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Abstract
This study investigates the optimal production-distribution and replenishment (PDR)

strategies of a deteriorating item in the supply chain network (SCN) system. This paper 
applied heuristic algorithm and integration approach. Through preliminary evaluation of the 
model and the solution method, the analysis shows that optimal PDR strategies bring 
benefits in terms of the production-inventory cost savings to firms. Computational results 
also point out how managers may decide on the production and distribution periods for an 
improved benefit realization through the managerial implications in the SCN system. Its 
advantages are using simple calculation and modeling process. To obtain the production
period, stationary production/distribution, order quantity and average total cost, the manager 
only needs to input the time-varying inventory levels.

Keywords: Deteriorating item; Supply chain network (SCN); Production-Distribution 
Replenishment (PDR) strategy; Heuristic algorithm; Integration approach.
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1. Introduction

Business environment and market-
places have had some change in the past 
decades. Supply chain management (SCM) 
plays an important role in the business
system. For increasing service level and 
reducing operating costs, most enterprises 
have contributed to the development of 
supply chain networks (SCNs) for frequent
production-distribution replenishment (PDR)
strategies. In this investigation, a 
multi-echelon supply chain network consists
of manufacturers, warehouses, shopping 
centers and retailers for two deteriorating 
items. The phenomenon of deterioration of 
physical goods is very common in many 
inventory systems. It is well known that 
certain products such as medicines, volatile 
liquids, blood bank and foodstuff, etc., 
decrease under deterioration (vaporization, 
damage, spoilage, etc.) during their normal 
storage period. As a result, while 
determining the optimal inventory policy of
those types of product, the loss due to 
deterioration cannot be neglected [20].

This paper investigates time-based 
models for SCNs that are appropriate when 
an organization is faced with time-
dependent linear demand and want to 
maintain an inventory of the item most of 
the time. In these models, time and quantity 
can be considered interchangeable variables 

that determine the economic order interval 
(EOI) which indicates when item orders
should be placed. Orders for items are 
placed based on time cycle which is decided
by the multiplier � of the fixed delivery 
interval (FDI) �. The values of some 
variables must be chosen for an FDI system. 
Through all orders’ calculation, the fixed 
review, produce/replenish period and the 
maximum inventory level can be developed. 
After a fixed period �� is determined, the 
stock of each item in inventory is also
determined. Then an order is placed to 
replenish the stock and a production activity 
is to be carried out.

This paper emphasizes that SCM costs 
associated with distribution cycle stages
potentially influence inventory level,
operations, replenishment decisions, and
management activities. The above costs are
termed the “distribution cycle cost (DCC)”. 
Accordingly, this paper emphasizes the role 
of production-distribution in SCN and hence 
examines whether retailers’ replenishment 
in different distribution-frequency stages 
will significantly influence the SCN’s
performance. In this paper, the 
procurement-production strategy is to
determine the ordering policy of raw 
material and the production strategies given 
by the demand that is a linear function of 
time, such as Goswami and Chaudhuri [13].
The major objective of this strategics is to 
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minimize the average total cost by
minimizing the inventory level via the 
optimal control of the distribution and the 
production, or the replenishment and the 
procurement. Heuristic algorithm and 
integration approach are developed to derive 
and model the multi-echelon SCN. In 
addition, the optimal policy is a derived 
efficiency to determine reorder period and 
replenishment amount while minimizing the 
average total cost and to decide when
manufacturers should produce the products
or stop, so that they know when to reduce 
working hours or salaries for workers due to 
the past consecutive months of rising 
unemployment in Taiwan. Here in Taiwan
workers may be a group of people or 
machine associations in the factories.
Finally, a detailed numerical case study 
about SCN distribution system for inventory 
control is presented to illustrate that the 
proposed model is effective and derive 
optimal solution. A sensitivity analyses is 
also performed in this study.

The remainder of this paper is thus 
organized as following: Section 2 reviews 
relevant literatures. Section 3 specifies
assumptions and notations involved in our 
analytical model. Section 4 proposes both 
optimal problems of the production unit and 
the non-production unit. Section 5 presents
a solution procedure to derive the 
equilibrium model for deteriorating items in 

a multi-echelon SCN. Then, a typical 
numerical example and sensitivity analysis 
are provided in Sections 6 and 7 
respectively.

2. Literature review
2.1 Inventory models with deterio-

rating items
An EOI/ EOQ (Economic order 

quantity) model is developed for an item 
with a deterministic time-dependent demand
pattern with a linear (positive) trend by [13].
They assumed that the inventory is 
replenished at a uniform rate. In recent years, 
some researches have studied two or 
multi-echelon inventory model with 
deteriorating items in supply chain. They
derived an optimal joint total cost from an 
integrated perspective among the supplier
and the producer or buyer. Huang and Yao 
[15] studied a deteriorating item in a supply 
chain system with a single vendor and 
multiple buyers and proposed a search 
algorithm to minimize the average total 
costs. Lin C. and Lin Y. [18] proffered a 
cooperative inventory with deteriorating 
items that considered and permitted 
completed back-order without the equal 
replenishments periods and present a 
procedure to find the optimal solution. Feng
et al. [10] researched for a deteriorating 
inventory model for a single product under a 
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two-echelon integrated supply chain with a 
manufacturer and a retailer. An algorithm 
for retailers to minimize the average total 
cost and for the manufacturer to optimize 
production time was derived.

Dong et al. [7] seek to investigate the 
optimal competitive pricing and 
replenishment policies in a two-echelon 
supply chain with one manufacturer and one 
retailer for a single deteriorating item. This
research is motivated by the studies of 
Goswami and Chaudhuri [13], Yang and 
Wee [26], Christopher, M. [5], whose 
models are improved from four perspectives. 
Firstly, their integrated models are extended 
to a distributed scenario where the 
manufacturer and the retailer make their 
decisions independently and simultaneously. 
Secondly, the decision-makings of 
distribution and replenishment are 
integrated to balance a tradeoff. Thirdly, the 
fact that the deterioration in SCN inventory 
must be an indispensable part of the 
manufacturer’s output is neglected in [26], 
which makes their works less precise.
Fourthly, this paper have transformed their 
demand function into both of linear and 
constant time-elasticity demand functions 
respectively that suggested an optimal 
replenishment and distribution policy for the
integrated supply chain network. Other 
researchers such as Dye et al. [8] discussed 
a two-warehouse inventory system for 

deteriorating items; Du et al. [9] focused on 
stock replenishment and shipment 
scheduling with deteriorating item for 
vendor management inventory (VMI)
system.

2.2 Supply chain management in SCN
Supply chain management (SCM) 

problem has been discussed in many 
literatures. Since optimizing SCM in SCN
as a whole is too complicated to solve 
efficiently in a single framework, it has been 
dealt with various forms in three
sub-problems: dynamic manufacturing 
-production, procurement-production and
inventory level for the SCN. A dynamic 
production and distribution problem and 
environmental performance addressed the 
simultaneous events of ordering sheet and 
inventory replenishment strategies in the 
environment of demand uncertainty ([2], 
[11], [17], [21]). For any firm, the first 
activity to begin with is to procure orders. A 
typical SCN is shown in Fig. 1.
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Fig. 1. Conceptual Model for a typical SCN (Source: Christopher [5]).

From Fig. 1, it is clear that the way of
the orders generated and scheduled 
determines the performance of the 
production-distribution and replenishment
strategies. Hence, the first step of SCM is to 
analyze the way the order-related activities 
to be carried out in SCN. To do this, the 
most important issues: such as the 
distribution-frequency method, replenish 
-ment cycle-time and the path of production
start needing to be considered.

There is an important process in SCNs,
which is also a production-distribution 
problem. Ganeshan [12] considered a 
two-level production/ distribution system 
that operates via many identical retails 
through the lower level. The model was a 
synthesis of three components: the 
inventory analysis at the retailers and the 
demand process at the warehouse and the

inventory analysis at the warehouse. He
developed a near-optimal inventory policy 
for a production/ distribution network with 
multiple suppliers replenishing a central 
warehouse which, in turn, distributes to a 
large number of retailers. Chen and 
Samroengraja [3] considered a distribution 
system with one-warehouse and N retailers. 
Random demands occurred at the retailers 
only, and excess demands were completely
backlogged. The retailers replenished their 
inventories from the warehouse, which in 
turn orders from an outside supplier that is 
assumed to have unlimited stock. They 
developed an approximate model to 
determine near-optimal control parameters 
for allocation policies. SCM techniques 
have been applied to solve these 
sub-problems ([6], [16], [19], [23], [24], 
[27]).
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2.3 Effective SCM 
Gunasekaran and Yusuf [14] have 

defined Agility in manufacturing as the 
capability of an organization to proactively 
establishing a virtual manufacturing with an 
efficient product development system to 
meet the changing market requirements, to 
maximize customer service level, and to 
minimize the cost of goods. It bears on the
objective of having a competitive edge in a 
global market, as well as an increased 
chance of long-term survival and profit
potential. Naylor et al. [22] and Youssef [28]
have concurred about the need for 
manufacturers to be flexible and to cater to 
changing market conditions through agile 
manufacturing (AM) that must be supported 
by flexible people, processes and 
technologies. Effective SCM is an essential 
strategy for success in global markets and 
e-markets. The joint production and 
replenishment policies in an integrated 
environment have been analyzed in many
literatures.

Different from the aforementioned 
literatures, this paper focuses on a joint 
distribution environment. The heuristic
algorithm and integration approach are
developed to derive and model the 
multi-echelon SCN. In addition, the optimal 
policy is derived efficiency to determine 
reorder period and replenishment amount 

while minimizing the average total cost and 
decide when manufacturers should produce 
the products or stop.

3. Assumptions and Problem 
descriptions

In view of the aforementioned
researchers, it implies that all the supply 
chain members are integrated as a whole 
with identical objectives via full cooperation 
and information sharing. Abad and Jaggi [1]
formulated a model of seller-buyer 
relationship and provided procedures for
determining their policies under distributed 
system as well as integrated structure. This 
paper develops production-replenishment
models for the multi-echelon SCN with 
various deteriorating items. The problems
are considered in an integrated system and 
the production rate is constant. Our study 
will be extended from two perspectives as 
follows.

Firstly, the integrated inventory models 
in this paper are extended to a distributed 
case where interdependence between the 
manufacturer and the retailer is considered. 
Previous researches considering distributed 
SCN have taken notice of a leader-follower 
relationship between manufacturers and 
retailers, such as Chen et al. [4], 
Viswanathan and Piplani [25]. This paper
considered a scenario where the 
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manufacturer and the retailer make 
decisions independently and simultaneously 
to minimize their costs. The leader-follower 
relationship is relaxed to a symmetric 
relationship, i.e. neither player dominates 
the other. In this case, the manufacturer 
determines the distribution-frequency and 
production quantity, and simultaneously the 
retailer specifies the order-cycle and 
replenishment number that refers to the 
number of replenishment decisions that the
retailer makes during the entire cycle. It also 
implies that how many delivery decisions
should be made by the manufacturer and 
warehouse.

Secondly, in the context of multiple 
retailers, both distribution period and 
relative cost return to schemes that may 
have a revision. This paper considers a 
manufacturer selling to multiple retailers, 
each with a distinct demand and a positive 
cost. Suppose, for simplicity, that the 
manufacturer has monopoly power over the 
SCN system. The manufacturer offers a set 
of distribution period to the retailers as a 
take-it-or-leave-it offer. The manufacturer's 
cost is minimized if total system cost is 
minimized and each retailer receives only 
manufacturer's distribution. This is possible 
because the various distribution period 
contracts depends on the retailer's demand 
distribution. Hence, when distribution 
period is allowed, coordination and win-win

can be achieved by a contract signed by the 
manufacturer and the retailer (or warehouse). 
Transportation times are deterministic and 
this paper assumes that the retailers face 
stationary distribution and independent 
random demand. Manufacturer limits 
himself to one-for-one replenishment 
policies. If demands occur while the 
distribution center has already finished 
distribution, shipments to retailers (or 
warehouses) are delayed. They are served 
according to a first-come, first-served 
policy. 

Finally, the factors of distribution-
frequency and replenishment are taken into 
account simultaneously in the model. The 
integration approach provides an optimal 
solution for a real supply chain system 
which is decentralized from most of supply 
chain systems. Empirical observations in 
the market place show that the demand of 
products affected the retailer’s lot size,
whereas the lot size is dependent on the 
distribution-frequency of products.
Therefore, there is interdependence between 
the delivery on terms and replenishing 
decisions. This investigation considers a 
multi-echelon supply chain model
consisting of manufacturer with a 
distribution center (supplier), multiple 
retailers and various products with 
deteriorating merchandise. This paper 
proceeds on the following assumptions
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which are frequently used in the
aforementioned literatures:
�The members’ demands are independent
in the horizontal level. Neither dominates 
the other. To include multiple 
manufacturers is easy to be generalized.
�Shortage is not allowed and there is a 
limit in distribution-frequency.
�The replenishment for the SCN is limited
to the frequency of distribution.
�The production is finite and greater than 
the demand rate.

�Expected deterioration rates are different 
between the production unit and the 
non-production unit. The rates are related 
to time and inventory.
�Demand rate is an increasing linear 
function of time for all members.

The main parameters and notations 
involved in the analytical model are 
specified as follows:

n Member amount of supplier chain;

m Amount of the type for the merchandizes in SCN;

e Amount of the echelon in SCN;

i Number of supplier chain members, i=0 that is the production unites and i=1,2������,n that 
are the non-production units;

j Number of the type for the merchandizes in SCN, ,m1,2j ��� ;

k Number of the echelon in SCN, ,e1,2k ��� ;

hj,i,k Holding cost of per unit time per item j for the member i at echelon k;

pj,i,k Deterioration cost of per unit time per item j for the member i at echelon k;

�j,i,k Deterioration rate of per unit time per item j for the member i at echelon k;

CPj,i,k Manufacturing cost of per unit time per item j for the member i at echelon k;

COj,i,k Distribution cost of per item j for the member i at echelon k by the supplier (manufacturer 
or warehouse);

Cbj,i,k Set up cost of per item j for the member i at echelon k by the supplier or one’s own 
production;

Kj,i,k It is defined both the production rate and processing/packaging rate of per unit time per 
item j for the member i at echelon k;

DN It represents a maximum delivering number at maximum postponement delivering time 
DT;

T The total length of observation cycle time;
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t1j,i,k It is defined the length of production time and the length of processing and packaging
time for per item j by the member i at echelon k;

t2j,i,k It is defined the length of non-production time for per item j by the member i at echelon 
k;

fj,i,k (t) Demand rate is an increasing linear function of per item j for the member i at echelon k 
by time t, such as bta � with 0	a , 0
b ;

Qj,i,k (t) Inventory level of per item j for the member i at echelon k by time ],[0 j,i,kt2t� ;

Cj,i,k (t) Average total cost per unit time of per item j for the member i at echelon k by time t;

DSC(DT,D) Total cost of SCN system by delivering number D at maximum postponement delivering 
time DT, D=1,2…DN.

4. The optimization model for 
supply chain network

This study considers a distributing
system of one manufacturer, multiple 
retailers, and various products with 
deteriorating merchandise. A typical 
multi-echelon supply chain network and the 
relevant decision process are shown in 
Figure 2, in which the solid/dotted line 
arrow means the product/distribution or
demand/information flow, the upward/
downward round shape means the 
production or consumption process, and 
first level represent the warehouses at 
shopping centers and retailers respectively.
The process can be depicted as follows: 
� The manufacturer and process-

assembling warehouse determine the
lengths of production/processing time
and the lengths of time for packaging
products and stopping producing.

� Simultaneously, the retailer and 

shopping center demands occur.
� The manufacturer and process-

assembling warehouse determine 
inventory level, producing and 
replenishment strategy in the SCN.

� Replenishment arrives at warehouses 
of shopping centers and retailers.
Shipments are released. Consumer 
demand occurs.

� Fixed and variable costs are charged.

4.1 Forecasting and Modeling methods

4.1.1 Forecasting 
Replenishment policy was concerned 

with finding optimal inventory policies. 
These policies are, in part, dependent upon 
some forecast of sales or use of the items of 
interest. Forecasting is an essential 
component of any successful enterprise. 
However, forecasting need not be associated
solely with problems of replenishment 
control. Other areas where forecasting plays 
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an important role include marketing, 
financial planning, and production planning. 
Indeed, managerial decisions seldom are 
modes in the absence of some form of 
forecasting. Thus a forecast is a basic tool to 
aid managerial decision making.

The paper supposes that the generating 
process of the observed time series can be 
represented by a linear trend superimposed 
with random fluctuations. Denote the slope 
of the linear trend by b, where the slope is 
called the trend factor. The model is 
represented by

 � eTTbaTf kj,ikj,ikj,i ���� ,,,

where f(T) is the random demand that is 
observed at time T, a is a constant, b is the 
trend factor, and eT is the random error 
occurring at time T (assumed to have 
expected value equal to zero and constant 
variance).

Figure 2. Conceptual Model for Supply 

Chain Networks 
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Regression Analysis
The SCN manager has noted that there 

is a rather interesting linear relationship
between the number of cycle time of 
demand orders and the number sold through 
distribution during the past months. 
Regression analysis establishes a temporal 
relationship for the forecast variables. The 
variable to be predicated (demand f(T) ) is 
referred to as the dependent variable, while 
the variable used in predicting (time T or 
price P ) is called the independent variable. 
The usual method for identifying the “best”
fitted line is the Method of Least Squares 
(MLS). The parameters a and b are 
estimated from the following formulas:
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, where s is the number of periods of 
demand data included in the calculation. 
The degree of linear association of the 
forecast variable to the time variable is 
determined by the correlation coefficient r 
(positive), one variable tends to increase as 
the other increases, such as [27]. When the 
coefficient is negative, one variable tends to 
decrease as the other increases, such as 
Dong et al. [7]. The following formula is 

used to compute both the correlation 
coefficient r and the standard deviation SD:
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Once the linear regression line and the 
standard deviation are determined, control 
limits can be established by confidence 
interval for the parameters a and b of the t 
distribution with (s-2) degrees of freedom 
from the variable a and b in this paper. 
This paper shall find two (1-�)% confidence
intervals for a and b:
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Hence, this paper shall find the center 

control limit can be computed using the 
formula:

fj,i,k (t)= aj,i,k + bj,i,k� t (4)
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4.2 The optimization model of the 

production units
The average total cost function came 

from the concept of dCj,i,k(t)/dt2,j,i,k=0 and 
can be used for finding the SCN average 
total cost function that has sufficient and 
necessary conditions. It is ensured that the 
SCN average total cost function will have 
positive solutions; moreover, obtains an 
interior local minimum from
dCj,i,k(t)/dt2,j,i,k=0. Finally, this paper finds 
the minimum solution for the SCN average 
total cost per unit time in this paper. This 
paper changes some notations of the
deterministic order-level model with finite 
rate of replenishment without backlogging 
is developed with the following notations in
[13]. The time-varying inventory levels for 
the production unites were given by:
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Eq. 5 represents the time-varying inventory 
level for the production units. After 
calculation, this paper obtain inventory 
levels
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Eq. 6 represents the time-varying inventory 
level for the production units. After 

calculation, this paper obtain inventory 
levels
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There is a relation between Q1 and Q2

by the following formula:

 �  �.0211 �� tQtQ (9)

According to the above assumptions and 
notions, Figure 3 gives the SCN unites’
time-varying inventory level in a cycle. The 
inventory level decreases when t > t1 in a
replenishment period. It can be given by
Eqs. 5~9. This paper use the following 
additional notation throughout the paper.
This paper establishes the models when it
considers multi-echelon units and various 
products cases. So adds the subscript j, i and 
k. Average total cost per unit time for the 
SCN units is derived as following:
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Ordering cost + Distribution cost =
(COj,i,k +Cbj,i,k)/t2,j,i,k
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4.3 The optimization model of the 

non-production units
Average total cost per unit time for the 

non-production units by
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��

��

�

� (11)

4.4 The optimization model of the

SCN system
Our goal is to find the minimum 

solution for the SCN average total cost in 
the production system. Thus, this paper
attempts to finish SCN average total cost 
function per unit time:


 �� �� DDTDDTtt
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n
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e
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ceiling),( 1 1 1

(12)
The objective function was transferred to 
the SCN system average total cost function
as Eq. 12.

 �� � ))((ceiling
)/,()( 1 1 1
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T Time
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Figure 3 Time-varying inventory curve for the SCN unites 



235Production-Distribution and Replenishment Strategies for Deterioration Items in Supply Chain Network: Shao-Chang Miao

5. Solution procedure 

Two echelon SCN models with 
distribution and producing of their goods
are considered for deteriorating items under 
linear demand related to time. The optimal 
solution procedure for the above- described
models includes the following steps in 
subsections 5.1 and 5.2:

5.1 Solution procedure for Goswami 

and Chaudhuri‘s model
The inventory is replenished at a finite 

uniform rate K, which exceeds the demand 
rate at any instant during the production 
period [0, t]. That means K 	a +bt, t �[0, 
t1]. This paper adopt a weak condition, 
suppose Q(t) 	0 for t �[0, t1]. In both 
conditions, production is stopped at t1 and 
the excess stock accumulated in [0, t1] is 
used to satisfy demands in [t1, t2]. The 
initial inventory is zero. Production starts at
t =0 and continues until t = t1,j,i,k.
Then, the differential equations governing
both systems are as Eqs. 5 and 6,

 �dQ
dt

K a bt for� � � , 0<t< t1, Q(0)=0, and

 �dQ
dt

a bt for� � � , t1<t< t2, Q(t2)=0,  (14)

therefore,

 � ,/22btatKttQ ��� for 0� t� t1, and

 � ,/2)( 2btatKttQ 1 ��� for t1< t< t2. (15)

There is a relation between t1 and t2 by
the following formula:

2/2
221 tbtatK ����� , (16)

where t1 and t2 represent time 
points. From the above formula, 
strategies of the each level in SCM 
system can be evaluated by the 
following steps.
Step 1:
Eq. 14 is used to simplify the result of Eq. 
10, with the following abbreviations

,
22

 W,
32

=V,
8

U
22

K
aab

K
ab

K
b

���
��

�

then average total cost function becomes

 �  �221 ttt�phttC �������� WVU)()( 2
2

3
2

21 tCOCbCPtK )/( ����� (17)

Step 2:
From K 	a +bt for t �[0, t1], this paper get
(K-a)/b 	 t1, by (7), this paper have

 � .)/(y 2
22

1 tbaaKK 	����

Our purpose is to determine the optimal 
values of t1 and t2 so that they can minimize 
the average total cost function C(t2), with
t2�(0, y1]. In the Eq. 14, since Q(t)	0 on [t1,
t2], therefore (K- a) /b 	 t2-t1 and y2 =(K-a)
/b 	 t2. Our goal is to determine the optimal 
values of t1 and t2 so that they can minimize 
the average total cost function C(t2), with
t2�(0, y2].
At the beginning our purpose are to find the 
sufficient and necessary conditions to 
ensure dC /dt2 =0 have positive solutions.
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Since
 �  �

2
2

2
2

)(

W2V3U)(

tCOCbCPtK

tt�ph
td
tdC

1

2
2

2

����

��������

to simplify the subscript and study the 
properties of dC /dt2, let

 �  �
),)((

Wzz2Vz3Uzg 234

�phCOCbCPt1K ������
������

for z�(-�, �), this paper get,

 � Wz2Vz6Uz12z 23 ����g .

Now to solve g�(z)=0, the paper has the
solutions {[(9V2-24UW)1/2+3V]/(-12U)] , 0,
[(9V2-24UW)1/2+3V]/(-12U)]}.
From g(0)= (K�t1�CP+ Cb+ CO) / (-(h+
p��)) , to know that the sufficient and 
necessary conditions to ensure g(z)=0 at 
least has a positive solution t2.
Step 3:

Put boundary value and t2 into Eq. 17,
the minimum average total cost will be an
optimum solution. The method as described 
above can avoid making Goswami and 
Chaudhuri’s mistake. Thus obtained

 � �
 � �  �

.
,/2

,)/(Min
22

��

�
�
�

� 

�
!
"

�
���

2tCbaKC
baaKKC (18)

[13] observed some numerical results that 
are shown in Table 1.

Table 1 Goswami and Chaudhuri‘s
numerical results

t1* t2* C* t1*/ t2*

b=0 0.297 1.98 10.1 15 %
b=4 0.404 1.395 12.601 29 %

Table 2 Numerical results for t2 and C(t2)

a b K C1 C3

G & G’s 

C(t2)
C t2) t2 y1 C(y1) y2 C(y1)

6 4 40 1 10 12.7 11.113 1.373 11.624 98.826 17 107.486

Using the data set given in [13], this
paper compares results from its own
algorithm with those from [13]. Some 
numerical results are shown in Table 2.
Numerical results for t2 and C(t2) have 
given proof of their mistake.

5.2 Solution procedure for production-

distribution model
From the above-described models, the 

following steps can evaluate strategies of 
the each level in SCN system. Nevertheless, 
the inventory is replenished at a finite 
uniform rate K, which exceeds the demand 
rate and deterioration amount at any instant 
during the production period [0, t]. This 
paper adopted a weak condition, suppose 
Q(t) 	0 for t �[0, t1]. In both conditions, 
this paper obtained the sufficient and 
necessary conditions, K 	 a + [ b t e� t #

(e� t -1) ]- (b/�), t >0.

Step 1:
At the beginning our purpose are to 

find the sufficient and necessary conditions 
to ensure dC/dt2 =0 have positive 
solutions.



237Production-Distribution and Replenishment Strategies for Deterioration Items in Supply Chain Network: Shao-Chang Miao
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Step 2:
By Eq. 9, this paper gets

 �  � .00- 211 ��tQtQ
Therefore, this paper can determine the 
optimal values of t1 and t2 so that they can
minimize the average total cost function
Cj,i,k (t1(t2))=Cj,i,k (t2) as Eq. 20. t1 and t2

represent time lengths.
Step 3:

Put boundary value and t2 into Eq. 19,
the minimum average total cost will be an
optimum solution as Eq. 21.
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�
�
�

� 

�
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���
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22
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Step 4:
Calculate the demand of the center of 
production-distribution by

 �  �.1-n
1� �� i io tQtf

In addition, let D =1 and r=0 (recursive
number). Judge whether it can finish the 
solution of VMI-SCM system optimization
or not by DSCr > DSCr-1, if yes, then the 
calculation is terminated, otherwise let 
D=D+1 and return to step 1.

6. Numerical Illustration

This research seeks to investigate the 
optimal PDR strategies of some fruits and 
vegetables in Taiwan as research object. 
The paper distinguishes SCN into an 
upper-stream production/distribution center 
and three downstream business/
distribution stations. The census of every 
level demand is shown in Table 3.

Table 3 The statistics of demand and time-
length (10 kilograms/daily)

Time-
length

Retailer 1 
demand

Retailer 2 
demand

Retailer 3 
demand

Center
demand

1 10 11 3 24

2 14 14 6 34

4 22 22 10 54

3 18 18 8 44

1 10 9 5 24

1 9 10 3 22

1 11 10 4 25

3 20 20 9 49

4 21 21 10 52

2 13 13 6 32

From Table 3 made calculations by 
Eqs. 1~4 that can fine the parameters of 
every level are shown in Table 4.

Table 4 The parameters of the center and 
stations

Organization Center 0 Station 1 Station 2 Station 3

ai 14 6 6 2
bi 10 4 4 2
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In this research, there is a 
production/distribution center and three 
business/distribution stations system to 
illustrate that our proposed model is 
feasible and efficient. The unit cost is 
showed in Table 5.

Table 5 Related unit cost for production-
distribution center and three
retailers system

Parameters Station 1 Station 2 Station 3 Center 0

Kj,i,k 40 40 50 150

T 30 30 30 30

Cbj,i,k 4 4 3 1

COj,i,k 0.05 0.05 0.2 0.024

CPj,i,k 0.1 0.1 0.1 0.05

�j,i,k 0.00428 0.001 0.001 0.002

pj,i,k 20 20 10 5

hj,i,k 0.011 0.0392 0.02575 0.0747

The production/distribution center (or 
business/distribution stations) packs
products, and adopted the delivering 
frequency that is twice daily (at 5 o’clock 
in the morning and in the afternoon). To 
satisfy the ordering demand of the 
downstream business/distribution stations 
and retailers, the ordering demand happens 
before the delivering echelon in current 
period, it would be delivered in the current 
period. Through mathematical calculations 
from Eq. 7 to Eq. 13, the results are shown 
in Table 6 and 7.

Table 6 The solution of the boundary value 
and strategies of every level in the 
SCN (10,000 New Taiwan dollars 
/10 kilograms /day)

Organization ai bi y1 y2 t2 C(y1) C(y2) C(t2)
Station 1 6 4 11.624 17 1 86.281 94.107 8.287

Station 2 6 4 11.624 17 3 11.107 13.542 4.109

Station 3 2 2 33.66 48 4 20.049 23.766 2.287

Center 0 14 10 18.847 27.2 1 59.704 67.134 3.019

Table 7 The optimum solutions of every 
level in the SCN (10,000 New 
Taiwan dollars /10 kilograms 
/day)

Organization t2* C(t2*) t1 Qi (t1) DSC
Station 1 1 8.287 0.2 6.723

17.702
Station 2 3 4.109 0.9 28.983
Station 3 4 2.287 0.48 21.392
Center 0 1 3.019 0.127 17.154

This paper explains the result in Table 7 as 
follows:

�The optimum strategics of the 
production/distribution center in the upper 
stratum is to determine production cycle,
the daily twice- delivering frequency and 
maximal stock level is maintained at
171.54 kilograms. The average unit cost is 
3.0190 (unit is 10,000 New Taiwan
dollars) within each production cycle on 
the periodic review time 30 days.
�The center adopts the daily once-
delivering frequency for business/
distribution station 1 whose maximal 
stock level is maintained at 67.23
kilograms. The average unit cost is 8.287
(unit is 10,000 New Taiwan dollars).
�The center adopts the every three days
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once-delivering frequency for business/
distribution station 2 whose maximal 
stock level is maintained at 289.83
kilograms. The average unit cost is 4.109
(unit is 10,000 New Taiwan dollars).
�The center adopts the every four days
once-delivering frequency for 
business/distribution station 3 whose
maximal stock level is maintained at
213.92 kilograms. The average unit cost is 
2.287 (unit is 10,000 New Taiwan
dollars).

7. Sensitivity analysis

This section probes into relative cost 
parameters whose change causes influence 
such as the production/ distribution period
(t1 and t2), producing/ delivering 
frequency, maximal stock level and system 
average unit cost, etc. in the system. In 
addition, the demand parameters (ai and bi)
have already been probed in the section 2. 
The influence caused is illustrated in Table 
8 and 9 and explain as follows:

Table 8 The sensitivity analysis of the solution of every level in the SCN
(10,000 New Taiwan dollars /10 kilograms /day)

Organization
Change of the 

parameter
t2* C(t2*) t1 Qi (t1) t1*/ t2*

Station 1

hi�10
0.987$ 18.16% 0.197$ 6.612$ 0.19 $

Station 2 1.244$ 14.214% 0.264$ 14.214$ 0.2 $
Station 3 2.277$ 7.169% 0.195$ 7.196$ 0.1 $
Center 0 0.392$ 5.795% 0.042$ 5.663$ 0.13 $
Station 1

hi�0.1
1.005% 8.252$ 0.201% 6.764% 0.2 �

Station 2 4.359% 3.93$ 1.604% 49.395% 0.37 %
Station 3 5.871% 2.244$ 0.924% 40.423% 0.16 %
Center 0 1.884% 2.571$ 0.294% 39.576% 0.156 %
Station 1

Pi�10
0.368$ 21.605% 0.062$ 2.099$ 0.17 $

Station 2 1.703$ 5.438% 0.401$ 13.299$ 0.24 $
Station 3 2.515$ 2.789% 0.227$ 10.395$ 0.09 $
Center 0 0.74$ 3.575% 0.087$ 11.838$ 0.12 $
Station 1

Pi�0.1
2.46% 4.416$ 0.672% 21.935% 0.27 %

Station 2 3.479% 3.978$ 1.127% 35.771% 0.34 %
Station 3 4.449% 2.244$ 0.574% 25.173% 0.13 %
Center 0 1.048% 2.955$ 0.134% 18.18% 0.128 %
Station 1

CPi�10
3.706% 21.083% 1.243% 39.161% 0.34 %

Station 2 5.693% 13.901% 2.475% 71.894% 0.44 %
Station 3 9.396% 9.315% 2.142% 105.889% 0.23 %
Center 0 1.981% 42.387% 0.316% 42.429% 0.16 %
Station 1

CPi�0.1
1.67$ 6.671$ 0.39$ 12.955$ 0.23 $

Station 2 2.506$ 4.369$ 0.69$ 22.509$ 0.28 $
Station 3 4.019$ 2.129$ 0.484$ 22.999$ 0.12 $
Center 0 0.778$ 11.229$ 0.093$ 12.567$ 0.12 $



240

�The change of the parameters influence on 
the average unit cost: The change of the 
average unit cost C(t2*) depends on that of 
all parameters. They have the same 
change direction. As distribution cost COi

gets larger (smaller), the average unit cost 
becomes larger (smaller).
�The change of the parameters influence on 
the periodic review time t2*: The change 
of the periodic review time t2* depends on 
that of parameters COi, Cbi, CPi and Ki.
They have the same change direction. As 
purchasing cost CPi gets larger (smaller), 
the periodic review time becomes larger
(smaller). In addition, as the production 

rate (or processing/packaging rate) gets 
larger (smaller), though the periodic 
production time t1 gets smaller (larger), 
but the maximal stock level effect is more 
(loss) intense when the periodic review 
time gets larger (smaller).
�The change of the periodic review time t2*

depends on that of parameters hi and Pi.
But they have opposite change directions.
As deterioration cost Pi gets larger
(smaller), the periodic review time
becomes smaller (larger).

Table 9 The sensitivity analysis of the solution of every level in the SCN
(10,000 New Taiwan dollars /10 kilograms /day)

Organization
Change of the 

parameter
t2* C(t2*) t1 Qi (t1) t1*/ t2*

Station 1

Cbi�10
3.706% 21.083% 1.243% 39.161% 0.34 %

Station 2 5.693% 13.901% 2.475% 71.894% 0.44 %
Station 3 8.096% 7.259% 1.635% 80.548% 0.2 %
Center 0 1.731% 34.635% 0.261% 35.202% 0.15 %
Station 1

Cbi�0.1
1.67$ 6.671$ 0.39$ 12.955$ 0.24 $

Station 2 2.506$ 4.369$ 0.69$ 22.509$ 0.28 $
Station 3 4.457$ 2.616$ 0.576$ 27.586$ 0.13 $
Center 0 0.866$ 14.345$ 0.106$ 14.345$ 0.12 $
Station 1

COi�10
3.028% 15.744% 0.912% 29.359% 0.3 %

Station 2 4.585% 10.399% 1.739% 53.078% 0.38 %
Station 3 7.299% 6.09% 1.385% 66.685% 0.19 %
Center 0 1.451% 27.741% 0.206% 27.741% 0.14 %
Station 1

COi�0.1
1.846$ 7.695$ 0.447$ 14.809$ 0.24 $

Station 2 2.769$ 5.051$ 0.799$ 25.886$ 0.29 $
Station 3 4.651$ 2.814$ 0.619$ 29.733$ 0.13 $
Center 0 0.934$ 14.379$ 0.116$ 15.75$ 0.12 $
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Station 1

Ki�10
2.134% 11.109% 0.274$ 20.113% 0.13 $

Station 2 3.139% 7.402% 0.482$ 35.188% 0.15 $
Station 3 5.598% 4.215% 0.425$ 41.343% 0.08 $
Center 0 1.144% 21.474% 0.075$ 21.474% 0.07 $
Station 1

Ki�0.1
2.24% 6.555$ 1.174% 13.676$ 0.52 %

Station 2 3.548% 4.352$ 2.112% 24.872$ 0.6 %
Station 3 4.837$ 2.533$ 1.323% 31.873$ 0.27 %
Center 0 0.949$ 14.193$ 0.237% 14.193$ 0.25 %

�The change of the parameters influence 
on the maximal stock level Qi (t1): The 
change of the maximal stock level
depends on that of parameters COi, Cbi,
CPi and Ki. They have the same change 
direction. As ordering cost COi gets 
larger (smaller), the maximal stock level
becomes larger (smaller).
�The change of the maximal stock level
depends on that of parameters hi and Pi.
But they have opposite change 
directions. As deterioration cost Pi gets 
larger (smaller), the maximal stock level
becomes smaller (larger).
�The change of the parameters influence 
on the periodic production time t1*: The 
change of the periodic production time
t1* depends on that of parameters COi,
Cbi, CPi, hi, Ki and Pi. The change 
directions of t1* and COi, Cbi, CPi are 
the same, but opposite between t1* and
hi, Ki, Pi.
�The change of the parameters influence 
on the producing/delivering proportion
t1*/t2*: The change of the producing/
delivering proportion t1*/t2* depends on 

that of parameters COi, Cbi, CPi, hi, Ki

and Pi. The change directions of t1*/t2*

and COi, Cbi, CPi are the same, but 
opposite between t1*/t2* and hi, Ki, Pi.
Under the comparison of producing/
delivering proportion and the parameters
described above, the 
producing/delivering proportion is 
relatively sensitive for the production 
rate (or processing/packaging rate).
Therefore, stability control of the 
production rate (or processing/
packaging rate) is very helpful in 
suggesting a set of advisable extensive 
SCN strategies. The maximal stock level 
is indirectly controlled by the 
application of these factors, and they 
will be very helpful in indirect effect of 
various SCN activities and resources of
the enterprises.
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8. Conclusion

The production/distribution of the 
products and management of the stock
quantity are worthy of our continued 
attention. This paper investigates 
time-based models for SCNs that are 
appropriate when an organization is faced 
with time-dependent linear demand and 
want to maintain an inventory of the item 
most of the time. The inventory decreases 
under deterioration (vaporization, damage, 
spoilage, etc.) during their normal storage 
period. As a result, while determining the 
optimal inventory policy of different
types of product, the loss due to 
deterioration should not be neglected. The 
complication is more than general 
inventory management. In the course of 
study on two-echelon SCN systems with 
time-dependent linear demand, this paper 
proposed some conclusions as following:

�The objective of this paper is to solve 
the problem of the producing/ delivering
management in SCN system by applying 
calculus, and to simplify regression 
analysis for the manager to use 
efficiently. Its key factors are the 
partition of time state and demand
quantity obtaining. They have been 
proved and skills are offered in sections
5 and 6. Its advantages are using simple 

matrix calculation and modeling process. 
Through the linked information 
technology with this paper's viewpoints 
and models, we find that to obtain
production period, stationary 
production/distribution, order quantity 
and average total cost, the manager only 
needs to enter the time-varying
inventory levels when parameter dates 
are not changed. This paper's viewpoints 
and models also suit for SCN system 
using other random demand items. They 
can also be extended to management 
system using multi-echelon and 
multi-merchandise.
�This research uses the view of the total 
average unit cost to explain the decision 
behavior of SCN and basis of the control 
strategy. From the result of the 
numerical examples, we can make
decision for the production/distribution 
center. If the center desire to reduce the 
possibility of the stock happened, but 
due to the emergence of production from 
the downstream business/ distribution 
stations, it would have to use phase-out 
production and deliver the goods 
promptly as often as possible, except the 
goods need to be processed.
Accordingly, consider to regard for 
integrated cost of the industry-wide SCN 
with steady delivery, phase-out 
production, replenishment promptly and 
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the accurate goods are ordered in 
real-time etc., will make industry-wide 
development sounder.
�This research, which proposes 
mathematical algorithm that obtains the 
result, has already proved that it is
superior to Goswami and Chaudhuri's 
algorithm, and the optimal strategic 
planning and total average unit costs can 
be obtained.

The following viewpoints are some 
future research directions to assist the 
development of SCNs:
� The optimal architecture of a supply 

chain taken into account of the 
integration of the supply chain for 
speed and flexibility as well as cost 
reductions.

� The integration of a virtual supply 
chain (network of partners) using 
ERP.

� Performance measures and matrices
for multi-echelon availability 

models in SCNs
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