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A fuzzy random continuous review system has been presented in this paper with the annual customer
demand assumed to be a uniformly distributed continuous fuzzy random variable. Besides the reorder
point and the production lot size, the setup cost and the ‘out of control’ probability for a production
process have been assumed to be control parameters in the model. Investments to reduce the setup cost
and improve the process quality have been incorporated into the total cost in this regard.
A methodology has been proposed to minimize this cost and it has been illustrated by way of a
numerical example.
& 2011 Elsevier B.V. All rights reserved.
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1. Introduction
Over the years, in the study of classical production/inventory
problems, the items produced have been assumed to be of the same
optimal quality. However, in real production environment, it is often
observed that the product quality is not always perfect as it usually
depends on the state of the production process. The setup cost is also
assumed to be constant in the analysis of production/inventory
models. However in reality it is not so. This is because the setup
cost can be controlled and reduced through various means such as
worker training, procedural changes and advanced equipment
acquisition. Besides, reduced setup cost also leads to lower lot sizes,
which in turn provide many advantages such as lower inventory,
shorter lead-time, improved quality and many others as outlined by
Hong and Hayya (1993). Also in the last two decades or so, it has
been shown that reducing setup cost and improving quality also lead
to the successful application of the Japanese manufacturing philosophy of just-in-time (JIT) production. This is due to the fact that from
the viewpoint of inventory management, the goal of JIT is to produce
smaller lot sizes of good quality products. So when sufﬁcient
investments are made to reduce the setup cost and improve the
quality of the products, the goal of JIT is naturally realized. Therefore
it is important to consider these issues for the development of
realistic production/inventory models.
Porteus (1986) and Rosenblatt and Lee (1986) were among the
ﬁrst researchers to have taken up the problem of quality improvement and its relation to lot size. Later this issue was further analyzed
by researchers. For instance, Keller and Noori (1988) studied the
impact of investing in quality improvement in lot size models. Later
researchers like Hwang et al. (1993), Hong et al. (1993), Moon (1994),
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Hong and Hayya (1995) and Voros (1999) also made signiﬁcant
contributions in this regard. The problem of setup cost reduction was
also ﬁrst put forward by Porteus (1985). His work inspired many
researchers like Lee et al. (1997), Kim and Hong (1999), Hou and Lin
(2004), Hou (2007), Kulkarni (2008), etc. to take up this issue in
various kinds of inventory models. Recently, Ouyang et al. (2002)
analyzed the combined effects of lead-time reduction, setup cost
reduction and quality improvement in the lot size reorder point
model. Afﬁsco et al. (2002) studied the simultaneous effect of setup
cost reduction and quality improvement in the joint economic lot size
model. Liu and Cetinkaya (2007) made some modiﬁcations to the
work done by Afﬁsco et al. (2002). However all the above mentioned
works are in the probabilistic framework. In these models, the
uncertainty inherent in reality is accounted for but the imprecision
arising due to vague information is not taken into account. Now to
capture this imprecision, fuzzy set theory has come to be widely
applied in the study of various inventory models in general and the
continuous review system in particular (Hseih, 2002; Kao and Hsu,
2002; Tutuncu et al., 2008; Kumaran and Vijayan, 2008). However as
mentioned earlier, the probabilistic models do not consider any
imprecision in the model environment while the fuzzy models do
not consider any random ﬂuctuations that are so intrinsic to the
inventory parameters. Thus to account for both these types of
uncertainties, inventory models have now come to be developed in
the fuzzy random framework (Dutta et al., 2005; Dey and
Chakraborty, 2008, 2009). In particular, Chang et al. (2006) and
Dutta et al. (2007) have developed the continuous review systems
in the fuzzy random framework. However to the best of the authors’
knowledge, the issues of process quality improvement and setup cost
reduction in the review systems have not been analyzed in the fuzzy
random framework till date. Also, the fuzzy random variable custo~ i ,pi Þ, i ¼ 1,2,:::,n
mer demand has been assumed to be of the form ðD
by Dutta et al. (2007), i.e., the fuzzy random variable is of the discrete
type. However, in most real life inventory situations, especially if
there are sufﬁcient or abundant data, then assuming the demand to
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be of the aforementioned form makes the related mathematical
calculations very cumbersome and time consuming. Further, if the
statistical data itself possesses fuzziness in terms of unreliable or
inaccurate data (lack of proper documentation), lack of precise
information (linguistic expression), non-constant reproduction
conditions (variability of inventory situation), etc., then it is computationally much easier and intuitively pleasing as well to assume the
fuzzy random demand to follow some known continuous distribution. Thus, with this point of view, the customer demand has been
assumed to be a continuous fuzzy random variable of the form
~ oÞ ¼ ðDðoÞD1 , DðoÞ,DðoÞ þ D2 Þ (Liu and Liu, 2003), where oAO
Dð
and (O, B, P) is a probability space. Here D1 and D2 are the left and
right spreads, respectively, with 0o D1 oD(o) and D2 40 for all
oAO, where D(o) follows some continuous distribution. The values
of D1 and D2 are set by the decision maker as per his judgment of the
situation. This allows him to include his experience into the model
building exercise. It also lends additional ﬂexibility in terms of
application of the model to speciﬁc inventory situations.
Thus, in this paper a continuous review inventory model has
been developed under the fuzzy random framework assuming the
annual customer demand to be a continuous fuzzy random
variable following uniform distribution. Besides the reorder point
and the order quantity, the setup cost and the ‘out of control’
probability for a production process have been assumed to be the
control parameters. A methodology has been developed such that
the total cost incurred is a minimum and the optimal values of the
control parameters are determined in the process.
The subsequent sections have been organized as follows:
Section 2 outlines the preliminary concepts that have been used
for model building purposes. In Section 3, the model has been
developed methodology formulated. A numerical example illustrates the methodology in Section 4 and ﬁnally some concluding
remarks have been made in Section 5.
2. Preliminary concepts
2.1. Triangular fuzzy numbers
A normalized triangular fuzzy number A~ ¼ ða,a,aÞ, where a,a,a
are real numbers, is described as any fuzzy subset of the real line R,
whose membership function mA~ ðxÞ satisﬁes the following conditions:
(i) mA~ ðxÞ is continuous mapping from R to the closed
interval [0,1];
(ii) mA~ ðxÞ ¼ LðxÞ ¼ xa=aa, a r x ra is strictly increasing on
½a,a;
(iii) mA~ ðxÞ ¼ 1, x ¼ a;
(iv) mA~ ðxÞ ¼ RðxÞ ¼ ax=aa, a r x ra is strictly decreasing on
½a,a and
(v) mA~ ðxÞ ¼ 0, elsewhere.
where a, a, a are the real numbers and L(x) and R(x) are the left
and right shape functions, respectively. A normal triangular fuzzy
þ
number A~ may also be denoted by its a-cut as A ¼ ½A
a ,Aa , where
aA[0,1]. The a-cut representation and the triangular notation are
then connected as follows:


þ

Aa ¼ a þ aðaaÞ and Aa ¼ aaðaaÞ

ð1Þ

Without any loss of generality, all fuzzy quantities have been
assumed to be triangular normal fuzzy numbers throughout
this paper.
2.2. Possibilistic mean value of a fuzzy number
~ the interval-valued possibilistic mean
For a given fuzzy number A,
~ ¼ ½M ðAÞ,
~
~
is deﬁned by Carlsson and Fuller (2001) as MðAÞ
M  ðAÞ,

~ and M  ðAÞ
~ are the lower and upper possibilistic mean
where M ðAÞ
values of A~ and are, respectively, deﬁned by
R1 
R1
þ
~ ¼ 0R aAa da and M  ðAÞ
~ ¼ 0R aAa da
M ðAÞ
1
1
0 ada
0 ada
The possibilistic mean value of A~ is then deﬁned as
~ ¼ ðM ðAÞ
~ þ M  ðAÞÞ=2
~
MðAÞ
In other words, it can be written as
Z 1
~ ¼
MðAÞ
aðAa þ Aaþ Þda

ð2Þ

0

Therefore for a fuzzy number A~ ¼ ða,a,aÞ, the possibilistic mean
takes the form:
~ ¼
MðAÞ

Z
0

1

aðAa þ Aaþ Þda ¼

Z

1

afa þ aðaa Þ þ aaðaaÞgda ¼
0

a þ a 2a
þ
3
6

ð3Þ
Now if A~ and B~ were the two fuzzy numbers where
þ

þ
Aa ¼ ½A
a ,Aa  and Ba ¼ ½Ba ,Ba , aA[0,1], then, for ranking fuzzy
~ r MðBÞ.
~
~
numbers, we have A~ r B3Mð
AÞ
2.3. Fuzzy random variable and its expectation
Kwakernaak (1978) ﬁrst introduced fuzzy random variables.
Puri and Ralescu (1986) also discussed this concept in later years.
Here the deﬁnition given by Kwakernaak (1978) and further
explained by Gil et al. (2006) has been considered.
Let us consider the p-dimensional Euclidean space Rp .
FðRp Þdenotes the class of upper semi-continuous function in
p
½0,1R with compact closure of the support. Then, for the onedimensional case, FC ðRÞ is the sub-class of convex sets of FðRÞ.
Given a probability space (O, A, P), a mapping w:O-Fc(R) is said
to be a fuzzy random variable if for all aA[0,1], the two realvalued mappings inf wa:O-(R) and sup wa:O-(R) (deﬁned so
that for all oAO we have wa(o)¼[inf(w(o))a, sup(w(o))a]) are the
real-valued random variables.
A fuzzy random variable may also be deﬁned as
~ oÞ ¼ ðDðoÞD1 ,DðoÞ,DðoÞ þ D2 Þ (Liu and Liu, 2003), where
Dð
oAO and (O, B, P) is a probability space. Here D1 and D2 are
the left and right spreads, respectively, with 0 o D1 oD(o) and
D2 40 for all oAO, where D(o) follows some continuous
distribution.
The fuzzy expectation of a fuzzy random variable is a unique
fuzzy number. It is deﬁned as
Z


Z
Z
EX~ ðoÞ ¼ X~ ðoÞdP ¼
Xa ðoÞdP, Xaþ ðoÞdP =0 r a r1
O

O

O

where the fuzzy random variable is ½Xa ¼ ½Xa ,Xaþ ,
The a-cut of the fuzzy expectation is given by

a A ½0,1.

½EX~ ðoÞa ¼ E½XðoÞa ¼ f½EðXa ðoÞÞ,EðXaþ ðoÞÞ, a A ½0,1g

3. Methodology
3.1. Model and assumptions
The efﬁcient control of inventory is essential for the smooth
running of any business. For the management of single item
inventories, the continuous review inventory system is of primary
importance. There are a number of operating policies in the
continuous review system, as discussed by Hadley-Whitin (1963).
One of the most widely used doctrines is the (Q,r) review system.
In this doctrine, when the inventory level reaches a certain critical

