit + h

2
×
(

Xt +
I∑

i=1

Zit × Qit + Xt+1

)

+
I∑

i=1

P(Qit) × Qit × Zit

)
(35)

N =
T∑

t=1

I∑
i=1

Zit (36)

Yt = Xt +
I∑

i=1

Zit × Qit, for all t (37)

Xt+1 = Yt − dt, for all t (38)

Xt +
I∑

i=1

Zit × Qit ≤ s, for all t (39)

Qit =
V∑

v=1

2vit−1ˇitv, for all i, t (40)

P(Qit) =
K∑

k=1

pik × Uitk, for all i, t (41)

qik−1 + M × (Uitk − 1) ≤ Qit < qtk + M × (1 − Uitk), for all i, t, k

(42)

K∑
k=1

Uitk = 1, for all i, t (43)

R =
(

T∑
t=1

I∑
i=1

Zit × Qit × ei

)
/

T∑
t=1

I∑
i=1

Zit × Qit (44)

Zit ∈
{

0, 1
}

, for all i, t (45)

ˇitv ∈
{

0, 1
}

, for all i, t, v (46){ }

Uitk ∈ 0, 1 , for all i, t, k (47)

and all variables are nonnegative. (48)

The objective function (30) is to maximize the satisfaction of
inventory management. The operative constraints are as follows.
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Table 1
Characteristic function of the fuzzy numbers (Lee et al. [25]).

Fuzzy number Characteristic (membership) function
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1̃ (1, 1, 3)
x̃ (x − 2, x, x + 2) for x = 3, 5, 7
9̃ (7,9,9)

onstraint (31) is to minimize the total cost of color filters in a plan-
ing horizon, where c1 is the total cost and c2 is the maximum total
ost in a planning horizon. Constraint (32) is to maximize the yield
ate of color filters in a planning horizon, where R1 is the minimum
ield rate and R2 is the maximum yield rate in a planning horizon.
onstraints (33) and (34) are to set the number of replenishments in
planning horizon to a desired number, where n1 is the minimum

eplenishment number(s), n2 is the maximum replenishment num-
er(s), and nT is the desired replenishment number(s) in a planning
orizon. Constraint (35) calculates the total cost, which includes the
rdering cost, holding cost and purchase cost in a planning horizon.
hese costs are explained before in Eqs. (20)–(22). Constraint (36)
alculates the number of replenishments in a planning horizon, N,
y summing up the number of replenishments over the periods

n a planning horizon. In constraint (37), the beginning inventory
fter the replenishment in period t, Yt, is equal to the beginning
nventory level in the period, Xt, plus the purchase quantity in the
eriod,

∑I
i=1Zit × Qit . In constraint (38), the beginning inventory

f period t + 1, Xt+1, is equal to the beginning inventory after the
eplenishment in period t, Yt, minus the demand in period t, dt.
onstraint (39) ensures that the beginning usable inventory must
e less than or equal to the storage space s. Constraint (40) ensures
hat the purchase quantity is an integer. Constraints (41)–(43), as
xplained in Eqs. (21)–(23), consider the quantity discount of color
lters. Constraint (44) calculates the overall yield rate. Constraint
45) lets color filters be either purchased or not purchased in each
eriod. Constraint (46) is a binary variable for calculating the pur-
hase quantity from supplier i in period t. Constraint (47) is a binary
ariable for determining the price break k applied to the purchase
uantity for supplier i in period t.

.2. Fuzzy multiple objective programming-weighted model
FMOP-W)

In this model, the weights of the objectives must be determined
rst. By adopting the FAHP and extent analysis method (EAM) pro-
osed by Chang [8] and Lee et al. [28], the relative importance
eights for objectives are calculated. With the incorporation of the
eights for objectives, FMOP-W can be constructed. The steps of

he FMOP-W model are as follows:
Step 1. Form a committee of experts in the TFT-LCD industry

nd define the color filter replenishment problem.
Step 2. Formulate a questionnaire to compare objectives pair-

isely in their contribution toward achieving the maximum
atisfaction of color filter replenishment management in TFT-LCD
anufacturing. Use a fuzzy number, 1̃, 3̃, 5̃, 7̃, 9̃, as defined in

able 1, to represent the pairwise comparison value between every
wo objectives. The opinions of each expert are collected and com-
ined into a fuzzy pairwise comparison matrix Ãf .

Ãf =
[

ãf
lj

]
=

⎡
⎢⎢⎢⎣

ãf
11 ãf

12 · · · ãf
1g

ãf
21 ãf

22 · · · ãf
2g

...
... · · ·

...

⎤
⎥⎥⎥⎦ =

⎡
⎢⎢⎢⎣

1 ãf
12 · · · ãf

1g

ãf
21 1 · · · ãf

2g
...

... 1
...

⎤
⎥⎥⎥⎦ ,
ãf
g1 ãf

g2 · · · ãf
gg ãf

g1 ãf
g2 · · · 1

for l = 1, 2, ..., g, j = 1, 2, ..., g and f = 1, 2, ..., F (49)

here ãf
lj

= (x−, x, x+) and af
lj

· af
jl

≈ 1.
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Step 3. Combine fuzzy matrices of experts into an integrated
fuzzy matrix and check its consistency.

B̃ =
[
b̃lj

]
=

⎡
⎢⎢⎣

b̃11 b̃12 · · · b̃1g

b̃21 b̃22 · · · b̃2g

...
... · · ·

...
b̃g1 b̃g2 · · · b̃gg

⎤
⎥⎥⎦ =

⎡
⎢⎢⎣

1 b̃12 · · · b̃1g

b̃21 1 · · · b̃2g

...
... 1

...
b̃g1 b̃g2 · · · 1

⎤
⎥⎥⎦ ,

for l, j = 1, 2, ..., g (50)

where b̃lj =
(

ãl
lj

⊕ · · · ⊕ ãf
lj

)
/F =

(
m−

lj
, mlj, m+

lj

)
and blj · bjl ≈ 1,

m−
lj

: the arithmetic average of the smallest assigned value among

the experts, m+
lj

: the arithmetic average of the largest assigned value
among the experts, and mlj: the arithmetic average of the middle
values among the experts.

Based on Buckley [4] and Csutora and Buckley [9], let B = [blj] be
a positive reciprocal matrix, and B̃ = [b̃lj] be a fuzzy positive recip-
rocal matrix. If B is consistent, then B̃ is also consistent. If B̃ is not
consistent, the questionnaire must be modified by the experts.

Step 4. Calculate crisp relative importance weights (priority vec-
tor) for objectives by adopting the extent analysis method (EAM)
proposed by Chang [8]. By using Eqs. (11)–(18), we can get the
weights, w′

g , of the objectives.
Step 5. Formulate the FMOP-W for the color filter replenish-

ment problem. The overall objective is to maximize the satisfaction
of the model. The degrees of satisfaction for the objectives are
�1, �2, . . . �g , and wg from Step 4 are the weights for �g . The pro-
posed FWOP-W model can be formulated as follows:

Maximize � = w1 × �1 + w2 × �2 + · · · + wg × �g (51)

s.t. �g ≤ �g(x), for all g (52)

�g ∈ [0, 1], for all g (53)

Constraints (54)

where �g , �g(x) and wg represent the degrees of satisfaction, mem-
bership functions and weights for objectives.

With the objectives of minimizing total cost, maximizing yield
rate and fixing the replenishments to a desired number in a plan-
ning horizon, the formulation of the color filter replenishment
problem is as follows:

Maximize � = wc × �c + wr × �r + wn × �n (55)

s.t. constraints (31)–(48) (56)

where wc , wr and wn are the normalized importance weights for
cost, yield rate and number of replenishments, respectively; �c , �r

and �n are the degrees of satisfaction for cost, yield rate and number
of replenishments, respectively.

Special cases will be studied for the two proposed models, with
combinations of limited or unlimited storage space, multiple sup-
pliers and different discount schedules for the suppliers.

5. Numerical example

In order to illustrate the effectiveness of the proposed FMOP
model and FMOP-W model, a numerical example is presented, and
four special cases are analyzed. The software LINGO [30] is used to
implement the proposed models on the cases. The results of the
FMOP and FMOP-W models are compared for different cases.
5.1. Basic input information

Actual data is taken from an anonymous TFT-LCD manufacturer
located on the Science-Based Industrial Park in Hsinchu, Taiwan.
The manufacturer has different plants for TFT-array fabrication,
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Table 2
Demand of each period in a planning horizon.

t 1 2 3 4 5 6 7 8 9 10

dt 634 368 428 1200 1822 691 1618 1100 393 271

Table 3
Discount schedule for supplier A.

Price break (k) Purchase quantity (Q) Price per unit (P(Q))
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Table 4
Discount schedule for supplier B.

Price break (k) Purchase quantity (Q) Price per unit (P(Q))

1 0–1199 40
2 1200–2399 39.3
3 2400–3599 38.9
4 3600 or more 37.8

Table 5
Data for the four cases.

Case Storage space (s) Supplier

T
T

1 0–999 40
2 1000–1999 39.5
3 2000–2999 39
4 3000 or more 38.6

ell assembly and module assembly. After the TFT-array fabrica-
ion, TFT-array substrates are moved to the cell plant to assemble
ith color filter substrates, which are purchased from color filter
anufacturers. Therefore, adequate number of color filters must

e purchased and stored in the plant. The manufacturer currently
as one supplier, supplier A, and is considering cooperating with
nother supplier, supplier B. The objectives of the model are to min-
mize total cost, maximize yield rate and fix the replenishments to
desired number, and in turn, to determine the optimal purchase

mount of color filters from each supplier in each period.
Based on an interview with the management of the TFT-LCD fab,

he following assumptions are made. In practice, the lead-time of
ach replenishment is 1 day (1 period), and the planning horizon
ontains 7 periods. Therefore, this study sets the planning hori-
on to be 10 periods to be comprehensive. The ordering cost of
upplier A (o1) and supplier B (o2) per replenishment is set to be
120 and $110, respectively. In addition, we set unit holding cost
er period (h), which includes the handling cost, storage cost and
apital cost, to be $1. In order to calculate �, we need to set the min-
mum total cost (c1) and maximum total cost (c2) in the planning
orizon. The minimum total cost (c1), set to be $332,065, is cal-
ulated by only considering the purchase cost and assuming that
olor filters are purchased in the lowest unit price from supplier A,
he current supplier for the firm. The maximum total cost (c2), set
o be $346,463, is calculated by considering all the costs, including
urchase cost, order cost and holding cost, and assuming that color
lters are purchased in the highest unit price.

Since the cell plant is make-to-stock and each planning hori-
on contains 10 days, the demand of color filters in each period
s assumed to be deterministic. Table 2 shows the demand dt in
ach period t. The minimum number (n1) and maximum number
n2) of replenishments in the planning horizon are set to be 1 and
, respectively. The target number (nT) of replenishments in the
lanning horizon is set to be 5.

Table 3 shows the discount schedule for supplier A under dif-
erent purchase quantities. For instance, if the purchase quantity in
period is between 2000 and 2999 units, the price for each unit,

tarting from the first unit, is $39. Table 4 shows the discount sched-
le for supplier B under different purchase quantity. The minimum
ield rate (r1) and maximum yield rate (r2) of purchase quantities

re set to be 0.91 and 1.00, respectively. In addition, the yield rate
f color filters from supplier A is 0.95, and that from supplier B is
.98.

Four special cases are examined here, as shown in Table 5. Each
ase may be varied in its storage space (limited or unlimited), sup-

able 6
he integrated fuzzy matrix.

Total cost Yield rate

Total cost (1, 1, 1) (1, 2.33, 4.33)
Yield rate (4.33−1, 2.33−1, 1−1) (1, 1, 1)
Number of replenishments (5−1, 3−1, 1−1) (3.67−1, 1.67−
I 3000 A
II 3000 B
III 3000 A and B
IV Infinite A and B

plier (A, B or A and B) and purchase price (by discount schedule).
Under case I, the maximum storage space is 3000 units of color fil-
ters, which are purchased solely from supplier A. Discounted price
is given to all units based on the total quantity purchased at a time
using the discount schedule for supplier A in Table 3. Under case II,
the maximum storage space is 3000 units, and color filters are only
purchased from supplier B using the discount schedule in Table 4.
Under case III, the maximum storage space is 3000 units, and color
filters can be purchased from supplier A and/or B using the discount
schedules in Tables 3 and 4, respectively. Under case IV, there is no
limit on the storage space since storage space is infinite. Color fil-
ters can be purchased from supplier A and/or B using the discount
schedules in Tables 3 and 4, respectively.

For calculating the weights of objectives under the FMOP-W, a
questionnaire is prepared to ask decision-makers to compare mul-
tiple objectives pairwisely in their contribution toward achieving
the overall satisfaction of color filter replenishment. The multiple
objectives are minimizing total cost, maximizing yield rate and fix-
ing the replenishments to a desired number. The integrated fuzzy
matrix is calculated by steps 1–3 in Section 4.2 and is shown in
Table 6. The consistency of the integrated fuzzy matrix is examined.

Then, by applying Eq. (12), we have

F1 = (0.16, 0.56, 1.54),

F2 = (0.12, 0.27, 0.85),

F3 = (0.08, 0.17, 0.45).

Finally, by using Eqs. (15) and (16), we obtain

d(F1) = min(1, 1) = 1,

d(F2) = min(0.71, 1) = 0.71,

d(F3) = min(0.43, 0.76) = 0.43.

By applying Eq. (17), the importance weights (w′) for the objec-

tives of minimizing total cost, maximizing yield rate and fixing the
replenishments to a desired number are 1, 0.71 and 0.43, respec-
tively. By applying Eq. (18), the normalized weights (w), as shown
in Table 6, are 0.47, 0.33 and 0.20, respectively. The weights for the
objectives are then used for further analysis in FMOP-W.

Number of replenishments w′ w

(1, 3, 5) 1.00 0.47
(1, 1.67, 3.67) 0.71 0.33

1, 1−1) (1, 1, 1) 0.43 0.20
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Table 7
Comparison of solutions for case I.

Model t 1 2 3 4 5 6 7 8 9 10 C R N �

FMOP
Xt 368 691 382 393 $341,767 0.950 7 0.326
Q1t 1002 428 1200 2513 2000 1111 271
Q2t

FMOP-W
Xt 796 428 691 382 664 271 $342,576 0.950 5 0.473
Q1t 1430 1200 2513 2000 1382
Q2t

Table 8
Comparison of solutions for case II.

Model t 1 2 3 4 5 6 7 8 9 10 C R N �

FMOP
Xt 566 198 691 1100 271 $341,314 0.980 6 0.358
Q1t

Q2t 1200 230 1200 2513 2718 664
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FMOP-W
Xt 796 428 691
Q1t

Q2t 1430 1200 2513

.2. Experimental result and analysis

Based on the proposed models, LINGO (2006) is used on a PC/P4
ith CPU 3.4 GHz. The results of the four cases under FMOP and

MOP-W are obtained and summarized in Tables 7–10.

.2.1. Case I
The maximum storage space is 3000 units, and color filters can

nly be purchased from supplier A. The price is determined by the
iscount schedule in Table 3. The beginning inventory in period 1
X1) is zero. Under FMOP, seven purchases are made: 1002 units
n period 1, 428 units in period 3, 1200 units in period 4, 2513
nits in period 5, 2000 units in period 7, 1111 units in period 8,
nd 271 units in period 10. With purchase quantity discount, the
otal cost for a planning horizon is $341,767. The yield rate is 0.950.
he degrees of membership function for the three objectives, total
ost, yield rate, and number of replenishments are 0.326, 0.444 and
.6, respectively. Therefore, the total satisfaction is 0.326, with 1.0
eing the highest satisfaction.
Under FMOP-W, five purchases are made: 1430 units in period
, 1200 units in period 4, 2513 units in period 5, 2000 units in period
, and 1382 units in period 8. The total cost for a planning horizon

s $342,576, and the yield rate is 0.950. The degrees of membership
unction for total cost, yield rate, and number of replenishments

able 9
omparison of solutions for case III.

Model t 1 2 3 4 5 6

FMOP
Xt 368 691
Q1t 1002
Q2t 428 1200 2513

FMOP-W
Xt 796 428 691
Q1t

Q2t 1430 1200 2513

able 10
omparison of solutions for case IV.

Model t 1 2 3 4 5 6

FMOP
Xt 368 2513 691
Q1t 1002
Q2t 428 3713

FMOP-W
Xt 796 428 2513 691
Q1t

Q2t 1430 3713
1100 271 $341,503 0.980 5 0.620

2718 664

are 0.269, 0.444 and 1, respectively. With different weights for
objectives, the total satisfaction is 0.473.

5.2.2. Case II
The maximum storage space is 3000 units, and color filters can

only be purchased from supplier B. The price is determined by the
discount schedule in Table 4. Due to the different discount sched-
ules for suppliers A and B, the replenishment decisions are different
from that in case I. Under FMOP, there are six purchases during the
planning horizon. The total cost for a planning horizon is $341,314,
and the yield rate is 0.980. The degrees of membership function
for total cost, yield rate, and number of replenishments are 0.358,
0.782 and 0.8, respectively. The total satisfaction is 0.358.

Under FMOP-W, five purchases are made. The total cost for
a planning horizon is $341,503, and the yield rate is 0.980. The
degrees of membership function for the objectives are 0.344, 0.782
and 1, respectively. The total satisfaction is 0.620.

5.2.3. Case III

The condition under case III is better than those under cases

I and II. While case I or II has only one supplier, case III has two
suppliers. Under FMOP, there are six purchases: 1002 units from
supplier A in period 1, 428 units from supplier B in period 3, 1200
units from supplier B in period 4, 2513 units from supplier B in

7 8 9 10 C R N �

1382 228 271 $340,631 0.976 6 0.405

3000 382

1382 228 271 $341,757 0.980 5 0.612

3000 382

7 8 9 10 C R N �

1493 393 $338,266 0.966 5 0.569
3111

271

1100 $339,181 0.980 5 0.695

2718 393 271
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Table 12
Comparisons among similar approaches.

Compared items Wang and
Yang [41]

Wee et al.
[42]

Proposed
FMOP

Proposed
FMOP-W

Algorithm Exact Heuristic Exact Exact
Fuzzy multiple

objective
programming

Yes Yes Yes Yes

Supplier selection Yes No Yes Yes
Quantity discount Yes No Yes Yes
Replenishment No Yes Yes Yes
Deterioration No Yes No No
Multi-periods No Yes Yes Yes
Solved by common

software packages
Yes No Yes Yes

Solve binary behavior Yes No Yes Yes
H.-Y. Kang, A.H.I. Lee / Applied S

eriod 5, 3000 units from supplier A in period 7, and 382 units from
upplier B in period 9. With a looser constraint, case III performs
etter than cases I and II, with a total cost of $340,631 and degrees
f membership function for the objectives of 0.405, 0.733 and 0.8,
espectively. Thus, the total satisfaction is 0.405.

Under FMOP-W, five purchases are made, and all are purchased
rom supplier B. The total cost for a planning horizon is $341,757,
nd the yield rate is 0.980. The degrees of membership function
or the objectives are 0.328, 0.782 and 1, respectively. The total
atisfaction is 0.612.

.2.4. Case IV
With an unlimited storage space, two suppliers and different

iscount schedules for suppliers, this case performs the best among
ll four cases under both FMOP and FMOP-W. Under FMOP, there
re five purchases, and a total cost of $338,266 is incurred. The
egrees of membership function for total cost, yield rate, and num-
er of replenishments are 0.569, 0.622 and 1, respectively. The
otal satisfaction is 0.569, a rather large improvement from that
n case III. Under FMOP-W, five purchases are made, and again, all
urchases are from supplier B. The reasons behind are because sup-
lier B has a higher yield rate than supplier A does and supplier B
rovides a lower unit cost when a purchase of a larger quantity

s placed. The total cost for a planning horizon is $339,181, and
he yield rate is 0.980. The degrees of membership function for the
bjectives are 0.505, 0.782 and 1, respectively. The total satisfaction
s 0.695, the highest satisfaction among all cases under two models.

The performance of the FMOP model and the FMOP-W model
re compared in Table 11. While the FMOP only deals with one
verall objective function, the FMOP-W can incorporate multi-
le objective functions, with different objective weights. For the
MOP, the degree of satisfaction of a model is the minimization
f the maximum degrees of satisfaction among multiple objec-
ives. On the other hand, the FMOP-W calculates a weighted degree
f satisfaction based on the weights of different objectives. In
onclusion, when it is not necessary to set objective weights,
MOP can effectively plan the inventory replenishment for each
eriod. On the other hand, FMOP-W can be applied to take into
ccount the real production requirement by incorporating experts’
pinions.

Two recent works by Wang and Yang [41] and Wee et al. [42],
hich also applied fuzzy multiple objective programming on the

nventory problem, are compared with the proposed models, as
hown in Table 12. Among the compared items, Wang and Yang [41]
onsidered six of them, while Wee et al. [42] considered four items.
n the other hand, the proposed FMOP and FMOP-W considered
ight and nine items, respectively. Therefore, the two proposed
odels are relatively outstanding overall. In a future study, deteri-
ration can be integrated into the proposed models.
It is worth noting that the an increase in the number of suppliers

i), periods (t) or quantity discounts (k) will increase the prob-
em size and may make the problem become a NP-hard problem
nd computationally prohibitive. Nevertheless, FMOP and FMOP-W

able 11
omparison of the two models.

Factor FMOP model FMOP-W model

Objective function(s) Single Multiple
Objective weight(s) Not presented Presented
Constraints Fuzzy Fuzzy
Degree of satisfaction Max–min Pool
Planning horizon Multi-period Multi-period
Demand Certain Certain
Total cost Presented Presented
Yield rate Presented Presented
Number of replenishments Presented Presented
Consider qualitative
judgment

Yes No No Yes

proposed in this research successfully formulated the color fil-
ter replenishment problem in TFT-LCD manufacturing with the
consideration of storage space, yield rate, quantity discounts and
multiple suppliers. Under the current stated environment, FMOP
and FMOP-W could transform all objectives and constraints into
linear functions. A practical case study illustrated the effective-
ness of the proposed method, which is readily available for applied
applications.

6. Conclusion

This paper proposes two models to determine the replenish-
ment quantity of color filters from multiple suppliers for multiple
periods with the consideration of storage space, quantity discounts
and multiple suppliers. FMOP can effectively plan the inven-
tory replenishment for each period without pre-determining the
weights of objectives. On the other hand, FMOP-W can consider
the opinions of experts in setting the weights of objectives. The
case study demonstrates the practicality of the proposed mod-
els in achieving the best satisfaction under multiple goals, which
are minimizing total cost, maximizing yield rate and fixing the
replenishments to a desired number. To the best of our knowl-
edge, a model, which considers storage space, quantity discounts
and multiple suppliers to simultaneously minimize total cost, max-
imize yield rate and fix the replenishments to a desired number, is
non-existent. The analysis provided in this study is very useful for
managers in designing a replenishment policy for TFT-LCD manu-
facturers to deal with color filters which have the characteristics of
large size, multiple suppliers and different discount schedules for
suppliers.

The proposed models can be tailored and applied to other inven-
tory management problems. For future research, we can consider
a more complete case for supply chain management in TFT-LCD
manufacturing. A model that takes into account fuzzy demand,
variable lead-time, safety stock, and different priority of orders
can be established. A dynamic production environment may be
considered with more issues, for example, product deterioration,
non-linear purchasing (production) cost, and non-linear setup cost.
If these are concerns, then the assumptions need to be relaxed
by the modification of the objectives and constraints. There are
some fuzzy inventory models to deal with fuzzy backorders, with
fuzzy demand, with fuzzy lead-time, with fuzzy order quantity,
with fuzzy capacity, with signed distance of fuzzy sets, and so on.

Metaheuristic algorithms, such as tabu search, ant colony optimiza-
tion and evolutionary algorithms, have also generated considerable
interest in the replenishment problem. These can be the future
research directions.
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