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Abstract 
The importance of supply chains in pharmacological industry is remarkable so that 
nowadays many pharmacological supply chains have an effective and critical role for 
supplying and distributing drugs in health area. So, this article studies a three-echelon 
pharmacological supply chain containing multi-distributor of raw materials, a 
pharmaceutical factory, and multi-drug distributors companies. The distributors of raw 
material order raw materials of some drugs to own suppliers and sell them to the 
pharmaceutical factory. The factory transmutes raw materials to the several finished 
products and sells them to some drug distributors companies. There are several types of 
raw materials and finished products. Here, it is supposed that the market powers of partners 
are different. So, the Stackelberg game among the members of the chain is deemed to 
analyze the coordination behavior of the members of the proposed chain. The aim of the 
research is to maximize the total profit of supply chain by employing the optimal pricing 
and ordering decision policies where the order quantities of the distributors and the selling 
prices of pharmaceutical factory (manufacturer) and the distributors are the decision 
variables. Besides, the closed form solutions of the decision variables are presented. At the 
end, numerical example and some sensitivity analysis are presented. 
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1- Introduction and literature review  

Many industries focus on pricing as a marketing tool to improve their profits. In addition, for production 
industries, coordination of price decisions with other aspects of the supply chain such as manufacturing and 
inventory, are useful and essential. The coordination of these decisions needs an integrated model to 
optimize the integrated system rather than individual components of the supply chain. This integration 
between manufacturing, pricing, and inventory decisions is still in its early stages in many firms. But 
recently, many researchers have focused on this topic and even each component of mentioned integrated 
system, separately. For instance, Lee and Rosenblatt (1986) introduced the problem of offering price 
discount and pricing, at the same time. Boyaci and Gallego (2002) studied coordination cases under 
deterministic demand which is price sensitive in a two echelons supply chain containing one wholesaler and 
one or more retailers and they considered joint lot sizing and pricing decisions for optimizing their model. 

Abad (2003) analyzed pricing and lot sizing policies for a perishable item when partial backordering 
shortage is allowed. Dai et al. (2005) discussed the pricing policy for multi-competing firm supporting the 
same service for the customers where each firm’s demand is price sensitive. 
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 Rosenthal (2008) evaluated the problem of setting prices in an integrated supply chain. Szmerekovsky 
and Zhang (2009) investigated two tiers advertising levels and pricing decisions between one manufacturer 
and one retailer. In their model end user’s demand depends on the retail price and manufacturer and retailer 
advertisement costs.  

Xiao et al. (2010) utilized wholesale pricing, ordering and lead time decisions in a three echelons supply 
chain where the manufacturer produces deteriorating items. Cai et al. (2009) surveyed pricing and ordering 
models with partial lost sales in a supply chain with one buyer and one seller. Soon (2011) reviewed multiple 
products pricing models where pricing is combined with other decision policies like distribution of resources 
or production. Seyed-Esfahani et al. (2011) studied vertical cooperative advertising with pricing decision 
policy in a supply chain involving one manufacturer and one retailer. Hua et al. (2012) analyzed the optimal 
pricing and ordering policies where the supplier suggests free shipping. Mutlu and Cetinkaya (2013) 
designed a carrier-retailer channel under both centralized and decentralized structures with price-sensitive 
demand to examine and also compare the profitability of chain under both structures. Giri and Sharma 
(2014) employed a pricing strategy in a two-echelon supply chain involving a manufacturer and two 
competing retailers where demand depends on advertising cost. Taleizadeh and Noori-daryan (2015a) 
proposed an economic production quantity (EPQ) model in a three-echelon supply chain composed of a 
supplier, a manufacturer and a group of retailers to study the reaction of the chain members. Their proposed 
model determines the optimal pricing and inventory policies to promote the profit of the chain. Ekici et al. 
(2015) considered a supply chain with two rival suppliers and one retailer under asymmetric information to 
evaluate the optimal pricing decisions where order consolidation strategy and order quantity constraint are 
considered. Another aim of each supply chain is to control its inventory level; also the members of the chain 
employ the optimal inventory decisions to satisfy the customers' demand. The authors considered different 
decision policies in their researches. For example, Whitin (1955) considered an inventory and pricing 
policies to optimize the objective function of an inventory system. Hill (1999) studied a problem in which 
the vendor supplies a product to a buyer by employing the production and shipment policies. Jorgensen and 
Kort (2002) proposed inventory replenishment and pricing policies in a system with serial inventories under 
decentralized and centralized decision making. Khouja (2003) considered a three-echelon supply chain by 
using three inventory decision policies. Ben-Daya et al. (2008) presented a comprehensive review of the 
joint economic lot sizing problem. Yu and Huang (2010) investigated the optimal inventory policies in a 
VMI supply chain containing a manufacturer and multi-retailers where a manufacturer receives raw material 
from multiple suppliers to produce a family of product in order to sell to the retailers. Ru and Wang (2010) 
studied a supply chain with a single period where a supplier contracts with a retailer. The demand is assumed 
to be uncertain and price sensitive. In their article, they compared two consignment arrangements to manage 
the inventory. Guan and Zhao (2011) developed an inventory-pricing model with multiple competing 
retailers in which each retailer faces to stochastic demand in an infinite horizon. Arkan and Hejazi (2012) 
offered a coordination mechanism in a two echelons supply chain containing one supplier and one buyer 
under uncertain demand and positive lead time. Kovacs et al. (2013) studied the principal challenge of 
inventory control, logistics and production under information asymmetry in supply chains. Cardenas-Barron 
and Sana (2014) investigated the coordination problem for a single-manufacturer-single-retailer supply chain 
where demand is sensitive to promotional sales teams’ initiative. Two researches subsequently analyzed EPQ 
models in multi-echelon chains for deteriorating and reworkable items, respectively to determine optimal 
pricing and inventory strategies of partners of the chains performed by Taleizadeh et al. (2015a, 2015b).  

Game theory approaches have been employed to model the relation among the chains member’s in 
many researches (Giri, B.C., Sharma, S., 2014), (Taleizadeh and Noori-daryan, 2015a), (Cardenas-Barron, 
and Sana, 2014), (Taleizadeh, Noori-daryan and Cárdenas-Barrón, 2015a) and (Taleizadeh, Noori-daryan 
and Tavakkoli-Moghaddam, 2015b). But, recently, due to different market power of the partners of the 
chain, powerful partners do not agree to join a supply chain and collaborate with other ones as a whole 
supply chain with equal market share and prefer to work separately in a supply chain under a decentralized 
decision process. So, in these chains in which the members have different market power, non-cooperative 
game theoretic approaches as Nash and Stackelberg game have been established to analyze the decisions of 
the chains partners. To name a few, Cachon and Netessine (2004) studied a supply chain in which game 
theory had been used. Yu et al. (2006) employed a Stackelberg game in a VMI system where the 
manufacturer is leader and the multiple retailers are the followers. Nagarajan and Sosic (2008) presented 
applications of cooperative game theory to manage supply chain. Cai et al. (2011) analyzed the influence of 
pricing schemes and price discount contracts on the dual-channel supply chain competition from supplier and 
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retailer. Zhao and Atkins (2009) evaluated a transshipment game and a substitution game between competing 
retailers. Huang et al. (2011) studied the coordination of enterprise decisions such as pricing and inventory in 
a multi-echelon supply chain where multi-supplier, one manufacturer and multiple retailers are the members 
of the chain and non-cooperative game between the members of the chain is used. Chen et al. (2012) 
presented a review of the related issues to the manufacturer's pricing policies in a two-echelon supply chain 
including one manufacturer and two competing retailers. They used the Stackelberg game approach such that 
manufacturer who is leader, offers wholesale prices to two competing retailers. Pal et al. (2012) developed a 
multi-product three echelons supply chain involving multi-supplier, one manufacturer and multi-retailer 
where each supplier supplies one kind of required raw material of the manufacturer and the manufacturer 
combines the fixed percentage of raw material to produce the products which should be sold to the retailers. 
Zhao and Wang (2015) applied three different games study pricing and retail service decisions in a single-
manufacturer two-retailer supply chain under uncertainty, as manufacturer-leader Stackelberg, retailer-leader 
Stackelberg, and vertical Nash. Qi et al. (2015) studied game theoretic models to evaluate the impact of 
market search reaction of customer on the decisions of supply chain members where one manufacturer and 
two retailers are considered as the chain partners with considering lost sale shortage at the retailers.  

In this paper, an EPQ model is developed in a multi-echelon supply chain for pharmacological raw 
material and products by applying optimal pricing and ordering policies. According to our review of 
literature, the proposed model in this article has not been considered by any of the recent researches. The 
novelty of the proposed model is that several raw materials distributors’, a pharmaceutical factory, and some 
drug distributors are the members of the chain. It is assumed that demand is price-sensitive and shortage is 
not allowed. Also thanks to different market power of the chain members, the Stackelberg game approach is 
considered among the chain partners to survey and model the total profit of the chain. Moreover, the closed 
form solutions of the optimal values of decision variables are presented so that the concavity of the total 
profit functions is proven. The order quantities of the distributors and the selling prices of the pharmaceutical 
factory and the drug distributors are the decision variables of the presented model. The rest of this paper is 
arranged as follows. The problem is defined in section 2. The mathematical model is presented in section 3. 
Section 4 shows the solution method. The numerical example and sensitivity analysis is provided in section 5 
and section 6 presents conclusion. 
         
2- Problem Definition: A Real Case Study  
      Consider a three-echelon supply chain of pharmacological industry including several non-competing 
distributors of raw materials (distributors) of drugs such as Talk, Sodium Benzoate, Gelatin Capsule, Guar 
Gum, Dibasic Calcium Phosphate, Flavor, Crystal Sugar, Color, and a pharmaceutical factory (manufacturer) 
and some non-competing drug distributors companies (retailers). A configuration of this supply chain is 
shown in Figure (1).  
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In this chain, the distributors sell raw materials to the pharmaceutical factory and pharmaceutical 

factory transfers them to the multi-finished products such as Cefexime, Cephalexine Sodium, Amoxiclov 
156, Amoxiclov 228, Amoxiclov 312 , Amoxiclov 457, Co-Amoxiclov, etc., and then sends them to the drug 
distributors companies and they satisfy their customers' demand. We assume that each distributor supplies 
one kind of raw material and pharmaceutical factory needs to the combination of different kinds of raw 
material in a defined percentage for each product. According to customers' demand, the distributors 
companies’ demand are different and the ordering lot size of raw material and the selling price of 
pharmaceutical factory and the selling price of drug distributors companies are decision variables.  

The aim of this paper is to determine the optimal values of order quantity of distributors to their 
supplier, the selling price of pharmaceutical factory and the selling price of drug distributors companies in a 
three echelons supply chain such that the total profit of supply chain network is maximized.  

In order to model the problem following notations are used. The number of distributors is assumed to be 
m and its index is 1, 2, ,j m=  , the number of products is n and its index is 1, 2, ,k n=  , and there are h 
retailers and its index is 1, 2, ,h k=  .  
 The inventory level of jth distributor, 

d
jD  The demand of  jth raw material from the manufacture to the jth distributors,  

jQ  The ordering lot size of jth distributor of raw material to his supplier,  
d
jh  The holding cost of jth distributor of raw material,  

d
jA  The ordering cost of jth distributor of raw material, 

d
jHC  The total holding cost of jth distributor of raw material,  

d
jOC  The total ordering cost of jth distributor of raw material, 

d
jC  The purchasing price of  jth distributor of raw material,  

d
jw  The selling price of jth distributor of raw material,  

d
jT  The cycle time of jth distributor of raw material,  

kjθ  The percentage of jth raw material for producing kth product, 

1R 

2R 

3R 

hR Prn  

1D 

2D 

3D 

mD 

Pr1 

r2P 

Dj is jth 
distributor 

Manufacturer 

Prk is kth product 
Ri is ith retailer 

Figure1. Configuration of supply chain 
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 The inventory level of manufacturer for kth finished product, 
m
kD  The demand of hth retailer for kth product, kh

m m
kD a bw= −  

kP  The production rate of kth product, 
m
kh  The holding cost of manufacturer for kth finished product, 
m
kA  The ordering cost of manufacturer for kth finished product,  

m
kHC  The total holding cost of manufacturer for kth finished product, 
m
kOC  The total ordering cost of manufacturer for kth finished product, 

( )kC P  The production cost of manufacturer for kth finished product, 

kL  The fixed cost of production for kth finished product, 

kϕ  The variable cost of production for kth finished product,  
m
kw  The selling price of manufacturer for kth finished product, 

kPT  The cycle time of production for kth finished product, 
m

kT  The cycle time of manufacturer, 

ikµ  The percentage of demand of kth product for satisfying  the demand of ith retailer, 
r
ikD  The end user’s demand of kth product to which the ith retailer is faced, r r

ik ikD a bw= −   
r
ikh  The holding cost of ith retailer for kth product, 
r
ikA  The ordering cost of ith retailer for kth product, 

r
ikHC  The total holding cost of ith retailer for kth product, 
r
ikOC  The total ordering cost of ith retailer for kth product, 

r
ikw  The selling price of ith retailer for kth product, 

ikT  The required time of ith retailer for collecting kth product, 
r

ikT  The cycle time of ith retailer for selling kth product, 
d
jTP  The total profit of jth distributor, 
mTP  The total profit of manufacturer, 
r

iTP  The total profit of ith retailer, 

The proposed model is developed under following assumptions: 
1. Demands are constant and retailers and customers' demands are price-sensitive. 
2. This model is extended to multi finished products and multi raw materials. 
3. Holding costs, ordering costs and selling prices of raw material and products for members of each 

echelon are different. 
4. Shortage is not permitted. 
5. Each distributor supplies one kind of raw material for the single manufacturer meaning the number 

of supplier is equal to the kinds of raw materials. 
6. For producing each product, manufacturer uses a certain percentage of different kinds of raw 

materials. 
7. Production rate of manufacturer is bigger than the retailers’ demand. 
8. Replenishment rates of retailers are bigger than the market demand. 
9. Lead time is negligible. 
10. Demand of each retailer is different due to essence of various demands of customers. 
11. All the parameters of the model are constant. 

 
3- Mathematical Model  

Here, we formulate a multi-product production and inventory model of three echelons supply chain 
where the members of chain are multiple distributors, one manufacturer and multiple retailers. 
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3-1- Distributors model 

Since we assume that the number of distributors is equal to the kind of raw materials, so jth distributor 
delivers jth raw material at a rate of d

jD  to the manufacturer. The differential equation of the inventory level 
of jth distributor over the time is: 

( )d
j d

j

dI t
D

dt
= − , 0 d

jt T≤ ≤ , 1, 2,...,j m=  (1) 

According to Figure (2), for the jth distributor (0)d
j jI Q= and ( ) 0d d

j jI T = . Then, the inventory level of 

jth distributor at time t during 0, d
jT    is: 

( )d d
j j jI t Q D t= − , 0 d

jt T≤ ≤  (2) 

Clearly, we have: 

( ) 0 jd d d
j j j d

j

Q
I T T

D
= ⇒ =  (3) 

The total profit of jth distributor is equal to subtraction of total holding cost and ordering cost of raw 
material from its revenue such that its total holding cost is: 

0

1 ( )  =
2 2

d
j

d d d
T j j j jd d d d d

j j j j j j jd
j

D T h Q
HC h Q D t dt h Q h

T
  = − − =       

∫        (4) 

And the ordering cost is: 
d d d
j j j

j d
j j

A D A
OC

T Q
= =  (5) 

Hence, the total profit of jth distributor is: 

( ) ( )
2

d d d
j j j jd d d d

j j j j j
j

h Q D A
TP Q w C D

Q
 

= − − +  
 

    (6) 

 
 

 
 

 

 

 
Fig2. Distributors' inventory profile 

 
3-2- Manufacturer Model 
       The manufacturer orders different kinds of raw material to distributors, and in order to produce several 
products, combines certain percentage of each material together, where production rate of kth product is as 
the following: 

1

m
d

k kj j
j

P Dθ
=

=∑ ,     0 1kjθ≤ ≤ ,     
1

1
n

kj
k
θ

=

=∑  (7) 

And the production uptime for kth product is: 

1Q 

Time  

1
dD− 

First distributor's inventory 

1
dT 

Second distributor's inventory 

2Q 2  dD− 

Time  
2
dT 

jth distributor's inventory 

jQ   d
jD−

 

Time 

 

d
jT 
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1 1
k

m m
d d

kj j j kj j
j j

P
k k

D T Q
T

P P

θ θ
= == =
∑ ∑

 (8) 

According to Figure (3), during the cycle time of production (
kPT ), the inventory of kth product of 

manufacturer is increasing at the rate of m
k kP D− and he completely consumes his inventory during

k

m
k PT T− . The differential equation of this level is: 

m
mk

k k
dI P D
dt

= − , 0
kPt T≤ ≤ , 1, 2,...,k n=  (9) 

At the start of each cycle the manufacturer's inventory is zero, so (0) 0m
kI = . 

m
mk
k

dI D
dt

= − ,
k

m
P kT t T≤ ≤ , 1, 2,...,k n=  (10) 

Also we have ( ) ( )
k k

m m
k P k k PI T P D T= − and ( ) 0m m

k kI T = . Then, the manufacturer's inventory is: 

( ) ( )m m
k k kI t P D t= − , 0

kPt T≤ ≤  
 
 

(11) 

 

 

 

 

 

 

 

 

 

 

 

And 
( ) ( )m m m

k k kI t D T t= − ,
k

m
P kT t T≤ ≤  (12) 

According to Equations (10) and (11), the manufacturer's cycle time is: 

1k

m

kj j
k P jm

k m m
k k

Q
P T

T
D D

θ
== =
∑

 (13) 

The total holding cost of manufacturer for kth product is: 

2 2

0

1 1 1 1( ) ( )
2 2

m
P kk

k k
Pk

T Tm m m m m m m m m m
k k k k k k k k P k k k k Pm mT

k k

HC h P D tdt D T t dt h P T D T D T T
T T

     = − + − = + −           
∫ ∫   

        121 1 1
2 2 2k k

m

kj j m
jm m m m m k

k k P k k k P km
k k

Q
Dh P T D T D T h

T P

θ
=   

= + − = −   
   

∑
 

(14) 

And his total ordering cost is: 

Figure3. Manufacturer's inventory profile 

1 1
mP D−

m
n nP D−

2 2
mP D− 

1
mD− 

2
mD− 

m
nD− 

Manufacturer's inventory 
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nPT

1PT m
nT 2

mT 1
mT Time  

First product         

Second product   

nth  product        
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1

m m m
m k k k
k mm

k
kj j

j

A D AOC
T Qθ

=

= =

∑
 

(15) 

The revenue of the manufacturer is equal to
1 1
( ( ) )

n m
m d m
k k j k

k j
w C P w D

= =

− −∑ ∑  in which 

( ) k
k k k

k

LC P P
P

ϕ= +  is the production cost of kth product. Finally, the total profit of manufacturer is: 

  

1 1
( ) ( ( ) ) ( )

n m
m m m d m m m

k k k j k k k
k j

TP w w C P w D HC OC
= =

= − − − +∑ ∑
 

 

                1

1 1

1

( ) ( )( ) ( ) 1
2

m

kj j m m mn m
jm d m m k k k

k k j k k m
k j k

kj j
j

Q
a bw a bw Aw C P w a bw h

P Q

θ

θ

=

= =

=

 
    − − = − − − − − +      
 
 

∑
∑ ∑

∑
 (16) 

 
 3-3- Retailers’ Model 
       The retailers put orders for different kinds of products to the manufacturer, and manufacturer sends 
proportion of kth product to ith retailer in his cycle ( m

kT ). According to Figure (4), ith retailer's inventory starts 

increasing at a rate of m r
ik k ikD Dµ − ( 0 1ikµ≤ ≤ and

1
1

h

ik
i

µ
=

=∑ ) during the collecting time of the kth product 

([0, ]ikT ) and then decreases to satisfy the market demand.  
The differential equations of this level are: 

r
m rik

ik k ik
dI D D
dt

µ= − ,    0 ikt T≤ ≤ , 1, 2,...,i h=  
(17) 

r
rik
ik

dI D
dt

= − ,             r
ik ikT t T≤ ≤ , 1, 2,...,i h=  

(18) 

According to Figure (4), (0) 0r
ikI = , ( )( )r m r

ik ik ik k ik ikI T D D Tµ= − and ( ) 0r r
ik ikI T = . So, the inventory 

level of ith retailer is: 
( )( ) , 0r m r

ik ik k ik ikI t D D t t Tµ= − ≤ ≤  (19) 

( ) ( ),r r r r
ik ik ik ik ikI t D T t T t T= − ≤ ≤  (20) 
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Then, the period length of ith retailer is: 

1k

m

ik kj jm
ik k P jr ik k ik

ik r r r
ik ik ik

QP TD TT
D D D

µ θ
µµ == = =

∑
 (21) 

Total holding cost of ith retailer for kth product is shown by: 

( )
0

1

1 ( ) 1
2

r
ik ik

ik

r r mT Tr r m r r r ik ik ik
ik ik ik k ik ik ik kj jr mT

jik ik k

h DHC h D D tdt D T t dt Q
T D

µµ θ
µ =

   = − + − = −       
∑∫ ∫  (22) 

 
 
 
 

Figure4. Retailers' inventory 
diagram 
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And the total ordering cost is: 

1

r r r
r ik ik ik
ik mr

ik
ik kj j

j

A D AOC
T Qµ θ

=

= =

∑
 

(23) 

Finally, the total profit of ith retailer is: 

1
( ) ( )

n
r r r m r r r

i ik ik k ik ik ik
k

TP w w w D HC OC
=

 = − − − ∑
 

 

                

1

1

1

( ) ( )( )( ) 1
2 ( )

m
r
ik ik kj j r r rn

jr m r ik ik ik
ik k ik mm

k ik k
ik kj j

j

h Q
a bw a bw Aw w a bw

a bw Q

µ θ

µ µ θ

=

=

=

 
  − − = − − − − −  − 
 
 

∑
∑

∑
 

(24) 

 
4- Solution method  

As mentioned, when the chains partners’ have different market power, clearly, powerful partners prefer 
to perform as the dominant member in supply chain and optimize their decisions based on the other 
dominated partners. In other words, they work individually instead of joining to it. So, in this study, to model 
the relation between powerful and powerless partners, we consider a decentralized supply chain in which the 
partners with different market power optimize own profit under the Stackelberg game approach where the 
retailers are leaders and the distributors and the manufacturer are followers.  

In this chain, at the first stage, the manufacturer is leader and the distributors are followers in which the 
distributors firstly determine their decision variables. Afterwards, the manufacturer makes decision about his 
decision variable. In the second stage, the retailers are leaders and the distributors and the manufacturer are 
followers. In this stage, also the retailers optimize their decision variables after characterizing the optimal 
values of the decision variables by the followers. The ordering lot size of jth raw material ( jQ ) is a decision 

variable of the total profit function of jth distributor ( d
jTP ). Moreover the selling prices of the manufacturer (

m
kw ) is the decision variable of the total profit function of manufacturer and the selling prices of the ith 

retailer ( r
ikw ) for the kth product are decision variables of the ith retailers’ total profit function ( r

iTP ). In order 
to optimize the total profit of each member of supply chain, we should prove that their total profit functions 
are concave. 

 
Theorem1. The jth distributor's total profit function ( ( )d

j jTP Q ) is concave. 

Proof. Concavity of the jth distributor can be proved by taking the second order derivative of ( )d
j jTP Q

(Equation (6)) respect to jQ which is strictly negative. 
2

2 3

2
0

d d d
j j j

j j

TP D A
Q Q

∂
= − <

∂
 (25) 

The root of the first order derivative of jth distributors’ objective function respect to jQ is the optimal 
value of jQ and we have: 

*
2

2
0

2

d d d d d d
j j j j j j

j d
j j j

TP h D A D A
Q

Q Q h
∂

= − + = → =
∂

 (26) 

 
Theorem2. The manufacturer's total profit function ( *( , )m m

k jTP w Q ) is concave. 

Proof. Similarly, by taking second order derivative of *( , )m m
k jTP w Q (Equation (16)) respect to m

kw , the 
concavity of the manufacturer's total profit function will be proved because it is strictly negative.  
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2

2 2 0
m

m
k

TP b
w

∂
= − <

∂
 (27) 

The root of the first order derivative of total profit function, 2 ( )m
k ka bw bC P− +  

*

1

*

1

0
2

m
m
k kj j m

j k
m

k
kj j

j

bh Q
bA

P Q

θ

θ

=

=

− + =
∑

∑
, respect to m

kw  is its optimal value and after substituting *
jQ with Equation 

(26), the optimal price will be: 

 *

1 1

1

2( )
2 2 2 4 2

2

d d dm mm m
j j jm k k k

k kj d d dmj jk j j j
kj d

j j

w D AC P h Aaw
b P h D A

h

θ

θ
= =

=

= + + − +∑ ∑
∑

 
(28) 

 
Theorem3. The ith retailer's total profit function, * *( , , )r r m

i ik k jTP w w Q ,  is concave too. 
Proof. Similar to the previous cases, concavity of the total profit function of the ith retailer will be proved 
too, because the second order derivative of * *( , , )r r m

i ik k jTP w w Q  (Equation (24)) respect to r
ikw is strictly 

negative as shown in Equation (29).  
2

2 2 0
r

i
r
ik

TP b
w

∂
= − <

∂
 (29) 

The optimal selling price of ith retailer ( r
ikw ) will be obtained by solving the first order derivative of the 

total profit function of ith retailer respect to r
ikw , 

*

*1

1

2 0
2( )

r rm
r m ik ik
ik k kj j mm

jk
ik kj j

j

bh bAa bw bw Q
a bw Q

θ
µ θ=

=

− + − + =
− ∑

∑
, which is: 

*

1

1

2
2 2 4( ) 2

2

d dm r rm
j jr k ik ik

ik kjm d d dmjk j j j
ik kj d

j j

D Aw h Aaw
b a bw h D A

h

θ

µ θ
=

=

= + − +
− ∑

∑
 

(30) 

In order to solve the model, the following solution algorithm is developed. 
 
Solution algorithm  
Step1. Input the desired price sensitive demand function of the manufacturer for raw material jth. 
 
Step2. Determine Qj

* using Equation (26). 
 
 
Step3. Determine  Qk

*  using Equation (28). 
 
 
Step4. Input the desire price sensitive demand function of hth retailer for kth product. 
 
 
Step5. Determine   wik

r*    using Equation (30). 
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5- Numerical Example and Sensitivity Analysis 

5-1-  Numerical Example 
          In this section, a numerical example is presented for a chain with five distributors, five raw materials, 
one manufacturer, four products and three retailers in a proposed three-echelon supply chain. Consider 
a=10000, b=45. The other data of the distributors, the manufacturer and the retailers are shown in Tables (1), 
(2) and (3), respectively. The results of the leaders and the followers are presented in Tables (4) and (5).  

 
Table1. Data of the distributors 

Distributors j Raw Material j d
jC  d

jh  d
jA  d

jw  d
jD  

1 1 8 0.50 2 18 550 
2 2 7 0.30 3 16 680 
3 3 11 0.60 5 22 450 
4 4 9 0.55 4 20 500 
5 5 8 0.40 1.5 17 600 

 
Table2. Data of the manufacturer 

Product k 1kθ  2kθ  3kθ  4kθ  5kθ  kL  kϕ  m
kh  m

kA  
1 0.3 0.6 0 0.3 0 4000 0.01 0.9 30 
2 0 0.2 0.8 0 0.2 4800 0.02 1 35 
3 0.3 0.2 0 0.5 0.4 4500 0.01 0.8 33 
4 0.4 0 0.2 0.2 0.4 4200 0.015 0.7 37 

 

 
Table3.Data of the retailers 

Retailer i 1iµ  2iµ  3iµ  4iµ  1
r
ih  2

r
ih  3

r
ih  4

r
ih  1

r
iA  2

r
iA  3

r
iA  4

r
iA  

1 0.4 0.25 0.3 0.35 1 1 1.1 0.9 40 47 43 42 
2 0.3 0.3 0.4 0.35 1.05 0.98 1.08 0.92 43 46 45 48 
3 0.3 0.45 0.3 0.3 1.1 0.95 1.12 0.9 45 45 46 40 

 
                Table4.Results of the followers 

*
1Q  *

2Q  *
3Q  *

4Q  *
5Q  

66.33 116.61 86.60 85.28 67.08 
 

                Table5.Results of the leaders 

Product k *m
kw  *

1
r
kw  *

2
r
kw  *

3
r
kw  

1 164.08 193.57 193.76 193.79 
2 167.78 195.88 195.71 195.46 
3 164.52 193.99 193.86 194.04 
4 165.90 194.73 194.83 194.81 

 

5-2- Sensitivity Analysis 
         In this section, the effects of followers' parameters changes’ versus the leaders' decision variables, is 
studied. So a sensitivity analysis is carried out by increasing or decreasing parameters, at a time, by %25, 
%50 and %75 changes. We study the effects of distributors' holding cost, ordering cost and purchasing cost 
changes on the manufacturer and the retailers' selling price.  

According to Table (6), the manufacturer's selling price is increased by increasing the holding cost and 
decreasing ordering cost of followers, but manufacturer's selling price is not sensitive respect to the changes 
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of followers' purchasing cost. Diagram of manufacturer's selling price changes versus the changes of 
distributors’ holding cost and ordering cost are shown in Figures (5) and (6), respectively.  

 
 
 
 
 
 

 
Table 6. Effects of the changes of followers' costs on the selling price of manufacturer 

Parameters % Changes 
d
jh  -75 -50 -25 +25 +50 +75 

*
1
mw  -0.061 -0.032 -0.014 +0.011 +0.021 +0.030 

*
2
mw  -0.074 -0.039 -0.017 +0.014 +0.026 +0.038 

*
3
mw  -0.061 -0.033 -0.014 +0.012 +0.023 +0.033 

*
4
mw  -0.077 -0.043 -0.019 +0.016 +0.031 +0.044 

d
jA  -75 -50 -25 +25 +50 +75 

*
1
mw  +0.090 +0.039 +0.015 -0.010 -0.019 -0.026 

*
2
mw  +0.111 +0.048 +0.018 -0.013 -0.023 -0.032 

*
3
mw  +0.097 +0.041 +0.016 -0.011 -0.020 -0.027 

*
4
mw  +0.134 +0.056 +0.021 -0.015 -0.026 -0.035 

d
jC  -75 -50 -25 +25 +50 +75 

*
1
mw  0 0 0 0 0 0 

*
2
mw  0 0 0 0 0 0 

*
3
mw  0 0 0 0 0 0 

*
4
mw  0 0 0 0 0 0 

 

 
Figure5. The changes of manufacturer's selling price versus the changes of followers' holding cost 
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Figure6. The changes of manufacturer's selling price versus the changes of followers' ordering cost 

 
Evidently, increasing the holding cost of raw materials influences on the manufacturer’s order quantity 

and the manufacturer compels to order less of each type of raw materials in order to avoid additional costs. 
In turn, his selling price increases. In contrast, increasing ordering cost leads to increase the order quantity of 
the manufacturer. This change will decrease the number of replenishment times and consequently, his selling 
price of finished products decreases. Although price of each product and its scale of changes depend on their 
operational costs which are different for each item.  

Note that, as it is shown in the above Figures, the first and the fourth product have the most changes of 
all, in term of selling price, while the second and the third items’ selling price changes are moderately, 
depended on the holding and the ordering cost of the different kinds of raw materials combined to produce 
each product. 

In the other hand, the retailers’ price changes’ versus the operational costs of the followers is examined 
in Tables (7), (8), and (9). Based on Table (7), the first retailer' selling price is increased by increasing the 
holding cost and decreasing the ordering cost of followers, but their price is not sensitive respect to the 
purchasing cost of leaders, too. Diagram of the changes of the first retailer's selling price versus the changes 
of the holding cost and ordering cost of followers are presented in Figures (7) and (8), respectively.  

In this stage, as the first stage, changes on the ordering and holding cost of the distributors’ raw 
materials as the followers affect on the order quantity and the number of replenishment times of retailers as 
the leaders, respectively. 

In other word, the first retailer decreases his order quantity of finished products by increasing the raw 
material holding costs because it leads to increase the selling prices of finished products in previous stage. 
Moreover, he obligates to increase his order quantity in order to decrease replenishment times when the raw 
materials ordering costs increase. 

According to Figures (7) and (8), the first retailer’s selling prices for the first and the second item have 
the most changes while the selling prices of the third and the fourth product change mildly. 
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      Table7. Effects of followers' costs on the selling price of the first retailer 

Parameters % Changes 
d
jh

 
-75 -50 -25 +25 +50 +75 

*
11
rw  -0.143 -0.081 -0.036 +0.031 +0.060 +0.086 

*
12
rw  -0.263 -0.151 -0.068 +0.060 +0.114 +0.163 

*
13
rw  -0.196 -0.112 -0.051 +0.044 +0.084 +0.121 

*
14
rw  -0.212 -0.122 -0.055 +0.048 +0.092 +0.133 
d
jA

 
-75 -50 -25 +25 +50 +75 

*
11
rw  +0.264 +0.111 +0.041 -0.028 -0.050 -0.067 

*
12
rw  +0.503 +0.209 +0.078 -0.054 -0.094 -0.126 

*
13
rw  +0.372 +0.155 +0.058 -0.040 -0.070 -0.093 

*
14
rw  +0.410 +0.170 +0.064 -0.044 -0.076 -0.102 
       d
jC

 
-75 -50 -25 +25 +50 +75 

*
11
rw  0 0 0 0 0 0 

*
12
rw  0 0 0 0 0 0 

*
13
rw  0 0 0 0 0 0 

*
14
rw  0 0 0 0 0 0 

 
 

 
Figure7. The changes of the first retailer's selling price versus the changes of the followers' holding cost 
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Figure8. The changes of the first retailer's selling price versus the changes of the followers' ordering cost 

 
For the second retailer, changes of selling price on the holding, ordering and purchasing cost changes 

are demonstrated in Table (8) which it seems to be a rational behavior and follow the logic presented for the 
first retailer. In addition, Figures (9) and (10) indicate these changes. 
   

        Table8. Effects of followers' cost on the selling price of the second retailer 

Parameters % Changes 
d
jh  

-75 -50 -25 +25 +50 +75 
*

21
rw  -0.192 -0.110 -0.049 +0.043 +0.082 +0.118 

*
22
rw  -0.222 -0.127 -0.057 +0.050 +0.095 +0.136 

*
23
rw  -0.161 -0.092 -0.041 +0.036 +0.068 +0.098 

*
24
rw  -0.237 -0.137 -0.062 +0.054 +0.104 +0.149 
d
jA  

-75 -50 -25 +25 +50 +75 
*

21
rw  +0.361 +0.151 +0.056 -0.039 -0.068 -0.091 

*
22
rw  +0.419 +0.175 +0.065 -0.045 -0.079 -0.105 

*
23
rw  +0.301 +0.126 +0.047 -0.032 -0.057 -0.076 

*
24
rw  +0.460 +0.191 +0.071 -0.049 -0.085 -0.114 
d
jC  

-75 -50 -25 +25 +50 +75 
*

21
rw  0 0 0 0 0 0 

*
22
rw  0 0 0 0 0 0 

*
23
rw  0 0 0 0 0 0 

*
24
rw  0 0 0 0 0 0 
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         Figure9. The changes of the second retailer's selling price versus the changes of the followers' holding cost 

 

 
             Figure10. The changes of the second retailer's selling price versus the changes of the followers' ordering cost 

  
Also, the selling price changes of the second retailer for the third and the fourth product are more 

remarkably than the first and the second one, as indicated in Figures (9) and (10).  
Furthermore, for the third retailer, as the other ones, the selling price changes versus the distributors’ 

costs are surveyed presented in Table (9) and also the changes diagrams are drawn in Figures (11) and (12).  
Note that based on Figures (11) and (12), the selling prices changes of the second and the fourth product 

at the third retailer are more noticeable.   
Consequently, since dominant members as the leader of supply chain decide based on the best response 

of the dominated members (followers), so, the optimal decisions of leaders (the manufacturer and the 
retailers) are sensitive to the changes of followers’ operational costs so that the least changes in the 
dominated members costs influence on the leaders’ decisions.  
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                                  Table9.Effects of followers' cost on the selling price of the third retailer 

Parameters % Changes 
d
jh  

-75 -50 -25 +25 +50 +75 
*

31
rw  -0.199 -0.114 -0.051 +0.045 +0.085 +0.122 

*
32
rw  -0.158 -0.089 -0.040 +0.035 +0.066 +0.095 

*
33
rw  -0.207 -0.119 -0.054 +0.047 +0.089 +0.128 

*
34
rw  -0.232 -0.134 -0.061 +0.053 +0.101 +0.145 
d
jA  

-75 -50 -25 +25 +50 +75 
*

31
rw  +0.376 +0.157 +0.059 -0.040 -0.071 -0.095 

*
32
rw  +0.291 +0.122 +0.046 -0.031 -0.055 -0.074 

*
33
rw  +0.395 +0.164 +0.061 -0.042 -0.074 -0.099 

*
34
rw  +0.449 +0.186 +0.070 -0.048 -0.083 -0.111 
d
jC  

-75 -50 -25 +25 +50 +75 
*

31
rw  0 0 0 0 0 0 

*
32
rw  0 0 0 0 0 0 

*
33
rw  0 0 0 0 0 0 

*
34
rw  0 0 0 0 0 0 

 

 
Figure11. The changes of the third retailer's selling price versus the changes of the followers' holding cost 
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Figure12. The changes of the third retailer's selling price versus the changes of the followers' ordering cost 

 
6- Conclusion 

This paper studied a production-inventory model for multiple products in a three-echelon supply chain 
of pharmacological industry under both pricing and ordering decision policies, considered by none of the 
previous researches in supply chain area, including non-competing multiple distributors, one manufacturer 
and non-competing multi-retailer. Each distributor delivers one kind of raw material to the manufacturer and 
it combines certain percentage of different kinds of raw material to produce each product. Finished products 
are sent to the retailers and the retailers satisfy end users’ demand. The model is developed for 
pharmaceutical raw material and products under a real case in pharmacological industry. In addition, it is 
assumed that demand is price-sensitive and shortage is not allowed. The closed form solutions of decision 
variables are presented so that the concavity of the total profit functions is satisfied. The order quantity of the 
distributors and the selling prices of the pharmaceutical manufacturer and the retailers are the decision 
variables of the proposed model. 

We employ a Stackelberg game theoretic-approach among members of the chain in which the 
distributors and manufacturer, considered as the followers, identify the optimal values of their decision 
variables and the retailers, considered as the leaders, determine their selling prices. Eventually, a real case is 
studied to illuminate the applicability of the proposed model and then some sensitivity analyses are 
performed to survey the effect of the changes of followers’ operational costs on the optimal decisions of 
leaders.  

We conclude that, in the first echelon of the supply chain,  decreasing ordering cost of followers 
(distributors) and increasing the holding cost lead to increase the manufacturer's selling price while the 
changes of followers' purchasing cost is not influence on the manufacturer's selling price. Furthermore, in the 
second one, the retailers' selling price is increased by increasing the holding cost and decreasing the ordering 
cost of followers, but their price is not sensitive respect to the purchasing cost of leaders. Also, it is found 
that the selling prices of retailers for each product depend on their operational costs and they are changeable. 
The presented model has some limitations. For example, it was assumed that lead time is negligible and 
shortage is not allowed. It is evident that by considering lead time and each kind of shortage, the practical 
applicability of the model would be increased. If market demand is deemed in stochastic setting, the model 
will become more realistic. In addition, here, we assume that the production rate of the manufacturer is 
infinite while it can be considered as a fixed parameters or a decision variable (finite variable) and develop 
the model under this constraint. We leave these extensions for future researches. 
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