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Abstract. Supply chain activities problems naturally consist of multiple decision 
modeling agents, which are interrelated in a ‘‘hierarchical’’ structure in which 
individual activities are often governed by separate supply chain entities. Thus, 
they often have conflicting objectives. Such a hierarchical decision network 
structure can be mathematically illustrated by using ‘‘multi-level programming 
(MLP)’’ principles, in which a decentralized decision system is studied.In this 
paper, the behavior of a decentralized three echelons supply chain consisting of 
multi suppliers, one manufacturer and multi heterogeneous, independent retailers, 
who are involved in procurement, production and selling one type of product in 
separate and independent markets is studied. With a leader-follower scenario, and 
no direct connection between the retailers and suppliers, the net profit of the chain 
entities is maximized. This notion is initially modeled as a multi-level non-linear 
multi objective Stackelberg game. Since this model is NP-hard problem, 
Stackelberg solution is obtained by using a hybrid algorithm consisting of two 
phases. In the first phase, multi-level non-linear multi-objective problem are 
solved via a fuzzyMax–Min decision model for generating Pareto optimal 
solution. In the second phase, a search algorithm is developed to find the best 
values of lot-size and number of replenishment cycle for supply chain entities 
based on the result which has obtained in the first phase. By this method which is 
proposed in this paper, the inventory, manufacturing and pricing policy are 
simultaneously determined. Moreover, sensitivity analysis of the results is 
performed by applying a real case study problem. 
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1. Introduction  
 
A supply chain consists of independent entities with individual costs (profits). 

Each separate supply chain entity has its own objectives which often have conflict 
with objectives of other entities. Therefore, multiple decision makers are involved 
in operation and control of the whole supply chain. Such a multi-level decision 
network structure can be mathematically illustrated by using ‘‘multi-level 
programming’’ principles.This aspect of supply chain is observable in real 
situations in which it is often considered that the decisions are made sequentially 
through a hierarchal structure. First, the upper level‘s entities maximize their own 
net profit function and determine their own variables. After that the second level’s 
entities do the same based on the previous level’s decisions. This procedure 
continuesto the last level. The upper level‘s entities play the role of a leader and 
the second level‘s entities play the role of a follower. Simultaneously, the second 
level‘s entities play the role of a leader for the next level‘s entities. This 
interrelated structure proceeds to other levels. Therefore, studying the decision 
making process of production, inventory and pricing policy with mentioned 
interrelated structure is beneficial to resolve the problems in firms. 

In this paper a three echelon supply chain with non-cooperative behaviour is 
considered which consists of multiple suppliers, one manufacturer and multiple 
retailers who are involved in procurement, producing and selling only one type of 
finished product. Each supplier provides one type of component or raw material to 
the manufacturer and the manufacturer purchases one type of raw material from 
only one supplier according to the Bill of Materials of the finished product. The 
manufacturer produces finished products and distributes them to its retailers in 
separate and independent markets. We assume that there is no competition and 
transhipment between the retailers and the demand rate in each local retail market 
is a decreasing and convex function changes with respect to its own retail price. 
Since each individual entity retains some degree of autonomies and makes its own 
decisions in order to respond to the changing environments, coordinating 
inventory and marketing decisions increases their profits of both the supply chain 
and the entities.Also, the decisions of each entity are dependent on the decisions 
made in other levels. In this paper, we consider a scenario in which retailers-
manufacturer and manufacturer-suppliers are leader-follower schemes and there 
are no direct connections between retailers and suppliers. This scenario can be 
addressed as a Stackelberg game [4,17 and 19]. Thus, we have applied this 
approach via a three-level, non-linear multi-objective Stackelberg game to answer  
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the question of how each individual entity determines its pricing and inventory 
policies optimally in order to maximize its profit. 

The paper is organized as follows: In Section 2, the relevant literature is 
reviewed. Section 3 describes the assumptions and notations to be used. Section 4 
formulates the proposed model and derives its solving algorithm procedure. In 
Section 5, a problem is performed and a sensitivity analysis for some parameters 
is also done. Section 6 concludes the paper and gives some further research 
directions. 

 
 

2. Supply Chain Inventory Integration and Game Theory  
 
A number of researchers have studied the inventory integration issue in 

supply chain management. In supply chain management, establishing a long term 
cooperative relationship between the buyer and vendor is beneficial for the two 
parties with regards to lowering their cost and therefore increasing their profit. 
Many studies have investigated integrated vendor-buyer models from the 
viewpoint of the buyer and vendor to find the optimal inventory policies to 
achieve the minimal total cost or the maximal total profit such as [8, 3, 9, 11, 13 
and 10]. 

 The above papers on supply chain inventory integration mainly focus on 
exploring the vendor-buyer linkage from the point of view reducing total 
inventory cost for both parties with regards to ordering and delivery policy.  

The way the entities in the supply chain are interrelated can affect their profit 
ability. Since the aspects of production-inventory linkage and the decisions made 
can lead to coordination or non-coordination situations, the analysis of the 
relationship between these entities are considered in game theory. Often, analysis 
of non-coordination situation is performed using Stackelberg game which is 
considered in the literature of the subject in this paper;[20, 15, 21, 12, 5,1,2, 6, 7, 
14 and 18].  

Related papers on game and inventory model in Supply Chain are mainly 
concerned with improving the whole supply chain profit (cost) and each entity’s 
profit (cost) where supply chain has two echelons (one vendor and one retailer). 
Although game theory has been used in studying supply chain problems, the 
literature is limited to integrated three echelon supply chain in a hierarchical 
structure through multi-level problem as a game model especially when the 
problem includes non-linear characteristics in objectives or constraints or both. 
This paper fills this gap by studying Stackelberg game problems in an interacting 
decision-making model with a hierarchal structure in which every level  
objectives are independent of other levels but they are affected by the actions and 
reactions of other levels. Also shortage or surplus inventory is allowed at each 
level. Therefore, our research takes a closer step toward real supply chain 
problems. 
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3. Assumptions and Notations 
 

We have studied a Multi-level, Multi-ObjectiveStackelberg game and applied 
the model to a three echelon supply chain. So, we couldmake the following 
assumptions: 

1) We have a three echelon supply chain which includes multiple heterogeneous 
retailers, one manufacturer and multiple suppliers. 

2) Suppliers,manufacturer and retailers procure and make one type of products with 
a fixed production rate. 

3) The retailers are independent from each other in separate markets. 
4) The retailers facing the customer demands which can be produced by 

manufacturer with different raw materials purchased from the suppliers. 
5) Each supplier provides one type of raw material to the manufacturer and the 

manufacturer purchases one type of raw material from only one supplier 
6) Demand at each retailer side is decreasing and convex function changes with 

respect to its own retail price. 
7) All entities in the chain are making profit. 

All input parameters and variables in our model are stated as follows: 
Parameters  

i Index of retailers, i=1,2,…,R 
j Index of suppliers, j=1,2,…,S 

C  Manufacturing cost of the product ($/unit) 
C  Supplier j’s procurement cost including purchasing, ordering and 

transportation cost ($/unit) 
H  Holding cost of the product paid by retailer i ($/unit/period) 
H  Holding cost per unit raw material/product paid by manufacturer 

($/unit/period) 
H  Holding cost per unit raw material j paid by supplier j ($/unit/period) 
ω  Direct transportation cost for shipping one unit product from manufacturer 

to retailer i paid by retailer i ($/unit) 
ω  Direct transportation cost for shipping one unit raw material from 

supplier j to manufacturer paid by manufacturer ($/unit) 
α  Usage of raw material j required for producing one unit product 
A  Average Retailer i’s ordering cost per unit ($/unit) 
A  Average Manufacturer’s production set up cost per unit ($/unit) 
A  Average Supplier j’s ordering cost per unit ($/unit) 

D
f  p  

Retailer i’s demand which is a function of p  

τ  Minimum permitted lot size per order for retailer i 
φ φ  Permitted surplus (shortage) inventory for retailer i at the end of period 
φ φ  Permitted surplus (shortage) inventory for manufacture at the end of period 
φ φ  Permitted surplus (shortage) inventory for supplier j at the end of period 

S  Extra money (% of product wholesale price) paid by retailer i to make up 
for the shortage at the end of period 

AP  Reduced (%) of retail price by retailer i to sell his surplus at the end of 
period 
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S  Manufacturer’s shortage cost per unit ($/unit) 
S  Supplier j’s shortage cost per unit ($/unit) 

TP TP  Upper (Lower) level tolerance of retail price   
TP TP  Upper (Lower) level tolerance of whole sale price 
TY TY  Upper (Lower) level tolerance of total lot size of retailers 

TY TY  Upper (Lower) level tolerance of total lot size of manufacturer 
 
Variables 

 p  Retail price which a customer is charged by retailer i ($/unit) 
 p  Wholesale price which retailers are charged by the manufacturer ($/unit) 
 p  The price of raw material j sold to the manufacturer by supplier j ($/unit) 
 n  The integer multiplier used to determine the replenishment cycle of retailer i 
 n  The integer multiplier used to determine the replenishment cycle of 

manufacturer 
 n  The integer multiplier used to determine the replenishment cycle of supplier j 
Q  Lot size determined at the retailer i side (unit) 
Q  Lot size determined at the manufacturer side (unit) 
Q  Lot size determined at the supplier j side (unit) 
y  Total lot size at each retailer side through the whole period 
y  Total lot size at the manufacture side through the whole period 
y  Total lot size at each supplier side through the whole period 
T  Equals to 1 if shortage accrued at each retailer i side, otherwise equals to 0 
T  Equals to 1 if shortage accrued at each manufacturer side, otherwise equals to 0 
T  Equals to 1 if shortage accrued at each supplier j side, otherwise equals to 0 

 
 
4. Model Formulation  

 
This section models the relationship between the suppliers, the manufacturer 

and the retailers as a non-cooperative, multi-level, multi-objective Stackelberg 
game and the model maximizesits net profit.In order to make the model easier to 
follow and more applicable, we used a generic demand function D in this section 
and after developing the proposed model and its solution algorithm, the results are 
derived by a quadratic demand function estimated based on our case. 

In this paper,three-planner leader-follower Stackelbergscenario is considered 
whichrepresent bargaining power and market conditionsand the results. In this 
scenario, retailers-manufacturer and manufacturer-suppliers are leader-follower 
and there are no direct connections between retailers and suppliers. Hence, we call 
it RMS model. 
4.1. RMS Model 

From the above analysis in RMS model with the assumption that the retailers, 
as leaders,know the reaction of manufacturer and when the manufacturer is the 
leader it knows the reactions of its suppliers,Stackelberg model can be formulated 
as: 
[1st level] 
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MaxNP D  p  y D 1 AP  p 1 T  y p
D  y  p T –  y p  A  y   y ω  y 1 S D

 y p T (1) 
Subject to: 
p  p  AP 1 T p H ω A p S T   (2) 
 y D φ  (3) 
 y D φ (4) 
 y D MT (5) 
 y D M 1 T (6) 
D  f  p         1,2, … ,  (7) 
Variables:p 0, y 0 and T 0,1  
[2nd level] 
MaxNP ∑  y p 1 T  y p T  y ∑ α p

A  y ∑ A α  y C  y  y ∑ α ω  y

S T ∑  y  y (8) 
Subject to: 
p ∑ α p H A ∑ α A ∑ α ω S T (9) 
 y ∑  y φ (10) 
 y – ∑  y φ (11) 
 y ∑  y MT (12) 
 y – ∑  y M 1 T (13) 
Variables: p 0,  y 0and  T 0,1  
[3rd level] 
MaxNP α  y p 1 T α  y p T C  y  y

 S T α  y  y  (14) 
Subject to: 
p H C S T (15) 
 y α  y φ (16) 
 y α  y φ (17) 
 y α  y MT (18) 
 y α  y M 1 T j 1,2, … , S(19) 
Variables: p 0,  y 0 and T 0,1  

For simplicity and omitting non-linear constraint, let’s substitutey
 n Q  , y n Q   and y n Q  . Thus, all constraints of three levels will 
be linear and convex. 
4.2. Hybrid Algorithm Procedure  

Hybrid algorithm procedure includes two phases. In the first phase, we 
applieda fuzzy Max–Minalgorithm procedure which is developed by [16],Osman  
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et al. (2004), forgenerating  Pareto optimal  solutionto determine three-level multi-
objective Stackelberg solutions. Then, in the second phase,we develop a search 
algorithm to find best values of lot size and the number of replenishment cycle for 
three levels. 
First Phase  

There are two kinds of variables in each level of the model formulated in 
section 4.1.: price variables and total lot size variables. Thus, in order to conclude 
and interpretthe right results of the first phase, we do some adjustments in [16], 
Osman et al. (2004),algorithm when defining tolerances for variables.Hence, 
weconsidered two separate tolerance values in each level for price and total lot 
size variables.In addition, upper level and lower level tolerances are different. 
Second Phase 

Based on the values attained for total lot size (y ) in phase 1 we can find the 
number of replenishment cycle and lot size for the entities of all three levels 
(n  , Q  , n  , Q  , n  , Q ) by following these steps: 

Step 1: Determine the changes domain of integer number n  considering τ  
ranging from n 1 to n . 

Step 2: Calculate the value of Q  for all n  integer numbers within the above 
domain (Q  ). 

Step 3: Present all n and the relevantQ  values to the first level entitiesin 
order toagree on an equal number of replenishmentcycle. Let's assign n  for this 
number and Q  for the related lot size.It is worth mentioning that for any number 
amount ofn andQ , the retailers' net profit are the same. 

Step 4: Set n  equal to n  and find Q  (Q ). Assign n  and Q  to 
indicate these numbers.  

Steps 5: Set n  equal to n  and findQ  (Q ). Assign n  and Q  to 

indicate these numbers. 
 
 

5. Case Study 
 
In this section, we consider a case study to demonstrate the applicability of 

the proposed solution procedure to our Stackelberg game model.Our case is a 
supply chainconsisting of two suppliers, one manufacturer andtwo retailers. The 
manufacturer procures two kinds of raw materials from the two suppliers. Then, 
the manufacturer uses them to produce final products and distributes them to the 
retailers.Through this case study, we evaluate:(1) the results of market and 
inventory policy by three-level, non-linear, multi-objective,Stackelberg model,(2) 
improvement of the net profit of the manufacturer, retailers and suppliers inRMS 
scenario, and (3) the effects of some selected parameters on the decisions and 
profits of the supply chain elements.The related input parameters are based on the 
case. These parameters for the case are given as: 
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120, 450 , 900 , H 6.5 ,  H 6.2 , H 4.5 ,  H 3.7 , H

3.2 , ω 0.9,   ,  ω 1.5,  ω 0.3 ,  ω 0.5,  1 ,
1 , A 13.5 ,  A 32 , A 40 ,  800 , 900 ,

φ 30 , 30 , φ 60, 60 , φ 30,
30 , φ 20,  20 , φ 15 , 15  ,

S 0.2  , S 0.2  , 0.3 ,
0.3 ,  S 37 , S  42, S  53, TP 50,

TP 20 , TP 20, TP 100, TY 1000,
TY 1000, TY 4500, TY 1000 . 

Accordingto theassumptions in section 3, demand of each retailer is a 
decreasing and convex function changes with respect to its own retail price. So, 
we investigated the relationshipbetween demand and retail price in the last 44 
periods at each retailer side and estimated a quadratic demand function,D

0.004264 4.3704246 30666.55,D 0.005244 8.201877 28198.725.The 
monetary unit is US dollar. 
In the proposed model, the market related parameters have significant influence 
on the net profit and other variables related tothe retailers, manufacturer and 
suppliers in all three echelons of supply chain under study. 1rAP , 2rAP as well as 1rS
and 2rS parameterstend to have more influence on the results of the model in 
comparison with otherparameters. This is because the amount of these parameters 
has an influence on the strategy selected bythe retailers as the leader in the multi-
level model. Tables 1 illustrates the results of the model when  1rAP and 2rAP  vary 
from 0.2 to 0.3 for different values of 1rS and 2rS . 
 

Table1.The result of three-level, multi-objective Stackelberg model 
 

APr1 0.3 0.3 0.2 0.2 APr1 0.3 0.3 0.2 0.2 
APr2 0.3 0.3 0.2 0.2 APr2 0.3 0.3 0.2 0.2 
Sr1 0.2 0.25 0.2 0.25 Sr1 0.2 0.25 0.2 0.25 
Sr2 0.2 0.25 0.2 0.25 Sr2 0.2 0.25 0.2 0.25 
NPr1 6271707.8 7144769.8 6273843.4 7147845.4 Ps1 842.4 829.2 840.8 830.2 
NPr2 6679171.0 7645031.6 6290026.8 7645015.9 Ps2 957.6 918.7 927.3 912.8 
Pr1 2542.2 2545.1 2542.7 2544.4 ys1 29305.1 29113.5 29335.3 29147.3 
Pr2 2543.6 2545.4 2544.3 2544.7 ys2 29325.1 29113.5 29335.3 29127.3 
yr1 14218.1 14062.2 14208.4 14072.0 Dr1 14218.1 14062.2 14208.4 14072.0 
yr2 15106.9 15051.3 15096.9 15055.3 Dr2 15106.9 15051.3 15096.9 15055.3 

NPm 1417877.5 1059479.9 2295977.5 1185888.7 Tr1 1 1 1 1 
Pm 2083.4 2019.3 2083.5 2018.8 Tr2 1 1 1 1 
ym 29325.1 29113.5 29335.3 29127.3 Tm 0 0 0 0 

NPs1 11445067.8 10985414.7 11409759.7 11010850.0 Ts1 1 0 0 0 
NPs2 1642029.8 498207.2 752883.8 326645.0 Ts2 0 0 0 0 

 
 
6. Conclusion  

 
In this paper, the behavior of a decentralized three echelon supply chain 

consisting of multi suppliers, one manufacturer and multi heterogeneous, 
independent retailers, who are involved in procurement, production and selling 
one type of product in separate and independent markets was studied.With a 
leader-follower scenario for retailers-manufacturer and manufacturer-suppliers,  
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and no direct connection between the retailers and suppliers, the net profit of the 
chain entities was maximized. This notion was initially modeled as a three-level, 
non-linear, multi objective Stackelberg game. Since this model is an NP-hard 
problem, Stackelberg solution was attained by using a hybrid algorithm consisting 
of two phases and the inventory, manufacturing and pricing policy of the 
productwere determined simultaneously. Moreover, a case study was introduced 
to better understand the phenomenon and evaluate its practicality. Two major 
model parameters ( riAP  and  riS ) in the decisions made by the chain entities for 
taking up shortage and surplus policies was studied and it was found that by using 
Stackelberg solution, the retailers can improve their net profit benefiting from 
their leadership, while this case is not necessarily true for the other entities. 

There can be much more possible directions in extending the present research. 
Cooperative and semi-cooperative modes can be considered taking into account 
mechanism for profit and cost sharing. Moreover, the model development can be 
studied when the information is incomplete in terms of bargaining. 
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