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benefits, a retailer is tempted to cash down a part of the 
payment immediately even making a loan from money 
lending source which charges interest against this loan. 
Here an amount, borrowed from the money lending 
source as a loan with interest, is paid to the wholesaler at 
the beginning on receipt of goods. In return, the whole-
saler/supplier offers a relaxed credit period as permissi-
ble delay in payment of rest amount. The concept “im-
mediate part payment” was first introduced by M. Maiti 
[12]. Guria, Das, Mondal and Maiti ntroduced an inven-
tory policy for an item with inflation induced purchasing 
price, selling price and demand with immediate part 
payment. 

In this paper, we develop a more general inventory 
model with delay in payment. Firstly, the demand rate of 
the items is assumed to be dependent on the retailer’s 
current stock level. Secondly, the items start deteriorating 
from the moment they are put into inventory. Thirdly not 
only would the supplier offer a fixed credit period to the 
retailer, but the retailer also adopts the trade credit policy 
to his/her customers. Fourthly the supplier must be given 
an immediate part-payment by the retailer. Lastly these 
models are illustrated with numerical examples. Finally 
we use GRG method and LINGO software to solve this 
model. 

2. Notations and Assumptions 

The following notations and assumptions are used 
throughout the paper 

Notations: 
1) I(t)= Inventory level at time t. 
2) k =Production rate per year. 
3) r =The unit raw material cost. 
4) 1c  =The unit selling cost. 
5) p =  The unit production cost. Where p= r + l k  + 

wk +e k√  
6) 2c  = The ordering cost per order. 
7) 3c  = Setup cost. 
8) l = Cost due to labour. 
9) w = Cost due to wear and tear. 
10) e = Environmental protection cost. 
11) h = The inventory holding cost per year excluding 

interest charges. 
12) A=Immediate part payment. 
13) M= Retailer’s trade credit period  
14) N=Customer’s trade credit period offered by the sup-

plier. 
15) cI  =Interest payable per $ per year by the retailer to 

the supplier. 
16) eI  =Interest earned per $ per year by the retailer to 

the retailer. 
17) bI  = Rate of interest per unit to be paid by the retail-

er to money lender against immediate part payment 
A. 

18) T =  Cycle time in years. 
19) *T  = Optimal cycle time. 
20) ( )Z T  = Total inventory cost per time period. 
Assumptions: 
1) The demand rate R(t) is a known function of retailer’s 

instantaneous stock level I(t) ,which is given by R(t) 
= D + α I(t) , where D and α  are positive con-
stants. 

2) Shortages are not allowed to occur. 
3) The time horizon of the inventory system is infinite. 
4) The lead time is negligible. 
5) The fixed credit period offered by the supplier to the 

retailer is no less than the credit period permitted by 
the retailer to his/her customers i.e. NM ≥ . 

6) When T M≥ , the account is settled at t=M and the 
retailer would pay for the interest charges on items in 
stock with rate Ic over the interval [M,T]. When T ≤  
M, the account is also settled at t = M and the retailer 
does not need to pay any interest charge of items in 
stock during the whole cycle. 

3. Mathematical Formulation of the Model 

A constant production starts at t = 0 and continues up to 

1t t=  where the inventory level reaches maximum level. 
Production then stops at 1t t=  and the inventory gradu-
ally depletes to zero at the end of the production cycle t = 
T due to deterioration and consumption. Therefore, dur-
ing the time interval (0, 1t ), the system is subject to the 
effect of production, demand and deterioration. 

Then the change in the inventory level can be de-
scribed by the following differential equation: 

( ) ( )1
1 1 1

( )
,0

dq t
q t k D q t t t

dt
θ α+ = − − ≤ ≤   (1) 

With the initial condition ( )1 0q  = 0           (2) 

On the other hand, in the interval ( 1, )t T , the system is 
effected by the combined effect of demand and deteriora-
tion.  

Hence, the change in the inventory level is governed 
by the following differential equation: 

( ) ( )2
2 2 1

( )
,

dq t
q t D q t t t T

dt
θ α+ = − − ≤ ≤  (3) 

With the ending condition ( )2 0q T =              (4) 
The solution of the differential Equations (1) and (3) 

are respectively represented by 

( ) ( )
1

( )
(1 )

( )
tk D

q t e α θ

α θ
− +−= −

+
; 10 t t≤ ≤   (5) 

( ) ( )
( )( )

2 ( 1)T tD
q t e α θ

α θ
+ −= −

+
 ; 1t t T≤ ≤  (6) 

In addition, using the boundary condition 
( ) ( )1 1 2 1q t q t=  , we obtain the following equations: 
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( ) 1
( )

(1 )
( )

tk D
e α θ

α θ
− +− −

+
 = 

( )
( )( )1( 1)T tD

e α θ

α θ
+ − −

+
 

and ( )
1

1
ln[1 ( 1)]

(α θ)
TD

t e
k

α θ+= + −
+

    (7)  

The annual total relevant cost 
1) Annual ordering cost = 2c T  

2) Annual stock holding cost  

= ( )1

10
[ ( )

th
q t d t

T   + ( )
1

2 ( )
T

t
q t d t ] 

= 
( )

(
h

Tα θ+
k 1t  − DT) 

3) Annual cost due to deteriorated units  

= 
( )

(
r

Tα θ+
k 1t  − DT) 

4) Annual Production cost = 1pkt

T
 

5) Annual Set up cost = 3c

T
 

Depending upon M, N and T three cases arise: 
Case-1: N ,M T≤ ≤  Case 2:-N T M≤ ≤ , Case 3:-  
T N M≤ ≤  
According to given assumption, there are three cases 

to occur in interest charged for the items kept in stock per 
year. 

Case-1. M T≤  

Annual interest payable  

( )

( ) ( )( )

2

( )

2

]

. [ 1]
( )

[
T

c
b

M

T Mc
b

rI
q t dt AI

T

rI D
e T M AI

T
α θ α θ

α θ
+ −

= +

= − + − − +
+


 

Case-2. N T M≤ ≤  
In this case total interest payable = A bI  
Case-3. T N M≤ ≤  
In this case total interest payable = A bI  
(v) According to given assumption, three cases will 

occur in interest earned per year. 
Case-1. N ≤ M T≤  
The annual interest earned by the retailer  

( )
( )

( )
( )

( )

( )
( ) ( ) ( )( )

2 2

1 2

3

{
2

}

Te

T M N

D M N D M NI
c e

T

D
e e e A

α θ

α θ α θ α θ

θ α
α θ α θ

α
α θ

+

+ − + − +

 − −
= + +

+ +


− −
+ 

 

Case -2. N T M≤ ≤  
The annual interest earned by the retailer  

( )
( )

( )
( )

( )

( )
( )( )( )

( ) ( )
( )( )

2 2

α θ Te
1 2

α θ T N

3

α θ T

2

θD T N αD T NI
{c e

T 2 α θ α θ

αD
e 1

α θ
A}

θDT αD
e 1 (M T)

α θ α θ

+

+ −

+

− −
= +

+ +

− −
+

−
 
 +









+ − −
 +




+ 

 

Case-3. T N M≤ ≤  
The annual interest earned by the retailer  

( ) ( )
( )( ) ( )α θ T

1 2
{ 1 }

α θ α θ
eI DT D

c e M N A
T

θ α +
 

= + − − − 
+ +  

 

The annual total cost incurred by the retailer 
Z(T) = Ordering cost + holding cost + set up cost+ de-

terioration cost + production cost + interest payable – 
interest earned 

Z(T) = 

( )
( )
( )

1

2

2

, if

, if

, if

Z T T M

Z T N T M

Z T o T N

≥
 ≤ ≤
 < ≤

     (8) 

where 

( ) ( )

( )

( )
( )( ) ( )

( )
( )

( )
( )

( )

( )
( ) ( ) ( )( )

2
1

31

2

2 2

1

2

3

(

(  ?

. [ (

) 1] [
2

)

]

)

{

}

T Mc

e
b

T

T M N

c h
k DT

T T

cpktr
k DT

T T T

rI D
e T

T

D M NI
M AI c

T

D M N
e

D
e e e A

α θ

α θ

α θ α θ α θ

α θ

α θ

α θ
α θ

θ
α θ

α
α θ

α
α θ

+ −

+

+ − + − +

= + −
+

+ − + +
+

− +
+

−
− − + −

+

−
+

+

+ − −
+

Z T

      (9) 

( ) ( )

( )
( )
( )

( )
( )

( )

( )
( )( )( ) ( ) ( )

( )( )

2
2 1

31
1

2 2

α θ Te
1 2

α θ T N

3 2

α θ T

(

(

θD T N αD T NI
{c e

T 2 α θ α θ

αD θDT αD
e 1 (

α θα θ α θ

e 1 )(M T)]]

)

}

)

A

[b

c h
kt DT

T T

cpktr
kt DT

T T T

AI

α θ

α θ

+

+ −

+

= + −
+

+ − + +
+

− −
+ − +

+ +

− − + +
++ +

− − −

Z T

 (10)  
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( ) ( )
2

3 (
c h

T Tα θ
= +

+
Z T k 1t -DT) + 

( )
(

r

Tα θ+
k 1t -DT) 

+ 1pkt

T
 + 3c

T
 + ( ) ( )

( )( ) ( )

1 2

α θ T

[{
α θ α θ

1 ] }

e
b

I DT D
AI c

T

e M N A

θ α

+

− +
+ +

− − −
   (11) 

Since ( ) ( )1 2Z M Z M=  and ( ) ( )2 3Z N Z N=   
Therefore Z(T) is continuous and well defined. 
All ( ) ( ) ( )1 2 3Z T , Z T , Z T  are defined on T >0. 

Equations (9)-(11) yield 

( ) ( ) ( )

( ) ( ) ( )

( )

( )
( )( ) ( )( )

( )
( ) ( )( ) ( )

( )
( )

( )
( )

( )

( )

' 2
1 12 2

1
12

1
1

31
2 2

2 2

2

2 2

12 2

3

.

[

1

.

{
2

T Mc

T Mc

Te

c h
Z t kt DT

T T

dth r
k D kt DT

T dT T

dt
Tpk pkt cdtr dTk D

T dT T T

rI D
e T M

T

rI D
e

T

D M N D M NI
c e

T

D

α θ

α θ

α θ

α θ

α θ α θ

α θ

α θ
α θ

α θ α θ
α θ

θ α
α θ α θ

α
α θ

+ −

+ −

+

= − − −
+

 + − − − + + 

− + − + − +  

 − − + − − +

 + + − + +

− −
+ +

+ +

+
+

( ) ( ) ( )( )
( )

( )
( )

( )
( )

( ) ( )( )(
1 2

] }

{ [

}

T M N

T Te

M N

e e e A

D M NI D
c e e

T

e e

α θ α θ α θ

α θ α θ

α θ α θ

α α
α θ α θ

+ − + − +

+ +

− + − +

− −

−
− +

+ +

− 
  (12) 

( ) ( ) ( ) ( )

( ) ( )

( )
( )
( ) ( )

( )( )

( )
( ) ( )

( ) ( )
( )( )

' 2
2 12 2

1
12

1
1

31
2 2

2 2

12 3

2

2

{ ( 1)
2

1

[ T Ne

T

T

c h h
Z t kt DT

TT T

dt r
k D kt DT

dT T

dt
Tpk pkt cdtr dTk D

T dT T T

D T NI D
c e

T

D
T N e

DT D
e

α θ

α θ

α θ

α θα θ

α θ

α θ

θ α
α θ α θ

α
α θ

θ α
α θ α θ

+ −

+

+

= − − − +
++

 − − −  + 

− + − + − +  

−
+ − −

+ +

+ −
+

 
 + + −
 + + 

 

( )( ) ( ) ( )

( ) ( )

( ) ( )( )

1

2

2

2

( )] } { [ 2
2( )

( )( )

( ) ( )( )

( 1 )]}
( ) ( )

e

T N T

T T

T

I D
M T A c T

T

D D
e T N e

D D D
e e

DT D
M T e

α θ α θ

α θ α θ

α θ

θ
α θ

α α
α θα θ

α θ α
α θ α θα θ

θ α
α θ α θ

+ − +

+ +

+

− − − ⋅
+

− + −
++

 
+ + + ⋅ + ++  

− − + −
+ +

 (13) 

( ) ( ) ( )

( ) ( ) ( )

( )
( )( )

( ) ( ) ( )
( ) ( )( ) ( )

' 2
3 12 2

1
12

1
1

31
2 2

12 2

1 2

And

{ 1
( ) ( )

} {

] }

[

Te

e

T

c h
Z t kt DT

T T

dth r
k D kt DT

T dT T

dt
Tpk pkt cdtr dTk D

T dT T T

I DT D
c e

T

I D D
M N A c

T

e M N

α θ

α θ

α θ

α θ α θ

α θ

θ α
α θ α θ

θ α
α θ α θ

α θ

+

+

− − −
+

 + − − − + + 

− + − + − +  

 
+ + − + + 

− − − +
+ +

+ −

=

   (14) 

( )

( ) ( )( )

( ) ( )

( ) ( )( ) ( ) ( )
( ) ( ) ( )( ) ( )

'
1

3 2 1
2 1

3 31
1 3

Now   0

1T M
c

T M
c

Z t

dt
c h r kT kt

dT
dt

Tpk pkt c
dT

rI D e T M

rI D T e

α θ

α θ

α θ α θ

α θ α θ

α θ α θ

α θ α θ α θ

+ −

+ −

=
  − + + + + − 
 

 + + − − + 
 

 − + − + − − 
 + + + − + 

 

( ) ( ) ( )

( ) ( ) ( ) ( ) ( )( )
( )( ) ( )

( ) ( ) ( ) ( )( )

2 2 2
1

2

1

2
{ [

] }

{

}

[

]

e

T T M N

T
e

T M N

D
I c M N D M N

e De e e A

I T c D M N e

D e e e

α θ α θ α θ α θ

α θ

α θ α θ α θ

θ α θ α

α θ α

α α θ

α α θ

+ + − + − +

+

+ − + − +

+ + − + −

+ + − −

− − +

+ + −

=0 

The objective of this paper is to find an optimal cycle 
time to minimize the annual total relevant cost for the 
retailer. For this the optimal cycle time ଵܶ∗ is obtained 
by setting the Equation (12) equal to zero; is the root of 
the following equation 

( ) ( )( )

( ) ( )

3 2 1
2 1

3 31
1 3

dt
c h r kT kt

dT

dt
Tpk pkt c

dT

α θ α θ

α θ α θ

 − + + + + − 
 

 + + − − + 
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( ) ( )( ) ( ) ( )

( ) ( ) ( )( ) ( )

1T M
c

T M
c

rI D e T M

rI D T e

α θ

α θ

α θ α θ

α θ α θ α θ

+ −

+ −

 − + − + − − 
 + + + − + 

 

( ) ( ) ( )

( ) ( ) ( ) ( ) ( )( )
( ) ( ) ( )

( ) ( ) ( ) ( )( )

2 2 2
1

2

1

2
{ [

] }

{

0

[

]

e

T T M N

T
e

T M N

D
I c M N D M N

e De e e A

I T c D M N e

D e e e

α θ α θ α θ α θ

α θ

α θ α θ α θ

θ α θ α

α θ α

α α θ

α α θ

+ + − + − +

+

+ − + − +

+ + − + −

+ + − −

− − +

+ + −

=

(15) 

( )Equation 15 is the optimality condition  of (9) 
Now '

2Z (t) = 0 

( ) ( )( )

( ) ( )

( ) ( ) ( )

( ) ( ) ( )( )( )
( ) ( ) ( )( )( )

( ) ( ) ( )( )

( ) ( ) ( ) ( ) ( )

( )

3 2 1
2 1

3 31
1 3

2 2 2
1

2

2

1

2

2

{ [
2

1

1 ( )]

} { [

e

T T N

T

T N
e

T T

dt
c h r kT kt

dT

dt
Tpk pkt c

dT

D
I c T N D T N

e D e

DT D e M T

A I T c D T D e

D T N e D e

D

α θ α θ

α θ

α θ

α θ α θ

α θ α θ

α θ α θ

θ α θ α

α θ α

θ α θ α α θ

θ α θ α α θ

α α θ α α θ

θ α θ

+ + −

+

+ −

+ +

  − + + + + − 
 

 + + − − + 
 

+ + − + −

+ − −

+ + + + − −

− − + − +

+ + − + +

+ + ( ) ( )( )( )

( ) ( ) ( )( )( )
2

2
1 ]}

0

T

T

D e M T

DT D e

α θ

α θ

α α θ

α θ θ α α θ

+

+

+ + −

− + + + −

=

(16) 

( )Equation 16 is the optimality condition of (10) 
Again '
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( )Equation 17 is the optimality condition of (11) 

4. Numerical Examples 

To illustrate the results of the proposed model we solve 
the following numerical examples  

Example 1. When 1 150 / ,c Rs unit=  
2 100 /c Rs order= , 3 50c Rs= , M = 0.5 year, N = 0.01 

year, D = 1500 units per year , k = 2000 units/year, A = 
Rs 700 , h = Rs 15/unit, 

r = Rs 4/unit, l = Rs200, w = Rs 0.0005, e = Rs 0.1, 
0.12eI = , 0.17cI = , 0.15bI = , 0.2, 0.2α θ= =  

then the optimal value of T is *
1 5.231635T = and 

*
1 1Z ( ) 30310.78T =  
Example 2. When 1 150 / ,c Rs unit=  

2 100 /c Rs order= , 3 50c Rs= , M = 2.5 year, N = 0.01 
year, D = 1000 units per year , k = 2500 units/year, A = 
Rs 2000 , h = Rs 10/unit, 

r = Rs 4/unit, l = Rs200, w = Rs 0.05, e = Rs 0.1, 
0.12eI = , 0.17cI = , 0.15bI = , 0.1, 0.1α θ= =  then 

the optimal value of T is *
2 1.068099T =  and 

*
2 2Z ( ) 165639.8T =  
Example 3. When  

1 136 / ,c Rs unit= 2 100 /c Rs order= , 3 30c Rs= , M=2.1 
year, N =1.07 year, D = 2000 units per year , k = 2500 
units/year, A = Rs 2800 , h = Rs 10/unit, r = Rs 4/unit, l 
= Rs100 , w = Rs 0.05, e = Rs 0.1, 0.15eI = , 

0.20cI = , 0.12bI =  , 0.1, 0.1α θ= =  then the op-
timal value of T is *

3 0.9165449T = and 
*

3 3Z ( ) 79741.83T =  

5. Conclusions 

In this paper, we develop an EPQ model for deteriorating 
items under permissible delay in payments. The primary 
difference of this paper as compared to previous studies 
is that we introduced a generalized inventory model by 
relaxing the traditional EOQ model in the following 
seven ways: 1) the demand of the items is dependent on 
the retailer’s current stock level, 2) the retailer’s selling 
price per unit is higher than its purchase unit cost, 3) 
many items deteriorate continuously such as fruits and 
vegetables, 4) the supplier not only would offer a fixed 
credit period to the retailer, but the retailer also adopts 
the trade credit policy to promote market competition, 5) 
supplier must be given an immediate part payment by the 
retailer after receipt of goods, 6) minimizing inventory 
cost is used as the objective to find the optimal reple-
nishment policy. Three numerical examples are set to 
illustrate this model. For the first example, *

1T  is the 
optimal value of T, for second and third, the optimal 
value of T is *

2T  and *
3T  respectively. This presented 

model can be further extended to some more practical 
situations, such as we could allow for shortages. Also 
quantity discounts, time value of money and inflation etc. 
may be added in this paper. 
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