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In this paper, we provide a continuous-review (Q, r, L) inventory model with a fill rate ser-
vice constraint and a negative exponential crashing cost function with a variable lead time.
Tajbakhsh [1] developed a closed-form solution that considered an order quantity and a
reorder point. We extend the distribution free continuous-review inventory model to min-
imize the total cost by using a negative exponential lead time crashing cost function, and
derive closed-form expressions for the optimal order quantity, reorder point, and lead time.
Some numerical examples are presented to illustrate the model. We perform a sensitivity
analysis to see the effects of parameter changes on the objective function. We have made
the comparisons with the existing model.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

It has been reported that the mean and standard deviation of lead time demand is available while the specific distribution
of lead time demand is quite difficult to obtain. Therefore, the industry needs a strategy such that the managers can calculate
the minimum cost without having the information regarding the distribution of the lead time demand. This is the basic rea-
son that the distribution free approach has been widely studied in the literature. Scarf [2] first suggested a min–max solution
for a newsboy problem. Scarf’s [2] ordering rule is practical and easy to use, but it is difficult to understand. Therefore, Gal-
lego and Moon [3] simplified the proof of Scarf’s [2] ordering rule for the newsboy problem and discussed several extensions
including the recourse opportunity. Since then there are enormous number of models in this field which consider the dis-
tribution free approach. Moon and Choi [4] used the min–max distribution free approach to develop a continuous-review
inventory model with a service level constraint. This was the 1st time to consider the service level constraint in the field
of distribution free approach. Moon and Choi [5] provided the make-to-order (MTO) and make-in-advance (MIA) models
using the distribution free procedures. They developed a two-echelon stochastic model of composite policies in a single per-
iod. They found the optimal on-hand inventory of finished products and raw materials at the beginning of the period when
the demand follows a known distribution function. Moon and Yun [6] provided a job control problem by using distribution
free approach to determine an optimal release time. The flow time is a random variable with a known probability distribu-
tion. They considered a trade-off between the penalty cost for late delivery and the holding cost for early finish. Moon and
Choi [7] improved the continuous review inventory model by simultaneously optimizing both the order quantity and reorder
point. Ouyang and Wu [8] provided a mixed inventory model with discrete lead time and order quantity as decision variables
by the distribution free approach. They considered a service level constraint and developed an improved algorithm to obtain
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decision variables for both the cases i.e., for normal distribution and distribution free. Ben-Daya and Raouf [9] provided
inventory models in which both lead time and order quantity are considered as decision variables. Then they proposed a
model for different representations of the relationship between lead time crashing cost and lead time. Hariga and Ben-Daya
[10] found the optimal reduction in the procurement lead time duration, jointly with the optimal ordering decisions, for
some stochastic inventory models. The stochastic models reflected the classical continuous and periodic review models with
a mixture of backorders and lost sales along with the base stock model. Bookbinder and Cakanyildirim [11] provided a (Q, r)
inventory model with stochastic lead time. They considered that the expected cost per unit time was jointly convex in the
decision variable and obtained the global minimizer.

Wu [12] developed a production model by assuming that the ordering quantity is different with the receiving quantity and
considered the distribution free approach. Pan et al. [13] derived a variable lead time model with two different types of crash-
ing costs which are functions of lead time and order quantity. Wu et al. [14] extended Pan et al.’s [13] model by assuming
defective items but ignoring the rework cost for the defective items. Chu et al. [15] discussed the mixed inventory backorder
and lost sales problem in which both the lead time and order quantity were treated as decision variables. They developed lem-
mas to reveal the parameter effects and then presented two complete procedures for finding the optimal solution for the mod-
els. Lin and Chu [16] examined the inventory model with a service level constraint in which the lead time, reorder point, and
order quantity were treated as decision variables. They developed lemmas to reveal the parameter’s effects and then pre-
sented the complete procedures for finding the optimal solution for the inventory model in which the lead time demand is
a decision variable. Wu et al. [17] provided a computational algorithmic procedure for an optimal inventory policy involving
a negative exponential crashing cost and variable lead time demand. They extended the models of Ouyang et al. [18] and Ouy-
ang and Wu [19] by considering the mixture of normal distributions and the mixture of free distributions, respectively. Deng
et al. [20] discussed an inventory model with a negative exponential crashing cost along with time value money.

Agarwal and Seshadri [21] proposed some known bounds for fill rate constraint in a (Q, r) inventory model. They found
some upper bounds for an order quantity and a reorder point which indicate that a classical EOQ is the lower bound of the
order quantity. They discussed an efficient algorithm that exploits these bounds. These bounds can be used to enhance the
efficiency of the existing algorithm. Tajbakhsh [1] derived closed-form expressions for the model of Moon and Choi [4]. Lo
[22] discussed an economic order quantity model with lead time reduction and price discount. Hung [23] proposed a con-
tinuous review inventory model with time value of money and lead time crashing cost. Chen and Hsiao [24] modified the
lead time crashing cost by assuming an allocation for each lot. Jaggi and Arneja [25] discussed a periodic review inventory
model with unstable lead time and setup cost with backorder discount. Moon et al. [26] developed a distribution free model
for uncertain capacity. Dey and Chakraborty [27] discussed a periodic review inventory model with variable lead time and
negative exponential crashing cost. Recently, Sarkar and Majumder [28] derived an integrated inventory model with discrete
lead time reduction without any service level constraint. Takemoto and Arizono [29] derived the impact of non-conforming
items on (s,S) inventory model with customer order reservation and cancelation. Ning et al. [30] discussed an inventory
model with fresh product’s deterioration and perishability.

This study extends the model of Moon and Choi [4] with a negative exponential crashing cost related to lead time. Accord-
ing to Ben-Daya and Raouf [9], the crashing cost related to lead time can be used to reduce the total cost, and they derived the
closed form expressions by considering order quantity, lead time, and reorder point. This model assumes a negative exponen-
tial crashing cost with lead time to reduce total cost. We summarize our contribution compared with other models in Table 1.

This paper is organized as follows: In Section 2, we develop a mathematical model in which closed-form solutions have
been obtained. In Section 3, Numerical examples are presented to illustrate our model. A sensitivity analysis has also been
performed to see the effects of parameter changes on the objective function. Section 4 summarizes this paper and gives some
conclusions.

2. Mathematical model

To establish the mathematical model, the following notation and assumptions are used.

Notation
Q
 order quantity (decision variable)

r
 reorder point (decision variable)

L
 lead time (weeks) (decision variable)

h
 holding cost per unit per unit time

A
 fixed ordering (setup) cost per order

D
 average demand per year

X
 lead time demand (random variable)

l
 average lead time demand

r
 standard deviation of lead time demand

E(x)
 mathematical expectation of x

x+
 max{x,0}

E(X � r)+
 expected shortage quantity at the end of the cycle



Table 1
Literature review.

Study Service level constraint Distribution free approach Variable lead time Crashing cost Closed form expression

Tajbakhsh [1]
p p p

Scarf [2]
p

Gallego and Moon [3]
p

Moon and Choi [4]
p p

Moon and Choi [5]
p p

Moon and Yun [6]
p

Moon and Choi [7]
p

Ouyang and Wu [8]
p p p p

Ben-Daya and Raouf [9]
p p

Hariga and Ben-Daya [10]
p p

Bookbinder and Cakanyildirim [11]
p

Wu [12]
p p

Pan et al. [13]
p p p

Wu et al. [14]
p p p

Lin and Chu [13]
p p p p

Chu et al. [15]
p p p p

Wu et al. [17]
p p p

Ouyang and Wu [19]
p p p

Deng et al. [20]
p p

Agarwal and Seshadri [21]
p p

Lo [22]
p p p

Hung [23]
p p p

Chen and Hsiao [24]
p p p

Jaggi and Arneja [25]
p p p

Moon et al. [26]
p

Dey and Chakraborty [27]
p p

Sarkar and Majumder [28]
p p

This study
p p p p p
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Assumptions

1. We consider a negative exponential crashing cost function as in Wu et al. [17]. Because many studies on lead time reduc-
tion and setup cost/time reduction used a negative exponential crashing or reduction cost function, we also use a negative
exponential crashing cost function [17,20,27]. The total crashing cost is represented:
RðLÞ ¼ ae�hL:
The values of lead time crashing cost for the values of L are used to estimate the parameters a and h. The service level is
more than 50% and this constraint used to reduce the cost on the distribution free continuous-review inventory model.

We extend Tajbakhsh’s [1] closed-form solutions for Moon and Choi’s [4] continuous-review (Q, r) inventory model. Our
purpose is to reduce the total cost with a negative exponential crashing cost related to lead time. The service level constraint
is considered in a different way. We consider the cost equation of Moon and Choi [4] as
CðQ ; rÞ ¼ AD
Q
þ h

Q
2
þ r � l

� �
:

Then, we introduce the total cost reduction, which is done through negative exponential crashing cost and variable lead
time as described in Wu et al. [17]. The total cost expression is as follows:
CðQ ; r; LÞ ¼ AD
Q
þ h

Q
2
þ r � lL

� �
þ D

Q
RðLÞ:
Because the lead time crashing cost follows a negative exponential distribution, the cost function can be rewritten as
CðQ ; r; LÞ ¼ AD
Q
þ h

Q
2
þ r � lL

� �
þ D

Q
ae�hL:
Our objective is to minimize the C(Q, r, L) subject to a specified fill rate. The fill rate is defined as the partial demand sat-
isfied directly from inventory.

This service measure is denoted by b, which equals
b = expected demand satisfied per replenishment cycle/expected demand per replenishment cycle.
This b is considered as the fraction of customer demand that is met routinely, and can be written as
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b ¼ 1� EðX � rÞþ

Q
;

which reduces to
EðX � rÞþ ¼ ð1� bÞQ :
Let D = r � lL where D is the safety stock.
We can write the cost function as follows:
CðQ ;D; LÞ ¼ AD
Q
þ h

Q
2
þ D

� �
þ D

Q
ae�hL:
To minimize C(Q, D, L) subjected to a specified service constraint is under the least favorable distribution. This model is
solved by the min–max distribution-free approach, which was suggested by Scarf [2] and further explained easily by Gallego
and Moon [3]. Using this concept, we obtain the minimum cost at the optimal (Q, D, L) for the least favorable distribution
function in F.

To obtain the least favorable distribution in F, we can use the following lemma as per Gallego and Moon [3]:
EðX � rÞþ 6

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2Lþ ðr � lLÞ2

q
� ðr � lLÞ

2
for any F 2 F:
Moreover, this upper bound is tight. By considering Db as the safety stock with respect to b, we can obtain Db as follows:
ð
ffiffi
ð

p
r2Lþ D2

bÞ � DbÞ=2 ¼ ð1� bÞQ ;
which implies Db ¼ r2L
4ð1�bÞQ � ð1� bÞQ .

Using Db, we obtain
CðQ ;Db; LÞ ¼
AD
Q
þ h

Q
2
þ Db

� �
þ D

Q
ae�hL ¼ AD

Q
þ b� 1

2

� �
hQ þ hr2L

4ð1� bÞQ þ
D
Q

ae�hL:
We want to minimize C(Q, Db, L) over Q > 0. Because it can be verified that @2CðQD;b ;LÞ
@Q2 > 0 for Q > 0, C(Q, Db, L) is a convex

function in Q. To obtain a unique global minimizer of C(Q, Db, L) , we solve
@CðQ ;Db; LÞ
@Q

¼ �AD

Q 2 þ b� 1
2

� �
h� hr2L

4ð1� bÞQ 2 �
D

Q 2 ae�hL ¼ 0:
By assumption, the service level b is in 0.5 < b < 1. Hence, we can obtain a unique global minimizer as follows:
Qb ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4Dð1� bÞðAþ ae�hLÞ þ hr2L

2ð1� bÞð2b� 1Þh

s
:

Again, by using the condition 0 < 2b � 1 < 1, we find
Qb >

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2AD

ð2b� 1Þh

s
>

ffiffiffiffiffiffiffiffiffiffi
2AD

h

r
¼ EOQ :
Considering necessary conditions to find the optimal cost value, we determine
@CðQ ;Db; LÞ
@Q

¼ �AD

Q 2 þ b� 1
2

� �
h� hr2L

4ð1� bÞQ 2 �
D

Q 2 ae�hL;

@CðQ ;Db; LÞ
@L

¼ hr2

4ð1� bÞQ �
D
Q

ahe�hL:
Equating both of the above equations to zero, we obtain the optimal values of our decision variable as
Qb ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4Dð1� bÞðAþ ae�hLÞ þ hr2L

2ð1� bÞð2b� 1Þh

s
;

Lb ¼
1
h

ln
4ð1� bÞahD

hr2

� �
;

Db ¼
r2Lb

4ð1� bÞQb
� ð1� bÞQb:
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These closed-form solutions are easier to implement than the iterative procedure described in Moon and Choi [4]. We
extended Tajbakhsh’s [1] closed-form solutions by considering variable lead time, which can be used to reduce the total cost
further.

3. Numerical examples

We use the following data for the examples:
D = 600 units per year, A = $200 per order, h = $20 per unit per year, r = 6 units per week, and R(L) = 156e�hL, with L in

weeks, a = 156. h is a given parameter.

Example 1. We compare the results between two models: one with consideration oflead time crashing cost and service level
constraint and another with onlyusinglead timecrashingcost. The comparison is given in Table 2.

We obtain the minimum cost of $2400.61 while Ben-Daya and Raouf [9] found C⁄(Q, L) = $2692.98. We saved $292.37, a
12.18% savings.
Example 2. We compare the results between two models: one with crashing cost related to lead time and another with fixed
lead time. See Table 3 for the comparison.

We derive that the minimum value occurs at C⁄(Q, Db, L) = $2214.43 and Tajbakhsh [1] found C⁄(Q, Db) = $2225.67. We
saved $11.24, a 0.51% savings.
Sensitivity analysis

We performed a sensitivity analysis for key parameters in Examples 1 and 2 and the results are shown in Table 4. If hold-
ing cost and ordering cost increase, the total cost of the system is also increased. The opposite nature of cost changes are
Table 2
Comparison of two models (h = 1).

Distribution free model with a service level constraint and lead time
crashing cost

Distribution free model with lead time
crashing cost

(Q, Db, L) C⁄(Q, Db, L) (Q, L) C⁄(Q, L)

(125.03, 5.927, 2.34) $2400.61 (115,2.17) $2692.98

Table 3
Comparison of two models (h = 6).

Distribution free model with lead time crashing cost Distribution free model with fixed lead time

(Q, Db, L) C⁄(Q, Db, L) Q, Db) C⁄(Q, Db)

(115.34, 0.381, 0.69) $2214.43 (115.92, 1.563) $2225.67

Table 4
Sensitivity analysis for the key parameters.

Parameters Changes (in %) C⁄(Q, Db, L) for h = 1 C⁄(Q, Db, L) for h = 6

a �50 �2.10 �0.41
�25 �0.87 �0.17
+25 +0.67 +0.13
+50 +1.21 +0.24

h �50 +5.70 +2.18
�25 +2.17 +0.78
+25 �1.48 �0.50
+50 �2.56 �0.85

h �50 �32.16 �30.22
�25 �15.02 �13.94
+25 +13.65 +12.46
+50 +26.32 +23.88

A �50 �22.53 �27.19
�25 �10.55 �12.53
+25 +9.54 +11.13
+50 +18.31 +21.24
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shown for two given parameters h and a. If h is increased, the total cost is decreased while if a is increased, the total cost is
increased.

4. Conclusions

We presented the distribution free continuous-review (Q, r, L) inventory system with a fill rate as service level. We con-
sidered order quantity, reorder point, and lead time as decision variables. Our main goal in developing this model is to reduce
total cost by using a negative exponential crashing cost function with related lead time. We developed closed-form expres-
sions for the optimal order quantity, reorder point, and lead time. Using our closed-form expressions, practitioners can easily
get results with a smaller total cost. This model can be extended to studies of discrete lead time and fuzzy demand. In addi-
tion, developing models with different types of crashing cost functions might be interesting research problems.
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