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Abstract: Problem statement: In this study, we classify the imperfect situations that the unreliability 
of production and the defective products might be incurred from production process into eight 
independently recurrent categories. Approach: With the property of recurrence of Markov chain, the 
limiting probability of each imperfect production category can be calculated through the transition 
probabilities matrix generated from these imperfect production categories. Results: The 3C Theory 
has been applied based on a certain group of products to integrate the relationship between order 
model and resource requirement plans. Therefore, an adaptive (s, Q) production system with Markov 
Chain Approach associated with (R, s, S) procurement system based on 3C Theory has been proposed 
to smooth supply disruptions incurred from imperfect production. Conclusion/Recommendations:  
We have demonstrated that the candidate solutions identified by the proposed method are not only 
superior to traditional EPQ model solutions, but also result in significantly smaller cost flow 
variability. 
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INTRODUCTION 

 
 Every supply chain faces disruptions of various 
sorts. Recent literatures and articles in the academy and 
popular press have pointed out the vulnerability of 
today’s supply chains to disruptions and the need for a 
systematic analysis of supply chain vulnerability, 
security and resiliency (Ross, 1997). In the early 1990s, 
researchers began to embed supply disruptions into 
classical inventory models, assuming that a firm’s 
supplier might experience a disruption when the firm 
wished to place an order (Parlar, 1997; Yano and Lee, 
1995). Examples include models based on the 
Economic Order Quantity (EOQ) model (Berk and 
Arreola-Risa, 1994; Parlar and Berkin, 1991), the (R, 
Q) model (Gupta, 1996; Parlar, 1997) and the (s, S) 
model (Arreola-Risa and  DeCroix, 1998). All of these 
models are generally less tractable than their reliable 
supply counterparts, although they can still be solved 
easily using relatively simple algorithms. 
 More recent literature has addressed higher level, 
strategic decisions made by firms in the face of 
disruptions. For example, Tomlin (2006) explores 
strategies for coping with disruptions, including 

inventory, dual sourcing and acceptance (i.e., simply 
accepting the risk of disruption and not protecting 
against it) and shows that the optimal strategy changes 
as the disruption characteristics change (e.g., 
disruptions become longer or more frequent). Tomlin 
and Snyder (2006) examine how strategies change 
when a firm has advance warning of an impending 
disruption. Lewis et al. (2005) consider the effects of 
border closures on lead times and costs. Chopra et al. 
(2005; 2007) evaluate the error that results from 
“bundling” disruptions and yield uncertainty when 
making inventory decisions. Related research also can 
be found in (Cachon and Fisher, 2000; Olugu and 
Wong, 2009; Lin and Chen, 2009). 
 The supply and demand characteristics are a way to 
look at uncertainties of a supply chain. Yet, there may 
be supply chains where the explicit distinction of a third 
type of uncertainty mentioned in (Lee, 2002), namely 
the process uncertainty, may be important. This third 
type of uncertainty relates to the production of the 
product itself, that is, the supply chain of production 
and procurement within a firm, which relates to the 
supply side and the demand side. Yet, it is intrinsic to 
the production process itself. If the process uncertainty 
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plays an important role in the supply chain, explicit 
distinction may be advantageous. 
 The first treatment of supply disruptions in the 
literature appears to be made by Meyer et al. (1979), 
who consider a production facility subject to stochastic 
disruptions and repairs. Items produced by the facility 
are stored in a capacitated buffer that sees constant, 
deterministic demand. Their model is descriptive rather 
than prescriptive, characterizing the stockout 
percentage for a given inventory policy rather than 
finding the optimal policy. Kimemia and Gershwin 
(1983) considered machine unreliability, maintenance 
and downtime in the flexible manufacturing system to 
control the production system to meet the specification 
and develop a calculation model to solve control 
problems of the inventory. Related research also can be 
found in (Kimemia and  Gershwin, 1983; Lee, 1992; 
Lee, and  Yano, 1988; Liu and  Cao, 1997; Liu and  
Yang, 1996; Usman and Kontagora, 2010).  
 The 3C approach developed by Lucent (Fernandez-
Ranada et al., 1999) in its Spanish Tres Cantos plant 
links sales planning seamlessly to component suppliers 
using a collaboration process based on ranking 
maximum usage rates of individual components 
(Holmstrom et al., 2002). 3C Theory is the basic theory 
for realizing global supply chain management and 
designed to plan and realize global resource project. In 
the past, we even do not know the disruption between 
activity processes of order model, purchase, production 
and manufacturing because we were lack of demand 
prediction model that could be applied to short product 
life cycle. For example, the traditional relationship 
between order model and Material Requirement 
Planning (MRP) is “planning is planning, order is order, 
no direct relationship between”, that is, there exists 
some problems in the stock management of Re-Order 
Point (ROP) (Kumar and Meade, 2002). 
 Naturally, it is difficult to guarantee the accuracy 
of the policy-decision on material supply on such basis. 
Besides, when we use traditional MRP to work out a 
Master Production Schedule (MPS), what we think will 
be how much is the production of a product in a certain 
period not total production of a certain group of 
products. There is big difference between the 
production and actual demands of individual product. 
On the contrary, the difference between predicted total 
production and actual production of a group of products 
will be certainly much smaller. That is, traditional MRP 
could only plan for the requirement of material of 
individual finished products and lack of capability of 
material demand planning for a group of products under 
duplicated production. In the deployment process of 
Bill Of Material (BOM), although MRP combines 

common raw materials in calculation that is only for the 
consideration of batch purchase, the actual purchase 
strategy is still based on the production demand of MPS 
that often neglects the purchase benefit brought by the 
combination of common raw materials (Lee, 1992). 
 In practice, based on the uncertainty of production 
conditions, it is difficult to consider only the production 
quantity without considering the reproduction point at 
the same time. The (s, Q) system has been widely used 
in practice to deal with the inventory replenishment 
problem. Based on the (s, Q) system, the replenishment 
of product is determined by the reorder point s and the 
optimal quantity Q is ordered in each replenishment 
period. That is, when the inventory level is lower than 
the reorder point s, a reorder action with the optimal 
replenishment quantity Q is triggered. But, the (s, Q) 
system is seldom used in the production policy. In order 
to minimize the total production cost while considering 
imperfect production conditions; in this study, we apply 
the (s, Q) system to determine the reproduction point 
and the quantity of production in each production cycle. 
 In order to determine the optimal (s, Q), we must 
thoughtfully analyze the imperfect situations which 
may occur in the production process. The uncertainty of 
imperfect production may evolve from machine failure, 
product defects needed to be reworked, or both. 
Fortunately, these imperfect production situations can 
be classified into limited categories. Meanwhile, no 
matter what happened in a production cycle, in a new 
production cycle, all production conditions will be reset 
to normal. That means the manufacturing cycles are 
independent of each other. Each category of imperfect 
production situations will occur independently. That is, 
the conditional distribution of any future state 
(imperfect operation situation) Xn+1, given the past 
states X0 , X1 , ..., X n−1 and the present state X n , is 
independent of the past states and depends only on the 
present state. Therefore, the imperfect production 
process with finite states forms a Markov chain. 
Through analysis of this Markov chain generated from 
these imperfect production situations; we try to find out 
the long-run proportion of time that the Markov chain is 
in each state. Then, the optimal (s, Q) can be 
determined accordingly. 
 
Introduction of 3C theory: Comparing to the 
relationship between order model and resource 
requirement plans of 3C, the 3C model is an operation 
model that will integrate the relationship between order 
model and resource requirement plans. The biggest 
difference between 3C model and traditional model is 
“3C accepts order only when it could do it whereas the 
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traditional idea is that accepts order before confirming 
whether it has capability to carry out”. This difference 
is the key to win in competition for an enterprise 
(Huang, 2004). The value of 3C theory in application is 
to help enterprises to solve the problem of resource 
management and reestablish global supply chain 
management system. 
3C Theory is to classify and expand the prediction of 
demands from markets by the model of commonality, 
capacity and the replenishment of consumption with the 
changes of markets. Followings are their descriptions:  
 
• The basic idea and value of commonality is to 

achieve the goal of reducing the cost of 
development, simplifying resource management, 
reducing the quantity of stock and providing 
customers with diversified products through 
extensive use of the strategy of “common material 
or resources”. The characteristics of commonality 
are enhancing the commonality of materials and 
reducing the number of product varieties and 
considering the expression of product on internet at 
the stage of research and development  

• The basic idea of capacity is to plan the allocation 
of resources through the application of theory of 
constrain (TOC) at the same time of accepting the 
order to enhance the client satisfaction and avoid 
delivery delay due to running out of stock or 
insufficient capacity  

• The characteristics of capacity is that the demand 
of material and capacity have their ceiling, so when 
a manufacturer receives order, they have to 
consider whether material and capacity have 
capability to fulfill their promise to customers. It is 
an act according to their ability and a model that 
compares the material situation in the plan with the 
product varieties or materials selected by customer 
before answering to the customer  

• The basic idea of consumption is a mechanism that 
combines the replenishment model of market 
demand through instant market information to buy 
materials when need. Such mechanism aims to 
achieve the goals including reduction of stock 
standard, fund reserve and loss due to discount of 
stock. The characteristics of consumption are that 
the materials are purchased with the changes of 
practical demands in the markets and emphasize on 
the simultaneity with the demands from the 
markets  

 
 Based on the definitions, the construction of 3C 
Theory in stock management system is conducted 
according to following procedures:  

• Calculate maximum consumption rate of each 
material based on capacity limit: Estimated sales 
rate of a product, TOPp, multiplying by the use 
amount of material m by the product p, BOMpm; 
then, we could obtain the consumption rate of 
material m by the product. Then pick up the 
maximum value of consumption rates of material 
m by individual products to obtain RBOMm, where 
RBOMm = max {TOPp×BOMpm}. In fact, the 
RBOMm has considered the maximum sales rate of 
product p, MSRp, is the output rate of the product 
in the supply chains MSRp = min {BOMpf}, where 
MORpf is the maximum output rate of Product p at 
production unit f; consumption (TOPp multiplies 
BOMpm), commonality (maximum value of 
consumption of m by individual products). It is the 
core of 3C Theory. 

• The material “commonality index” is used as the 
performance indicator of stock management. 
Commonality is not only a conception but also the 
concrete indicator that could be measured and 
called “commonality index”. In the best situation, 
the commonality is 1 whereas at the worst 
situation, the commonality is 0. At the best 
situation, the stock amount is the lowest, set as 
Invbest, the stock amount is highest at the worst 
situation, set as Invbest. Assume the cost of material 
m is Cm and there are P varieties of products, then:  

 
• At the best situation, all products completely use 

common materials, the stock amount is: 
 
•  best p p1 p1 mInv max {TOP BOM } C= × ×        (1) 
 
• At the worst situation, all products completely not 

use common materials. So: 
 

•  worst p pm m
p m

Inv TOP BOM C= × ×∑∑ 。            (2) 

 
• Under normal situation, the stock amount is:  
 
• pract m m

m

Inv RBOM C= ×∑  (3) 

 
• worst pract worst bestCOMI (Inv Inv ) / (Inv Inv )]= − −           (4) 

 Based on the commonality index calculated from 
Eq. 4, the inventory policy-decision is made by the 
following rules: 
 
• While COMI is greater or equal than 0.5, an 

optimal (R, s, S) inventory policy for material m is 
developed to maximize the total Net Present Value 
(NPV) for each retailer as follows. 
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• R, the review period:  
 

m m mR TBP EOQ / RBOM= =  (5) 

 
• S, Order-Up-to-Level: 

 

m m m mS OUT RBOM TBP SS= = × +     (6) 

 
• s, reorder point 

 

m m m ms ROP RBOM LT SS= = × +        (7) 

 
where: 
LTm = The lead time of purchasing material m  
SSm = The safety stock level 

• While COMI is less than 0.5, an optimal (s, Q) 
inventory policy for material m is developed to 
maximize the total Net Present Value (NPV) for 
each retailer as follows: 

 
• Q, the economic order quantity: 

 

m
m

2RBOM K
Q EOQ

H
= =      (8) 

 
• s, reorder point: 

 

, m m

m m

s ROP RBOM

LT SS

= = ×
+

         (9) 

 
Categories of imperfect production and symbol 
explanation: Different from traditional operation, 
based on the 3C Theory, what we think will be how 
much is total production of a certain group of products 
not the production of a product in a certain period. The 
unreliability of machines and defects occurring in the 
production process are classified into eight categories 
by (Chang, 2002; Chen et al., 2006). When the products 
fall within production specifications and rework is not 
needed, three possible situations could be defined as 
follows: (ALT1) a perfect production process; (ALT2) 
machine breakdown happened before the production 
process was finished and could be repaired to finish the 
production process; (ALT3) machine breakdown 
happened before the production process was finished, 
but could not be repaired before the stock was sold out. 
 Furthermore, when defective products were found 
and needed to be reworked, five possible situations 
could be defined as follows: (ALT4) before the 
completion of production process and reworking 
process, machine did not break down; (ALT5) machine 

breakdown happened in the reworking process and 
could be repaired before the stock level was sold out; 
(ALT6) machine breakdown happened in the reworking 
process and could not be repaired before the stock level 
was sold out; (ALT7) machine breakdown happened 
before the completion of the production processing but 
could be repaired before the stock was sold out; (ALT8) 
machine breakdown happened before the completion of 
production processing and could not be repaired before 
the stock was sold out. 
 Without consideration of shortage incurred due to 
difference in external demand, the decision factors of 
EPQ model with the uncertainty incurred from the 
above mentioned eight production situations include; 
(1) the setup cost (S), including the setup cost of 
production; the additional setup cost of machine repair 
and the readjustment setup cost of reworking; (2) the 
holding cost (H), including the holding cost of the 
finished goods ; the holding cost of reworking products 
and the additional holding cost of raw material used in 
the reworking process; (3) the internal failure cost 
incurred from the failure of reworking on defects; and 
(4) the shortage cost. The cost structure of EPQ can be 
expressed as follows: 
 
Total Cost = Setup Cost + Holding Cost + 
Internal Failure Cost + Shortage Cost (10) 
 
 The cost structure in each imperfect production 
situation is discussed and the symbols used in this study 
are expressed as follows: 
 
Dr: The yearly demand of product p 
Q: Production quantity 
p: Daily production rate 
LT: The lead time of production setup 
dm: Average daily demand of product p 
Pi: Defective rate of production process, under the ith 

imperfect production situation, where1 i 8≤ ≤ ,  
Ri: The success ratio in reworking process, under the 

ith imperfect production situation, where1 i 8≤ ≤ , 
Bi: The shortage rate in the ith imperfect production 

situation; when the machine breakdown happened 
and remained un-repaired before the stock is sold 
out, where1 i 8≤ ≤  

Si: The setup cost; where S1 = the setup cost of 
production, S2= the additional setup cost of 
machine repair and S3 = the setup cost of the 
reworking process 

Hi: The holding cost; where H1 = the holding cost of 
finished goods, H2= the holding cost of defective 
products and H3 = the cost of holding additional 
raw materials 
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Ti: The downtime incurred from machine repair, under 
the ith imperfect production situation, 
where1 i 8≤ ≤ . 

Wi: The proportion of holding additional raw material 
during the downtime in the ith imperfect 
production situation, where1 i 8≤ ≤ . 

V: The internal failure cost incurred from machine 
breakdown 

B: The shortage cost incurred from machine 
breakdown and/or defectiveness 

 
An Adaptive (s, Q) production system with Markov 
process: For a Markov chain, the conditional 
distribution of any future state Xn+1, given the past 
states X0, X1,…, Xn-1 and the present state Xn, is 
independent of the past states and depends only on the 
present state. If Xn= i, then the process is said to be in 
state i at time n. We suppose that whenever the process 
is in state i, there is a fixed probability Pij that it will 
next be in state j. That is, we suppose that: 
 

n 1 n n 1 n 1

1 1 0 0 ij

P{X j | X i,X i

,...,X i ,X i } P
+ − −= = =

= = =
 (11) 

 
for all states 0 1 n 1i , i ,...,i ,i, j−  and all n 0≥ . The value Pij  

represents the probability that the process will, when in 
state i, next make a transition into state j. Since the 
probabilities are nonnegative and since the process 
must make a transition into some state, we can define 
the matrix of one-step transition probabilities Pij as: 
 

00 01 02

10 11 12

i0 i1 i2

P P P ...

P P P ...

P : : :

P P P ...

: : :

=  

 
Where: 
 

ij ij
j 0

P 0,i, j 0; P 1,i 0,1,2,...
∞

=

≥ ≥ = =∑  (12) 

 
 Then, the n-step transition probabilities n

ijP  can be 

defined as the probability that a process in state i will 
be in state j after n additional transitions.  
That is: 
 

n 1
ij n k k ij ijP P{X j | X i},n 0,i, j 0,and P P+= = = ≥ ≥ =            

 
 The Chapman-Kolmogorov equation provides a 
method for computing these n-step transition 
probabilities as:  

n m n m
ij ik kj

k 0

P P P foralln,m 0, i, j
∞

+

=

= ≥ ∀∑   (13) 

 
 By Scheffe (1947) Theorem, which states that if 
gnis a sequence of densities converging at almost all x 
to f, then n| g f | 0− →∫  asn → ∞ . Then, through the 

limit probability (Meyer et al., 1979), an irreducible 
positive recurrent Markov chain n

n ijlim P→∞  exists and is 

independent of i. Furthermore, 
letting n

j n ijlim P , j 0→∞π = ≥  then jπ  is the unique solution 

of: 
  

j i ij
i 0

j
j 0

P , j 0

1

∞

=

∞

=

π = π ≥


 π =


∑

∑
              (14) 

 
 Since production processes with imperfect 
production conditions can be classified into one of eight 
imperfect categories which are independent of each 
other, the imperfect production process forms a Markov 
chain. Then, the transition probability Pij can be 
redefined as the probability of the production process, 
when in situation i (ALT i), will next make a transition 
into situation j (ALT j). Therefore, based on these 
limiting probabilities in each state (imperfect situation) 
of Markov chain, the optimal production quantity (Q) 
can also be formulated as: 
  
The Optimal Production Quantity (Q)  
= the expected production quantity of the EPQ in each 
state of Markov chain multiplies the limiting 

probability in each related state = 
8

j j
j 1

EPQ
=

π ×∑   (15) 

 
 The Reproduction Point (s) under the customer 
service level 1-α with normal distribution approach: 

 

=
8

2
m /2 j j

j 1

d LT z LT (EPQ Q)α
=

= × + × × π −∑       (16) 

 
Determination of the economic production quantity 
in each imperfect situation: The EPQ in each 
production category based on its probability for 
producing product p can be calculated as follows. 

 
ALT1: A perfect production process 
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 Products produced from production processed by the 
machine, which are all within the specifications, thus 
with no defects and unnecessary reworking and zero 
storage cost for remaking, the production relevant cost is: 
 

ALT1 1 p 1 pTC (Q) S D / Q H Q / 2 (p d ) / p= × + × × −  (17) 

 

1 p
1

1 p

2S D p
EPQ

H p d
= ×

−
               (17a) 

 
ALT2: Machine breakdown happened before the 
production process was finished and could be repaired 
to finish the production process. 
 Considering this condition in which machine 
breakdown happened before the completion of the raw 
materials, it generates additional costs of machine 
repair, machine preparation and the holding cost of raw 
materials during the downtime; meanwhile it reduces 
the holding cost of finished goods during the downtime. 
Its production relevant cost is: 
 

ALT2 1 2 p 1

p 3 1 2 2

TC (Q) (S S ) D / Q H Q / 2

(p d ) / p (H H )W T Q

= + × + × ×

− + −
    (18) 

 
1/2

1 2 p
2

1 p 3 1 2 2

2(S S )D
EPQ

H (p d ) / p 2(H H )W T

 +
=   × − + − 

  (18a) 

 
ALT3: Machine breakdown happened before the 
production process was finished, but could not be 
repaired before the stock was sold out. 
 Incomplete production procedure can be caused by 
the condition in which machine breakdown has 
occurred but, at the time, cannot be repaired before the 
stock is sold out. Therefore, it will generate additional 
preparation cost, additional raw material storage cost, 
reduction in holding cost of finished goods and delay in 
batch production time frame. In addition, because the 
machine is broken down but, at the time, cannot be 
repaired before stock is sold out, it will increase the 
shortage cost of stock. Its relevant production cost is: 
 

ALT3 1 2 p 1 3

p

3 1 3 3 3

TC (S S ) D / Q H (1 B )

Q / 2 (p d ) / p

[(H H )W T (B V)B ] Q

= + × + −

× × − +

− + + ×

  (19) 

 
1/2

1 2 p
3

1 3 p

3 1 3 3 3

2(S S )D
EPQ

H (1 B ) (p d ) / p 2

[(H H )W T (B V)B ]

 
 

+ =  − × − +
 
 − + + 

 (19a) 

ALT4: Before the completion of production process and 
reworking process, machine did not break down.  
 Under this condition, because there existed the 
possibility of reworking, it will generate additional cost 
of reproduction setup cost and the holding cost of 
defects. Because of the existence of defective machine, 
the holding cost of the finished goods will be reduced, 
but on the contrary, there is the possibility of additional 
internal failure and shortage cost and the holding cost 
of additional raw materials will increase during the 
reworking process. Its relevant production cost is: 
 

ALT4 1 3 p 4 4

1 4 4 4 2 3

4 4 p

TC (Q) (S S ) D / Q (B V)P (1 R ) Q

{H [(1 P ) P R ] (H H )

P (1 R )} Q / 2 (p d ) / p

= + × + + − × +

× − + + +
− × × −

 (20) 

 
1/2

1 3 p
4

2(S S )D
EPQ

K

+ 
=  
 

 (20a) 

 
Where: 
 

1 4 4 4 2 3 4 4

p 4 4

K {H [(1 P ) P R ] (H H )P (1 R )}

(p d ) / p 2(B V)P (1 R )

= − + + + − ×
− + + −

  

 
LT5: Machine breakdown happened in the reworking 
process and could be repaired before the stock level 
was sold out. 
 Because under this condition, where machine 
breakdown happened during the reworking process, it 
will generate additional reproduction preparation cost, 
machine preparation cost, the holding cost of defects 
and additional raw materials, a reduction in the holding 
cost of finished goods and additional internal failure 
cost and shortage cost during reworking process. Its 
relevant production cost is: 
 

ALT5 1 2 3 p

3 1 5 5

1 5 5 5 2 5 5

p

TC (Q) (S S S ) D /

Q (H H )W T Q

{H [(1 P ) P R ] H P (1 R )}

Q / 2 (p d ) / p

= + + ×

+ − +
× − + + −

× × −

 (21)  

 
1/2

1 2 3 p
5

2(S S S )D
EPQ

K

+ + 
=  
 

 (21a) 

Where: 
 

1 5 5 5 2 5 5 p

3 1 5 5

K {H [(1 P ) P R ] H P (1 R )} (p d )

/p 2(H H )W T

= × − + + − × −

+ −
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ALT 6: Machine breakdown happened in the 
reworking process and could not be repaired before the 
stock level was sold out. 
 Under this condition, the breakdown machine will 
cause incomplete reworking process. Therefore, it will 
generate additional reproduction preparation cost, 
machine preparation cost, the holding cost of defects 
and additional raw materials, the internal failure cost, a 
reduction in the holding cost for finished goods and 
shortage cost. Its relevant production cost is: 

 

ALT6 1 2 3 p

3 1 6 6 6 6

1 6 6 6 6 2 6

6 6 p

TC (Q) (S S S ) D / Q

[(H H )W T (B V)P (1 R )] Q

{H [(1 P )(1 B ) P R ] H P

(1 R )(1 B )} Q / 2 (p d ) / p

= + + × +

− + + − ×
× − − + +

− − × × −

 

 

1 6 6 6 6 2 6 6

6 p

{H [(1 P )(1 B ) P R ] H P (1 R )

(1 B )} Q / 2 (p d ) / p

× − − + + −
− × × −

  (22) 

 
1/2

1 2 3 p
6

2(S S S )D
EPQ

K

+ + 
=  
 

 

 
Where: 
 

1 6 6 6 6 2 6

6 6 p

3 1 6 6 6 6

K {H [(1 P )(1 B ) P R ] H P

(1 R )(1 B )} (p d ) / p

2[(H H )W T (V B)P (1 R )]

= × − − + +
− − × − +

− + + −

 (22a) 

 
ALT 7: Machine breakdown happened before the 
completion of production processing but could be 
repaired before the stock was sold out. 
 Under this condition, the machine breakdown 
happened before the batch production of the raw 
material is finished, during the waiting period for 
repairs, it will increase the extra holding cost of raw 
material and reduce the holding cost of finished goods, at 
the same time, it will generate additional machine setup 
cost, reproduction setup cost, repetitive storage cost and 
the internal failure cost and shortage cost incurred from 
reworking process. The production cost is: 
 

ALT7 1 2 3 p

3 1 7 7

1 7 7 7 2 7 7

p

TC (Q) (S S S ) D / Q

(H H )W T Q

{[H [(1 P ) P R ] H P (1 R )}

Q / 2 (p d ) / p

= + + × +

− +
− + + −

× × −

  (23) 

 
1/2

1 2 3 p
7

2(S S S )D
EPQ

K

+ + 
=  
 

  

Where: 
 

1 7 7 7 2 7 7

p 3 1 7 7

K {H [(1 P ) P R ] H P (1 R )}

(p d ) / p 2(H H )W T

= × − + + − ×
− + −

 (23a) 

 
ALT 8: Machine breakdown happened before the 
completion of production processing and could not be 
repaired before the stock was sold out. 
 Under this condition, the machine breakdown 
happened before the completion of production process, 
but was unable to be repaired before the stock is sold 
out. This will cause production severance and 
incomplete production; therefore, it will generate 
additional machine repair setup cost, the holding cost of 
defects, a reduction in the holding cost of finished 
goods, additional raw material holding cost and 
shortage cost during the machine downtime. Its 
production cost is: 
 

ALT8 1 2 p

3 1 8 8 8

1 8 8 2 8 8 p

TC (Q) (S S ) D / Q

[(H H )W T (B V)B ] Q

[H (1 P )(1 B ) H P (1 B )] Q / 2 (p d ) / p

= + × +

− + + ×
− − + − × × −

 (24)  

 
1/2

1 2 p
8

2(S S )D
EPQ

K

+ 
=  
 

 (24a) 

 
Where: 
 

1 8 8 2 8 8 p

3 1 8 8 8

K {H (1 P )(1 R ) H P (1 R )} (p d ) / p

2[(H H )W T (B V)B ]

= − − + − × −

+ − + +
 

 
Case simulation and result analysis: Being a supplier 
in the do-it-yourself furnishings supply chain, company 
A is an office furnishings manufacturer. They provide 
different styles of wood-made office furnishings for 
customers to do it for themselves. The operations in 
production line include: steeling, shaving, drilling and 
lacquering. Basically, company uses the traditional EPQ 
model to determine the optimal production quantity in 
each production cycle. But, with semi-automatic 
production, the management has been beset by 
disruptions, which incurred a lot of customer complain, 
from production resulting in machine brake down and 
rework on defective products. The machine downtime 
might last from a few hours to several days. Except that 
machine brake down might happen in production period, 
the defective products also incurred from production 
processes. As a result, these supply disruptions highly 
increase the supply uncertainty in supply chain 
management. So, how to effectively control the 
imperfect production condition in production processes 
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will be the most important issue for company A to cope 
with. In this situation, we propose an adaptive (s, Q) 
production system with Markov process and (R, s, S) 
procurement system with 3C Theory to solve company 
A’s disruption problem in order to smooth the supply 
disruptions in whole supply chain.  
 
Determination of (s, Q) production system: Take the 
most popular product category as an example, this 
category includes 3 types of desks, named desk1, desk2 
and desk3. Take the desk1 as an example, the 
production manager of company A, according to the 
past desk production experience and historical data, as 
also the past production process problems encountered 
from machine unreliability and defects, induces the 
main decision-making cost factor of influencing desk 
production work, which contains; the production setup 
cost(S1), the machine maintain setup cost(S2), the 
reproduction setup cost(S3), the finished product 
holding cost(H1); the repetition holding cost(H2); the 
additional raw material holding cost(H3), the internal 
failure cost(V) and the shortage cost(B). Data provided 
by company A, are expressed as follows:  
 
• The normal workday of this company in a year is 

250 days; the daily demand quantity is 120 desks in 
its series of products, the production rate is 150 
desks per day and the lead time for production is 
one day. 

• (S1, S2, S3, H1, H2, H3, V, B) = (200, 300, 250, 20, 
18, 15, 10, 100) 

• The probabilities of defects incurred from 
production (Pi) are  

• (P1, P2, P3, P4, P5, P6, P7, P8) = (0, 0, 0, 0.04, 0.03, 
0.08, 0.10, 0.08) 

• The success rates of reworking on defects (Ri) are 
• (R1, R2, R3, R4, R5, R6, R7, R8) = (1, 1, 1, 0.9, 0.8, 

0.8, 0.7, 0.7). 
• The shortage rates (Bi) incurred from machine 

breakdown and unable to repair it before the stock 
is sold out are 

• (B1, B2, B3, B4, B5, B6, B7, B8) = (0, 0, 0.3, 0, 0, 
0.03, 0, 0.3). 

• The maintenance time (in days) consumed by the 
machine, respectively, are  

• (T1, T2, T3, T4, T5, T6, T7, T8) = (0, 1, 2, 0, 1, 1, 1, 3). 
• The average proportion of holding additional raw 

material in each production category, respectively, 
are 

• (W1, W2, W3, W4, W5, W6, W7, W8) = (0, 0.15, 0.2, 
0, 0.2, 0.3, 0.25, 0.3). 

• The transition probabilities matrix of production 
process is: 

0.35 0.1 0.15 0.2 0.05 0.05 0.04 0.06

0.28 0.13 0.18 0.2 0.09 0.02 0.06 0.04

0.22 0.08 0.15 0.18 0.12 0.08 0.09 0.08

0.2 0.15 0.13 0.22 0.07 0.04 0.1 0.09
P

0.18 0.2 0.09 0.17 0.11 0.13 0.06 0.06

0.21 0.1 0.11 0.18 0.1 0.1 0.1 0.1

0.19 0.08 0.15 0.19 0

=

.09 0.09 0.11 0.1

0.21 0.14 0.16 0.21 0.06 0.08 0.08 0.06

 

 
 From Eq. 12, the limiting probabilities of imperfect 
production situations is: 
 

1 2 3 4 5 6 7 8( , , , , , , , )π π π π π π π π = (0.2488, 0.1200, 0.1430, 

0.1974, 0.0805, 0.0635, 0.0749, 0.0719) 
 
 From Eq. 17a-24a, the EPQ of each imperfect 
production situation is: 
  

1 2 3 4 5 6 7 8(EPQ ,EPQ ,EPQ ,EPQ ,EPQ ,EPQ ,EPQ ,EPQ )  = 

(1732, 3464, 680, 2350, 3875, 3198, 5500, 718) 
 
 Then, the (s, Q) production system under the 
customer service level 1-α = 0.90 can be calculated as 
follows: 
 
Q = The targeted production level = 

8

i i
i 1

EPQ  2386
=

π × =∑   

σ = The standard deviation = 
8

2
i i

i 1

(EPQ Q)  1345
=

π − =∑  

s = The reproduction point = 

0.05d LT z LT  2219× + × σ × =  
 
 From the above calculation, the optimal (s, Q) 
production policy is (2219, 2386). That is, the company 
should produce an optimal quantity of 2,386 desks in 
each production cycle; meanwhile, a production process 
is set up when the inventory level is below 2,219 desks. 
 If this company uses the traditional EPQ model, 
i.e., it does not consider the defect occurrence and the 
machine unreliability, as it is similar to the first 
categorized situation, its Economical Production 
Quantity is EPQ = 1,732. Evidently, under the 
condition when defect occurrence and the machine 
unreliability are considered, the Targeted Economical 
Production Quantity is greater than the traditional 
Economical Production Quantity; this is to avoid the 
mechanical breakdown in the production process or the 
possible occurrence of the reproduction failure in the 
reworking process, which leads to the increase in the 
production quantity in the shortage situation.  



J. Math. & Stat., 7 (3): 187-197, 2011 
 

195 

Table 1: The Table of Pull (TOP) and Bill of Material (BOM) of Products 
  BOMpm 

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ 
Product TOPp Wood_1 Wood_2 Wood_3 Comp_1 Comp_2 
Desk1 30,000 0 1 0 3 1 
Desk2 30,000 1 1 0 1 3 
Desk3 20,000 1 0 1 2 2 
Cm  200 210 220 100 80 
 
Table 2: The Computing Result of Each Material Applied in 3C Theory 
Material  Wood_1 Wood _2 Wood _3 Comp_1 Comp_2 Total 
MRPm 50,000 60,000 20,000 160,000 160,000  
RBOMm 30,000 30,000 20,000 90,000 90,000  
Lnvworst 10.000,000 12,600,000 4,400,000 16,000,000 12,800,000 55,800,000 
Lnvpract 6,000,000 6,300,000 4,400,000 9,000,000 7,200,000 32,900,000 
COMI      0.6156 

 
Table 3: Order Policy Analysis 
Hold cost   Cm×10%   
Order Cost   100 
------------------------------------------------------------------------------------------- ---------------------------------------------------------------- 
Material m Wood_1 Wood _2 Wood _3 Comp_1 Comp_2 
LTm (Year) 2/300 3/300 2/300 4/300 4/300 
TBPm  0.02357 0.02520 0.01421 0.05963 0.06667 
EOQm 708 756 427 1,789 2,000 
OUTm 1,008 1,056 627 2,689 2,900 
ROPm 500 900 334 2,100 2,100 
SSm 300 300 200 900 900 

 
Determination of (R, s, S) procurement system: 
There are three wood modules and two component 
modules and both are independent materials that could 
be used to assembly three varieties of desks. The data 
which is obtained from the analysis according to 3C 
Theory introduced by the research is as follows. 
 First, according the given data on Table 1, MRPm 
and RBOMm are defined as m p m

p

MRP TOP BOM= ×∑  

and m p pmRBOM max{TOP BOM }= × . Then, take Wood_1 

as an example, the requirement for Wood_1 based on 
MRPm and RBOMm can be calculated as MRPm 
=30,000*0+30,000*1+20,000*1=50,000 and RBOMm = 
max{30,000*0, 30,000*1, 20,000*1}=30,000. As a 
result, the requirement for each material can be 
calculated accordingly and resulted on Table 2. 
 Second, according to the material “commonality 
index”, the best 1m 1m m

m

Inv TOP BOM C= × ×∑ , 

worst bestInv P Inv= ×  and pract m m
m

Inv RBOM C= ×∑ , then, 

lnvworst= (50,000*200 + 60,000*210 + 20,000*220 + 
160,000*100 + 160,000*80) = 55,800,000 and lnvworst = 
(30,000*200 + 30,000*210 + 20,000*220 + 
90,000*100 + 90,000*80) = 32,900,000. After 
accumulating all materials, the lnvwors and lnvpract are 
resulted in Table 2 and the commonality index (COMI) 
can be calculated as: 

worst pract worst best

pract worst

COMI (Inv Inv ) / (Inv Inv )

[p / (p 1)][1 Inv / Inv ]

= − −

= − −
 = (3 / 2)*(1 – 

329/558) = 0.6156. 
 
 Third, according the COMI obtained from Table 2, 
the order policy of each material can be generated and 
resulted in Table 3. For example, for Wood_1 calculated 
with Eq. 5-7, mEOQ 2*100*50,000 / 200*0.1 708= = , 

TBPm= 708 / 30,000 = 0.02357, m mSS RBOM 1%= ×  = 

30,000*0.01 = 300, OUTm = 30,000*0.02357 + 300 = 
1,008 and ROPm = 30,000*(2/300) + 300 = 500: 

 
 Then, based on the calculation mentioned above, 
an adaptive (R, s, S) procurement system can be 
generated. Take Wood_1 as an example, its optimal 
procurement system will be (R, s, S) = (0.02357, 500, 
1,008); that is, the optimal purchasing quantity for 
Wood_1 is 1,008 unit per time and procurement cycle is 
0.02357 year. The optimal safety stock setting will be 
300 units and the reorder point is 500 units. 

 
CONCLUSION 

 
 In this study, we have developed a practical 
methodology for establishing an adaptive production-
procurement system in the supply chain problems under 
supply disruptions. This method use the Limiting 
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Probability of Markov Chain as the decision-making 
pattern to provide an adaptive (s, Q) production system, 
on application of the EPQ pattern with thoughtful 
consideration of the possibility of machine unreliability 
and defect occurrence, for an enterprise to execute the 
production processes efficiently and to smooth 
disruptions incurred from production processes 
effectively. Meanwhile, based on 3C Theory, an 
adaptive (R, s, S) procurement system based on the 
production process also can be determined to meet the 
production requirements. We have provided empirical 
results for furnishings supply chain. Our results reveal 
the computational efficacy of the proposed method. 
Furthermore, we have demonstrated that the candidate 
solutions identified by the proposed method are not 
only superior to traditional EPQ model solutions, but 
also result in significantly smaller cost flow variability.  
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