
This document is downloaded from DR‑NTU (https://dr.ntu.edu.sg)
Nanyang Technological University, Singapore.

Production‑inventory‑distribution coordination
and performance optimization for integrated
multi‑stage supply chains

Zhao, Shitao

2016

Zhao, S. (2016). Production‑inventory‑distribution coordination and performance
optimization for integrated multi‑stage supply chains. Doctoral thesis, Nanyang
Technological University, Singapore.

https://hdl.handle.net/10356/69114

https://doi.org/10.32657/10356/69114

Downloaded on 20 Mar 2024 16:19:57 SGT



 
 

 

 

 

 

 

 

PRODUCTION-INVENTORY-DISTRIBUTION 

COORDINATION AND PERFORMANCE 

OPTIMIZATION FOR INTEGRATED MULTI-STAGE 

SUPPLY CHAINS 

 

 

 

SHI TAO ZHAO 

SCHOOL OF MECHANICAL AND AEROSPACE ENGINEERING 

2016

P
R

O
D

U
C

T
IO

N
-IN

V
E

N
T

O
R

Y
-D

IS
T

R
IB

U
T

IO
N

 C
O

O
R

D
IN

A
T

IO
N

 A
N

D
 P

E
R

F
O

R
M

A
N

C
E

 O
P

T
IM

IZ
A

T
IO

N
 

F
O

R
 IN

T
E

G
R

A
T

E
D

 M
U

L
T

I-S
T

A
G

E
 S

U
P

P
L

Y
 C

H
A

IN
S

 

S
H

I T
A

O
 Z

H
A

O
     2

0
1
6

 



 
 

 

PRODUCTION-INVENTORY-DISTRIBUTION 

COORDINATION AND PERFORMANCE 

OPTIMIZATION FOR INTEGRATED MULTI-STAGE 

SUPPLY CHAINS 

 

 

 

 

SHI TAO ZHAO 

 

 

 

 

School of Mechanical and Aerospace Engineering 

 

A thesis submitted to the Nanyang Technological University in 

partial fulfilment of the requirement for the degree of 

Doctor of Philosophy 

 

2016

S
H

I T
A

O
 Z

H
A

O
 



i 
 

 

 

 

DEDICATION 

 

To my loving wife, Li who has been the strong foundation for my life. 

To my wonderful son, Yu Tai, and newly born daughter, Doreen Yu Cheng, the source 

of my great happiness.  

 

 

 

 

 

 

 

 

 



ii 
 

 

 

 

ACKNOWLEDGENTS 

 

First of all, I am thankful to Professor Shih Fu LING who inspired me to do the research 

degree in operations research before his retirement. I sincerely wish him a happy 

retirement filled with fun and happiness. 

I would like to express my gratitude to my supervisors, Professor Kan WU and 

Professor Xue-ming YUAN for their time, support and guidance throughout my course 

of study. Professor WU’s research philosophy: the purpose of science is to improve 

human beings' life, is always motivating me when I was lost in my research direction. 

Professor YUAN is both a friend and a mentor who make me appreciate the beauty of 

mathematics. It was a pleasure working with them and learning the different facets of 

research.  

I would like to thank Professor Kang TAI, Professor Sivakumar A. I. SIVA, 

Professor Jitamitra DESAI, Professor Jiangfeng MAO and Professor Xiaofeng NIE for 

serving on my thesis advisory committee. Their valuable feedback and insightful 

suggestions have certainly enhanced the quality of my work. 

I gratefully acknowledge that the research work was partly supported by the 

GlaxoSmithKline-Singapore Partnership for Green and Sustainable Manufacturing 

under Grant M4060884, without which I could not have completed this thesis.  

Last, but definitely not the least, I am greatly indebted to my colleagues and 

peers who keep encouraging and advising me to achieve this goal. 



iii 
 

 

TABLE OF CONTENTS 

 

LIST OF TABLES ......................................................................................................IX 

LIST OF FIGURES ....................................................................................................XI 

LIST OF ABBREVIATIONS ................................................................................. XIV 

ABSTRACT .............................................................................................................. XVI 

 

CHAPTER 1 INTRODUCTION ................................................................................. 1 

1.1 OVERVIEW ........................................................................................................ 1 

1.2 INVENTORY CONTROL AND SUPPLY CHAIN MANAGEMENT ................................. 2 

1.3 SUPPLY CHAIN COORDINATION .......................................................................... 3 

1.4 COORDINATION MECHANISM AND FRAMEWORK ADOPTED IN SUPPLY CHAINS ... 6 

1.4.1 Joint consideration of inventory replenishment ............................................. 6 

1.4.2 Supply chain operations reference model ...................................................... 7 

1.5 RESEARCH PROBLEMS AND MOTIVATION ........................................................... 8 

1.5.1 Research background ..................................................................................... 8 

1.5.2 Need for supply chain coordination ............................................................... 9 

1.5.3 Research problems, general assumptions and justifications ........................ 10 

1.5.4 Research motivation ..................................................................................... 12 

1.6 RESEARCH GOALS AND OBJECTIVES ................................................................ 15 

1.6.1 Research goals .............................................................................................. 15 

1.6.2 Research objectives ...................................................................................... 15 

1.7 SCOPE OF THE RESEARCH ................................................................................ 16 

1.8 DISSERTATION OVERVIEW ............................................................................... 17 



iv 
 

1.8.1 Dissertation outline ...................................................................................... 17 

1.8.2 Rationale for generating date in numerical examples .................................. 18 

 

CHAPTER 2 LITERATURE REVIEW ................................................................... 20 

2.1 OVERVIEW OF PRODUCTION-INVENTORY-DISTRIBUTION COORDINATION AND 

PERFORMANCE OPTIMIZATION .................................................................................... 20 

2.2 INTEGRATED SUPPLY CHAIN WITH CONSTANT DEMAND ................................... 22 

2.3 SCOR-BASED ANALYTICAL COORDINATION MODEL FOR AN INTEGRATED 

SUPPLY CHAIN ............................................................................................................ 24 

2.3.1 SCOR models are applied at strategic levels ............................................... 26 

2.3.2 ACMs are applied at tactical and operational levels ................................... 27 

2.4 INTEGRATED SUPPLY CHAIN WITH TIME-VARYING DEMAND ............................ 29 

2.5 RESEARCH GAP ................................................................................................ 32 

 

CHAPTER 3 OPTIMAL INTEGER-RATIO INVENTORY COORDINATION 

POLICY FOR AN INTEGRATED MULTI-STAGE SUPPLY CHAIN ............... 35 

3.1 INTRODUCTION ................................................................................................ 35 

3.2 PROBLEM DESCRIPTION, NOTATIONS AND MODEL ASSUMPTIONS ..................... 37 

3.2.1 Distribution centre (Stage 4) ........................................................................ 40 

3.2.2 Transportation from FPW to DC .................................................................. 40 

3.2.3 Finished product warehouse (Stage 3) ......................................................... 40 

3.2.4 Manufacturing plant (Stage 2) ..................................................................... 40 

3.2.5 Raw material warehouse (Stage 1) ............................................................... 41 

3.2.6 Model assumptions ....................................................................................... 41 

3.3 OPTIMAL INTEGER-RATIO INVENTORY COORDINATION POLICY ....................... 42 



v 
 

3.4 GLOBAL MINIMUM TOTAL OPERATIONAL COST................................................ 45 

3.5 DISCUSSION ..................................................................................................... 47 

3.5.1 Supply chain without raw material warehouse ............................................ 48 

3.5.2 Supply chain integrated with raw material warehouse ................................ 50 

3.6 COMPUTATIONAL RESULTS AND ANALYSIS ..................................................... 55 

3.6.1 Numerical example ....................................................................................... 55 

3.6.2 Sensitivity analysis ........................................................................................ 59 

3.6.2.1 Effects of the system cost rate ............................................................... 59 

3.6.2.2 Effects of the production rate ................................................................. 64 

3.6.3 Computational results of ten numerical examples ....................................... 66 

3.7 SUMMARY ....................................................................................................... 68 

 

CHAPTER 4 SCOR-BASED ANALYTICAL COORDINATION MODEL FOR 

AN INTEGRATED SUPPLY CHAIN ...................................................................... 69 

4.1 INTRODUCTION ................................................................................................ 69 

4.2 PROBLEM DESCRIPTION ................................................................................... 71 

4.3 RATIONALE FOR THE PROPOSED METHODOLOGY ............................................. 73 

4.4 RESEARCH METHODOLOGY ............................................................................. 75 

4.4.1 SCOR model performance measures ............................................................ 77 

4.4.2 Supply chain cost performance metrics ........................................................ 78 

4.4.3 Notations and assumptions for the SCOR-based analytical coordination 

model ..................................................................................................................... 81 

4.4.4 Integer-ratio inventory coordination policy of the SCOR-based analytical 

coordination model ................................................................................................ 84 

4.4.5 Total operational cost of the SCOR-based analytical coordination model .. 85 



vi 
 

4.5 SUPPLY CHAIN PERFORMANCE OPTIMIZATION ................................................. 86 

4.5.1 SCOR-based analytical coordination supply chain ...................................... 86 

4.5.2 Supply chain without coordination ............................................................... 91 

4.6 COMPUTATIONAL RESULTS AND ANALYSIS ..................................................... 92 

4.7 SUMMARY ....................................................................................................... 98 

 

CHAPTER 5 OPTIMAL PRODUCTION-INVENTORY-DISTRIBUTION 

COORDINATION POLICY FOR AN INTEGRATED MULTI-STAGE SUPPLY 

CHAIN WITH TIME-VARYING DEMAND ........................................................ 100 

5.1 INTRODUCTION .............................................................................................. 100 

5.2 PROBLEM DESCRIPTION, NOTATIONS AND MODEL ASSUMPTIONS ................... 103 

5.2.1 Retailer ....................................................................................................... 106 

5.2.2 Transportation from FPW to R ................................................................... 107 

5.2.3 Manufacturing plant ................................................................................... 108 

5.2.4 Finished product warehouse ...................................................................... 109 

5.2.5 Raw material warehouse ............................................................................ 111 

5.2.6 Model assumptions ..................................................................................... 111 

5.3 TOTAL OPERATIONAL COST FUNCTION .......................................................... 112 

5.4 SOLUTION METHODOLOGY ............................................................................ 115 

5.4.1 Solution algorithm ...................................................................................... 115 

5.4.2 Special cases ............................................................................................... 119 

5.5 COMPUTATIONAL RESULTS AND ANALYSIS ................................................... 121 

5.5.1 Demonstrative example of seasonal products ............................................ 122 

5.5.2 Demonstrative example of products over their life cycles .......................... 134 

5.6 SUMMARY ..................................................................................................... 139 



vii 
 

 

CHAPTER 6 CONCLUSIONS ................................................................................ 140 

6.1 CONTRIBUTIONS ............................................................................................ 140 

6.2 MANAGERIAL PERSPECTIVES ......................................................................... 142 

6.2.1 Integrated multi-stage supply chain with constant demand ....................... 143 

6.2.2 SCOR-based analytical coordination model for an integrated supply 

chain .................................................................................................................... 144 

6.2.3 Integrated multi-stage supply chain with time-varying demand ................ 145 

6.3 LIMITATION OF THE RESEARCH ...................................................................... 145 

6.4 FUTURE RESEARCH ........................................................................................ 148 

 

REFERENCES .......................................................................................................... 151 

APPENDICES ........................................................................................................... 174 

APPENDIX A ............................................................................................................. 175 

APPENDIX B ............................................................................................................. 176 

APPENDIX C ............................................................................................................. 177 

APPENDIX D ............................................................................................................. 181 

APPENDIX E ............................................................................................................. 182 

APPENDIX F .............................................................................................................. 183 

APPENDIX G ............................................................................................................. 184 

APPENDIX H ............................................................................................................. 187 

APPENDIX I .............................................................................................................. 188 

APPENDIX J .............................................................................................................. 189 

APPENDIX K ............................................................................................................. 190 

APPENDIX L ............................................................................................................. 191 



viii 
 

APPENDIX M ............................................................................................................ 192 

APPENDIX N ............................................................................................................. 193 

APPENDIX O ............................................................................................................. 194 

APPENDIX P .............................................................................................................. 194 

APPENDIX Q ............................................................................................................. 195 

APPENDIX R ............................................................................................................. 196 

 

VITA ........................................................................................................................... 197 

PUBLICATIONS ...................................................................................................... 198 

 

 



ix 
 

 

LIST OF TABLES 

 

Table 1.1 The impact of lack of coordination on supply chain performance. ................ 4 

Table 1.2 The definition of cost components. ............................................................... 14 

Table 2.1 The summary of the literature of integrated supply chains with constant 

demand. ................................................................................................................... 25 

Table 2.2 The summary of the literature of SCOR models and analytical coordination 

models with inventory coordination mechanisms. .................................................. 28 

Table 2.3 The summary of the literature on time-varying demand. ............................. 31 

Table 3.1 Notations for the multi-stage supply chain with constant demand ............... 39 

Table 3.2 Results of numerical example 3.1. ................................................................ 59 

Table 3.3 Effects of system setup/ordering cost rates in numerical example 3.1. ........ 60 

Table 3.4 Effects of system holding cost rates in numerical example 3.1. ................... 61 

Table 3.5 Effects of d/p in numerical example 3.1 ....................................................... 64 

Table 3.6 Input data for computational results. ............................................................ 67 

Table 3.7 Computational results of the optimization and integer approximation. ........ 67 

Table 4.1 The SCOR model (version 10) level 1 performance metrics in performance 

attributes (Supply Chain Management cost is selected in the study). ..................... 77 

Table 4.2 The SCOR level 1 process definitions (SCOR model, version 10.). ............ 79 

Table 4.3 The supply chain’s operational cost metrics for an MNC (excluding Plan and 

Return). ................................................................................................................... 80 

Table 4.4 Notations for SCOR-based analytical coordination model ........................... 83 

Table 4.5 Results for numerical example 4.1. .............................................................. 94 

Table 4.6 Computational results of supply chain performance .................................... 97 

Table 5.1 Notations of the time-varying demand. ...................................................... 104 

Table 5.2 Demand rates of the seasonal product. ....................................................... 122 

Table 5.3 Initial shipment size and increment/decrement rates of the seasonal 

product. ................................................................................................................. 123 

Table 5.4 The cycle operational cost of the seasonal product. ................................... 124 

Table 5.5 The optimal production-inventory-distribution policy of the seasonal product.

 ............................................................................................................................... 125 



x 
 

Table 5.6 Sparse matrix of the seasonal product numerical example ......................... 126 

Table 5.7 Effects of holding cost rates on M*. ........................................................... 128 

Table 5.8 Effects of setup/ordering cost rates on M*. ................................................ 128 

Table 5.9 The optimal production-inventory-distribution policy of the product over its 

life cycle. ............................................................................................................... 136 

Table 5.10 Sparse matrix of the product over its life cycle. ....................................... 138 

 

 

 

 

 

 

 

 



xi 
 

 

LIST OF FIGURES 

 

Figure 1.1 A serial supply chain. .................................................................................... 1 

Figure 1.2 An independent decision making (uncoordinated) supply chain. ................. 4 

Figure 1.3 A coordinated supply chain. .......................................................................... 5 

Figure 1.4 Supply chain decision categories mapped to the SCOR model version 10 

(source: Supply Chain Council 2010) ....................................................................... 7 

Figure 1.5 The original MNC’s clinical trial supply chain. ............................................ 9 

Figure 1.6 The re-designed MNC’s multi-stage supply chain. ..................................... 11 

Figure 1.7 The outline of this dissertation .................................................................... 18 

Figure 2.1 Production-inventory-distribution problems in a taxonomy diagram ......... 21 

Figure 3.1 The multi-stage supply chain with constant demand. ................................. 37 

Figure 3.2 The inventory dynamics and synchronization across the integrated supply 

chain with constant demand. ................................................................................... 44 

Figure 3.3 JIT production inventory dynamics in the three-stage supply chain. .......... 49 

Figure 3.4 Instantaneous replenishment inventory dynamics in the four-stage supply 

chain. ....................................................................................................................... 52 

Figure 3.5 Graph of the TOC function of M and Q when N=8. .................................... 56 

Figure 3.6 Graph of the TOC function of M and N when Q=32. .................................. 57 

Figure 3.7 Graph of the TOC function of N and Q when M =2. ................................... 58 

Figure 3.8 Effects of the system setup/ordering cost rates on the policy ..................... 60 

Figure 3.9 Effects of the system setup/ordering cost rates on TOC ............................. 61 

Figure 3.10 Effects of the system holding cost rates on the policy .............................. 62 

Figure 3.11 Effects of the system holding cost rates on TOC ...................................... 63 



xii 
 

Figure 3.12 Effects of p on the policy ........................................................................... 65 

Figure 3.13 Effects of p on TOC .................................................................................. 66 

Figure 4.1 The integrated supply chain of an MNC. .................................................... 72 

Figure 4.2 The SCOR thread diagram of the supply chain. .......................................... 72 

Figure 4.3 The six steps of the proposed approach. ...................................................... 76 

Figure 4.4 The inventory dynamics and synchronization across the integrated supply 

chain. ....................................................................................................................... 85 

Figure 4.5 JIT production inventory dynamics. ............................................................ 89 

Figure 4.6 Instantaneous replenishment inventory dynamics. ...................................... 90 

Figure 4.7 Graph of the TOC function TC in N and Q. ................................................ 93 

Figure 4.8 Effects of As, h2 on the TOC-saving in numerical example 4.1. ................. 95 

Figure 5.1 The timer-varying multi-phase demand. ................................................... 102 

Figure 5.2 The integrated multi-stage supply chain with time-varying demand. ....... 104 

Figure 5.3 The time-varying demand over the planning horizon T. ........................... 107 

Figure 5.4 The production schedule over planning horizon T. ................................... 109 

Figure 5.5 The inventory dynamics and synchronization diagram for the integrated 

supply chain with time-varying demand. .............................................................. 110 

Figure 5.6 A WDAG representation for the integrate supply chain with five shipments.

 ............................................................................................................................... 117 

Figure 5.7 The seasonal product demand over the planning horizon. ........................ 122 

Figure 5.8 Effects of holding cost rates on M*. .......................................................... 129 

Figure 5.9 Effects of Setup/ordering cost rates on M*. .............................................. 130 

Figure 5.10 Effects of systems parameters on the global minimum TOC. ................. 131 

Figure 5.11 Effects of production rate on M*. ............................................................ 133 

Figure 5.12 Effects of production rate on the global minimum TOC. ........................ 134 



xiii 
 

Figure 5.13 The piece-wise linear demand function of the product over its life cycle.

 ............................................................................................................................... 136 



xiv 
 

 

LIST OF ABBREVIATIONS 

 

ACM    Analytical coordination model 

API   Active pharmaceutical ingredient 

CPFR    Collaborative planning, forecasting, replenishment 

DC    Distribution centre 

EOQ    Economic order quantity 

EPQ    Economical production quantity 

FPW    Finished product warehouse 

IIC    Integer-ratio inventory coordination 

JCIR    Joint consideration of inventory replenishment 

JIT    Just-in-time 

MINLP   Mixed-integer nonlinear programming 

MNC   Multinational corporation 

MUP    Manufacturing plant 

OCT    Optimal cycle time  

PP    Production plant 

R    retailer 

RMW    Raw material warehouse  

SCC   Supply chain coordination 

SCM    Supply chain management 

SCOR   Supply chain operations reference 

TOC    Total operational cost 

WDAG   Weighted directed acyclic graph 



xv 
 

ZIO    Zero-inventory ordering



xvi 
 

 

ABSTRACT 

 

The objective of this dissertation is to study the production-inventory-distribution 

coordination and performance optimization problems for integrated multi-stage supply 

chains by adopting the coordination mechanism and framework, primarily the joint 

consideration of inventory replenishment and the Supply Chain Operations Reference 

(SCOR) model. The supply chains under study include raw materials, production, 

transportation and distribution. There are four stages in the supply chain process: the 

raw material warehouse, the manufacturing/production plant, the finished product 

warehouse and the distribution centre/retailer. 

To support coordination among the supply chain parties, both the joint 

consideration of inventory replenishment and an SCOR model are adopted as the 

coordination mechanism and the framework of the research. The scope of the work is to 

study three distinct but inseparable problems by using rigorous analytical approaches: 

an integrated multi-stage supply chain with constant demand, a SCOR-based analytical 

coordination model for an integrated supply chain with constant demand and an 

integrated multi-stage supply chain with time-varying demand. The fundamental goal 

of this research is to study the effects of minimizing the total operational cost of multi-

stage supply chains by adopting different coordination mechanisms and frameworks. 

The first part of the study considers an integrated production-inventory-

distribution planning problem that is faced by a multinational corporation (MNC) that 

manages a multi-stage supply chain over an infinite time horizon. Based on the supply 

chain management practices of this company, the joint consideration of inventory 

replenishment is adopted as the coordination mechanism at the tactical and operational 



xvii 
 

levels. We devise an optimal integer-ratio coordination policy for inventory 

replenishment across its supply chain. Under the proposed optimal integer-ratio 

inventory coordination policy, the total operational cost of the supply chain is 

demonstrated to reach its global minimum after the integrality constraints are relaxed. 

Numerical examples are presented with a sensitivity analysis. The computational results 

demonstrate that the difference in the optimal total operational costs between integer 

and real-number solutions is not significant. 

In the second part of the research, both the joint consideration of inventory 

replenishment and an SCOR model are adopted as the coordination mechanism and the 

framework in an integrated supply chain with constant demand. In the existing literature, 

it remains a challenge to quantify the coordination effects on supply chain performance 

after the implementation of such models as Collaborative Planning, Forecasting, 

Replenishment and SCOR. An analytical coordination model for a supply chain of an 

MNC is presented. To improve supply chain performance, we study the coordination 

among the supply chain parties from the strategic to the operational levels. Supply chain 

management cost which is one of level 1 metrics from the SCOR model is selected to 

support the MNC to select and refine the SCM strategies. An optimal integer-ratio 

inventory coordination policy is devised to coordinate the inventory replenishment at 

the tactical and operational levels. By combining the SCOR model and the integer-ratio 

inventory coordination policy, a systematic approach is proposed. We focus on the 

derivation and analysis of the total operational cost of the supply chain based on cost 

performance metrics across three levels of the SCOR model version 10. The total 

operational cost is demonstrated to reach its global minimum after the integer constraint 

is relaxed. The findings reinforce the proposition that the adoption of an analytical 

coordination model based on the metrics of the SCOR model is promising in terms of 



xviii 
 

its capacity to assist decision makers in improving supply chain performance. Numerical 

experiments are conducted to demonstrate how to compute the optimal total operational 

cost in practice. The computational results demonstrate that the total operational cost 

savings through the SCOR-based analytical coordination model are significant. 

By extending the results from constant and continuous demand, an integrated 

multi-stage supply chain with time-varying demand over a finite planning horizon is 

considered in the last part of the study. With the joint consideration of inventory 

replenishment coordination mechanism, an optimal production-inventory-distribution 

policy is devised to minimize the total operational cost. The model is formulated as a 

mixed-integer nonlinear programming optimization problem. The problem is 

represented as a weighted directed acyclic graph. The global minimum total operational 

cost is computed in polynomial time by the developed algorithm. Two numerical 

examples of a seasonal product and a product over its life cycle are studied to illustrate 

the results. A sensitivity analysis of the system parameters is conducted to help elucidate 

the supply chain decision making process. 
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CHAPTER 1  

INTRODUCTION 

1.1 Overview 

 

As per the definition of the Council of Supply Chain Management Professionals, Supply 

Chain Management (SCM) encompasses the planning and management of all activities 

that are involved in sourcing and procurement, conversion, and logistics management 

(Council of Supply Chain Management Professionals). A typical supply chain consists 

of all of the involved parties, which include not only the manufacturers and suppliers 

but also the transporters and warehouses, and the customers themselves. The primary 

purpose of a supply chain is to satisfy customers’ needs and generate profits for the 

supply chain owners (Chopra & Meindl, 2013). A basic serial supply chain is shown in 

Figure 1.1. 

 

 

Figure 1.1 A serial supply chain. 

 

In today’s rapidly changing world, multinational corporations’ (MNCs’) profits 

have decreased due to fierce competition. Companies cannot simply pursue market share 

and cut operational costs from an individual enterprise to ensure profitability. They must 

 

Supplier Manufacturer Distributor Retailer Customer
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also constantly evaluate and redesign their supply chains to deliver the desired customer 

service at the lowest cost (Asgari et al., 2016).  

In the modern era, supply chains are becoming more complex due to rising fuel 

prices, dynamic business environments, and demanding customers. One of the most 

important drivers for decision making in running of a business lies in understanding the 

total operational cost (TOC) of ownership across an entire supply chain. By 

understanding the drivers of TOC, decision makers are able to deploy the correct 

strategies to reduce such costs (Simchi-Levi et al., 2008). 

 

1.2 Inventory control and supply chain management 

 

Inventory spreads throughout a supply chain. It acts as a buffer between suppliers, 

manufacturers, retailers, and customers. Inventories at different stages are different in 

name, but all cost money to maintain. The holding cost varies between industries and 

contributes significantly to the total supply chain’s operational cost. Thus, effective 

inventory management can optimize supply chain performance and reduce the 

possibility of shortages that are caused by volatile demands (Christopher, 2011). 

In 1925, Harris investigated the classic economic order quantity (EOQ) model. 

Thousands of articles have been published on production and distribution models. 

Significant research progress in this area was made in the 1980s. The EOQ model is 

used mainly for a single stage of product-inventory problems. The solution is optimal 

for all feasible policies. A finite production rate and allowing for backlogging are simple 

extensions of the EOQ model (Zipkin, 2000).  

In practice, there are multi-echelon structures in supply chains. It is a completely 

different case in which optimal inventory policies are difficult to achieve. Sometimes, 
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we may even doubt that an optimal inventory policy for a supply chain is possible 

(Axsäter, 2006). The difficulties arise from the fact that the different stages of a supply 

chain may have conflicting objectives if each stage belongs to a different owner. As a 

result, each stage tries to maximize its own profits. However, this often leads to a 

degradation of responsiveness and reduces the total supply chain profits. Many MNCs 

face this type of supply chain coordination (SCC) challenge today (Bushuev et al., 2015; 

Glock, 2012; Silver et al., 1998; Wang et al., 2015). For example, the Pampers diapers 

maker Procter & Gamble found that the raw material ordering quantity fluctuated 

significantly over time. However, sales fluctuations at the upstream retail stores were 

small. This “bullwhip” effect (Lee et al., 1997; Wang & Disney, 2016) in the Procter & 

Gamble supply chain increased the operational cost and made it difficult to match supply 

with demand.  

 

1.3 Supply chain coordination 

 

In the last two decades, SCM and its coordination have received a great deal of attention 

from researchers and practitioners (Bushuev et al., 2015). The coordination of 

decentralized production planning is challenging because supply chain parties are often 

independent of and are guided by individual and conflicting objectives. They are not 

willing to share certain pieces of private information, e.g., cost parameters and customer 

demand (Glock, 2012).  

Consider a typical example of a supply chain (Figure 1.2) in which the vendors 

supply materials or products and buyers order from vendors. When each party makes 

decisions independently, buyers determine an inventory replenishment that minimizes 

their own operational costs. Because the buyers’ decisions about shipping schedules and 
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lot size neglect the vendors’ operational costs, such decisions may not be preferred by 

the vendors. As a result, the total profits of the supply chain reduce as each stage 

maximizes its own profits. The lack of coordination has a negative impact on supply 

chain performance by increasing TOC and reducing responsiveness. The consequences 

of the lack of coordination are: inaccurate forecasts, low capacity utilization, excessive 

inventory, inadequate customer service, high inventory cost, slow order fulfilment 

response, bad product quality, and low customer satisfaction (Chopra & Meindl, 2013). 

The impact of the lack of coordination on supply chain performance measures is 

summarized in Table 1.1. 

 

 

Figure 1.2 An independent decision making (uncoordinated) supply chain. 

 

Table 1.1 The impact of lack of coordination on supply chain performance. 

 

Vendors Customers’

 Demand

Buyers

Decision

Shipment

Supply Chain Performance Measures Impact

Manufacturing Cost Increase

Inventory Cost Increase

Transportation Cost and Lead Time Increase

Profitability Decrease

Responsiveness Decrease

Customer Service Level Decrease
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Alternately, a coordinated supply chain in Figure 1.3 is able to foster potential 

benefits for the individual organization by using different coordination mechanisms. It 

can minimize inventories and lower the shipping costs or improve the resource 

utilization of the vendors. Thus, it improves the entire supply chain performance.  

 

 

Figure 1.3 A coordinated supply chain. 

 

Current supply chains face complexity from multi-stage hierarchies and 

uncertainties in supply and demand. To meet these challenges, supply chain parties must 

work toward an integrated system and coordinate with each other (Arshinder et al., 

2008).  

 

 

 

Vendors Customers’

 Demand
Buyers

Decision

Shipment

Coordination 

Mechanisms

Supply Chain Performance Improvement
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1.4 Coordination mechanism and framework adopted in supply 

chains 

 

When supply chain parties act independently, efficient coordination mechanisms are 

needed to handle the conflicting issues and the demand and supply uncertainties. The 

supply chain performance can be improved with the right coordination mechanism and 

framework (Egri, 2008). Both the joint consideration of inventory replenishment (JCIR) 

and the Supply Chain Operations Reference (SCOR) model are adopted in this research 

as discussed below.  

 

1.4.1 Joint consideration of inventory replenishment 

The JCIR decision making mechanism is well-known in the literature of SCC. It is able 

to resolve conflicts among supply chain parties. The JCIR model focuses on coordinated 

inventory replenishment decisions among supply chain parties and the impact on supply 

chain performance. The model determines the lot sizes of order, production and 

shipment to minimize TOC. It is especially useful as a planning tool in situations where 

companies have established long-term relationships with their suppliers and customers 

(Arshinder et al., 2008; Glock, 2012). 

Starting with Goyal (1976), a stream of research has emerged in recent years that 

targets the JCIR decisions among individual parties to benefit an entire supply chain. 

All of the JCIR models in the existing literature attempt to find an optimal operational 

solution and entice supply chain parties to coordinate (Glock, 2012). 

There are other supply chain coordination mechanisms in additional to JCIR. For 

instance, decision makers may design schemes to share profits and risk among the 

supply chain parties within a planning horizon. Optimal performance can be achieved if 



7 
 

the supply chain parties coordinate with each other such that each party’s effort is 

aligned with the overall objective of the supply chain (Sarmah et al., 2006). 

 

1.4.2 Supply chain operations reference model 

The SCOR model was introduced by the Supply-Chain Council. It is designed to 

benchmark operational measurements to improve supply chain performance and 

profitability. It facilitates collaboration among supply chain parties. It identifies 

performance measurements and the supporting tools that are suitable for each activity 

along a supply chain. This process reference model enables all of the departments and 

businesses that are involved in developing and managing an integrated supply chain to 

collaborate effectively (Supply Chain Council, 2010). Figure 1.4 is a schematic 

framework that illustrates the interrelationship among supply chain parties. 

 

 

Figure 1.4 Supply chain decision categories mapped to the SCOR model version 10 

(source: Supply Chain Council 2010) 

 

The SCOR model is widely adopted and used in many industries (Ntabe et al., 

2015). It has been applied to evaluate the efficiency and effectiveness of integrated 
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supply chains in the manufacturing industry. Some examples were provided in Hwang 

et al. (2008). Intel is one of the SCOR model beneficiaries worldwide that were forced 

to improve their complex and dynamic virtual supply chain networks (Intel, 2002). 

Many other organizations, such as Avon, LEGO, and Siemens Medicals, pursued the 

SCOR methodology and road-map to achieve significant improvements in their supply 

chains (Huang et al., 2005). The application of the SCOR model has been also reported 

in the construction industry (Cheng et al., 2010; Pan et al., 2011), the marine industry 

(Zangoueinezhad et al., 2011), the professional services industry (Lisa M. Ellram et al., 

2004) and the tourism industry (Yildirim & Umit, 2006). 

The SCOR model is adopted in Chapter 4 of this thesis to evaluate the supply 

chain’s TOC, which is one of five supply chain performance metrics. The framework is 

used to support the coordination of production-inventory-distribution at the strategic 

levels among supply chain parties. 

 

1.5 Research problems and motivation 

1.5.1 Research background 

This research is motivated by SCC problems in a pharmaceutical MNC. The MNC is 

one of the world’s leading research-based healthcare organizations with approximately 

$27 billion in sales, which accounts for seven percent of global pharmaceutical sales in 

2013. Headquartered in the UK, the extensive manufacturing organization and supply 

chain makes and distributes its products to over 150 countries around the world. 

This MNC addresses many different products, which are produced by three 

primary business units: pharmaceuticals, vaccines and consumer healthcare. Some 

vaccine products are in nearly constant demand annually. Most pharmaceutical products 

undergo primary and secondary production with raw materials. The primary production 
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process involves making the basic molecules, which are called active pharmaceutical 

ingredients (APIs) through multi-stage chemical synthesis or bioprocesses. The 

secondary production involves formulating these materials into the final drug products 

(Shah, 2004). The final drug products are stored at the MNC’s distribution centre or 

delivered to its in-country distribution centre. The clinic centre dispensary receives the 

drugs from the MNC’s in-country distribution centre and sells the drugs to patients 

(Figure 1.5). 

 

 

Figure 1.5 The original MNC’s clinical trial supply chain. 

 

1.5.2 Need for supply chain coordination 

During early‐phase development, APIs are commonly over‐produced to buffer the 

uncertainties those arise due to the absence of information, which is inherent in the 

current clinical trial supply chain. The excessive APIs drive TOC of the supply chain 

much higher. Due to the long clinical trial supply chain (Figure 1.5), it commonly 

includes many decision‐making parties with different objectives. The supply chain 

parties have different priorities in their strategies. For example, the external raw material 

suppliers put responsiveness first due to the intense competition for supplies. Cost is 

most important metric in production processes. However, distribution centres are always 

looking at the reliability of the finished product supply. If the MNC cannot align all of 

its supply chain parties at the strategic, tactical and operational levels, it will be difficult 

to manage the supply chain successfully. This uncoordinated condition among the 

supply chain parties could lead to supply chain performance degradation (Arshinder et 

External 

Supply

Primary 

Production

(API)

Secondary 

Production

MNC’s 

Distribution 

Centre

MNC’s In-

Country 

Distribution 

Centre

Clinic 

Centre 

Dispensary

Patient



10 
 

al., 2008; Glock, 2012). Therefore, collaborative planning, information sharing and 

JCIR are critical in the reduction of TOC of the MNC’s clinical trial supply chain 

(GlaxoSmithKline, 2013, 2014).  

 The existing research (Arshinder et al., 2008; Glock, 2012) has shown that SCC 

with the right mechanisms and frameworks can improve overall supply chain 

performance and reduce TOC. However, most of analytical models in the existing 

literature that discussed coordination mechanisms have addressed no more than three-

stage supply chains, and they did not consider transportation (Axsater, 1997; Glock, 

2012; Goyal & Gupta, 1989; Lu, 1995; Sarker & Parija, 1996; Wang, 2013).  

 

1.5.3 Research problems, general assumptions and justifications 

To reduce the complexity of the pharmaceutical supply chain, some models (Chen et 

al., 2012; Chen et al., 2013) in the existing literature have combined the stages with 

similar process functions. To achieve the research goals of this preliminary study, the 

original MNC’s clinical trial supply chain in Figure 1.5 is reduced from eight stages to 

four stages. In the re-designed MNC’s multi-stage supply chain in Figure 1.6, the 

primary and secondary production are combined into a single stage that is called the 

manufacturing/production plant. Both of the MNC’s in-country distribution centre and 

the clinical centre dispensary are combined as the distribution centre because they are 

usually located near each other. 
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Figure 1.6 The re-designed MNC’s multi-stage supply chain. 

 

The simplified multi-stage supply chain in Figure 1.6 includes raw material 

supply, production, inventory, transportation and distribution. It includes four stages: 

the raw material warehouse, the manufacturing/production plant, the finished product 

warehouse and the distribution centre/retailer. The raw materials are supplied to the raw 

material warehouse in batches immediately after the manufacturer places an order. The 

manufacturer converts them into finished products with a finite production rate and sells 

them to buyers (the distribution centre or retailer). By means of the supply contract, the 

finished products are transported periodically to buyers. The three models are 

considered in this dissertation with the following general assumptions: 

1) General insights into the importance of the right coordination mechanism and 

framework for multi-stage supply chains in centralized settings are presented in 

this dissertation. Three problems studied are under a collaborative environment. 

All of the supply chain parties are willing to cooperate and there is a single 
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decision maker (Baboli et al., 2011; Chiadamrong & Prasertwattana, 2006; Fu 

et al., 2014). 

2) The demand is deterministic and is known in advance. Suppliers have a perfect 

understanding of the price-demand relationship. 

3) The multi-stage supply chain operates under constant (Chapters 3 and 4) and 

time-varying demand (Chapter 5) because some vaccine products are in nearly 

constant in demand year-round. 

4) The production rate is finite. It is not lower than the demand rate to avoid 

shortage. 

5) The ordering/setup and holding cost rates are constant over time.  

6) This dissertation does not consider the lost-sale models, i.e., customer demand 

will be fulfilled, and no shortage is allowed. This approach reflects a research 

stream (Almeder et al., 2015; Archetti et al., 2014; Axsäter, 2006; Hoque, 2011; 

Massonnet et al., 2014; Rau & OuYang, 2008; Ventura et al., 2013; Wagner & 

Whitin, 1958; Zhang et al., 2014; Zipkin, 2000) in the existing literature. 

7) For the purpose of this dissertation, the focus is on a single type of product 

because the research intention is to offer a simple overview of the possible 

outcomes after the implementation of the SCC mechanism and framework in 

integrated multi-stage supply chain with different demand patterns. 

8) The product defective rate is assumed to be zero.  

9) An ordering cost is incurred whenever an order is placed at a supply chain stage. 

 

1.5.4 Research motivation 

The models that are studied in this dissertation can be used as tools for strategic and 

tactical planning to analyse the effects of cost components in various practical situations 
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for performance evaluation in integrated multi-stage supply chains with different 

demand patterns. In general, they are closer to practical applications and are motivated 

by the following four aspects: 

 A study on multi-stage supply chains that considers transportation is needed 

because most of the analytical models in the existing literature (Bushuev et al., 

2015; Glock, 2012) are analysed in no more than three-stage. 

 Some papers (Boissière et al., 2008; Kim & Glock, 2013) have studied integrated 

supply chains and included more than three stages with the following 

conventional assumptions: 

 infinite production rate 

 fixed and variable costs at each supply chain stage are not necessarily 

considered 

 holding cost rates increase as the material/product flows down the supply 

chain 

These assumptions are not true in many industries. We do not know enough about 

the impact of system parameters on TOC of multi-stage supply chains based on 

these assumptions. The associated costs in multi-stage supply chains that include 

inventory holding cost, setup/ordering cost and transportation cost are considered 

in this thesis (The cost components are outlined in Table 1.2). It will further 

supply chain research to develop a new and more practical model to examine 

supply chain performance.  

 Since the 1980s, many researchers (Arshinder et al., 2008; Glock, 2012; Li & 

Wang, 2007) have focused on SCC with different coordination mechanisms. 

However, they studied the coordination at either the strategic level or the tactical 

and operational levels. To enhance supply chain performance, an effective 
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coordination mechanism and a framework, which are able to coordinate from the 

strategic to the tactical and operational levels, are needed. We could benefit from 

knowing more about this particular policy and framework in integrated multi-

stage supply chains, including the integer-ratio inventory coordination (IIC) 

policy and the SCOR model in SCC for performance optimization.  

 There has been limited research that addressed integrated multi-stage supply 

chains with time-varying demands in the existing literature (Arshinder et al., 

2008; Glock, 2012; Hwang et al., 2013; Kaminsky & Simchi-levi, 2003; Pahl & 

Voss, 2014; Zhao et al., 2016b). In this dissertation, the customer demand in the 

integrated multi-stage supply chain is extended from constant to time-varying 

demand. The time-varying demand is generalized to multiple phases up to an 

arbitrary integer. 

 

Table 1.2 The definition of cost components. 

 

 

S/N Cost Component Definition

1

Material / Finished 

product ordering cost 

It is the fixed cost of placing an order for the material / finished product, which

includes the cost of administration associated with an order. It is independent of

the size of an order. 

2

Material / Finished 

product receiving cost 

It is the fixed cost of receiving a batch of the material / finished product, which

includes the cost of administration associated with receiving an order. It is

independent of the size of the batch of the material/finished product. 

3 Production setup cost

It is the cost incurred to get production line ready to process the products, which

includes the cost of labour, material and idle time associated with setting up and

shutting down the equipment. 

4 Inventory holding cost

It is the variable cost of holding a single unit of the material/finished product on

stock in a unit time. It includes variable opportunity cost, and other cost due to

storage, insurance, possible theft, obsolescence and spoilage.  

5 Fixed transportation cost

It is the fixed cost of the transport incurred regardless of length of journey. It

includes the costs are from insurance, depreciation of the car quota license,

maintenance.
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1.6 Research goals and objectives 

1.6.1 Research goals 

TOC is one of the important performance metrics in SCM. Continuous cost reduction in 

MNCs is a good practice because it enhances supply chain efficiency (Chopra & Meindl, 

2013; Simchi-Levi et al., 2008). The explicit goals of this research are: 

 to minimize the TOC of integrated multi-stage supply chains; 

 to study the system parameters’ impacts on minimizing the TOC by adopting 

different coordination mechanisms and frameworks. 

By adopting the JCIR and SCOR as the coordination mechanism and the 

framework to support the coordination among the supply chain parties, the effects of 

minimizing the TOC can be expected to have a greater impact on raw materials and 

finished goods order sizes, manufacturing batch sizes, and shipment delivery scheduling 

in multi-stage supply chains. This research is motivated the study of these effects. The 

obtained critical managerial insights will assist decision makers in improving supply 

chain performance in real-life cases. 

 

1.6.2 Research objectives 

The objective is to study the production-inventory-distribution coordination and 

performance optimization problems for integrated multi-stage supply chains with 

constant and time-varying demand by adopting the JCIR coordination mechanism and 

the SCOR framework. The optimal production-inventory-distribution policies are 

devised to minimize the TOCs of integrated multi-stage supply chains. By obtaining the 

global minimum TOCs in this research, the following critical questions can be 

answered: 
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 What are the optimal ordering/production batch sizes at each stage by 

adopting the proposed coordination mechanism and the framework in the 

multi-stage supply chain? 

 What is the optimal production and shipping schedule over the planning 

horizon by adopting the proposed coordination mechanism and the 

framework in the multi-stage supply chain? 

 

1.7 Scope of the research  

 

This research focuses on production-inventory-distribution coordination and 

performance optimization problems for integrated multi-stage supply chains. SCOR and 

JCIR are adopted as the framework and the coordination mechanism and to support the 

coordination from the strategic to the operational levels among the supply chain parties. 

Supply chain management cost which is one of level 1 metrics from the SCOR model is 

selected to align the supply chain parties’ strategic objectives in Chapter 4. The JCIR 

coordination mechanism, IIC policies for inventory replenishment operations across 

integrated supply chains are devised in all chapters. Both constant and time-varying 

demand patterns are considered. By using rigorous analytical approaches, three distinct 

but inseparable problems are studied in this dissertation: an integrated multi-stage 

supply chain with constant demand, a SCOR-based analytical coordination model 

(ACM) for an integrated supply chain with constant demand and an integrated multi-

stage supply chain with time-varying demand. Theoretical models of the problems are 

formulated and analytical solutions are proposed. Three models are studied in this thesis 

are illustrated by numerical examples. 
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1.8 Dissertation overview 

1.8.1 Dissertation outline 

The organization of this dissertation is presented in Figure 1.7. The next chapter reviews 

the literature that is related to the research on these three types of problem. By adopting 

the JCIR coordination mechanism, an IIC policy for inventory replenishment operations 

across an integrated multi-stage supply chain with constant demand is devised in 

Chapter 3. We aim to find the optimal IIC policy to minimize the TOC.  

In Chapter 4, the JCIR coordination mechanism and the SCOR framework are 

adopted into an integrated supply chain with constant demand. The SCOR model 

supports the MNC in choosing and refining the SCM strategies. An IIC policy is devised 

as a coordination mechanism for the inventory replenishment operations among the 

supply chain parties. A systematic approach of combining the SCOR model with the IIC 

policy to build and analyse an ACM is proposed. By using this approach, supply chain 

management cost, which is one of the SCOR level 1 metrics, is selected to build an 

ACM for supply chain performance evaluation. Both quantitative and qualitative 

methodologies are employed in this chapter.  

By extending the results of constant demand in Chapters 3 and 4, the integrated 

multi-stage supply chain with time-varying demand is studied in Chapter 5. It is 

formulated as a mixed-integer nonlinear programming (MINLP) optimization problem. 

The model is represented as a weighted directed acyclic graph (WDAG). The last 

chapter is the conclusion with remarks. 
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Figure 1.7 The outline of this dissertation 

 

1.8.2 Rationale for generating date in numerical examples 

Data in numerical examples are randomly generated or derived from the real world, are 

two general approaches in the operations research literature for the computational 

testing of algorithms or procedures (Hall & Posner, 2001). However, the availability of 

real data for proposed research models is limited (Hall & Posner, 2001; Morales, 2000). 

This is mainly due to consideration for protecting company confidential information. 

Numerical examples are presented for illustrative purposes throughout the thesis, 

although analytical solutions for three proposed models in Chapters 3, 4 and 5 are 

obtained.  In Chapters 3 and 5, random numbers are assigned to the data for the 

parameters in numerical examples, which gives more insights into the general properties 
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of the analytical solutions. Numerical examples in Chapter 4 that were partially derived 

from a case study in the pharmaceutical industry (Kannan et al., 2013). This is to test 

how the proposed systematic approach could perform in practical situations. Comparing 

with Chapters 3 and 5, the numerical examples with the actual data in Chapter 4 are 

better to show the feasibility of the proposed decision support system in the 

pharmaceutical industry. However, the actual data in Chapter 4 are insufficient for 

performing numerical experiments in Chapters 3 and 5. Because both models in 

Chapters 3 and 5 are four-stage supply chain with transportation and the time-varying 

demand problem is considered at Chapter 5. All of these settings in Chapters 3 and 5 

need more information on the systems parameters than the model at Chapter 4. 

.
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CHAPTER 2  

LITERATURE REVIEW 

 

This chapter reviews works that are related to the research of this dissertation. An 

overview of the production-inventory-distribution coordination and performance 

optimization for integrated supply chains is discussed in Section 2.1. In Section 2.2, 

works that pertain to the integrated supply chain with constant demand are discussed. 

In Section 2.3, works that are related to the SCOR models and the ACM of an integrated 

supply chain are reviewed. The works that are related to the integrated supply chain 

with time-varying demand are reviewed in Section 2.4. Sections 2.2, 2.3 and 2.4 provide 

technical background and a literature survey for Chapters 3, 4 and 5, respectively. In 

the last section, the research gap in the existing literature is identified.  

 

2.1 Overview of production-inventory-distribution coordination 

and performance optimization 

 

Since the 1980s, many researchers have focused on SCC and its performance 

optimization due to global competition and the constant changing business environment 

(Arshinder et al., 2008; Chan & Chan, 2010; Li & Wang, 2007). Efficient coordination 

mechanisms and frameworks are needed to handle conflicting issues when supply chain 

parties act independently. Various coordination mechanisms and frameworks are 

adopted in supply chains to study the effects on TOC in both centralized and 

decentralized settings in the existing literature (Abdul-Jalbar et al., 2016; Abdul-Jalbar 

et al., 2003; Chen et al., 2001; Chen et al., 2016; Duan & Liao, 2013; Egri, 2008; Fattahi 
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et al., 2015; Geunes et al., 2016; Giri et al., 2016; Glock, 2012; Lee & Billington, 1993; 

Salcedo et al., 2013).  

 

 

Figure 2.1 Production-inventory-distribution problems in a taxonomy diagram 
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coordination levels and type of customer demand: coordination at the tactical and 

operational levels in integrated supply chains with constant demand (Section 2.2), 

coordination from the strategic to the operational levels in integrated supply chains with 

constant demand (Section 2.3), and coordination at the tactical and operational levels in 

integrated supply chains with time-varying demand (Section 2.5). The research focuses 

of this thesis are described in Figure 2.1. They are reviewed in the following sections.  

 

2.2 Integrated supply chain with constant demand 

 

The IIC policy which is the JCIR coordination mechanism is devised in the first part of 

this research. This policy has been studied in production-inventory-distribution systems 

in a supply chain with up to three stages (Boissière et al., 2008; Omar et al., 2013) and 

in multi-echelon inventory systems (Abdul-Jalbar et al., 2005; Abdul-Jalbar et al., 2007; 

Axsäter, 2006; Wang, 2013; Zipkin, 2000). 

In production-inventory-distribution systems, the existing literature mainly 

focused on the analysis of two-stage supply chains without considering transportation 

(Abdul-Jalbar et al., 2010; Chang, 2014; Gorji et al., 2014; Huang & Ye, 2010; Jha & 

Shanker, 2013; Liu & Lian, 2009; Rahdar & Nookabadi, 2014). Goyal (1976) analyzed 

a two-stage supply chain consisting a single-vendor single-buyer with an infinite 

production rate. Banerjee (1986) and Hill (1999) relaxed the assumption of the infinite 

production rate in the model of Goyal (1976). Lu (1995) studied a one-vendor multi-

buyer integrated inventory model with an integer-ratio policy. The objective is to 

minimize the vendor’s total cost subject to the maximum costs that buyers will incur. 

Sarker and Parija (1996) developed an optimal multi-order policy in a two-stage supply 

chain, which the raw material procurement is for a single manufacturing batch. Although 
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the infinite production rate was relaxed, transportation was not considered in this model. 

Hill (1997) and Hill and Omar (2006) considered a single-vendor single-buyer 

integrated production-inventory model. In their study, the production batches were 

assumed to increase in size by a fixed geometric growth factor λ ϵ [1, P/D], P denotes 

the production rate and D the demand rate. In addition, zero transportation time was 

assumed. Sarkar (2013) developed a production-inventory model with a deteriorating 

item in a two-stage supply chain. Through a simpler model of a single manufacturer-

buyer with a finite production rate, deterministic demand and a single type of product, 

Eben-Chaime (2004) proposed an integer-ratio policy of inventory replenishment, and 

proved its optimality. 

Some models in the existing literature also discussed coordinated inventory 

replenishment decisions in supply chains with more than two stages. Boissière et al. 

(2008) studied a three-stage production-inventory-distribution system without the 

consideration of transportation lead time, the production setup cost and the material 

ordering cost. Jaber and Goyal (2008) and Jaber and Goyal (2009) studied the 

coordination of order quantities in three-stage and four-stage supply chains with infinite 

production rates, respectively. However, the transportation was not considered. Lee 

(2005) considered a single-manufacturer single-buyer supply chain to determine the 

joint economic lot size of raw materials and production batch to minimize the TOC per 

unit time. Different from the model in Chapter 3 , the raw material ordering batch was 

only fulfilled for one cycle of the production in Lee (2005). Seliaman and Ahmad (2009) 

studied a non-serial multi-stage supply chain with multiple customers. They used an 

integer multiplier of the cycle time policy of the inventory replenishment intervals. By 

using the same methodology of Hill (Hill, 1997; Hill & Omar, 2006), Kim and Glock 
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(2013) studied a multi-stage supply chain where equal- and unequal-sized batches were 

transported between the stages and penalty costs were imposed on long lead times. 

In multi-echelon inventory systems, Roundy (1985) studied a lot-sizing rule in a 

single-warehouse multi-retailer system, and introduced the integer-ratio policy of 

inventory replenishment intervals. The infinite production rate was assumed in Roundy 

(1985). Chen (1998) proposed a stationary integer inventory policy in a multi-echelon 

inventory system with the assumptions of an infinite production rate and no 

transportation. A summary of the existing literature of the multi-stage supply chain with 

constant demand is in Table 2.1 

 

2.3 SCOR-based analytical coordination model for an integrated 

supply chain 

 

In additional to JCIR, SCOR is adopted as a framework to an integrated supply chain in 

the second part of the research. The proposed model is to support the coordination 

among the supply chain parties from the strategic to the operational levels. Numerous 

studies (Bushuev et al., 2015; Glock, 2012; Li & Wang, 2007) have been conducted on 

the SCC at either the strategic level or the tactical and operational levels. The literature 

review of this section is presented in two subsections. First, the SCOR models are 

applied at the strategic levels. Second, ACMs are applied at the tactical and operational 

levels. 
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Table 2.1 The summary of the literature of integrated supply chains with constant 

demand. 

 

Authors Demand

Supply 

Chain 

Stages

Coordination 

Mechanisms

Production 

Rate
Transportation Solution Method

Goyal (1976) Constant
Two-

stage

Integer-ratio of inventory 

replenishment interval
Infinite No Optimal

Roundy 

(1985)
Constant

Two-

stage

Integer-ratio of inventory 

replenishment interval
Infinite No Optimal

Lu (1995) Constant
Two-

stage 

Integer-ratio of inventory 

replenishment interval
Finite No Optimal and Heuristic

Sarker and 

Parija (1996)
Constant

Two-

stage 

Integer-ratio of inventory 

replenishment quantity
Finite No Optimal

Hill (1997) Constant
Two-

stage 

Integer-ratio of inventory 

replenishment interval
Finite No Optimal

Chen (1998) Constant N -stage Stationary Policy Infinite No Optimal

Banerjee 

(1986), Hill 

(1999)

Constant
Two-

stage

Integer-ratio of inventory 

replenishment interval
Infinite No Optimal

Eben-Chaime 

(2004)
Constant

Two-

stage

Integer-ratio of inventory 

replenishment quantity
Finite No Optimal

Lee (2005) Constant
Three-

stage

Integer-ratio of inventory 

replenishment interval
Finite No Optimal

Jaber and 

Goyal (2008)
Constant

Three-

stage

Integer-ratio of inventory 

replenishment interval
Infinite No Heuristic

Boissière et 

al . (2008)
Constant

Three-

stage
Stationary Policy Finite

Yes (Constant 

cost)
Optimal

Jaber and 

Goyal (2009)
Constant

Four-

stage

Integer-ratio of inventory 

replenishment interval
Infinite No Heuristic

Seliaman and 

Ahmad 

(2009)

Constant N -stage
Integer-ratio of inventory 

replenishment interval
Finite No Heuristic

Kim et al . 

(2013)
Constant N -stage

Integer-ratio of inventory 

replenishment interval
Finite No

Optimal for four-stage, 

simulation for N -stage

Sarker (2013) Constant
Two-

stage 

Integer-ratio of inventory 

replenishment quantity
Finite

Yes (Constant 

cost)
Optimal

First part of 

our research
Constant

Four-

stage

Integer-ratio of inventory 

replenishment quantity
Finite

Yes (Linear 

cost function)
Optimal
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2.3.1 SCOR models are applied at strategic levels 

SCOR models are applied through qualitative models for the strategic decision making 

in the existing literature. The SCOR model helps suppliers, manufacturers, downstream 

retailers/distributors and customers to improve the efficiency of SCM by 

communicating effectively (Kevan, 2005). Companies using the SCOR model to drive 

supply chain improvements spend less time putting on firefighting and more time in 

planning (Bolstorff, 2003). Anecdotal evidence and trade journals have also reported 

significant improvements after firms have adopted the SCOR model. Empirical 

validation of the SCOR model for organizations was conducted by Zhou et al. (2011). 

Wang et al. (2004a) related product characteristics to supply chain strategy and adopted 

SCOR model level 1 performance metrics as the decision criteria. An integrated analytic 

hierarchy process and pre-emptive goal programming based on multi-criteria decision 

making methodology was developed to take into account both qualitative and 

quantitative factors in supplier selection. Yuan et al. (2010) extended the SCOR model 

to the air cargo industry and proposed air cargo supply chain operations reference model. 

Furthermore, Li et al. (2011) extended the five decision areas of the SCOR model by 

integrating quality assurance measures in supply chain process. Sellitto et al. (2015) 

presented a SCOR-based model for supply chain performance measurement and applied 

it in the context of Brazilian footwear industry. 

 By applying the SCOR model, there is a group of researchers who worked on 

simulation models to test various configurations of supply chains and what-if scenarios 

(Persson, 2011; Persson & Araldi, 2009; Rabelo et al., 2007). Gumus et al. (2010) 

proposed a methodology for effective multi-echelon inventory management. With a 

neural network simulation model, the supply chain performance was calculated using 

performance metrics selected from the SCOR model. Pan et al. (2011) provided a 
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systematic approach for analysis and design of construction supply chain operation 

models. They integrated the SCOR model into the Dynamic Simulation software to 

assist in establishing a hierarchical model to explore the behavior of construction supply 

chain processes. Devos Ganga and Ribeiro Carpinetti (2011) proposed a supply chain 

performance model based on fuzzy logic to predict performance based on causal 

relationships between metrics of the SCOR model.  

There are some researchers using the SCOR model to build analytical model for 

supply chain performance optimization. Zhang and Reimann (2014) aimed at multi-

objective performance assessment and optimization of a two-echelon supply chain by 

using SCOR metrics. Kurien and Qureshi (2015) adopted the SCOR model to propose 

a framework and a methodology for flexibility performance measurement of supply 

chains. However, they (Kurien & Qureshi, 2015; Zhang & Reimann, 2014) did not study 

SCC in their models.  

 

2.3.2 ACMs are applied at tactical and operational levels  

Most analytical coordination models (Banerjee, 1986; Boissière et al., 2008; Bushuev 

et al., 2015; Glock, 2012; Goyal, 1976; Hill, 1997, 1999; Kim & Glock, 2013) in the 

existing literature only proposed coordination mechanisms at the tactical and operational 

levels for supply chain parties. In addition, the devised policy was on integer-ratio of 

inventory replenishment interval, which is different from the IIC on replenishment 

quantity in this study. They are reviewed in Section 2.2. A summary of the literature on 

SCOR models and ACMs with inventory coordination mechanisms is presented in Table 

2.2. 
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Table 2.2 The summary of the literature of SCOR models and analytical coordination 

models with inventory coordination mechanisms. 

 

Authors
Production 

Rate
Transportation Solution Method

Coordination 

Mechanisms

Coordination 

Level
Model

Goyal (1976) Infinite No Optimal

Integer-ratio of 

inventory 

replenishment 

interval

Banerjee 

(1986)
Finite No Optimal

Integer-ratio of 

inventory 

replenishment 

Quantity

Hill (1999) Finite
Yes (Constant 

Cost)
Optimal

Integer-ratio of 

inventory 

replenishment 

interval

Boissière, et 

al. (2008)
Finite

Yes (Constant 

Cost)
Optimal Stationary Policy

Hill (1997) Finite No Optimal

Integer-ratio of 

inventory 

replenishment 

interval

Kim, et al. 

(2013)
Finite No

Optimal solution for 4-

stage supply chain. 

Simulation on N -stage 

supply chain

Integer-ratio of 

inventory 

replenishment 

interval

_ Strategic level
The SCOR-based 

qualitative models

_ Strategic level
The SCOR-based 

simulation models

Zhang and 

Reiman 

(2014)

Optimal

Kurien and 

Qureshi 

(2015)

_

The second 

part of our 

research

Finite
Yes (Linear 

cost function)
Optimal

Integer-ratio of 

inventory 

replenishment 

quantity and 

SCOR model

From strategic to 

operational levels

Chapter Four selects 

supply chain 

management cost , 

one of level 1 metrics 

from the SCOR 

model to build an 

analytical coordination 

model

Tactical and 

operational levels

Analytical 

coordination models

Devos Ganga and Ribeiro Carpinetti (2011); Gumus, et al (2010); 

Pan, et al (2011); Persson (2011), Persson, et al (2009) and Rabelo, 

et al (2007)

Bolstorff (2003); Kevan (2005); Li et al. (2011); Wang. et al 

(2004a); Yuan, et al (2010) and Zhou. et al (2011).

_ _

Coordination 

effects were not 

studied from 

strategic to 

operational levels 

_
The SCOR-based 

quantitative models
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2.4 Integrated supply chain with time-varying demand 

 

Based on the nature of demand, production-inventory-distribution problems can be 

classified as deterministic or stochastic (Axsäter, 2006; Cachon & Fisher, 2000; Cachon 

& Lariviere, 2005; Liu & Lian, 2009; Sana & Goyal, 2014; Song et al., 2014; Zhao et 

al., 2016a, 2016b; Zipkin, 2000). In the deterministic class, it can be further classified 

into constant and time-varying demand. There have been several studies on time-varying 

demand with the assumption of an infinite production rate or an instantaneous inventory 

replenishment for integrated supply chains (Almeder et al., 2015; Bylka, 1999; Hwang 

et al., 2013; Kaminsky & Simchi-levi, 2003; Van Hoesel et al., 2005; Ventura et al., 

2013; Zangwill, 1969) since the classical article by Wagner and Whitin (1958). 

Inspired by the practice in the production-inventory-distribution problems, many 

researchers focused on supply chains with a linear trend in demand and a finite 

production rate. However, the models did not consider supply chains with more than 

two stages. For instance, Hariga (1996) studied an optimal inventory model of 

deteriorating items with a linear trend in demand in a single-stage supply chain. Lo et 

al. (2002) presented the exact optimal solution of inventory replenishment for both 

linear increasing and decreasing trends in demand in a single-stage supply chain. Rau 

and OuYang (2008) presented an optimal production–inventory policy for a two-stage 

supply chain with linear increasing and decreasing trends in demand. Although the 

single-phase linear trend in demand is an approximation of the practical situation(Chang 

& Chou, 2013; Chen & Chang, 2007), the demand for most products has a typical cycle 

with the multi-phase patterns due to the life cycle or boom-and-bust seasons in a year. 

Hill (1995) considered a product subject to a period of increasing demand, followed by 

a period of constant demand for a single-stage system. Diponegoro and Sarker (2007) 
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studied a production-supply problem for a two-stage supply chain with a fixed interval 

delivery to buyers. The product demand is time-dependent following its life cycle. 

However, the multi-phase demand over the planning horizon is represented by a piece-

wise linear function up to three phases. Goyal and Giri (2003) considered a production-

inventory model with time-varying demand to devise the optimal replenishment 

policies. Sana (2010) also developed a production-inventory model to determine the 

optimal product reliability and optimal production rate that achieves the maximal total 

profit under an imperfect manufacturing process. The two-stage supply chain with time-

varying demand were considered in both Goyal and Giri (2003) and Sana (2010).  

In the existing literature, some researchers studied more than two stages supply 

chain with time-varying demand. The linear trend in demand is just up to two phases. 

For example, Sarker and Balan (1999) studied a multi-stage kanban system with a linear 

trend in demand. Omar et al. (2013) considered a three-stage supply chain with the 

single-phase linearly decreasing demand under the just-in-time (JIT) manufacturing 

environment. A summary of the literature on time-varying demand is presented in Table 

2.3. 
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Table 2.3 The summary of the literature on time-varying demand. 

 

Authors
Time-varying 

Demand

Supply Chain 

Stages

Production 

Rate

Transportation 

Cost

Assumption on 

Holding Cost Rates  

Wagner et al  (1958)
 Discrete-time 

lot sizing 
One-stage Infinite No Not applicable

Bylka (1999)
 Discrete-time 

lot sizing 
Two-stage Infinite No

Kaminsky and Simchi-levi 

(2003)

 Discrete-time 

lot sizing 
Two-stage Infinite

Yes (Non-

linear)
Yes

Hwang et al  (2013); Van 

Hoesel et al  (2005); 

Zangwill (1969)

 Discrete-time 

lot sizing 
N -stage Infinite No No

Ventura et al  (2013)
 Discrete-time 

lot sizing 
N -stage Infinite Yes (Fixed) No

Almeder et al  (2015)
 Discrete-time 

lot sizing 
N -stage Finite No No

Chang and Chou (2013)
 Discrete-time 

lot sizing 
Two-stage Finite Yes Yes

Hariga (1996)
 Linear trend in 

two phases 
One-stage Finite No Not applicable

Lo et al  (2002)
 Linear trend in 

two phases 
One-stage Finite No Not applicable

Chen and Chang (2007)
 Linear trend in 

single phase 
One-stage Finite No Not applicable

Hill (1995)
 Linear trend in 

two phases 
One-stage Finite No Not applicable

Rau and Ouyang (2008)
 Linear trend in 

two phases 
Two-stage Finite No No

Goyal and Giri (2003); 

Sana (2010)

 Linear trend in 

single phase 
Two-stage Finite No No

Diponegoro and Sarker 

(2007)

 Linear trend in 

three phases 
Two-stage Finite No No

Omar et al  (2013)
 Linear trend in 

single phase 
Three-stage Finite No No

Sarker and Balan (1999) 
 Linear trend in 

single phase 
N -stage Finite No No

The third part of our 

research

Linear trend in 

multi-phase
Four-stage Finite Yes (Linear) No
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2.5 Research gap 

 

It is evident that SCC and its performance optimization have received a great deal of 

attention from researchers and practitioners in many aspects. By adopting the JCIR 

coordination mechanism and the SCOR framework, three distinct but inseparable 

problems are considered in this dissertation: integrated multi-stage supply chain with 

constant demand, SCOR-based ACM for an integrated supply chain and integrated 

multi-stage supply chain with time-varying demand. 

For an integrated multi-stage supply chain with constant demand, most of the 

models in the existing literature have no more than three stages, or the supply chain’s 

operational costs are not fully considered if the models have more than three stages. 

They cannot reflect the practical situations of the multi-stage hierarchies with high 

transportation costs. To address this limitation, Chapter 3 extends the models in the 

existing literature from three-stage to four-stage supply chains with consideration of 

transportation. With these more general and practical settings, the proposed model can 

assist decision makers in managing their supply chains in real-life cases. The raw 

material warehouse and transportation are considered into the three-stage supply chain 

to study the feasibility of the supply chain integration and the cost effectiveness in 

different manufacturing settings. Different from prior integer-ratio coordination policy 

of the replenishment intervals approach, the study focuses on the IIC policy of 

replenishment quantity in a multi-stage supply chain. The supply chain’s operational 

costs: the production setup cost, the product ordering cost, the inventory holding cost 

and the transportation cost are fully considered in our model. We aim to find the optimal 

IIC policy to minimize TOC. In both three- and four-stage supply chains, we analyze 

the impact of various system parameters on the variables of the optimal relaxed IIC 
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policy and the global minimum TOC, respectively. This more general and practical 

study is able to offer a simple overview of the possible outcomes after the 

implementation of the IIC policy in a multi-stage supply chain. 

 In additional to the JCIR coordination mechanism in the proposed model in 

Chapter 3, SCOR is adopted in an MNC’s integrated supply chain in Chapter 4. Based 

on Table 2.2, it is evident that more studies of using the SCOR models to build ACMs 

are needed. Most analytical models (Glock, 2012; Li & Wang, 2007) only proposed 

inventory coordination mechanisms at the tactical and operational levels for supply 

chain parties. In a practical situation, this is not sufficient when supply chain parties do 

not align their objectives at the strategic level (Ntabe et al., 2015). Many researchers 

also made use of SCOR models to design both descriptive and analytical models for 

supply chain performance evaluation (Lai et al., 2002; Lockamy & McCormack, 2004; 

Lu et al., 2013; Medini & Bourey, 2012; Wang et al., 2010) . However, their models 

did not adopt the SCOR model to establish critical metrics to build an ACM for supply 

chain cost optimization. To address this limitation, a systematic approach of combining 

the SCOR model with the IIC policy to build and analyze an ACM is proposed in 

Chapter 4. It supports SCC from the strategic to the operational levels. Supply chain 

management cost which is one of level 1 metrics from the SCOR model is selected to 

align the supply chain parties’ strategic objectives. The production setup cost, the 

product ordering cost, the inventory holding cost, and the transportation cost are 

considered based on supply chain management cost. At the tactical and operational 

levels, the IIC policy is devised to coordinate the inventory replenishment to formulate 

TOC. Different from the models in the existing literature, the IIC policy in this research 

is for replenishment quantities instead of replenishment intervals (Hill, 1997; Jaber & 

Goyal, 2008; Kim & Glock, 2013).  
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For the integrated multi-stage supply chain with time-varying demand in 

Chapter 5, the research is inspired by a two-stage supply chain analyzed by Diponegoro 

and Sarker (2007) in the high-tech industry. The models in Table 2.3 considered the 

supply chains with a linear trend in demand up to three phases. There is a need to study 

multi-stage supply chains with a linear trend in demand to multiple phases. A new model 

of four-stage supply chain which includes raw material warehouse, manufacturing plant, 

finished product warehouse, transportation and retailer is presented. This model 

generalizes the customer time-varying demand to multiple phases up to an arbitrary 

integer. Several properties are proven for this integrated multi-stage supply chain. The 

conventional assumption that holding cost rates increase as the material / product flows 

down the supply chain is relaxed in this model. 

This chapter reviews the research works that are related to the research problems 

proposed in Section 1.4. The supply chain coordination and performance optimization 

problems with different demand patterns are analysed in the following chapters. 

Referring to Scope of the research in Section 1.7, two problems with constant demand 

patterns are studied in Chapters 3 and 4. Then the time-varying problem is studied in 

Chapter 5. 
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CHAPTER 3  

OPTIMAL INTEGER-RATIO INVENTORY 

COORDINATION POLICY FOR AN INTEGRATED 

MULTI-STAGE SUPPLY CHAIN 

 

An integrated multi-stage supply chain with constant demand is studied in this chapter. 

The research problem we consider is described in Section 3.2. In Section 3.3, the IIC 

policy is devised, and the TOC function is formulated. We derive the continuous 

relaxation of the optimal TOC and prove that it is the global minimum in Section 3.4. In 

addition, an integer approximation scheme is developed to refine the optimal IIC policy 

in this section. In Section 3.5, the impact of various system parameters on the variables 

of the relaxed optimal IIC policy and the global minimum TOC is analysed for both 

three- and four-stage supply chains. Computational results and analysis are presented 

in Section 3.6. The summary of this chapter are in Section 3.7. 

 

3.1 Introduction 

 

This chapter considers a multi-stage supply chain over an infinite horizon, which is 

motivated by the practice of a pharmaceutical MNC. The MNC is introduced in Section 

1.4. Most pharmaceutical products undergo the primary and secondary production. Both 

of the production stages are characterized by low production rates due to quality 

assurance activities at each stage. This makes the overall supply chain cycle time long 

(Chen et al., 2012; Chen et al., 2013; Dario Pacciarelli et al., 2011; Shah, 2004). The 
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multi-stage supply chain consists of suppliers, manufacturers and distributors. Each 

supply chain party optimizes its own performance due to the different goals. The 

uncoordinated supply chain with long cycle time degrades its performance and 

consequently, weakens the competitive position of the MNC. In this environment, the 

coordination of inventory replenishment decisions among the pharmaceutical supply 

chain parties is crucial for reducing the bullwhip effect and saving TOC (Chen et al., 

2013). 

To achieve the desired coordination of inventory replenishment decisions among 

the supply chain parties, we devise an optimal IIC policy: inventory replenishment is 

made based on the optimal integer-ratio quantities with a constant time interval. The IIC 

policy is able to capture the interest from both academia and industry because it is an 

abstract of the operations and product flows at different supply chain stages. It is also a 

channel-wide coordination mechanism to entice all supply chain parties to work towards 

a common goal (Celebi, 2015; Glock, 2012). A mathematical model is formulated to 

represent the integrated multi-stage supply chain. The objective of this part of the 

research is to determine the optimal IIC policy to minimize TOC. Both three- and four-

stage supply chains are studied to draw the managerial insights. In this preliminary 

study, a single type of product with constant demand, like the vaccine, is selected to 

focus on because the research here is to offer a simple overview of the possible outcomes 

after the IIC policy implementation in the multi-stage supply chain. 

 

 

 

 



37 
 

3.2 Problem description, notations and model assumptions 

 

There are four stages in the supply chain: raw material warehouse (RMW) (the upstream 

stage), manufacturing plant (MUP), finished product warehouse (FPW), and distribution 

centre (DC) (the downstream stage). The supply chain is illustrated in Figure 3.1.  

 

 

Figure 3.1 The multi-stage supply chain with constant demand. 

 

Pharmaceutical production processes are strictly and highly regulated to ensure 

the quality of the semi-finished or finished products. Process constraints are dictated by 

production departments to avoid the risk of cross-contamination between different 

products or between different lots of the same product. Cross-contamination issues 

require processing of one product at a time and long labour hours of cleaning production 
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lines when switching from one product to another. To avoid these, the materials or 

products must be shifted from one stage to another in batches and the changeover at 

production lines is kept to a minimum (Kempf et al., 2011; Shah, 2004). 

Materials are stored in RMW for a certain period of time and are shifted to a 

buffer area in batches before MUP converts them into finished products. The finished 

products are not kept in MUP once they are manufactured. They are sent to FPW as 

soon as possible for two reasons. First, this is to prevent cross-contamination at 

production lines. Second, the finished products have limited shelf life (Kempf et al., 

2011). So, the inventory holding cost is not considered at MUP. FPW and MUP are 

within the same premises. The finished products are sent to FPW directly without much 

administrative work. The ordering cost is not considered at FPW. 

Transferring raw materials from RMW to MUP in batches to the buffer area 

makes the raw material inventory dynamics different from the earlier works (Lee, 2005; 

Sarker & Parija, 1996). The finished products may be stored in FPW before they are 

transported to DC for fulfilling customer demand. 

To coordinate the inventory replenishment operations among RMW, FPW and 

DC, we devise the IIC policy: inventory replenishment is made according to the optimal 

integer-ratio quantities with a constant time interval. For the inventory ordering at each 

stage, we adopt the classical zero-inventory ordering (ZIO) policy (Wagner & Whitin, 

1958), i.e. an order is placed when the inventory position reaches zero. However, the 

reorder point is used to manage the inventory at DC because the positive transportation 

lead time from FPW to DC is considered. The notations used in this chapter are 

summarized in Table 3.1. 
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Table 3.1 Notations for the multi-stage supply chain with constant demand 

 

 

 

Parameters Definition Parameters Definition

A 1

ordering cost rate at Raw Material 

Warehouse ($/order)
Q 1

batch quantity ordered at Raw 

Material Warehouse (units)

A 2 production setup cost ($/setup) Q 3

batch quantity ordered at Finished 

Product Warehouse (units)

A 4

finished goods ordering cost rate at 

Distribution Centre ($/batch)
Q 4

batch quantity ordered at 

Distributed Centre (units)

A s fixed transportation cost rate ($/trip) Q avg

average inventory at Finished 

Product Warehouse (units)

A T system setup cost rate Q avg'

average inventory at Raw Material 

Warehouse (units)

d demand rate at time t (units/unit time) Q s shipping quantity (units)

h 1

inventory holding cost rate at Raw Material 

Warehouse ($/ unit/unit time)
r

conversion factor of raw materials 

to finished goods

h 1
' normalised inventory holding cost rate at 

Raw Material Warehouse ($/ unit/unit time)
R 4

inventory reorder point at 

Distribution Centre (units)

h 3

inventory holding cost rate at Finished 

Product Warehouse ($/ unit/unit time)
T

ordering cycle time at Distribution 

Centre

h 4

inventory holding cost rate at Distribution 

Centre ($/ unit/unit time)
T 1

ordering cycle time at Raw 

Material Warehouse (unit time)

h s

transient inventory holding cost rate 

($/ unit/unit time)
T 2 production cycle period (unit time)

h T system holding cost rate T 3 production time (unit time)

L s

transportation lead time from Finished 

Product Warehouse to Distribution Centre 
T C

total operational cost of the supply 

chain ($)

p production rate (units/unit time)

Decision 

Variables
Definition

M  positve integer, M=Q 1/Q 3

N  positve integer, N=Q 3/Q 4

Q basic replenishment quantity at Distribution Centre (units), Q =Q 4

T ordering cycle time at Distribution Centre



40 
 

3.2.1 Distribution centre (Stage 4) 

The inventory ordering policy (R4, Q4) is applied at DC. When the inventory position 

reaches reorder point R4 (>0), a batch quantity of size Q4 is ordered. To simplify the 

notation, Q4 = Q is used, where Q is the basic replenishment quantity. Customer demand 

rate is d units per unit time. The ordering cycle time at stage 4 is T = Q4/d = Q/d. The 

lead time Ls is the time from an order placed to the order received, which models the 

transportation time from FPW to DC. The inventory holding cost rate is h4 per unit per 

unit time. The ordering cost of finished products is A4 per order. The operational cost 

incurred at DC is the sum of the inventory holding cost and the finished product ordering 

cost. 

 

3.2.2 Transportation from FPW to DC 

The transit inventory holding cost rate from FPW to DC is hs per unit per unit time. The 

fixed cost per shipment is As
 per trip. The operational cost incurred for transportation is 

the sum of the transit inventory holding cost and the fixed cost per shipment. 

 

3.2.3 Finished product warehouse (Stage 3) 

The ZIO policy is applied at FPW, that is (0, Q3). When the inventory position is zero, 

a batch quantity of size Q3 is ordered and MUP starts to produce finished products. The 

inventory holding cost rate is h3 per unit per unit time. The operational cost incurred at 

FPW is the inventory holding cost. 

 

3.2.4 Manufacturing plant (Stage 2) 

The constant production rate of MUP is p units per unit time which is no smaller than 

the customer demand rate, i.e., p d . The inventory keeps increasing during the 
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production period, T3 On-hand finished products deplete at a regular time interval of T 

time units till the end of the FPW cycle time T2. The quantity of products manufactured 

during the production time Q3/p
 

must exactly match the demand over cycle T2. The 

production period is not greater than the cycle time, i.e., Q3/p=T3 ≤T2. The closer the 

two values are, the greater is the chance that the manufacturing facility performs to its 

full capacity. The inventory holding cost is not considered at MUP. So, the operational 

cost incurred at MUP is the production setup cost A2 per setup. And there is a setup cost 

for switching on the production. 

 

3.2.5 Raw material warehouse (Stage 1) 

The inventory ordering policy at RMW is also ZIO that is (0, Q1). When the inventory 

position is zero, a batch quantity size of Q1 is ordered. The raw materials are supplied 

to RMW in batched immediately. We consider r units of raw materials which can be 

converted to one unit of finished products. The inventory holding cost rate is ℎ1
′  per unit 

per unit time. To normalise the inventory holding cost rate, ℎ1
′  is introduced, where ℎ1

′ =

𝑟 𝑥 ℎ1. The ordering cost of raw material is A1 per order and the ordering cycle time is 

T1. The operational cost incurred at RMW is the sum of the inventory holding cost and 

the raw material ordering cost. 

 

3.2.6 Model assumptions 

In addition to the general assumptions in Section 1.4.3, the following assumptions are 

necessary to model this problem: 

1) All of the inventories at RAW, FPW and DC are under continuous review. 

The inventory level is constantly monitored. When the reorder point is 

reached, an order is placed.  
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2) The raw materials are supplied to RMW in batches immediately after the 

manufacturer places an order. 

3) The shipping quantity Qs is equal to the basic replenishment quantity at DC, 

i.e., Qs=Q4=Q. 

4) It is more expensive to hold the inventory at a downstream stage than at an 

upstream stage, i.e.,
'

4 3 1 1(and )h h h h    due to the value-added processes. 

 

3.3 Optimal integer-ratio inventory coordination policy 

  

To coordinate the replenishment operations among four stages in the supply chain, we 

devise the IIC policy in which the inventory replenishment is made based on the optimal 

integer-ratio quantities with a constant time interval. In each cycle, the ratio of the 

replenishment quantities at the upstream stage to adjacent downstream stage inventories 

is an integer. Some researchers (Atkins & Sun, 1995; Boissière et al., 2008) proposed 

the best integer frequency policy in deterministic serial inventory systems. It is proven 

that the best integer frequency policy provides a solution which is within two percent of 

the optimal result. The IIC policy in the research is important for three reasons (Axsäter, 

2006; Chen, 1998): 

1) The integer-ratio constraint simplifies material handling (e.g., packaging and 

bulk breaking) by restricting the shipment to each stage to be multiples of a 

fixed quantity which may represent a truckload in reality. So, it is attractive 

for small and medium size companies that generally prefer to schedule their 

operations by using simple replenishment rules; 
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2) It is easy to implement and manage. It leads to very smooth operations and 

product flows at different stages in the integrated production-inventory-

distribution planning model; 

3) It offers the advantage of giving freedom in determining the order and 

production quantities at different supply chain stages.  

In our devised policy, it is assumed that Q1=MQ3, Q3=NQ4. So, 

Q1=MNQ4=MNQ, where M, N and Q are positive integers. Under the optimal IIC policy 

(M=M*, N=N*, Q=Q*), TOC reaches its global minimum after the integrality 

constraints are relaxed. The inventory dynamics and synchronization across the 

integrated multi-stage supply chain are illustrated in Figure 3.2. 

We now derive the operational costs at each stage for the integrated multi-stage 

supply chain: the operational cost incurred at DC is 

  
4 4

4 4 4

42 2

Q Ad d
h A h T

Q T
   .          (3.1) 

The operational cost incurred for transportation is 

  s s s s s s s s
s s

L h Q A L h dT A A
L h d

T T T

 
   .          (3.2) 

The operational cost incurred at FPW is 
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h dT d
h Q N

p

 
   

 
.           (3.3) 

The operational cost incurred at MUP is 
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Figure 3.2 The inventory dynamics and synchronization across the integrated supply 

chain with constant demand. 
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The operational cost incurred at RMW is 

 
'

' ' 1 1 1
1

( -1)

2
avg

A h dN M T A
h Q

TMN TMN
   ,          (3.5) 

where  avgQ and '

avgQ are obtained from Appendix A and Appendix B respectively. 

 

The TOC function of the integrated multi-stage supply chain, TC is the sum of 

TOCs incurred at RMW, MUP, FPW, transportation and DC. By summing up all the 

costs in Eqs. (3.1), (3.2), (3.3), (3.4) and (3.5), we get 

 
' 2 1

4 3 1 4

1
(1 ) 1 ( 1) ( )

2
s s s

A AdT d
TC h h N h M N A A L h d

p T N MN

  
            

  
.   (3.6) 

 

3.4 Global minimum total operational cost 

 

The objective is to minimize the long-run average TOC per unit time for the integrated 

multi-stage supply chain. Combining Eq. (3.6) with constraints yields the following:  

 Min 
' 2 1

4 3 1 4

1
(1 ) 1 ( 1) ( )

2
s s s

A AdT d
TC h h N h M N A A L h d

p T N MN

  
            

  
.   

s.t. M, N, T > 0; M, N integer 

 Ls ≤ T. 

When integrality constraints are relaxed, M and N are treated as continuous 

variables. Proposition 3.1 shows that the TOC function TC is convex. 

 

Proposition 3.1. The TOC function TC of the integrated four-stage supply chain is 

convex in the continuous variables M, N, and T, where the stationary point (M0, N0, T0) 

is given by 
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.                 (3.9) 

And the global minimum TOC is given by 

 
' '

0 0 0 4 4 3 1 1 2 3 1( ,  ,  ) 2 ( )( ) 2 2 (1 )s s s

d
TC M N T d A A h h Ah d A d h h L h d

p

 
        

 
. (3.10) 

 

The proof of Proposition 3.1 is in Appendix C. Before the optimal IIC policy is 

obtained, we can develop some properties of the model from Eqs. (3.7), (3.8) and (3.9), 

as shown in the following Corollary 3.1. 

 

Definition 3.1. The system setup cost rate is AT =(A1, A2, A4) and the system holding 

cost rates is hT = (h1
′ , h3, h4). 

Based on Proposition 3.1 and Definition 3.1, several properties of the integrated 

multi-stage supply chain are developed, which are shown in Corollary 3.1. 

 

Corollary 3.1. In the optimal relaxed IIC policy, the following properties hold.  

(i) M0 is not correlated with both AT and hT
 
; 

(ii) N0 is not correlated with
 
hT, but it is a decreasing function of As on the region 

(0, +∞); and  

(iii) T0 is an increasing function of As on the region (0, +∞). 
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The proof of Corollary 3.1 is in Appendix D. It shows that the shopping cost As 

highly affects the variables, N0 and T0. Based on Eqs. (3.7), (3.8) and (3.9), 
sL does not 

affect the values of M0, N0 and T0. It indicates that the constant lead time case is 

essentially the same as the zero lead time case (Chen, 1998) for variables of the IIC 

policy.  

After the global minimum point (M0, N0, Q0) is obtained, we can do a simple 

approximation to get the integer solution if M0, N0 and Q0 (Q0 = dT0) are not integers. 

The optimal integers * * *( ,  ,  )M N Q of the IIC policy can be selected among the integer 

sets (Eq. (3.11)), where TOC is at the minimum. 

 

0 0 0 0 0 0

0 0 0 0 0 0* * *

0 0 0 0 0 0

0 0 0

( ,  , ); ( ,  , );

( ,  , ); ( ,  , );
( ,  ,  ) arg  Min

( ,  , ); ( ,  , );

( ,  ,

TC M N Q TC M N Q

TC M N Q TC M N Q
M N Q

TC M N Q TC M N Q

TC M N Q

                      

                      


                      

           0 0 0); ( ,  , ).TC M N Q

 
 
 
 
 
 

           

. (3.11) 

 

3.5 Discussion 

 

The properties of both the three- and four-stage supply chains are discussed in this 

section. The impact of various system parameters on the variables of the optimal relaxed 

IIC policy and the global minimum TOC for is analysed. We set 

'

1

'

3 1(1 )

h
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h h

p
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W

A
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The three-stage supply chains have been studied by many researchers (Banerjee 

& Kim, 1995; Boissière et al., 2008; Lee, 2005; Omar et al., 2013). Before the optimal 
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IIC policy for the four-stage supply chain is discussed, let us focus on the three-stage 

supply chain first.  

 

3.5.1 Supply chain without raw material warehouse 

Some MNCs, like Dell and Walmart, strategically allocate RMW of their vendors to 

implement the Just-in-time (JIT) purchasing (Myerson, 2012). Because the operational 

cost incurred at RMW is not considered, Eq. (3.10) becomes  

 
0 0

' 3
, 4 4 3 2 32 ( )( ) 2 ( )N T s s s

h d
TC d A A h h A d h L h d

p
      . (3.12) 

 

Corollary 3.2. In the supply chain without RMW, the global minimum TOC is bounded 

and is given by 

0 0

'

4 4 3 , 4 4 3 2 32 ( )( ) 2 ( )( ) 2s s s N T s s sd A A h h L h d TC d A A h h A dh L h d         . 

 

Proof. The proof follows in a straightforward way from Eq. (3.12). When p≈d, the 

production is the JIT manufacturing, it is the lower bound. When p>>d, it is an 

instantaneous replenishment of finished products at FPW, so, d/p≈0. It is the upper 

bound.  

 

The JIT manufacturing strategy minimizes storage place and there is no 

inventory holding cost in FPW. The production never stops running and the setup cost 

is also at the minimum due to N0 →∞ (Refer to Figure 3.3.). This optimal case was 

proven by Boissière et al. (2008) who studied a three-stage supply chain with constant 

demand. They proposed a stationary inventory policy to compute lot-sizes to minimize 

the total cost for the JIT manufacturing. Their model is a special case in our discussion. 
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To implement the JIT manufacturing, MNCs need to ensure the raw material 

supply to be always ready for the production plant. This can be achieved through tight 

relationship with raw material suppliers (Lee & Chu, 2005). In the late 1980s, Walmart 

was one of first retailers to collaborate with suppliers. Dell also develops very strong 

partnerships, such as, profit and risk sharing scheme with a few of key suppliers. This 

cuts down the raw material inventory holding costs for both Walmart and Dell 

(Myerson, 2012).  

 

 

Figure 3.3 JIT production inventory dynamics in the three-stage supply chain. 

 

 

Inventory

Distribution Centre 

Q4

0 T-Ls

Qs

Transportation

Finished Product Warehouse

Transit Inventory

Qs = Q4

Q3

Inventory

R4

2T-Ls

Q3 = Q4 = Qs

3T-Ls

Time

Time

Time-Ls

d

0 T-Ls 2T-Ls 3T-Ls-Ls



50 
 

The instantaneous replenishment of finished products has been studied in multi-

echelon inventory systems (Axsäter, 2006; Zipkin, 2000) since the 1960s. Despite that 

it could be unrealistic, it does offer the benefits that there is no interruption in finished 

product supply to customers. The global minimum TOC is the upper bound. The 

variable of the relaxed IIC policy is given by 

 

2 4 3
0

4 3

( )

( )s

A h h
N

A A h





. 

 

3.5.2 Supply chain integrated with raw material warehouse 

The supply chain becomes four stages after RMW is integrated. And the bound of the 

global minimum TOC is shown in Corollary 3.3. 

 

Corollary 3.3. In the supply chain with raw material warehouse, the global minimum 

TOC is bounded and is given by 

'

4 4 3 1 1 02 ( )( ) 2s s sd A A h h Ah d L h d TC    

 

' '

4 4 3 1 1 2 3 12 ( )( ) 2 2 ( )s s sd A A h h Ah d A d h h L h d       .  

 

Proof. The proof follows in a straightforward way from Eq. (3.10) and it is similar to 

that of Corollary 2. 

 

In the supply chain integrated with RMW, the global minimum TOC is the lower 

bound when p ≈ d. In order to be valid for the variables M0 and N0, '

1h must be equal to 

zero and this is another extreme case: M0 is undefined and N0→∞. This affects the raw 

material lot size. So, it is not easy to integrate RMW into the supply chain when the 
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company would like to implement the JIT manufacturing. The raw material supply 

needs to be always ready for production. That is one of the reasons why manufacturers 

want the raw material suppliers to have warehouses near their production plants 

(Lubben, 1988).  

In the instantaneous replenishment of finished products case, the global 

minimum TOC is the upper bound. The variables of the optimal relaxed IIC policy are 

given by 

'

1 3 1
0 '

1 2

( )
=

A h h
M

h A


, and  

 
2 4 3

0 '

4 3 1

( )
= 

( )( )s

A h h
N

A A h h



 
. 

The inventory dynamics of the integrated four-stage supply chain with instantaneous 

inventory replenishment is illustrated in Figure 3.4. Now, let us discuss some special 

cases. 

 

Case 1. When h1
′ → 0,  C→0 

The variables of the optimal relaxed IIC policy are M0→∞ and N0→0. The integrated 

supply chain tends to have an infinitely large amount of raw material because the 

holding cost approaches to zero. And the global minimum TOC is given by 

0 4 4 3 2 32 ( )( ) 2 (1 )s s s

d
TC d A A h h A d h L h d

p

 
      

 
. 
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Figure 3.4 Instantaneous replenishment inventory dynamics in the four-stage supply 

chain. 
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Case 2. When h3(1-d/p)=h1
′ , C→∞ 

The variables of the optimal relaxed IIC policy are M0→0 and N0→∞. The integrated 

supply chain tends to have an infinitely large production batch size of finished products. 

And the global minimum TOC is given by 

'

0 4 4 3 1 12 ( )( ) 2s s sTC d A A h h Ah d L h d     . 

 

Case 3. When h3 = 0 

To have a valid value for C, 
' ' '

3 1 1 1(1 / ) 0 0h d p h h h      . The variables of the 

optimal relaxed IIC policy M0 cannot be defined and N0→∞. This is similar to the JIT 

manufacturing. It is difficult to integrate RMW into the supply chain. The zero finished 

product inventory holding cost splits the supply chain into two parts, MUP and DC with 

the transportation. It is straightforward that we can optimize the two individual parts to 

get the minimum TOC by applying the EOQ formula. And the minimum production 

setup cost (The production never stops.) is incurred at MUP. Combining Eqs. (3.1) and 

(3.2), TOC is given by 

 
4

4 +
2

s
s s

A Ad
h T L h d

T


 . (3.13) 

Because the transportation lead time is fixed, the transit inventory holding cost might 

not be considered. We can further simplify Eq. (3.13) into 

 
4

4
2

sA Ad
h T

T


 . (3.14) 

Hence, the stationary point is 0 4 42( ) /sT A A dh   and optimal cost 

is √2d(A4 + As)h4. It is a typical EOQ model. 
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Case 4. When A1→0 

The variables of the optimal relaxed IIC policy M0→0 and N0 remains unchanged. The 

raw material supply becomes continuous (They are not in batches.) because the raw 

material ordering cost approaches zero. And the global minimum TOC is given by 

'

0 4 4 3 2 3 12 ( )( ) 2 (1 )s s s

d
TC d A A h h A d h h L h d

p

 
       

 
. 

 

Case 5. Analysis of production setup cost rate 

When the production setup cost rate is extremely high, A2→∞, the variables of the 

optimal relaxed IIC policy are M0→0 and N0→∞. It is good to have the continuous raw 

material supply to minimize product changeover in the production line. When the 

production setup cost is reduced significantly, A2→0, the variables of the optimal 

relaxed IIC policy are M0→∞ and N0→0. It is optimal to transfer finished products to 

DC continuously at a rate d (There is no batching.). The raw material supply must be 

infinitely large as finished products are continuously supplied to DC. The global 

minimum TOC is given by 

'

0 4 4 3 1 12 ( )( ) 2s s sTC d A A h h Ah d L h d     . 

 

Case 6. Analysis of Basic Replenishment Quantity Q 

The basic replenishment quantity Q or the cycle time T is a part of the IIC policy. Based 

on Eq. (3.9), 0 0 4 4 32 ( ) / ( )sQ Q T d d A A h h     , the base replenishment quantity 

of this integrated supply chain is only affected by the parameters of downstream stages. 

And these stages are DC, transportation and FPW. Therefore, decision makers can 

determine the basic replenishment quantity or the cycle time without considering the 

parameters of MUP and RMW.  
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3.6 Computational results and analysis 

 

Numerical examples with randomly generated values of the parameters are conducted 

in this section to study the difference in the optimal TOC between integer and real-

number solutions of the optimal inventory coordination policy. A sensitivity analysis is 

performed to assist supply chain decision makers in gaining useful insights on the 

optimal IIC policy and TOC of the proposed model in this chapter.  

 

3.6.1 Numerical example 

Example 3.1: If d=5 units/day, p=7 units/day, Ls=2
 

days, h4=$1/unit/day, 

hs=$0.1/unit/day, h3=$0.6/unit/day, h1=$0.002/unit/day, r=2, A4=$100/order, 

As=$60/order, A2=$1200/setup, A1=$80/order.  

 

ℎ1
′ = ℎ1𝑟 = $0.004/unit/day. From Eqs. (3.10), (3.11), (3.12) and (3.13), the 

analytical solution can be obtained: 

M0=1.6705, N0=8.4660, T0=6.3246(days) (Q0 =dT0=31.6228 (units)), and 

TC0=$98.2088. The convex nature of the TOC function can be observed from its graph 

shown in Figures 3.5, 3.6 and 3.7. 
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Figure 3.5 Graph of the TOC function of M and Q when N=8. 
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Figure 3.6 Graph of the TOC function of M and N when Q=32. 
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Figure 3.7 Graph of the TOC function of N and Q when M =2. 

 

Based on Eq. (3.11), the eight integer solutions are summarized in Table 3 1. 

TOCs of eight integer solutions are higher than the real-number solution. It is clear that 

when M*=2, N*=8, and Q*=32, TOC $98.27 is the lowest. However, it is higher than 

TC0 by 0.0660 percent. The solution procedure is given in Appendix E.  
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Table 3.2 Results of numerical example 3.1. 

 

 

3.6.2 Sensitivity analysis 

3.6.2.1 Effects of the system cost rate 

MNCs need to constantly reduce the system setup/ordering cost rates due to 

advancements in technology. Another challenge is the increase in the system holding 

cost rates due to inflation (Asgari et al., 2016). The sensitivity analysis is performed on 

how the system cost rates affect the relaxed optimal IIC policy and the global minimum 

TOC, respectively. We first decrease the current values of the system setup/ordering 

cost rates by 25 percent, 50 percent and finally 75 percent. The results are presented in 

Table 3.2, Figures 3.8 and 3.9. We then increase the system holding cost rates by 25 

percent, 50 percent, 75 percent and 100 percent of the original values. The results are 

presented in Table 3.3 and Figures 3.10 and 3.11. 

 

M N
Quantity 

Q

Cycle Time          

T

Difference 

in Cycle 

Time

Total 

Operational 

Cost TC

Difference 

in Cost

Real 

Numbers
1.6705 8.4660 31.6228 6.3246 98.2088

1 1 8 31 6.2000 -1.9694% 98.67 0.4697%

2 1 8 32 6.4000 1.1929% 98.54 0.3402%

3 1 9 31 6.2000 -1.9694% 98.46 0.2556%

4 1 9 32 6.4000 1.1929% 98.51 0.3046%

5 2 8 31 6.2000 -1.9694% 98.36 0.1536%

6 2 8 32 6.4000 1.1929% 98.27 0.0660%

7 2 9 31 6.2000 -1.9694% 98.30 0.0939%

8 2 9 32 6.4000 1.1929% 98.39 0.1840%

Integer 

cases
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Table 3.3 Effects of system setup/ordering cost rates in numerical example 3.1. 

 

 

 

Figure 3.8 Effects of the system setup/ordering cost rates on the policy 

 

Parameters

0% 25% 50% 75%

M 0 1.6705 1.6705 1.6705 1.6705

N 0 8.4660 7.9818 7.2198 5.8076

T 0 6.3246 5.8095 5.2440 4.6098

TC 0 98.21 87.84 75.91 61.18

System setup/ordering cost rates decrease by 

(due to advancements in technology):
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Figure 3.9 Effects of the system setup/ordering cost rates on TOC 

 

Table 3.4 Effects of system holding cost rates in numerical example 3.1. 
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Parameters

0% 25% 50% 75% 100%

M 0 1.6705 1.6705 1.6705 1.6705 1.6705

N 0 8.4660 8.4660 8.4660 8.4660 8.4660

T 0 6.3246 5.6569 5.1640 4.7809 4.4721

TC 0 98.21 109.68 120.06 129.60 138.47

System holding cost rates increase by (due to inflation):
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Figure 3.10 Effects of the system holding cost rates on the policy 
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Figure 3.11 Effects of the system holding cost rates on TOC 

 

In this numerical example, the above results demonstrate M0 does not change 

with both AT and hT. N0 decreases as AT increases. However, it remains constant in hT. 

However, T0 decreases in both AT and hT. The global minimum TOC TC0 deceases as 

AT decreases and it increases as hT increases. These phenomena are in line with 

Proposition 3.1 and Corollary 3.1. The sensitivity analysis provides the useful 

managerial insights for decision makers when they deploy the IIC policy in the supply 

chain. 
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3.6.2.2 Effects of the production rate 

Production is one of the most important stages need to be monitored in the supply chain. 

The production rate cannot be smaller than the demand rate to avoid stock shortage. 

However, the excess production causes a gradual inventory build-up to increase the 

inventory holding costs (Chopra & Meindl, 2013). By fixing the value of demand rate, 

we increase d/p from 0.01 to 0.95. This is to analyze on how p affects the variables of 

the relaxed optimal IIC policy and the global minimum TOC, respectively. The results 

are presented in Table 3.4 and Figures 3.12 and 3.13. 

 

Table 3.5 Effects of d/p in numerical example 3.1 

 

 

The results show that M0 decreases, N0 increases as d/p increases. From Figure 

3.12, N0 is more sensitive than M0. When d/p is approaching to 1, N0 becomes infinitely 

large (Eq. (3.8)) and M0 is approaching to 0. The JIT manufacturing strategy causes non-

stop production in MUP to avoid the stock shortage. And the global minimum TOC is 

the lower bound. Many MNCs, like Toyota, Dell practice this strategy to reduce their 

operational costs. However, To have an effective JIT manufacturing, the integrated 

supply chain requires a level of consistent raw material availability and quality (Lubben, 

1988). 

0.01 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.9 0.95

M 0 3.1358 2.9889 2.8166 2.6331 2.4358 2.2211 1.9833 1.7127 1.3904 0.9661 0.6583

N 0 4.5099 4.7316 5.0210 5.3709 5.8058 6.3671 7.1307 8.2572 10.1710 14.6385 21.4834

T 0 6.3246 6.3246 6.3246 6.3246 6.3246 6.3246 6.3246 6.3246 6.3246 6.3246 6.3246

TC 0 137.53 133.59 128.96 124.04 118.75 112.98 106.60 99.34 90.69 79.31 71.05

Demand Rate to Production Rate d /p Parameters
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Figure 3.12 Effects of p on the policy 
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Figure 3.13 Effects of p on TOC 

 

3.6.3 Computational results of ten numerical examples 

Ten more numerical examples with random input data listed in Table 3.5 are tested. The 

optimal relaxed (real numbers) solutions and the modified solutions (integers) are given 

in Table 3.6. TOC with the integer solution is always higher than that with the real-

number case. However, the difference is not significant and this comparison proves the 

accuracy of the integer approximation developed in this chapter. 
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Table 3.6 Input data for computational results. 

 

 

Table 3.7 Computational results of the optimization and integer approximation. 

 

 

 

Stage 3

Example d A 4 h 4 A s h s L s h 3 A 2 p A 1 h 1 r

1 4 300 0.6 20 0.1 2 0.4 150 8 50 0.04 2 0.08

2 5 400 1 30 0.05 3 0.6 200 6 100 0.01 8 0.04

3 8 500 1.2 30 0.06 1 0.8 300 12 400 0.03 4 0.12

4 8 400 1.1 30 0.08 2 0.7 200 20 300 0.05 2 0.10

5 3 100 0.9 10 0.04 1.5 0.5 300 24 500 0.1 1 0.10

6 7 300 0.7 15 0.02 2.5 0.4 200 9 400 0.02 3 0.06

7 3 400 0.5 40 0.2 2 0.2 300 5 300 0 5 0.01

8 9 100 1.3 5 0.09 1 0.9 100 18 500 0.05 4 0.20

9 3 200 1.1 30 0.03 3.5 0.6 50 5 100 0.02 4 0.08

10 10 100 0.4 30 0.01 2.5 0.2 120 12 250 0.01 2 0.02

Input Information

Stage 4 Transportation Stage 2 Stage 1

'

1
h

Example M 0 N 0 T 0 Q 0 TC 0
M* N * T * Q * TC * ΔT % ΔTC %

1 0.7071 1.976 12.6491 50.5964 69.0533 1 2 12.5000 50 69.40 -1.1787% 0.4996%

2 0.8660 3.5218 10.3682 51.8410 100.9748 1 3 10.4000 52 101.11 0.3067% 0.1352%

3 1.2766 2.7783 8.1394 65.1152 184.9564 1 3 8.2500 66 185.41 1.3588% 0.2421%

4 2.1909 1.6175 7.7280 61.8240 166.4723 2 2 7.6250 61 167.24 -1.3328% 0.4616%

5 2.3717 3.3635 7.2375 21.7125 72.5454 2 4 7.0000 21 72.81 -3.2815% 0.3663%

6 0.9813 4.9169 9.0453 63.3171 97.3232 1 5 9.0000 63 97.33 -0.5008% 0.0104%

7 2.6458 2.6112 20.4707 61.4121 59.6560 2 3 20.3333 61 59.80 -0.6710% 0.2431%

8 2.5000 2.8950 3.2567 29.3103 128.9322 2 3 3.3333 30 129.56 2.3531% 0.4846%

9 2.0000 1.5198 9.4972 28.4916 62.6069 2 2 9.3333 28 63.08 -1.7254% 0.7421%

10 1.1785 6.4450 6.5828 65.8280 55.4037 1 7 6.6000 66 55.46 0.2613% 0.0936%

Modified Optimal Results (Integers) DifferenceOptimal Results (Real numbers)



68 
 

3.7 Summary 

 

Facing the fierce competition in the market, MNCs must integrate their supply chains to 

improve the production-inventory-distribution coordination. Based on the scope of the 

research in Section 1.7, a supply, manufacturing, transportation and distribution 

problem faced by an MNC is considered in this chapter. By adopting the JCIR 

coordination mechanism, we formulate the TOC function, and derive the global 

minimum TOC to improve the multi-stage supply chain profitability. 

In additional to the JCIR coordination mechanism, the industrial reference 

model, SCOR is used as a framework to support an MNC in choosing and refining the 

SCM strategies(Ntabe et al., 2015; Supply Chain Council, 2010). The SCOR-based 

ACM for an integrated supply chain with constant demand is presented in the next 

chapter. 
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CHAPTER 4  

SCOR-BASED ANALYTICAL COORDINATION MODEL 

FOR AN INTEGRATED SUPPLY CHAIN 

 

An SCOR-based ACM for an integrated supply chain is investigated in this chapter. A 

systematic approach of combining the SCOR model with IIC is proposed to achieve the 

analytical solution. The problem description is in Section 4.2. The justifications for 

proposing the systematic approach are presented in Section 4.3. Section 4.4 outlines the 

research methodology, devises an IIC policy, and formulates TOC based on the SCOR 

model. In Section 4.5, the global minimum TOC is derived and two special cases of this 

SCOR-based ACM are discussed. The uncoordinated supply chain performance is 

analyzed in this section. Numerical experiments are conducted in Section 4.6 to show 

how to compute the optimal TOC of our proposed model and evaluate supply chain 

performance in practice. The last section presents this chapter’s summary. 

 

4.1 Introduction 

 

It is mentioned in Section 1.4 that the supply chain parties in the MNC studied here have 

different priorities in their strategic objectives. Each party optimizes its own 

performance. Different from Chapter 3, we study the coordination among supply chain 

parties from the strategic to the operational levels to improve supply chain performance. 

The SCOR model is adopted to support the supply chain parties in choosing and refining 

the SCM strategies. By providing the clear purposes from the SCOR model, the supply 
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chain owner keeps sight of the TOC reduction strategy and is able to devise tactical steps 

to achieve its goals. Moreover, the SCOR model is able to model the linkage of the 

strategic objectives and operational metrics in a hierarchical way for supply chains 

(Sakka et al., 2011). The SCOR model was introduced by the Supply Chain Council to 

benchmark operational measurement of an organization to improve supply chain 

performance and profitability. Because it provides a common language and framework 

which makes communication easier, all departments and business units involved in 

developing and managing the supply chain can collaborate effectively (Supply Chain 

Council, 2010). It is discussed in Section 1.3.2 that the SCOR model is widely adopted 

and used in many industries.  

In this chapter, the SCOR model is used to align the strategic objectives among 

the supply chain parties. At the operational level, the inventory replenishment 

coordination among supply chain parties is the MNC’s general concern because the 

inventories account for as high as fifty percent of the total supply chain operating cost 

(Jaber & Goyal, 2009; Lancioni, 2000). The challenge is from the efficiency of 

allocating the right amount of inventory to flow through the entire supply chain. 

Therefore, the inventory coordination among supply chain parties is essential (Alamri 

et al., 2016). The IIC policy is devised as a coordination mechanism for the inventory 

replenishment operations among the supply chain parties.  
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4.2 Problem description 

 

The MNC is introduced in Section 1.4. A typical vaccine product with constant annual 

demand is considered in this chapter. The integrated supply chain includes raw material 

supply, production, transportation and distribution (Figure 4.1). The raw materials are 

always ready for production according to the JIT purchasing agreement between the 

MNC and multiple suppliers. This is to ensure the continuity of raw material supply and 

to cut down the raw material supply cost (Friedli et al., 2010; Mukhopadhyay et al., 

1998; Strohhecker et al., 2014). The JIT partnership needs the open communication 

between the MNC and its suppliers to achieve a common goal of driving down TOC 

(Gunasekaran, 1999). This could also help the MNC cut raw material storage space for 

other business purposes. Batches of raw materials are shifted to the buffer area which is 

a temporary storage place before production.  

 After the conversion from raw materials to finished products at the production 

plant (PP), the manufacturer keeps finished products in the finished product warehouse 

(FPW) for transportation. Eventually, finished products reach the distribution centre 

(DC) to meet the multiple retailers demand. Customer demand is determined by 

contract. This supply chain and its SCOR thread diagram are illustrated in Figure 4.1. 

The arrows in the SCOR thread diagram, Figure 4.2 represent the direction of the 

material flow.  
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Figure 4.1 The integrated supply chain of an MNC. 

 

 

Figure 4.2 The SCOR thread diagram of the supply chain. 

 

The supply chain parties have different priorities in their strategies. The raw 

material suppliers put responsiveness first due to the intense supply competition. Cost 

is the most important metric to PP and FPW. However, DC is always looking at the 

reliability of the finished product supply. If the MNC cannot align all of its supply chain 

parties at the strategic, tactical and operational levels, it will be difficult to manage the 

supply chain successfully. And this uncoordinated condition among the supply chain 
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parties could lead to supply chain performance degradation (Arshinder et al., 2008; 

Glock, 2012).  

One of main objectives of the MNC set by the global manufacturing and supply 

chain division is to reduce production overage at upper stream stages to minimize the 

TOC (GlaxoSmithKline, 2013, 2014). It can be achieved through the supply chain 

strategic objectives alignment and inventory replenishment coordination among the 

supply chain parties. The SCOR model and the IIC policy have been identified as the 

potential solutions to achieve the expected outcome.  

To achieve the desire production-inventory-distribution coordination from the 

strategic to the operational levels, the SCOR model is adopted to support the MNC in 

the choosing and refining of the SCM strategies for all the supply chain parties. By 

providing the clear purposes from the SCOR model, the MNC keeps sight of the TOC 

reduction strategy and is able to devise tactical steps to achieve its goals. An IIC policy 

is devised to coordinate inventory replenishment operations between FPW and DC. The 

ZIO policy is adopted for inventory ordering at FPW. A reorder point is used to manage 

the inventory at DC because the transportation lead time from FPW to DC is considered.  

 

4.3 Rationale for the proposed methodology 

 

It is discussed in Section 1.4.1 that this research is motivated by SCC problems in an 

MNC’s clinical trial supply chain with seven stages. The supply chain parties have 

different priorities in their strategies. Each party makes decisions independently at the 

tactical and operational levels. The uncoordinated condition from the strategic to the 

operational levels could lead to the entire supply chain performance degradation 

(Arshinder et al., 2008; Glock, 2012)..  



74 
 

The SCOR model has been recognized as a framework is to support the supply 

chain coordination at the strategic level in different industries (De Souza et al., 2011; 

Huan et al., 2004; Huang et al., 2005; Hvolby & Trienekens, 2010; Hwang et al., 2008; 

Knackstedt et al., 2009; Kocaoglu et al., 2013; Li et al., 2011; Lima & Carpinetti, 2016; 

Liu et al., 2014; Lockamy & McCormack, 2004; Long, 2014; Medini & Bourey, 2012; 

Ntabe et al., 2015; Okongwu et al., 2016; Sellitto et al., 2015; Supply Chain Council, 

2010; Thunberg & Persson, 2014; Wang et al., 2010; Yuan et al., 2010; Zhou et al., 

2011). The SCOR performance section consists of performance attributes and metrics. 

A performance attribute is a group of metrics used to set the strategic direction and 

cannot be measured. However, metrics measure the ability of a supply chain to achieve 

the attributes (Supply Chain Council, 2010). The coordination of strategies could be 

achieved by sharing the common performance attributes and metrics from the SCOR 

model among the supply chain parties. In other words, the SCOR provides a common 

language and framework, which makes it easier for supply chain parties to coordinate. 

In addition, it is theoretically plausible and understandable to practitioners (Huang et 

al., 2005; Hwang et al., 2008; Liu et al., 2014; Persson et al., 2010; Sellitto et al., 2015; 

Thunberg & Persson, 2014). Therefore, the SCOR framework is chosen to support the 

coordination at the strategic level among the supply chain parties in this part of the 

research. 

At the tactical and operational levels, the IIC policy has been identified as one 

of the effective mechanisms in most analytical models (Banerjee, 1986; Boissière et al., 

2008; Bushuev et al., 2015; Glock, 2012; Goyal, 1976; Hill, 1997, 1999; Kim & Glock, 

2013; Zhao et al., 2016a) in the existing literature. The benefits of implementing the IIC 

policy to coordinate the supply chain parties are discussed in Section 3.3. 
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To fully realize the benefits of value creation from supply chain integration, it is 

necessary to formulate strategies and implement coordination mechanisms at the tactical 

and operational levels to guarantee that all of the supply chain parties work towards a 

common goal (Celebi, 2015; Glock, 2012). A systematic approach of combining the 

SCOR model with the IIC policy is proposed in this chapter to achieve this objective. 

The SCOR model is adopted to choose and refine the SCM strategies. The supply chain 

processes’ performance is evaluated based on the SCOR model standard performance 

metrics. Then the IIC policy is used as a mechanism to coordinate the inventory 

replenishment operations among the supply chain parties at the tactical and operational 

levels. 

In summary, An ACM is built to analyze supply chain performance by using the 

proposed systematic approach. It serves as a better decision support system for supply 

chain performance management. 

 

4.4 Research methodology 

 

Having justified for proposing the systematic approach of combining the SCOR model 

with IIC policy, this section is to present the research methodology. Enterprises fully 

recognize the impact from their supply chain performance. However, it is difficult for 

them to design an efficient and effective supply chain without a systematic methodology 

(Hwang et al., 2008). At the strategic level, typical barriers include ambiguous definition 

of supply chain operations model, incorrect or incomplete performance metrics, and the 

inability to locate problems affecting supply chain performance. To overcome these 

obstacles, The SCOR model has often been recognized as a systematic approach to 

identify, evaluate and monitor supply chain performance at the strategic level (Cho et 
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al., 2012; Govindu & Chinnam, 2007; Ming et al., 2014). In order to fulfil the integration 

of the ACM with the SCOR model to improve supply chain performance, a systematic 

approach is proposed in this chapter. This approach is able to provide guidelines for 

industrial players to design and build their own ACMs to address the SCC problems 

from the strategic to the operational levels. It is divided into six steps which are 

illustrated in Figure 4.3. 

 

 

Figure 4.3 The six steps of the proposed approach. 

 

Step 1 of the proposed approach is discussed in section 4.4.1 to define the 

performance attributes based on the strategic objectives of this MNC. Section 4.4.2 

defines the performance metrics from the first level to the last level based on the selected 

performance attributes, which is Step 2. In Step 3, each of metrics is identified and 

modeled by mathematical equations in section 4.4.3. The IIC policy is devised in section 
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4.4.4 to formulate the TOC function based on the SCOR model level 1 metrics. The 

SCOR-based ACM is formulated in section 4.4.5, which is Step 4. Step 5 of the 

proposed approach (in section 4.5) is to optimize supply chain performance. The last 

step of this proposed approach in section 4.6 is to conduct the numerical examples to 

validate the SCOR-based ACM and compare TOC with the uncoordinated supply chain. 

The SCOR model version 10 (Supply Chain Council, 2010) is used throughout this 

study. 

  

Table 4.1 The SCOR model (version 10) level 1 performance metrics in performance 

attributes (Supply Chain Management cost is selected in the study). 

 

 

4.4.1 SCOR model performance measures  

In this section, the first step of the proposed approach is discussed, which is to define 

performance attributes from the SCOR model. SCOR identifies five core supply chain 

performance attributes into two categories: internally focused attributes include Costs 

and Assets, customer-focused attributes include Reliability, Responsiveness, and Agility 

Reliability Responsiveness Agility Costs Assets

1 Perfect Order Fulfillment 

2 Order Fulfillment Cycle Time 

3 Upside Supply Chain Flexibility 

4 Upside Supply Chain Adaptability 

5 Downside Supply Chain Adaptability 

6 Overall Value at Risk(VAR) 

7 Supply Chain Management Cost 

8 Cost of Goods Sold 

9 Cash-to-Cash Cycle Time 

10 Return on Supply Chain Fixed Assets 

11 Return on Working Capital 

Customer Facing

Internal 

Facing

Leve 1 Strategic Metrics

Performance Attributes

S/N
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(Table 4.1). A performance attribute is a group of metrics used to express a strategy of 

an organization. It is mentioned in Section 4.2, the TOC reduction is the main objective 

of the MNC. Therefore, Costs is chosen from the five attributes of the SCOR model.  

 

4.4.2 Supply chain cost performance metrics  

After an attribute is defined, Step 2 is to define the SCOR model performance metrics 

from the first level to the last level. The definition of performance metrics is a critical 

task in the development of a performance measurement system for the supply chain. The 

adopted SCOR model consists of three levels which include all customer interactions 

(from order entry through paid invoice), all product (physical material and service) 

transactions, and all market interactions (from understanding aggregate demand to the 

fulfilment of each order). Level 1 is the top level that deals with process types. Level 2 

is the configuration level which deals with process categories. Level 3 is the process 

element level which is the lowest level in our model.  

The SCOR model version 10 endorses 11 performance metrics and five distinct 

processes: Plan, Source, Make, Deliver, and Return at level 1. The research focuses on 

supply chain management cost, and three processes, source, make and deliver (Table 

4.2). These three processes are further divided into process elements, tasks and 

activities. 
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Table 4.2 The SCOR level 1 process definitions (SCOR model, version 10.). 

 

 

The first level is defined to span across three activities which are Source, Make 

and Deliver in the supply chain. The MNC implements the JIT strategy for the raw 

material purchasing, sourcing activities are done by suppliers. Making refers to the 

manufacturing process that converts raw materials into finished products. It covers 

production setup, material handling and finished product storage. Delivering refers to 

the processes that distribute finished products to DC to fulfill the demand. It involves 

the receipt, validation, creation of customer orders, scheduling order delivery, products 

handling, shipment and invoicing (Supply Chain Council, 2010).  

 

SCOR 

Processes Definitions

Plan The Plan processes describe the planning activities associated with operating a supply chain. This includes 

gathering customer requirements, collecting information on available resources, and balancing requirements 

and resources to determine planned capabilities and resource gaps. 

Source The Source processes describe the ordering (or scheduling) and receipt of goods and services. It includes 

issuing purchase orders, scheduling deliveries, receiving, shipment validation and storage, and accepting 

supplier invoices.

Make The Make processes describe the activities associated with the conversion of materials or creation of the 

content for services. It focuses on conversion of materials rather than production or manufacturing.

Deliver The Deliver processes describe the activities associated with the creation, maintenance, and fulfillment of 

customer orders. It includes the receipt, validation, and creation of customer orders; scheduling order 

delivery; pick, pack, and shipment; and invoicing the customer.

Return The Return processes describe the activities associated with the reverse flow of goods back from the 

customer. It includes the identification of the need for a return, the disposition decision making, the scheduling 

of the return, and the shipment and receipt of the returned goods.
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Table 4.3 The supply chain’s operational cost metrics for an MNC (excluding Plan 

and Return). 
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At the second level, TOC of the supply chain can be described by two types of 

cost: cost to make and cost to deliver. The detailed cost elements are further considered 

at the third level of the SCOR model. In cost to make, the production setup cost and the 

finished product inventory holding cost are considered. Three detailed cost elements in 

cost to deliver are taken into account. They are finished product inventory holding cost 

in DC warehouse, transportation cost, and ordering cost at DC. The supply chain’s 

operational cost performance metrics of three levels are categorized in Table 4.3. 

The objective of this part of the study is to derive an optimal IIC policy that 

minimizes TOC of the supply chain. TOC is the sum of the production setup cost, the 

product ordering cost, the inventory holding cost, and the transportation cost based on 

the SCOR model cost metrics. 

 

4.4.3 Notations and assumptions for the SCOR-based analytical coordination 

model  

At Step 3, we identify each of cost metrics at three levels for different stages in the 

integrated supply chain. The detailed notations for this SCOR-based ACM are as 

follows. 

Distribution Centre: the inventory ordering policy (R3, Q3) is applied, i.e., 

when the inventory position decreases to reorder point R3 (>0), a batch with size Q3 is 

ordered. To simplify the notation, Q3=Q is denoted. Customer demand rate is d units per 

unit time. Thus, the ordering cycle time is T=Q/d. The lead time L is the time from the 

time when an order is placed to the time when the order is received, which models the 

transportation time from FPW to DC. The inventory holding cost rate at DC is h3 per 

unit per unit time. The finished product ordering cost rate is A3 per order. From Table 
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4.3, the operational cost incurred at DC is the sum of the inventory holding cost and the 

ordering cost for finished products.  

Transportation from FPW to DC: the transit inventory holding cost rate from 

FPW to DC is hs per unit per unit time. The fixed transportation cost rate is As per trip. 

Thus, the operational cost incurred for transportation is the sum of the fixed 

transportation cost and the transit inventory holding cost (refer to Table 4.3). 

Finished Product Warehouse: ZIO policy is used, i.e., (0, Q2). When the 

inventory position is zero, a batch of size Q2 is ordered and PP starts to produce finished 

products. The inventory holding cost rate is h2 per unit per unit time. From Table 4.3, 

the operational cost incurred at FPW is the inventory holding cost. 

Production Plant: The production rate is p units per unit time. It is constant and 

not smaller than the customer demand rate, i.e., p d . The quantity of products 

manufactured during the production time, Q2/p= T1 must exactly match the demand over 

the cycle time, T2. And the production time is at most equal to the cycle time, i.e., T1 

≤T2. When the closer the two values are, the closer will the production facility perform 

to its full capacity. From Table 4.3, the operational cost incurred at PP is the production 

setup cost S. And there is a setup cost for switching on production. 
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Table 4.4 Notations for SCOR-based analytical coordination model 

 

 

 

Assumptions: In addition to the general assumptions in Section 1.4.3, the 

following assumptions are necessary to the SCOR-based ACM developed in this 

Chapter: 

1) Both inventories at FPW and DC are under continuous review, where 

inventory levels are constantly monitored. When the reorder point is reached, 

an order is placed.  

Parameters Definition Parameters Definition

A 3

finished goods ordering cost rate at 

Distribution Centre ($/batch)
Q 3

batch quantity ordered at 

Distributed Centre (units)

A s fixed transportation cost rate ($/trip) Q avg

average inventory at Finished 

Product Warehouse (units)

d demand rate at time t (units/unit time) Q s shipping quantity (units)

h 2

inventory holding cost rate at Finished 

Product Warehouse ($/ unit/unit time)
R 3

inventory reorder point at 

Distribution Centre (units)

h 3

inventory holding cost rate at Distribution 

Centre ($/ unit/unit time)
S production setup cost ($/setup)

h s

transient inventory holding cost rate 

($/ unit/unit time)
T 1 production time (unit time)

L
transportation lead time from Finished 

Product Warehouse to Distribution Centre 
T 2 production cycle period (unit time)

p production rate (units/unit time) TC
total operational cost of the supply 

chain ($)

Q 2

batch quantity ordered at Finished Product 

Warehouse (units)

Decision 

Variables
Definition

N  positve integer, N=Q 2/Q 3

Q basic replenishment quantity at Distribution Centre (units), Q =Q 3

T ordering cycle time at Distribution Centre
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2) The shipping quantity is assumed to be the replenishment quantity at DC, 

i.e., Qs=Q3=Q. 

 

4.4.4 Integer-ratio inventory coordination policy of the SCOR-based analytical 

coordination model 

Lacking of coordination causes the bullwhip effect (Lee et al., 1997; Wang & Disney, 

2016) which increases supply chain’s TOC tremendously. An IIC policy (Abdul-Jalbar 

et al., 2005; Atkins et al., 1992) is proposed to coordinate inventory replenishment 

operations between FPW and DC. In each finished product replenishment cycle, 

inventory replenishment is made based on the optimal integer-ratio quantities with a 

constant time interval. The IIC policy is able to simplify material handling by restricting 

the production quantity at FPW to be multiples of a fixed shipment size to DC. It leads 

to smooth operations and product flow between FPW and DC.  

In the devised inventory coordination policy, it is assumed that Q2=NQ3, N is a 

positive integer. The best positive integer *N in the SCOR-based ACM needs to be 

computed so that TOC is at the minimum. The inventory dynamics and synchronization 

across the integrated supply chain are illustrated in Figure 4.4. 
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Figure 4.4 The inventory dynamics and synchronization across the integrated supply 

chain. 

 

4.4.5 Total operational cost of the SCOR-based analytical coordination model  

We are now ready to derive the operational cost at each stage in the integrated supply 

chain (Step 4): the operational cost incurred at DC is 
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the operational cost incurred for transportation is 

 
s s s s

s

Lh Q A A
Lh d

T T


  , (4.2) 

 

Inventory

Distribution Centre

Q3=Q

Qs

Transportation

Q2

Inventory

Q

Q2 = NQ3 = NQ s= NQ

R3

-L 0 T

T-L

Qs = Q3 = Q

TimeT 1-L

-L 0 T

T 2-L

2T

-L

p

2T-L 2T

0 T-L

T 2-L NT

Finished Product Warehouse

Time

Time
Transit Inventory 

Qs = Q3

d d

Qs = Q3



86 
 

the operational cost incurred at FPW is 

 
2

2 (1 ) 1
2

avg

h dT d
h Q N

p

 
   

 
,  (4.3) 

the operational cost incurred at PP is 

 
S

NT
, (4.4) 

where  avgQ is obtained from Appendix F. 

The level 1 metric code, TOC of the integrated supply chain, TC is the sum of 

the operational costs incurred at DC, transportation, FPW and PP. By summing up the 

costs in Eqs. (4.1), (4.2) (4.3) and (4.4), the TOC function TC is 

 TC =
𝑑𝑇

2
(ℎ3 + ℎ2 (𝑁 (1 −

𝑑

𝑝
) + 1)) +

1

𝑇
 (𝐴3 + 𝐴𝑠 +

𝑆

𝑁
) + 𝐿𝑠ℎ𝑑 (4.5) 

 

4.5 Supply chain performance optimization 

4.5.1 SCOR-based analytical coordination supply chain  

The supply chain performance optimization is Step 5 in the proposed approach. In this 

study, the objective is to minimize the long-run average TOC per unit time for the 

integrated supply chain based on the SCOR model metrics. Combining Eq. (4.5) with 

the constraints yields the following: 

 Min TC =
𝑑𝑇

2
(ℎ3 + ℎ2 (𝑁 (1 −

𝑑

𝑝
) + 1)) +

1

𝑇
 (𝐴3 + 𝐴𝑠 +

𝑆

𝑁
) + 𝐿𝑠ℎ𝑑.   

                       s.t. 𝑁, 𝑇 > 0; N integer 

It is an MINLP optimization problem. When the integer constraint is relaxed, N 

is treated as a continuous variable. Proposition 4.1 shows that the TOC function TC is 

convex. 
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Proposition 4.1. (i) For the SCOR-based ACM, the TOC function TC is convex in both 

continuous variables N and T, TC reaches its global minimum at (N0 , T0), where 
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(4.6) 
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. (4.7) 

(ii) the global minimum TOC is given by 

 0 0 0 3 2 3 2TC TC( ,  ) 2 ( )( ) 2 (1 )s s

d
N T d A A h h dSh Lh d

p
       . 

(4.8) 

The proof of Proposition 4.1 is provided in Appendix G. (N0, Q0) is the optimal 

relaxed IIC policy (Q0 =dT0). From Eqs. (4.6) and (4.7), they are highly dependent on 

the SCOR metric codes, as well as the ratio of production rate to demand rate. Based on 

Proposition 4.1, two special cases are derived in the following Corollary 4.1. 

 

Corollary 4.1. For the SCOR-based ACM, we have the following results: 

(i) In the JIT production, the global minimum TOC and the variable of the optimal 

relaxed IIC policy (N0, Q0) are given by 

3 2 32 ( )( )s sd A A h h Lh d    , 

0N  , respectively; 
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(ii) In the case of instantaneous replenishment of finished products at DC, the global 

minimum TOC and the variable of the optimal relaxed IIC policy (N0, Q0) are 

given by 

3 2 3 22 ( )( ) 2s sd A A h h Sh d Lh d    , 

2 3
0

2 3

( )

( )s

S h h
N

h A A





, respectively. 

 

The proof of Corollary 4.1 is referred to Appendix H. JIT production minimizes 

the storage place and there is no inventory holding cost occurred in FPW for the MNC. 

Moreover, the production never stops running and the setup cost for production is also 

at the minimum (Bonney & Jaber, 2011; Jaber et al., 2004) (Refer to Figure 4.5 for JIT 

production inventory dynamics).  

For the instantaneous replenishment of finished products at FPW, the global 

minimum TOC is higher than the first case. However, it does offer benefits such as no 

interruption in finished product supply to DC (Axsäter, 2006; Zipkin, 2000) (Refer to 

Figure 4.6). 
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Figure 4.5 JIT production inventory dynamics. 
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Figure 4.6 Instantaneous replenishment inventory dynamics. 

 

After the global minimum point (N0, T0) is obtained, a simple approximation can 

be done to get workable solution if N0 and Q0 (Q0 =dT0) are not integers. The optimal 

integers (N*, Q*) of the IIC policy can be selected among the integer solution sets, where 

TOC is at the minimum. 
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4.5.2 Supply chain without coordination  

Based on the current practice of the MNC, both DC and FPW make decision 

independently to minimize operational cost at their own stages. They determine their 

optimal cycle time (OCT), EOQ and economical production quantity (EPQ), as shown 

in the following lemma.  

 

Lemma 4.1. At the production plant in the uncoordinated supply chain, EPQ is given 

by 

'

2

2

2

(1 )

Sd
Q

d
h

p




.  

And the optimal operation cost is given by 

3
2 2

3

2 (1 )
2

A dd
Sdh h

p h
  . 

 

The proof of Lemma 4.1 is referred to Appendix I.  

 

Proposition 4.2. In the supply chain without coordination, the minimum TOC function 

TCt in this problem is given by 

 
3 3

3 3 2 2

3 3

TC 2 2 (1 )
2 2

t s s

h d A dd
A dh Lh d A Sdh h

A p h
      . (4.10) 

Comparing with TC0 for the proposed SCOR-based ACM, TCt is not smaller than TC0, 

i.e., TCt ≥ TC0. And the difference is given by 



92 
 

 
23 3 2

0

3 3

TC=TC TC ( 1 1 ) 0
2

s
t

A dh A h

A h
       . 

(4.11) 

 

The proof of Proposition 4.2 is in Appendix J. Based on Eq. (4.11), function 

ΔTC has a critical point, which As/A3=h2/h3 in the region [0, ∞), the global minimum of 

ΔTC is 0. In other words, comparing the proposed SCOR- based ACM with the supply 

chain without coordination, there are no savings on TOC when As/A3=h2/h3. 

 

4.6 Computational results and analysis 

 

Numerical examples are conducted to validate the SCOR-based ACM in this section. 

To demonstrate the utility of the proposed approach, the data for the parameters in our 

numerical examples are partially derived from a case study in the pharmaceutical 

industry (Kannan et al., 2013). The high transportation cost is considered in this chapter 

because a typical product, like vaccines must be stored at the right temperature from the 

time they are manufactured until they are used (Shah, 2004). A sensitivity analysis of 

the inventory holding cost and the transportation cost is performed to assist decision 

makers. The supply chain performance evaluation on TOC between our proposed model 

and the uncoordinated supply chain is conducted as well. This is the last step of the 

proposed systematic approach. The following numerical example is to illustrate how to 

get the optimal TOC in practice.  

 

 Example 4.1: d=6200units/year, p=7000units/year, L=0.003year, 

h3=$12400/unit/year, hS=$120/unit/year, h2=$1240/unit/year, A3=$650/order, 

As=$1050/order, S=$2500/setup. 



93 
 

From Eqs. (4.6), (4.7), (4.8) and (4.10), the real-number solution can be 

computed: N0=11.8972, T0 =0.0063(year)=2.30(days)(Q0 =dT0=39.3123(units), TC0 

=$604732.1416 and TCt =$655802.17. Figure 4.7 shows the convexity of the TOC 

function, TC. 

 

 

Figure 4.7 Graph of the TOC function TC in N and Q. 

 

Based on Eq. (4.9), the four integer cases are summarized in Table 4.4. TOC of 

four integer cases is higher than the real-number solution. It is clear that when N*=12 

and Q*=39, the optimal TOC $604749.21 is the lowest among the four integer cases. 

However, it is higher than TC0 by 0.0028 percent. The solution procedure is given in 

Appendix K. However, comparing with the uncoordinated supply chain, the TOC-

saving is ΔTC / TCt =7.79%. 
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Table 4.5 Results for numerical example 4.1. 

 

 

From Proposition 4.2, the TOC-saving highly depends on the SCOR metric 

codes, 
3/sA A  and

2 3/h h . The sensitivity analysis of this typical example is done to 

obtain managerial insights to assist the supply chain decision makers. Due to the market 

inflation, the rising fuel price is one of the major concerns for this MNC. By fixing the 

value of A3, we increase the value of As from 0 to $2000 with interval of $20 to analyze 

the effect of the transportation cost on the TOC-saving for this proposed the SCOR-

based ACM. To study the holding cost effects on the TOC-saving, we fix the value of 

h3 and increase the value of h2 from 0 to $40000 with interval $200. The results are 

presented in Figure 4.8. 

It is observed from Figure 4.8 that the TOC-saving function is convex in both 

the SCOR-based metric codes, As and h2. There are no savings on TOC when As / A3 = 

h2 / h3 in this example. And these are in line with Proposition 4.2. The following insights 

can be drawn: 

 

 

N
Quantity 

Q

Cycle 

Time T

Difference in 

Cycle Time

Total 

Operational 

Cost TC

Difference 

in Cost

Real 

Numbers
11.8972 39.3123 0.0063 604732.1461

1 11 39 0.0063 -0.7943% 604996.66 0.0437%

2 12 39 0.0063 -0.7943% 604749.21 0.0028%

3 11 40 0.0065 1.7494% 604936.42 0.0338%

4 12 40 0.0065 1.7494% 604835.10 0.0170%

Integer 

Case
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Observation 4.1: Due to the convexity of the total operational saving-cost function on 

As and h2, the SCOR-based ACM is effective when As / A3 ≠ h2 / h3. 

 

 

Figure 4.8 Effects of As, h2 on the TOC-saving in numerical example 4.1. 

 

From Observation 4.1, the SCOR-based ACM is more effective with the high 

transportation and finished products holding costs. This could be one of the promising 

factors for decision makers from some industries to consider our recommendation. And 

those industries could be from retailing, such as Walmart and Carrefour who depend on 

transportation and storage heavily in their supply chains (Myerson, 2012). 

In the current literature, h2 < h3 is assumed in most papers (Abdul-Jalbar et al., 

2007; Glock, 2012; Kim & Glock, 2013; Lee, 2005). However, the recent research (Hill 

& Omar, 2006) shows that there are some industrial cases where the condition of h2 > 

h3 is also hold, particularly for the automotive supply chain with the consignment stock 
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policy (Braglia & Zavanella, 2003; Valentini & Zavanella, 2003). Many researchers 

(Bylka, 2013; Corbett, 2001; Wang et al., 2004b) discussed the benefits of using the 

consignment stock policy for supply chains. In this study, we do not make the above 

assumption. The results demonstrate the proposed SCOR-based ACM is effective for 

both cases. 

To compare the SCOR-based ACM with the uncoordinated supply chain, 

another 30 sets of data are developed based on the industrial motivated problem (Kannan 

et al., 2013) to study supply chain performance. The optimal relaxed (real numbers) 

solutions, the modified solutions (integers) and TOC without SCOR are given in Table 

4.5.  

In the SCOR-based ACM, it is observed that TOC at the integer solution is 

always higher than the real-number case. However, the difference is not significant. The 

computational results show the overall average difference is 0.0207 percent. Comparing 

with the uncoordinated supply chain, the average saving on TOC is 4.89 percent. Having 

analyzed 30 sets of data, the insights can be summarized from Table 4.5 as follows. 

 

Observation 4.2: If As / A3 ≠ h2 / h3, the SCOR-based ACM supports more effective 

coordination among the supply chain members. Comparing with the supply chain 

without coordination, the savings on TOC are significant. 

 

Observation 4.3: The IIC policy in the SCOR-based ACM offers the benefits such as 

simple material handling, smooth operation and production flow. The difference on 

TOC between the integer solution and real-number solution is insignificant. 
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Table 4.6 Computational results of supply chain performance 

Final 

Product 

Warehouse

Difference 

in TC*

Total Cost 

without 

SCOR

Total 

Cost 

Saving

d A 3 h 3 A s h s L h 2 S p N 0 T 0 Q 0 TC0 N * T * Q * TC* ΔTC*  TCt ΔTC

1 6500 600 15000 1000 380 0.003 1500 2000 7000 13.8744 0.0055 35.5050 646022.6069 14 0.0054 35 646083.47 0.0094% 704388.98 8.28%

2 6300 650 15100 1100 250 0.0045 1680 2500 6800 13.9303 0.0058 36.2500 677742.2262 14 0.0057 36 677756.91 0.0022% 738259.28 8.20%

3 5400 550 14400 1050 360 0.003 1550 3000 6000 13.8904 0.0061 32.9148 601689.4994 14 0.0061 33 601695.12 0.0009% 664075.28 9.39%

4 5800 660 14000 1150 440 0.006 1500 3500 6300 15.8672 0.0063 36.8046 655305.9133 16 0.0064 37 655320.37 0.0022% 714988.44 8.35%

5 5900 700 13790 1050 230 0.0045 1450 2500 6300 15.3780 0.0062 36.8101 619207.1694 15 0.0063 37 619224.75 0.0028% 666587.10 7.11%

6 5700 580 14170 950 280 0.006 1420 2000 6100 14.7939 0.0059 33.4484 577112.4402 15 0.0058 33 577159.93 0.0082% 627759.17 8.06%

7 6330 500 3550 900 135 0.006 900 1000 6800 7.1483 0.0100 63.1104 314031.4383 7 0.0100 63 314039.11 0.0024% 337011.68 6.82%

8 6250 450 3200 880 145 0.0045 800 1200 6600 9.2233 0.0103 64.4690 287180.3131 9 0.0104 65 287192.34 0.0042% 311421.62 7.78%

9 6350 460 3240 900 200 0.012 850 1500 6600 11.8367 0.0102 64.9845 305792.4808 12 0.0102 65 305794.90 0.0008% 330220.49 7.40%

10 6250 510 3200 850 270 0.003 900 1800 6500 12.5206 0.0103 64.3921 296977.8909 13 0.0102 64 296996.63 0.0063% 314907.96 5.69%

11 6150 440 3150 800 220 0.0045 920 1300 6400 10.8964 0.0100 61.2162 279209.9974 10 0.0099 61 279211.98 0.0007% 298391.82 6.43%

12 6350 400 3370 700 210 0.006 810 900 6800 7.9876 0.0091 57.8109 274403.1528 8 0.0091 58 274404.73 0.0006% 293806.27 6.60%

13 6010 420 3280 720 135 0.003 940 1400 6500 8.5519 0.0095 56.9834 277436.0245 9 0.0095 57 277481.59 0.0164% 294383.71 5.74%

14 5850 400 3200 720 180 0.006 840 1600 6300 9.8077 0.0097 56.9523 269919.4639 10 0.0097 57 269926.42 0.0026% 288409.38 6.41%

15 5900 480 3250 850 300 0.012 880 1200 6400 7.3621 0.0104 61.6441 307031.2598 7 0.0105 62 307066.63 0.0115% 326615.37 5.99%

16 42000 400 350 800 180 0.0045 195 600 47000 3.6243 0.0102 430.0629 300738.9858 4 0.0102 430 300895.89 0.0522% 313451.02 4.01%

17 42500 420 290 820 225 0.006 200 700 52000 2.7514 0.0109 463.7909 331259.1485 3 0.0109 463 331427.14 0.0507% 340164.46 2.57%

18 42500 410 275 780 270 0.003 210 700 50300 2.9599 0.0107 456.6801 299932.9566 3 0.0107 456 299936.36 0.0011% 306839.64 2.25%

19 43500 370 230 750 370 0.003 180 750 52000 3.0547 0.0112 487.5023 291977.1203 3 0.0112 488 291983.59 0.0022% 299023.12 2.35%

20 41300 350 250 650 100 0.0045 120 650 51300 3.2065 0.0114 472.4862 228843.6775 3 0.0115 473 228919.75 0.0332% 238384.23 3.97%

21 41500 360 185 650 270 0.003 100 500 50000 2.8809 0.0131 542.3471 214745.1666 3 0.0131 542 214766.33 0.0099% 221740.58 3.15%

22 40500 320 220 600 160 0.0045 110 700 45900 4.4048 0.0117 475.2033 213065.1825 4 0.0118 476 213187.02 0.0572% 221435.49 3.72%

23 39150 380 195 700 130 0.006 150 800 45000 3.6201 0.0126 495.0889 236292.3572 4 0.0126 495 236465.86 0.0734% 241111.85 1.93%

24 6660 300 1010 500 100 0.003 650 600 8000 3.3816 0.0120 80.1204 164495.7987 3 0.0122 81 164678.53 0.1111% 168408.73 2.21%

25 41950 310 210 500 320 0.003 130 720 47000 4.6515 0.0107 447.0788 221326.7380 5 0.0107 447 221402.21 0.0341% 225700.28 1.90%

26 42450 330 220 520 150 0.0045 100 540 50400 3.5900 0.0112 474.8849 207508.6507 4 0.0112 474 207660.93 0.0734% 213754.01 2.85%

27 6050 340 950 520 100 0.003 730 800 6480 5.6799 0.013 78.7023 155689.2010 6 0.0129 78 155717.29 0.0180% 157811.90 1.33%

28 5200 300 760 500 100 0.003 650 950 6350 3.7714 0.0148 76.8161 143974.0273 4 0.0146 76 144019.76 0.0318% 145760.98 1.19%

29 6300 330 580 600 105 0.006 400 750 6500 8.0133 0.0174 109.3487 121915.3513 8 0.0173 109 121916.03 0.0006% 125440.05 2.81%

30 5400 360 450 660 95 0.0045 350 1000 6300 3.9606 0.0217 117.3456 119422.9147 4 0.0217 117 119423.88 0.0008% 121983.69 2.10%

S/N

Input Information Computational Results

Distribution Centre Transportation
Production 

Plant
Optimal Results(Real Numbers)

Modified Optimal 

Results(Integers)
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 In summary, the SCOR-based ACM with IIC policy offers an effective solution 

to address the SCC problems. The computational results validate the feasibility and 

potential benefits of adopting the proposed approach for the MNC’s supply chain. 

 

4.7 Summary 

 

An ACM for an integrated supply chain is presented in this chapter. The SCOR model 

is adopted to support the MNC in choosing and refining of the level 1 metric, supply 

chain management cost at the strategic level for the supply chain parties. To address the 

inventory replenishment coordination issue at the tactical and operational levels, we 

propose and find an optimal IIC policy to minimize the TOC. The finding reinforces the 

proposition that the adoption of an ACM based on the metrics of the SCOR model is 

promising in terms of its capacity to assist decision makers in improving supply chain 

performance. 

The integrated multi-stage supply chain with constant and continuous demand 

under the JCIR coordination mechanism and the SCOR model are studied in Chapters 

3 and 4. However, based on the literature review in Chapter 2, the supply chain with 

constant and continuous demand cannot reflect the practical situations as the demand 

for most products is changing with time due to the seasonal variation, business cycle, 

irregular fluctuation, and product life-cycle (Axsäter, 2006; Glock, 2012; Teng et al., 

2012). There is a limited number of research addressed integrated multi-stage supply 

chains with time-varying demand (Arshinder et al., 2008; Glock, 2012; Hwang et al., 

2013; Kaminsky & Simchi-levi, 2003; Pahl & Voss, 2014; Zhao et al., 2016b). To gain 

deeper understanding of supply chain coordination and performance optimization 

problems, this thesis considers time-varying multi-phase demand which generalizes 
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continuous and constant demand in the next chapter. It caters for more dynamic business 

environments. 
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CHAPTER 5  

OPTIMAL PRODUCTION-INVENTORY-DISTRIBUTION 

COORDINATION POLICY FOR AN INTEGRATED 

MULTI-STAGE SUPPLY CHAIN WITH TIME-VARYING 

DEMAND  

 

In this chapter, an integrated multi-stage supply chain with time-varying demand is 

considered. Section 5.2 describes the problem. TOC of the integrated multi-stage supply 

chain is formulated in Section 5.3. In Section 5.4, the model is represented as the 

WDAG. The global minimum TOC is computed by the developed algorithm. In addition, 

some properties of the proposed model are discussed in this section. Two industrial 

applications of time-varying demand, a seasonal product and a product over its life 

cycle are illustrated in Section 5.5. Section 5.6 presents this chapter’s summary. 

 

5.1 Introduction 

 

Integrating various processes in a supply chain to devise the optimal production-

inventory-distribution policy is essential in a competitive industrial environment. 

Numerous studies have been conducted on integrated supply chains to minimize the 

TOCs by finding the optimal lot sizes (Ben-Daya et al., 2008; Brahimi et al., 2006; 

Glock, 2012) since the 1990s. However, most of them considered the constant demand. 

They cannot reflect a practical situation because the demand rates are changing with 

time due to seasonal variation, business cycle, irregular fluctuation, and product life 
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cycle. Seasonal variations result from both natural randomness and human decisions. 

For example, umbrellas are in high demand during the monsoon period in Southeast 

Asia. Customers may change their behaviours during an umbrella sales promotion. So, 

the demand for umbrellas is subject to seasonal variations. In a typical business cycle, 

the economy slowly moves through stages of expansion, slowdown, recession, and 

recovery (Wang et al., 2004a). The demand for most products is positively correlated 

with the business cycle. Unpredictable events such as accidents and natural disasters 

may lead to irregular fluctuations in demand. The product life cycle can be divided into 

four discrete stages: introduction, growth, maturity and decline (Aitken et al., 2003). 

The product demand is dynamically correlated with its life cycle, particularly for high-

tech industries (Marquez & Blanchar, 2006; Teng et al., 2012; Vonderembse et al., 

2006). For time-varying demand, linearization techniques can be applied to approximate 

the actual demand curve over the planning horizon, which consists of multiple phases. 

The approximation is accurate if the interval is sufficiently small (Andriolo et al., 2014; 

Hill, 1995; Silver, 1979; Silver et al., 1998). Therefore, the multi-phase function shown 

in Fig. 1 can represent the demand for most products. It is composed of piece-wise linear 

demand patterns over a planning horizon Tf, where f is the index of phases, f = 1, 2, 

3, …, F. 

To adapt to demand fluctuations, supply chain decision makers should carefully 

manage their inventories and constantly monitor the production schedule to minimize 

TOC. Indeed, effectively managing the supply chain with time-varying demand is an 

important issue for current MNCs. 
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Figure 5.1 The timer-varying multi-phase demand. 

 

In this chapter, a new model for an integrated multi-stage supply chain with time-

varying demand over a finite planning horizon is developed. The supply chain includes 

supply, production, transportation and distribution. The objective of this part of the 

study is to devise an optimal production-inventory-distribution policy to minimize TOC 

which includes production setup cost, product ordering cost, inventory holding cost, and 

transportation cost. The integrated multi-stage supply chain is formulated as an MINLP 

problem. It is represented as the WDAG. The global minimum TOC is computed in 

polynomial time. Furthermore, a conventional assumption for many models in previous 

studies is that the holding cost rates increase as the material/product flows down the 

supply chain (Glock, 2012; Kaminsky & Simchi-levi, 2003; Kim & Glock, 2013; Lee, 

2005; Liu & Lian, 2009) because the product increases in value as it moves down the 

supply chain. However, some studies show that this is not true in several industries, such 

as the aircraft, automotive, personal computer and retailer supply chains with 

consignment stock policies (Braglia & Zavanella, 2003; Chen et al., 2010; Diabat, 2014; 
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Valentini & Zavanella, 2003; Verma et al., 2014; Yi & Sarker, 2014). Our model is 

more generic than the existing models in previous studies as this assumption is relaxed 

in this chapter. 

 

5.2 Problem description, notations and model assumptions 

 

An integrated multi-stage supply chain in Figure 5.2, which includes supply, production, 

transportation and distribution, is discussed in this chapter. There are four stages: raw 

material warehouse (RMW), manufacturing plant (MUP), finished product warehouse 

(FPW), and retailer (R). Customer demand is time-varying and can be modelled as a 

piece-wise linear function over a finite planning horizon consisting of multiple phases. 

The inventory dynamics and synchronization across the integrated multi-stage 

supply chain are illustrated in Figure 5.5. The raw materials are supplied to RMW in 

batches immediately after the manufacturer places an order. One time purchase of raw 

materials provides an exact amount of materials for a production cycle. Materials are 

sent to MUP and are converted into finished products with a finite and constant rate. 

Finished products are transported to R in batches of unequal size periodically with a 

fixed interval L. At the final stage, R fulfils the customer time-varying demand. The 

notations used in this chapter are summarized in Table 5.1. 
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Figure 5.2 The integrated multi-stage supply chain with time-varying demand. 

 

Table 5.1 Notations of the time-varying demand. 

 

Manufacturing 

Plant (MUP)

Stage 2

Raw Material

Warehouse (RMW)

Stage 1  h1

Customers’

Time-varying 

Demand

Ls, hs

Transportation

(Batch)

Retailer (R)

Stage 4  h4

Raw 

Material

Supply 

(Batch)

 Finished Product 

Warehouse (FPW)

Stage 3 h3

Decision 

Variables
Definition

l j number of shipment periods in cycle j -1

M total number of production cycles or subplans over the planning horizon 

m j number of shipments in cycle j

Q pj quantity of finished goods manufactured in cycle j , Q pj = Q 3j (units)

T 0j interval between T bj  and the time to start production in cycle j (production setup time)
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Parameters Definition Parameters Definition

A 1

ordering cost rate  at Raw Material Warehouse 

($/order)
Q 4f Quantity demanded at R in phase f  (units)

A s fixed transportation cost rate ($/trip) Q 1j

quantity of raw materials ordered in cycle j 

(units)

A 4 finished goods receiving cost rate at Retailer ($/batch) Q 3j

quantity of finished good ordered in cycle j 

(units)

b
number of the last shipment in the increasing demand 

phase
Q pj production quantity in cycle j  (units)

C j operational cost of the supply chain in subplan j ($) r
conversion factor of raw materials to finished 

goods

C total operational cost of the supply chain ($) S production setup cost ($/setup)

d 0f initial demand rate in phase f  (units/unit time) t index of the planning horizon, t = 1, ... , T

d (t ) demand rate at time t (units/unit time) T length of the planning horizon

E set of directed edges in WDAG T f period of phase f

f
index of phases over the planning horizon, f  = 1, 2, …, 

F
T bj beginning time of cycle j

F total number of phases over the planning horizon T ej ending time of cycle j

h 1

inventory holding cost rate at Raw Material Warehouse 

($/ unit/unit time)
T pj production time for cycle j

h s transient inventory holding cost rate ($/ unit/unit time) D 0 initial demand in single-phase demand case

h 3

inventory holding cost rate at Finished Goods 

Warehouse ($/ unit/unit time)
D 0f initial demand in phase f (units)

h 4 inventory holding cost rate at Retailer ($/ unit/unit time) D (γ f )
aggregate demand during an interval [γ f  L , 

(γ f + 1) L ] at Retailer (units)

I j (t ) finished goods inventory on hand at time t in cycle j
k th shipment size from Finished Goods 

Warehouse to Reatiler in cycle j  (units)

j index of production cycles over the planning horizon v vertex in WDAG

k
index of shipments from Finished Goods Warehouse to 

Retailer
V set of vertices in WDAG

L interval between successive shipments at Retailer w weight of edges in WDAG

L s

transportation lead time from Finished Goods 

Warehouse to Retailer
W set of weights of edges in WDAG

n f total number of shipment intervals in phase f α , β
indexes of the shipment period in WDAG, 

α, β  = 0,1, …, N

N
total number of demand periods over the planning 

horizon at Retailer
λ f

rate of increment/decrement of the demand 

rate in phase f (units/unit time
2
)

p production rate (units/unit time) θ f

increment / decrement of demand in phase f 

(units)

q Fj (t ) finished goods produced by time t in cycle j (units) γ f

index of shipment intervals at Retailer in 

phase f , γ f  = 1, ... , n f

q sj (t )
total quantity of finished goods shipped by time t in 

cycle j (units)
δ path in WDAG

Q
total quantity demanded of the supply chain over F 

phases (units)
δ * the shortest path in WDAG

𝑥 
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5.2.1 Retailer 

The customer demand at R varies over the planning horizon T, which consists of F 

phases. So, the ordering and production batches and optimal lengths of the production 

cycles at upstream stages are not necessarily equal. The review periods at R are not fixed 

and are computed in this chapter. It is assumed that T and all Tf are multiples of L (Figure 

5.3). The piece-wise linear demand rate function is given by 

 

 

01 1 1 1 1

02 2 1 2 2 1 2

0 1 1 2

0 1 1 2

 [0, ),  

 [ ,  ),  ( )

...
( )

 [ ,  ),  ( ... )

...

 [ ,  ),  ( ... ... )













  


   



 
     





       

f f f f f f

F F F F F f F

d t t T T n L

d t t T T T n n L

d t
d t t T T T n n n L

d t t T T T n n n n L

 

(5.1) 

where 

  d0f ≥ 0, f=1,2,… F  (5.1a) 

 

1

F

f

f

n N


 , nf  positive integer,  (5.1b) 

 T = TF= NL.  (5.1c) 

Eq. (5.1) is the function of the demand rate at each phase. [Tf-1, Tf) is the interval of 

phase f. d (t) is the customer demand rate at time t. d0f is the initial demand rate and λf is 

the rate of increment/decrement of the demand rate in phase f. Constraint (5.1a) assures 

the initial demand rate at each phase is positive. Constraint. (5.1b) assures the total 

number of shipment intervals from phase 1 to F is equal to N. Constraint. (5.1c) assures 

the length of the planning period is equal to NL.  

Based on Eq. (5.1), the aggregate demand during an interval [γf  L, (γf +1) L]   

[Tf-1, Tf) at R is D (γf), where γf  =1, 2,…, nf -1. 
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(5.2) 

where D0f =(d0f +1/2λf L)L, θf = λfL
2 are the initial demand and increment/decrement of 

demand in phase f, respectively. Based on Eq. (5.2), the total quantity demanded at R 

over F phases is shown in Proposition 5.1. 

 

Proposition 5.1. The total demanded quantity at R over F phases is given by 

 

1

4 0

1 1 1 1

1
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2
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f f f f
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       . (5.3) 

 

The proof of Proposition 5.1 is in Appendix L. A batch with size D(γf) is received 

in the interval [γf  L, (γf +1) L] at R. Ls is the transportation lead time from FPW to R. 

The inventory holding cost rate is h4 per unit per unit time. The finished products 

receiving cost rate is A4 per batch. The operational cost incurred at R is the sum of the 

finished product inventory holding cost and the material receiving cost. 

 

 

Figure 5.3 The time-varying demand over the planning horizon T. 

 

5.2.2 Transportation from FPW to R 

The transit inventory holding cost rate is hs per unit per unit time. The fixed 

transportation cost rate is As per trip. The operational cost incurred from transportation 

is the sum of the fixed transportation cost and the transit inventory holding cost. 
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5.2.3 Manufacturing plant 

Because shipment sizes are not constant over the planning horizon, production batch 

sizes vary from cycle to cycle. The planning horizon T consists of M production cycles 

(Figure 5.4), 1 ≤ M ≤ N. Each production cycle j (j = 1, 2,…, M) begins at time Tbj and 

ends at time Tej, so, Tb1 = 0 and Tej = Tb(j+1). Both Tbj and Tej are multiples of L, i.e., Tbj 

= ljL, Tej = lj+1L, where lj is the number of shipment periods in the production cycle j-1, 

0 ≤ lj ≤ N, Tej - Tbj = (lj+1 - lj) L = mj L. There are mj shipments in cycle j. Both lj+1 and mj 

are positive integers, l1=0. The kth shipment size in production cycle j is j

kx , k =1, 2,… 

mj. And 
1

M

j

j

N m


 .The production quantity in cycle j is given by 

 

1

j

k

m

j

pj

k

Q x


 . (5.4) 

 The production rate is p units per unit time. The production time in the cycle j is 

Tpj = Qpj/ p. The production start time T0j is defined as the interval between Tbj and the 

time to actually start the production in cycle j. It must be coordinated to ensure in-time 

supply within the supply chain. To have a lean supply chain, the value of T0j should be 

determined that for an exact amount of the first shipment in cycle j, x1
j
 are manufactured 

just-in-time to be shipped to R (Fig. 5.5). Therefore, 
1 0 0( )   j

f f jx D θ p L T . The 

production setup time of cycle j is given by 

 
0

0


 

f f

j

D θ
T L

p
. (5.5) 
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Figure 5.4 The production schedule over planning horizon T. 

 

 A generic time-varying demand may be composed of increasing, constant and 

decreasing phases (Diponegoro & Sarker, 2007). To avoid finished product supply 

shortages, the production rate cannot be lower than the demand rate over the planning 

horizon. The following proposition gives the minimum production capacity of the 

integrated multi-stage supply chain with time-varying demand. 

 

Proposition 5.2. 

(i) In the increasing demand phase, i.e., λf >0, the production rate is p≥d0f 

+(b+0.5)λfL, b is the number of the last shipment in the increasing demand 

phase; 

(ii) In the constant demand phase, i.e., λf =0, the production rate is p≥d0f; 

(iii) In the decreasing demand phase, i.e., λf <0, the production rate is p≥d0f +1.5λfL. 

 

The proof of Proposition 5.2 is in Appendix M. The holding cost at MUP is not 

considered. The operational cost incurred at MUP is the production setup cost S. 

 

5.2.4 Finished product warehouse 

A batch with size Q3j is ordered in cycle j. The inventory holding cost rate is h3 per unit 

per unit time. The operational cost incurred at FPW is the inventory holding cost. 
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Figure 5.5 The inventory dynamics and synchronization diagram for the integrated 

supply chain with time-varying demand. 
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5.2.5 Raw material warehouse 

A batch with size Q1j is ordered in cycle j. The raw materials are supplied to RMW 

immediately. It is considered that r units of raw materials which can be converted to one 

unit of finished product. The inventory holding cost rate is h1 per unit per unit time. The 

ordering cost of raw materials is A1 per order. The operational cost incurred at RMW is 

the sum of the inventory holding cost and the raw material ordering cost. 

 

5.2.6 Model assumptions 

In addition to the general assumptions in Section 1.4.3, the following assumptions are 

necessary to model this time-varying problem in Chapter 5: 

1) The initial and final inventories at both RMW and FPW are zero without loss 

of generality. 

2) The raw materials are supplied to RMW immediately after the manufacturer 

places an order. 

3) There is no shipment at the beginning of the planning horizon because R has 

the residual stocks to satisfy the customer demand. 

4) The shipping quantity is assumed to be the quantity demanded in the interval 

L at R (Figure 5.5).  

The objective of this part of the study is to determine the optimal production-

inventory-distribution policy to minimize the TOC of the integrated multi-stage supply 

chain with time-varying demand. By obtaining the global minimum TOC, the following 

questions can be answered for the proposed model in this chapter: 

 What is the optimal batch size of finished products at FPW in each 

production cycle? 
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 What is the optimal number of production cycles at MUP over the finite 

planning horizon?  

 What is the optimal production setup time at MUP in each production cycle? 

 What is the raw material ordering time at RMW? 

 What are the batch sizes of the raw materials at RMW? 

 

5.3 Total operational cost function 

 

Because the customer demand varies over time, the optimal lengths of production cycles 

are not necessarily equal. Before the TOC function is formulated to solve the problem 

optimally, a subplan is defined as follows: 

 

Definition 5.1: Subplan j, (ljL+Ls, lj+1L+Ls, Tbj, Tej) means the quantity of finished 

products produced in a period starting at time Tbj and ending at time Tej and satisfies the 

demand in consecutive periods, starting at time ljL+Ls and ending at time lj+1L+Ls at the 

retailer. 

 

Based on Definition 5.1, it is clear that the finished products produced in a 

production cycle must always cover the demand in an integer of consecutive demand 

periods at the retailer in a subplan. Therefore, any feasible operations policy for this 

integrated supply chain can be divided into a sequence of consecutive subplans. The 

number of subplans is equal to the number of the production cycle M. The production 

cycle starts at time zero in the first subplan. It ends at time T in the last subplan M. We 

are now ready to derive the operational cost at each stage of the integrated supply chain. 

In the subplan j, the operational cost incurred at R is 
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(5.6) 

the operational cost incurred for transportation is 
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the operational cost incurred at FPW is 
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where ( )
ej

bj

T

j

T

I t dt is obtained from Appendix N. The operational cost incurred at MUP is 

S. The operational cost incurred at RMW is 
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(5.9) 

The operational cost function for the integrated supply chain in subplan j, Cj is 

the sum of the operational cost incurred at R, transportation, FPW, MUP, and RMW. 

By summing up the costs from Eqs. (5.6) to (5.9), we get 
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The objective function: TOC of the integrated supply chain over the planning 

horizon T, C is the aggregate cycle cost with M subplans: 

1
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C lC l 
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     , 

(5.11) 

Subject to  

1 20 ... Ml l l N     , (5.11a) 

0< M ≤ N, (5.11b) 

 
Ls ≤ L, (5.11c) 

 M, N, lj, mj
 
positive integers. (5.11d) 

Decision Variables: lj, lj+1, Qpj, M, T0j. 

  

Constraint (5.11a) assures that the cycle j beginning must be earlier than the 

cycle j+1 and the first cycle’s beginning is at the starting time of the planning horizon. 

Constraint (5.11b) assures the total number of production cycles is at least one and at 

most equal to the total number of demand periods over the planning horizon at 

Retailer/shipments. Constraint (5.11c) assures the transportation lead time is not greater 

than the fixed demand period at Retailer. Constraint (5.11d) ensures M, N, lj, mj
 
are 

positive integers. 
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5.4 Solution methodology 

5.4.1 Solution algorithm 

By including the objective function with constraints, an MINLP optimization problem 

is postulated. The operational decision in solving the time-varying demand problem in 

a period depends on the action in the preceding periods. This problem is represented as 

a WDAG with (N + 1) vertices and O (N2) edges. The shortest path through the network 

represents the optimal operations policy for this integrated multi-stage supply chain. It 

can be found in O (N2) time. The following definitions are given to represent the problem 

as a network model. 

 

Definition 5.2. A WDAG G (V, E,), with weighted function w: E→R mapping edges to 

real-valued weights has the following structure: 

(1) V is the set of vertices, V = {vα: α=0,…, N}Council of Supply Chain 

Management ProfessionalsCouncil of Supply Chain Management Professionals. 

A vertex vα represents the αth shipment period when α > 0. v0 and vN are the 

beginning and ending of the planning horizon T, respectively; 

(2) E is the set of directed edges, E = {e (vα, vβ): vα, vβV}. An edge e (vα, vβ) 

represents  the subplan j for which the production cycle starts at time Tbj and 

ends at time Tej; 

(3) W is the set of weights, W = {w (vα, vβ): e (vα, vβ)E}. The weight w (vα, vβ) of 

the edge e (vα, vβ) is the operational cost of the subplan j. So, w (vα , vβ) = Cj; 

where both α and β are indexes of vertices, which are in sequence with the shipment 

schedule at R over the planning horizon T, β-α=mj, 0 ≤ α < β ≤ N. 
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Definition 5.3. In subplan j, (ljL+Ls, lj+1L+Ls, Tbj, Tej), the production cycle starts at the 

αth shipment period and ends at the βth shipment period in the WDAG G (V, E). 

 

The αth shipment period is always in front of the βth shipment period. Therefore, 

for an edge e (vα, vβ), vα always appears before vβ in ordering. Based on Definition 2 and 

3, V has (N+1) vertices. The number of edges is N (N+1)/2. 

 

Definition 5.4. A path δ through the WDAG G (V, E) is a sequence of (1),..., ( 1)v v M   

from vertex v0 to vN, where v(0) = v0 , v(M+1) = vN , e (v(j) , v(j+1)) ∈ E for j = 1,…, M. 

The weight of path δ is the sum of the weights of the edges from subplans 1 to M, 

 w(δ) = 
1

( ( ), ( 1))
M

j

w v j v j


 . (5.12) 

 

From Definition 5.4 and Eq. (5.12), the sum of the weights of the edges in the 

path w(δ) is equivalent to the sum of the subplans’ costs over the planning horizon

1

( ( ), ( 1))
M

j

w v j v j


 . For example, there are five shipments over the planning horizon as 

shown in Figure 5.4. The path δ = 
1 3 5 6,  ,  ,  v v v v  represents a three-cycle production 

or three subplans with length of m1=2, m2=2 and m3=1 shipments, respectively. TOC 

associated with the feasible operations policy is 

w(δ)=w(
1 3,  v v )+w(

3 5,  v v )+w(
5 6,  v v ). 
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Figure 5.6 A WDAG representation for the integrate supply chain with five shipments. 

 

For a WDAG with (N+1) vertices, there are many paths from v0 to vN. The 

objective is to find a path with minimum weight which is the shortest path. The shortest 

path and the weight of the shortest path are defined by δ* and w (δ*) = min {w (δ)}, 

respectively. Therefore, the shortest path weight w (δ*) is the global minimum value of 

the objective function. The optimal number of subplans and production cycles and the 

length of each production cycle can be obtained as well.  

 

Theorem 5.1: If δ*= * * * *(1),...,  ( ),...,  ( 1)v v j v M   is the shortest path from v0 to vN 

of the WDAG G (V, E) with the weight w (δ*), then *M , 
*

jl  for j =1, 2, …, *M is an 

optimal solution for the corresponding the time-varying demand problem. The weight 

w (δ*) = TC is the global minimum TOC of the integrated multi-stage supply chain. 

 

Proof: From Definition 5.3, w (v (j), v (j+1)) is the operational cost for the subplan j. 

From Eq. (13) w (δ*) is TOC of the integrated supply chain. By Definition 5.4, 

*

* * * *

1 2 30 ... ,
M

l l l l N     lj is a positive integer for j=1, 2,… *M . So, *

jl is feasible. By 

contradiction, suppose ' *

j jl l for some 
*{1,  2,  ..., }j M , the associated TOCS TC’ < 

 

v1 v2 v5v4v3 v6
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TC. Then, v (j) = '

jl , 
*( ) ( )v j v j  that creates another path ' *δ δ  which has TOC 

' *( ) ( )TC w δ w δ  . This implies that δ* is not the shortest path. Therefore, *

jl  for j=1, 

2, …, *M is optimal. The proof is completed. 

The above procedure can be summarized in an algorithm as follows. 

 

Solution Algorithm (polynomial) Finding the optimal solution to the time-varying 

demand problem 

Step 1: 

(1.1) To construct the graph G (V, E) by using Definitions 5.2 and 5.3; 

(1.2) To compute the edge weights: 

a. To define each vα, where α = 0, 1,…, N-3; 

b. To define each vβ, where β = α+2, α+3,…, N-1; 

c. To create an edge e (vα , vβ) and compute w(vα , vβ); 

Step 2: To find the shortest path and compute the weight of the shortest path by setting 

v0 as the source vertex of the graph G (V, E). The weight of the shortest path is the global 

minimum TOC of the integrated multi-stage supply chain. 

 

We apply the algorithm, Single-source Shortest Path in directed acyclic graphs 

(Cormen et al., 2009) to find the shortest path in the graph representation of this 

problem. The graph, G (V, E), is acyclic. For an edge e (vα, vβ), vα always appears before 

vβ in ordering. Therefore, G (V, E) is already in topological order and it is not required 

to do the topological order sorting for the problem. The computation of weights for the 

edges is implemented on an EXCEL spread sheet. The sparse matrix is constructed after 

all of the feasible edges and corresponding weights are determined. Then, we use the 

function “graphshortestpath” in Matlab to search the shortest path. This shortest path 
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algorithm stores the output into an array π = {v1,…, vt } of vertices, and any two vertices 

in this array indicate the beginning and ending times of the production cycle in the 

subplan j. Here, vj for j > 1 is the follower of the vertex vj-1 in the shortest path. v0 is the 

source and does not have any predecessor. The shortest path computational time is O 

(V+E) when the graph G (V, E) is constructed. 

 

5.4.2 Special cases 

Based on Eq. (5.1), the multi-phase demand becomes the single-phase demand or linear 

trend in demand when f = 1. We set d01 = d02 =…= d0F = d0, λ1 = λ2 = … = λF = λ, θ1 = θ2 

= … = θF = θ, γ = 1, 2, …, N. The single-phase linear demand function is 

0( )  [0, )Fd t d t t T   . Several properties of the multi-stage supply chain with single-

phase demand are developed in this section.  

 

Lemma 5.1. For the single-phase demand, the the shipment size from FPW to R in the 

subplan j, j

kx  is the aggregate demand during an interval [kL, (k+1) L]. It is given by  

 0 ( )j

k jx D l k θ   ,
 

   (5.13) 

Where 0 0( 1/ 2 )D d λL L  , 2θ λL , 
1

0
M

j j

j

l k m


   , k positive integer. 

 

The proof of Lemma 5.1 is in Appendix O. The planning horizon T consists of 

M subplans or production cycles. From Eq. (5.5) and Definition 5.1, the finished 

products produced in the subplan j may cover more than one demand phase. θf is not 

constant in the multi-phase demand model. So, Qpj in Eq (5.5) is not a closed-form 

solution. However, it becomes a closed-form in the single-phase demand case, which is 

shown in Lemma 5.2.  



120 
 

Lemma 5.2: For the single-phase demand, the production quantity produced in subplan 

j has a closed-form solution and is given by 

 
1

1 0

( 1)
( )[ ]

2

j j

pj j j

l l
Q l l x θ





 
   .

 

   (5.14) 

 

The proof of Lemma 5.2 is in Appendix P. Based on Eq. (5.14), the first shipment 

size 
 1 0 ( 1)j

jx x l θ   =p(L-T0j). Therefore, the production setup time for the 

production cycle j for the single-phase demand is given by 

 
0

0

( 1) 
 

j

j

D l θ
T L

p
.    (5.15) 

Based on Eq. (5.15), some properties of the production set time can be developed 

shown in Proposition 5.3. 

 

Proposition 5.3: For the single-phase demand, the following properties of the 

production setup time of the subplan j hold: 

(i) In the increasing demand case, i.e., λ>0, the production cycle setup time is T0j> 

T0(j+1). 

(ii) In the constant demand case, i.e., λ=0, production cycle setup time is T0j=T0(j+1). 

(iii) In the decreasing demand case, i.e., λ<0, the production cycle setup time is 

T0j<T0(j+1). 

 

The proof of Proposition 5.3 is in Appendix Q. Many researchers (Hoque, 2011; 

Huang & Ye, 2010; Huang et al., 2010; Kim & Glock, 2013; Lee, 2005; Lu, 1995; Pal 

et al., 2012; Sana et al., 2014; Sarker & Diponegoro, 2009) studied the multi-stage 

supply chain with the single-phase constant demand, where it is a special case of ours. 
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Lemma 5.3: For the single-phase constant demand, i.e., λf = 0, the shipment size from 

FPW to R, j

kx = d0L is constant over the planning horizon. The lengths of the production 

cycles are equal, i.e., m1 = m2 =…= mj. 

 

The proof of Lemma 5.3 is a straightforward. Let mj = m. We have the following 

results. 

 

Theorem 5.2. For the single-phase constant demand, the TOC function of the integrated 

multi-stage supply chain, C is strictly convex in the production cycle length m, the 

positive integer. 

 

The proof of theorem 5.2 is in Appendix R. 

 

5.5 Computational results and analysis 

 

Numerical examples are conducted in this chapter is to illustrate how to devise the 

optimal production-inventory-distribution policy to minimize TOC in practice. Two 

types of industrial applications, a seasonal product and a product over its life cycle, are 

illustrated. The sensitivity analysis is conducted to evaluate how system parameters 

affect the production-inventory-distribution policy and the global minimum TOC, 

respectively. Random numbers are assigned to all of the parameters in the following 

examples. 
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5.5.1 Demonstrative example of seasonal products 

Example 5.1: The planning horizon is two years (or 24 months) for a seasonal product, 

0( )f f fD t D λ t   in demand phases f = {1, 2, 3, 4, 5, 6, 7, 8}, demand and increment / 

decrement rates in different phases are listed in Table 5.2. 

 

Table 5.2 Demand rates of the seasonal product. 

 

 

The interval between successive shipments is L=1 month. The sets of shipment time 

points for demand phases (Figure 5.5) 1, 2, 3, 4, 5, 6, 7, 8 are ω1= {1, 2}, ω2= {3, 4, 5}, 

ω3= {6, 7, 8}, ω4= {9, 10, 11}, ω5= {12, 13, 14}, ω6= {15, 16, 17}, ω7= {18, 19, 20}, 

and ω8= {21, 22, 23} respectively. Let p = 350 units/month, r = 3, h1= $0.02/unit/month, 

h3= $0.08/unit/month, hs= $0.01/unit/month, h4= $0.1/unit/month. A1= $40/order, A4= 

$60/order, S = $200/setup, As= $80/trip, and Ls= 0.05 month.  

 

 

Figure 5.7 The seasonal product demand over the planning horizon. 

 

f 1 2 3 4 5 6 7 8

d 0f (units/month) 160 280 280 220 220 340 340 280

λ f (units/month
2
) 40 0 -20 0 40 0 -20 0

0 1 5 10 15 2012 24

w1

d(t)=d0f +λf (t)

  Month

160

340

w2 w3 w4 w5 w6 w7 w8

280

220
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By using Eqs. (5.2) and (5.3), the initial shipment sizes and increment / 

decrement of shipment size in eight phases can be determined and they are listed in 

Table 5.3. The ordering quantities at Retailer are: D(γf) = {180, 220, 260, 280, 280, 280, 

270, 250, 230, 220, 220, 220, 240, 280, 320, 340, 340, 340, 330, 310, 290, 280, 280, 

280}. 

 

Table 5.3 Initial shipment size and increment/decrement rates of the seasonal product. 

 

 

Based on Definition 5.1, we randomly consider in subplan j that the production 

cycle starts at jl L = 10 and ends at 1jl L = 16. Because the shipment time point 11 

belongs to ω4, 12 to 14 belongs to ω5 and 15 to 16 belongs to ω6, the shipping quantities 

in the subplan are 

220 (10 9) x 0 {1} 

240 (10 12) x 40 {2,3,4}

340 (10 15) x 0 for {5,6}.

j

k

k k

x k k

k k

   


    
    

 

Based on Definition 5.2 and 5.3, we can model this problem into a WDAG. 

There are 23 shipments within the planning horizon of 24 months. It has 24 vertices V= 

{v0, …, v23} and 276 edges. 

The production setup time is 
10 / 0.371j

jT L x p   (month) =11.14 (days). 

The production quantity of cycle j is Qpj (10, 16)=1740 (units).  

The time-weighted aggregate production 

16

0

10

1
( ) ( ) 5468

2
pj pj j j pjq t dt Q m L T T     (units · month). 

f 1 2 3 4 5 6 7 8

D 0f (units) 180 280 270 220 240 340 330 280

θ 0f (units) 40 0 -20 0 40 0 -20 0
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The time-weighted aggregate shipment 

1 116

1

110

( ) ( )=3880
j j

k

l l

j

sj j j

k

q t dt L x l l k
  





   (units · month). 

The time-weighted finished product inventory 

16

10

( ) 1588 jI t dt (units · month). 

Based on Eqs (5.6) to (5.9), the operational costs of the multi-stage supply chain 

can be computed and they are listed in Table 5.4. 

 

Table 5.4 The cycle operational cost of the seasonal product. 

 

 

The operational cost for subplan j where the production cycle starts at lj = 10 and 

ends at lj+1 = 16 is $1554.47. By using the aforementioned method, we can calculate the 

operational costs for the rest of the feasible subplans and form the sparse matrix in Table 

5.5. Based on Definitions 5.2 and 5.3, this problem can be represented as a WDAG. 

There are 23 shipments within the planning horizon in 24 months. It has 24 vertices V= 

{v0, …, v23} and 276 edges. Then, we use the function “graphshortestpath” in Matlab to 

find the shortest path. 

 

Retailer Transportation
Finished Goods 

Warehouse

Manufacturing 

Plant

Raw Material 

Warehouse

Operational Cost $447.00 $480.87 $127.09 $200.00 $299.51

$1,554.47Cycle Operational Cost
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Table 5.5 The optimal production-inventory-distribution policy of the seasonal 

product. 

 

 

The computation time of this problem is rather short due to the low order of the 

complexity O (n2). The result of the predecessor field of the shortest path is: π =( 0, 

NaN, 1, 1, 1, 1, 1, 1, 5, 5, 6, 6, 7, 8, 11, 11, 12, 13, 13, 15, 16, 17, 18, 18}, where NaN 

represents Not-a-Number. Therefore, the shortest path is an array of vertices: {1, 7, 13, 

18, 24}. Based on Definition 5.4 and theorem 5.1, the global minimum TOC of the 

integrated supply chain is $ 5819.64. The optimal value of
*

jl , 
*

1jl  , and the respective 

values of 
0 jT , 

pjQ  and Q1 j, are summarized in Table 5.6. 

Cycle j

(Days)

Q 1j

Raw Material 

Ordering Time 

(Months)

Cycle  Operational 

Cost

1 0 7 11.14 1590 4770 0.37 $1,498.42

2 7 13 10.29 1380 4140 6.34 $1,446.94

3 13 18 2.57 1620 4860 5.09 $1,320.91

4 18 24 3.43 1770 3540 6.11 $1,553.38

Global Minimum Total Operational Cost $5,819.64

*

jl
*

1jl  pjQ
0 jT
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Table 5.6 Sparse matrix of the seasonal product numerical example 

 

“_” signs mean the infeasible subplans. 

Vertex V 0 V 1 V 2 V 3 V 4 V 5 V 6 V 7 V 8 V 9 V 10 V 11 V 12 V 13 V 14 V 15 V 16 V 17 V 18 V 19 V 20 V 21 V 22 V 23

V 0 0 − 582.59 785.69 1006.714 1245.65 1498.42 1759.11 2025.40 2300.97 2591.37 2896.61 3232.908 3620.17 4062.87 4545.27 5048.27 5571.86 6104.25 6632.00 7152.95 7678.61 8222.19 8783.69

V 1 0 0 − 593.43 798.13 1020.75 1257.78 1503.90 1756.78 2019.53 2297.11 2589.52 2911.83 3282.77 3706.82 4169.41 4652.59 5156.36 5669.52 6179.20 6683.25 7192.59 7719.85 8265.03

V 2 0 0 0 − 597.56 803.22 1023.89 1254.87 1493.82 1743.24 2007.50 2286.58 2594.36 2948.34 3353.00 3795.00 4257.58 4740.76 5233.93 5703.12 6211.32 6703.70 7214.00 7742.22

V 3 0 0 0 0 − 597.56 800.95 1015.93 1240.16 1475.50 1725.68 1990.68 2283.10 2619.16 3003.34 3423.58 3864.40 4325.82 4590.77 5268.93 5736.86 6211.32 6703.70 7214.00

V 4 0 0 0 0 0 − 595.93 794.91 1004.42 1225.68 1461.78 1712.70 1989.76 2307.90 2671.60 3070.08 3489.14 3928.80 4379.73 4830.95 5280.32 5736.86 6211.32 6703.70

V 5 0 0 0 0 0 0 − 590.63 784.89 991.57 1213.08 1449.42 1710.57 2010.15 2352.64 2728.58 3125.11 3542.23 3971.29 4410.89 4832.10 5270.08 5725.98 6199.80

V 6 0 0 0 0 0 0 0 − 583.49 774.95 981.25 1202.38 1446.94 1727.16 2047.52 2399.95 2772.97 3166.59 3572.83 3998.70 4392.15 4810.77 5247.31 5701.77

V 7 0 0 0 0 0 0 0 0 − 578.20 769.03 974.70 1202.39 1462.93 1760.80 2089.33 2438.46 2808.18 3191.22 3594.16 3968.38 4367.32 4784.18 5218.96

V 8 0 0 0 0 0 0 0 0 0 − 576.41 766.87 977.96 1219.14 1494.89 1799.91 2125.53 2471.74 2831.97 3205.20 3567.64 3947.22 4344.72 4760.14

V 9 0 0 0 0 0 0 0 0 0 0 − 576.41 771.32 993.62 1247.79 1529.89 1832.58 2155.86 2493.84 2838.95 3189.06 3549.76 3928.38 4324.92

V 10 0 0 0 0 0 0 0 0 0 0 0 − 579.52 782.94 1015.53 1274.70 1554.46 1854.82 2170.55 2494.75 2825.31 3167.13 3526.87 3904.53

V 11 0 0 0 0 0 0 0 0 0 0 0 0 − 589.46 801.94 1039.74 1298.13 1577.12 1872.10 2165.39 2489.14 2813.36 3155.50 3515.56

V 12 0 0 0 0 0 0 0 0 0 0 0 0 0 − 604.01 822.38 1061.35 1320.91 1597.03 1863.38 2179.79 2488.01 2814.15 3158.21

V 13 0 0 0 0 0 0 0 0 0 0 0 0 0 0 − 616.36 836.67 1077.58 1335.60 1587.50 1885.44 2178.30 2489.08 2817.78

V 14 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 − 621.17 842.65 1081.82 1326.52 1597.38 1874.24 2169.02 2481.72

V 15 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 − 621.17 840.35 1073.86 1319.57 1579.47 1857.29 2153.03

V 16 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 − 619.48 834.21 1062.35 1305.29 1566.15 1844.93

V 17 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 − 615.15 823.60 1048.94 1292.20 1553.38

V 18 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 − 605.73 812.67 1037.53 1280.31

V 19 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 − 599.69 805.83 1029.89

V 20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 − 597.56 803.22

V 21 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 − 597.56

V 22 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 −

V 23 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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To study the effects of the holding costs and setup/ordering costs on the optimal 

number of production cycles or subplans M* and the global minimum TOC C of the 

numerical example, multiple factor ρ is introduced. By setting the value of ρ from 0 to 

10, the shortest paths and the global minimum TOCs are computed. The results are 

provided in Tables 5.7 and 5.8. Figures 5.8 to 5.9 are plotted for better visual effects. 

The following insights can be drawn: 

 

Observation 5.1. The optimal number of production cycles or subplans over the 

planning horizon M* is a piece-wise increasing function of both h1 and h3. It is a piece-

wise decreasing function of both A1 and S. Compared with A1, S has a higher impact on 

the value of M* 

 

From Table 5.7 and Figure 5.8, the optimal number of subplans or production 

cycles M* tends to increase with higher holding cost rates at FPW and RMW. In 

contrast, M* tends to decrease with a higher production setup cost rate and raw material 

ordering cost rate (Table 5.8 and Figure 5.9). 
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Table 5.7 Effects of holding cost rates on M*. 

 

 

Table 5.8 Effects of setup/ordering cost rates on M*. 

 

 

 

ρ The Shortest Path M* The Shortest Path M*

0 {1, 7, 14, 19, 24} 4 {1, 12, 24} 2

0.25 {1, 7, 13, 18, 24} 4 {1, 8, 14, 24} 3

0.5 {1, 7, 13, 18, 24} 4 {1, 7, 13, 19, 24} 4

0.75 {1, 7, 13, 18, 24} 4 {1, 7, 13, 18, 24} 4

1 {1, 7, 13, 18, 24} 4 {1, 7, 13, 18, 24} 4

2 {1, 5, 10, 14, 19, 24} 5 {1, 5, 9, 13, 17, 20, 24} 6

3 {1, 5, 10, 14, 19, 24} 5 {1, 5, 8, 12, 15, 18, 21, 24} 7

4 {1, 5, 9, 13, 17, 21, 24} 6 {1, 4, 7, 10, 13, 16, 18, 21, 24} 8

5 {1, 5, 9, 12, 16, 21, 24} 6 {1, 4, 7, 10, 13, 15, 17, 19, 21, 24} 9

6 {1, 4, 7, 10, 13, 17, 21, 24} 7 {1, 4, 6, 9, 12, 14, 16, 18, 20, 22, 24} 10

7 {1, 4, 7, 10, 13, 17, 21, 24} 7 {1, 3, 5, 7, 9, 12, 14, 16, 18, 20, 22, 24} 11

8 {1, 4, 7, 10, 13, 17, 21, 24} 7 {1, 3, 5, 7, 9, 12, 14, 16, 18, 20, 22, 24} 11

9 {1, 4, 7, 10, 13, 17, 21, 24} 7 {1, 3, 5, 7, 9, 12, 14, 16, 18, 20, 22, 24} 11

10 {1, 4, 7, 10, 13, 17, 21, 24} 7 {1, 3, 5, 7, 9, 12, 14, 16, 18, 20, 22, 24} 11

h 3=0.08 h 1=0.02

Effects of Holding Cost Rates

ρ The Shortest Path M* The Shortest Path M*

0 {1, 6, 11, 15, 19, 24} 5 {1, 3, 5, 7, 9, 12, 14, 16, 18, 20, 22, 24} 11

0.25 {1, 6, 11, 15, 19, 24} 5 {1, 4, 8, 12, 15, 18, 21, 24} 7

0.5 {1, 6, 11, 15, 19, 24} 5 {1, 5, 9, 13, 17, 20, 24} 6

0.75 {1, 7, 13, 18, 24} 4 {1, 6, 11, 15, 19, 24} 5

1 {1, 7, 13, 18, 24} 4 {1, 7, 13, 18, 24} 4

2 {1, 7, 13, 18, 24} 4 {1, 9, 16, 24} 3

3 {1, 7, 13, 18, 24} 4 {1, 9, 16, 24} 3

4 {1, 7, 13, 18, 24} 4 {1, 13, 24} 2

5 {1, 9, 16, 24} 3 {1, 13, 24} 2

6 {1, 9, 16, 24} 3 {1, 13, 24} 2

7 {1, 9, 16, 24} 3 {1, 13, 24} 2

8 {1, 9, 16, 24} 3 {1, 13, 24} 2

9 {1, 9, 16, 24} 3 {1, 13, 24} 2

10 {1, 9, 16, 24} 3 {1, 13, 24} 2

A 1=40 S =200

Effects of Setup/ordering Cost Rates
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Figure 5.8 Effects of holding cost rates on M*. 
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Figure 5.9 Effects of Setup/ordering cost rates on M*. 
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Figure 5.10 Effects of systems parameters on the global minimum TOC. 
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Observation 5.2. The global minimum TOC increases in the system parameters of the 

multi-stage supply chain. 

 

From Figure 5.10, the fixed transportation cost rate As affects the global 

minimum TOC the most, followed by A4, S, h1, h3, h4, A1, and hs. Therefore, changes in 

holding cost and ordering/setup cost rates affect both the optimal number of subplans or 

production cycles M* and the global minimum TOC of the integrated supply chain. 

In practice, the production rate p can be regulated according to the overall sales 

of the finished products. To study the effects of p on the optimal number of subplans or 

production cycles M* and the global minimum TOC in the numerical example, we set 

the value of p from 341 to 4900. The computational results are provided in Figures 5.9 

and 5.10. The following insights can be drawn: 

 

Observation 5.3: M* is a constant value five when p [700, 4900]. The global 

minimum TOC deceases as the value of p increases. However, the difference in the 

global minimum TOC is only 2.41 percent, which is not significant. 
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Figure 5.11 Effects of production rate on M*. 
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Figure 5.12 Effects of production rate on the global minimum TOC. 

 

From Figures 5.11 and 5.12, the production rate p does not affect both the value 

of M* and the global minimum TOC considerably. However, the higher production 

capacity leads to a significant cost increase to the manufacturer due to new equipment 

purchases and more labour inputs (Chopra & Meindl, 2016). 

The sensitivity analysis shows how the system parameters affect the number of 

the optimal subplans or production cycles M* and the global minimum TOC C. Decision 

makers should consider these effects on the optimal production-inventory-distribution 

policy for the integrated multi-stage supply chain. 

 

5.5.2 Demonstrative example of products over their life cycles 

Another practical application of time-varying demand is on a product over its life cycle. 

An understanding of a product life cycle is important in current MNCs for launching a 
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new product (Seifert & Langenberg, 2011). A typical product life cycle can be divided 

into four discrete stages: introduction, growth, maturity and decline (Aitken et al., 

2003). The customer demand starts to pick up during the introduction and growth stages 

due to the innovative technology of the new product. On maturity, the customer demand 

remains constant for a period of time until a new innovative technology launches in the 

market to replace the existing product. The customer demand for this existing product 

then starts to decline slowly. In a competitive market, MNCs need to constantly evaluate 

their supply chains to accommodate the impact of the product life cycle to minimize 

TOCs. The following numerical example shows the application on a product over its 

life cycle.  

 

 Example 5.2: The planning horizon is three years (or 36 months) for a product. 

The product demand over its life cycle is shown in Figure 5.11. 
0( )f f fD t D λ t  is the 

demand rate function in phases f (f = 1: Introduction and Growth, 2: Maturity, 3: 

Decline.), where D01=120 units/month, D02= D03=360 units/month and λ
f
 = {20, 0, -

10} units/month2. The interval of the shipments L = 1 month. The sets of shipment time 

points for demand phases 1, 2, 3 are 
1ω = {1, 2…, 11}, 

2ω = {12, 14…, 23}, and 
3ω = 

{24, 26…, 35}, respectively. Let p = 400 units/month, r = 2, 
1h = $0.004/unit/month, 

3h = $0.05/unit/month, 
sh = $0.02/unit/month, 

4h = $0.08/unit/month. 
1A = $50/order, 

4A = $75/order, S = $300/setup, 
sA = $100/trip, and Ls = 0.1 month. 
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Figure 5.13 The piece-wise linear demand function of the product over its life cycle. 

 

Through the same procedures as Example 5.1, the following results are obtained. 

For ordering quantities at Retailer D(γf) = {130, 150, 170, 190, 210, 230, 250, 270, 290, 

310, 330, 350, 360, 360, 360, 360, 360, 360, 360, 360, 360, 360, 360, 360, 355, 345, 

335, 325, 315, 305, 295, 285, 275, 265, 255, 245}. The sparse matrix of the cycle 

operational cost is in Table 5.9. 

 

Table 5.9 The optimal production-inventory-distribution policy of the product over its 

life cycle. 

 

 

The result of the predecessor field of the shortest path is: π =(0, NaN, 1, 1, 1, 1, 

1, 1, 1, 1, 1, 1, 1, 7, 8, 8, 8, 9, 9, 9, 9, 10, 10, 10, 10, 10, 11, 18, 20, 20, 20, 20, 20, 20, 

0 1 5 10 15 20 30 35 3612 24

Shipment Periods w1 Shipment Periods w2 Shipment Periods w3

d(t)=d0f +λf (t)

  Month

120

360

1: Introduction/Growth 2: Maturity 3: Decline

Cycle j

(Days)

Q j

Raw Material Ordering 

Time (Months)

Cycle  Operational 

Cost

1 0 10 18.75 2070 4140 0.625 $2,299.80

2 10 22 3.75 4280 8560 12.125 $3,032.09

3 22 36 3 4320 8640 14.1 $3,492.56

Global Minimum Total Operational Cost $8,824.45

*

jl *

1jl  pjQ0 jT
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20, 22}. So, the shortest path is {1, 10, 22, 36}. The computational results are provided 

in Table 5.10. 

From the above two numerical examples, the computational results validate the 

feasibility and show potential benefits of the proposed model. The sensitivity analysis 

is conducted to obtain managerial insights to assist decision makers in improving supply 

chain performance through a joint decision making process. 
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Table 5.10 Sparse matrix of the product over its life cycle. 

Vertex V0 V1 V2 V3 V4 V5 V6 V7 V8 V9 V10 V11 V12 V13 V14 V15 V16 V17 V18 V19 V20 V21 V22 V23 V24 V25 V26 V27 V28 V29 V30 V31 V32 V33 V34 V35

V0 0  722.56 919.83 1125.52 1340.33 1564.8 1799.36 2044.3 2299.80 2565.9 2842.53 3126.65 3415.16 3708.06 4005.35 4307.03 4613.11 4923.58 5238.44 5557.69 5881.33 6209.37 6541.80 6876.46 7211.20 7546.10 7881.22 8216.57 8552.16 8887.93 9223.84 9559.75 9895.56 10231.09 10566.14

V1 0 0  725.47 924.50 1132 1348.53 1574.51 1810.25 2055.90 2311.53 2577.05 2849.74 3126.81 3408.28 3694.15 3984.4 4279.05 4578.08 4881.51 5189.34 5501.55 5818.16 6139.15 6462.55 6786.33 7110.60 7435.39 7760.75 8086.65 8413.06 8739.91 9067.10 9394.49 9721.92 10049.19

V2 0 0 0  728.4 929.09 1138.2 1356.18 1583.32 1819.78 2065.62 2320.77 2582.78 2849.18 3119.98 3395.17 3674.75 3958.72 4247.08 4539.84 4836.99 5138.53 5444.46 5754.78 6067.65 6381.21 6695.54 7010.70 7326.71 7643.57 7961.24 8279.64 8598.67 8918.21 9238.07 9558.08

V3 0 0 0 0  731.37 933.60 1144.14 1363.28 1591.21 1827.96 2073.46 2325.55 2582.04 2842.91 3108.18 3377.85 3651.90 3901.98 4213.18 4500.41 4792.04 5088.05 5388.46 5691.54 5995.60 6300.70 6606.90 6914.24 7222.70 7532.23 7842.78 8154.24 8466.48 8779.32 9092.58

V4 0 0 0 0 0  734.36 938.03 1149.8 1369.83 1598.18 1834.78 2077.71 2325.03 2576.75 2832.86 3093.36 3358.25 3627.53 3901.21 4179.28 4461.74 4748.59 5039.83 5333.88 5629.16 5925.73 6223.67 6522.99 6823.68 7125.71 7429.01 7733.47 8038.96 8345.31 8652.33

V5 0 0 0 0 0 0  737.39 942.39 1155.18 1375.83 1604.25 1838.78 2077.69 2321.00 2568.71 2820.8 3077.29 3338.16 3603.43 3873.10 4147.15 4425.60 4708.43 4994.20 5281.41 5570.17 5860.51 6152.48 6446.05 6741.19 7037.83 7335.87 7635.17 7935.57 8236.87

V6 0 0 0 0 0 0 0  740.46 946.67 1160.3 1381.28 1608.16 1839.43 2075.09 2315.14 2559.58 2808.42 3061.65 3319.27 3581.28 3847.68 4118.48 4393.67 4671.89 4951.77 5233.40 5516.85 5802.11 6089.21 6378.08 6668.67 6960.86 7254.53 7549.51 7845.61

V7 0 0 0 0 0 0 0 0  743.55 950.87 1165.14 1385.13 1609.5 1838.27 2071.42 2308.97 2550.92 2797.25 3047.98 3303.09 3562.60 3826.51 4094.80 4366.22 4639.50 4914.72 5191.94 5471.17 5752.42 6035.65 6320.78 6607.70 6896.30 7186.40 7477.80

V8 0 0 0 0 0 0 0 0 0  746.68 954.99 1168.83 1387.07 1609.70 1836.72 2068.13 2303.93 2544.13 2788.72 3037.70 3291.07 3548.83 3810.99 4076.36 4343.75 4613.26 4884.94 5158.80 5434.85 5713.05 5993.32 6275.55 6559.63 6845.38 7132.61

V9 0 0 0 0 0 0 0 0 0 0  749.83 958.30 1171.15 1388.40 1610.03 1836.06 2066.49 2301.30 2540.51 2784.10 3032.09 3284.48 3541.25 3801.31 4063.55 4328.05 4594.87 4864.02 5135.51 5409.30 5685.31 5963.43 6243.55 6525.49 6809.05

V10 0 0 0 0 0 0 0 0 0 0 0  752.42 960.65 1173.27 1390.28 1611.68 1837.48 2067.67 2302.25 2541.22 2784.58 3032.34 3284.49 3539.99 3797.79 4057.98 4320.63 4585.73 4853.31 5123.30 5395.65 5670.24 5946.95 6225.61 6506.03

V11 0 0 0 0 0 0 0 0 0 0 0 0  753.42 961.72 1174.42 1391.5 1612.98 1838.84 2069.10 2303.76 2542.80 2786.24 3034.06 3285.30 3538.97 3795.14 4053.88 4315.21 4579.13 4845.58 5114.50 5385.80 5659.33 5934.93 6212.40

V12 0 0 0 0 0 0 0 0 0 0 0 0 0  753.42 961.72 1174.42 1391.5 1612.98 1838.84 2069.10 2303.76 2542.80 2786.24 3033.15 3282.60 3534.69 3789.46 4046.95 4307.14 4570.00 4835.44 5103.38 5373.68 5646.17 5920.66

V13 0 0 0 0 0 0 0 0 0 0 0 0 0 0  753.42 961.72 1174.42 1391.50 1612.98 1838.84 2069.10 2303.76 2542.80 2785.38 3030.63 3278.63 3529.44 3783.08 4039.55 4298.80 4560.78 4825.36 5092.43 5361.80 5633.30

V14 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  753.42 961.72 1174.42 1391.50 1612.98 1838.84 2069.10 2303.76 2542.00 2783.04 3026.95 3273.80 3523.60 3776.35 4032.01 4290.50 4551.73 4815.56 5081.83 5350.34

V15 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  753.42 961.72 1174.42 1391.50 1612.98 1838.84 2069.10 2303.02 2539.85 2779.68 3122.56 3268.51 3517.54 3769.60 4024.62 4282.49 4543.09 4806.25 5071.76

V16 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  753.42 961.72 1174.42 1391.50 1612.98 1838.84 2068.43 2301.05 2536.79 2775.70 3017.82 3263.13 3511.58 3763.12 4017.64 4275.01 4535.05 4797.58

V17 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  753.42 961.72 1174.42 1391.50 1612.98 1838.23 2066.64 2298.29 2533.24 2771.52 3013.10 3257.96 3506.02 3757.19 4011.32 4268.26 4527.80

V18 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  753.42 961.72 1174.42 1391.50 1612.42 1836.63 2064.19 2295.18 2529.60 2767.47 3008.73 3253.32 3501.13 3752.03 4005.85 4262.40

V19 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  753.42 961.72 1174.42 1391.01 1611.00 1834.48 2061.50 2292.09 2526.23 2763.89 3005.00 3249.45 3497.12 3747.83 4001.40

V20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  753.42 961.72 1173.99 1389.77 1609.16 1832.22 2058.96 2289.38 2523.44 2761.08 3002.18 3246.61 3494.21 3744.78

V21 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  753.42 961.35 1172.93 1388.23 1607.32 1830.22 2056.93 2287.39 2521.54 2759.29 3000.49 3244.98 3492.56

V22 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  753.12 960.48 1171.70 1386.82 1605.88 1828.86 2055.73 2286.40 2520.79 2758.76 3000.14 3244.74

V23 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  751.99 958.91 1169.87 1384.88 1603.95 1827.03 2054.06 2284.92 2519.49 2757.60 2999.05

V24 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  750.36 956.77 1167.39 1382.20 1601.15 1824.19 2051.21 2282.08 2516.63 2754.65

V25 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  748.74 954.62 1164.84 1379.37 1598.13 1821.02 2047.90 2278.61 2512.96

V26 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  747.13 952.45 1162.23 1376.41 1594.88 1817.50 2044.11 2274.52

V27 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  745.52 950.25 1159.55 1373.31 1591.39 1813.64 2039.86

V28 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  743.93 948.04 1156.80 1370.07 1587.68 1809.45

V29 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  742.34 945.81 1153.98 1366.70 1583.75

V30 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  740.76 943.56 1151.10 1363.18

V31 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  739.18 941.29 1148.15

V32 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  737.62 939.00

V33 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  736.06

V34 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

V35 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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5.6 Summary 

 

A new production-inventory-distribution model for an integrated multi-stage supply 

chain with time-varying demand is studied in this chapter. The objective of the part of 

the thesis is to devise the optimal production-inventory-distribution policy to minimize 

the TOC incurred by the supply chain parties. The model generalizes the customer time-

varying demand to multiple phases up to an arbitrary integer. It is formulated as an 

MINLP optimization problem. According to the scope of the research in Section 1.7, 

three supply chain coordination and performance optimization problems with various 

demand patterns are studied in Chapters 3, 4 and 5. The following chapter presents the 

conclusions of this dissertation with some remarks. 



140 
 

 

CHAPTER 6  

CONCLUSIONS 

 

The objective of this dissertation is to characterise production-inventory-distribution 

coordination and performance optimization by studying integrated multi-stage supply 

chains with various customer demand patterns. JCIR and SCOR are adopted as the 

coordination mechanism and the framework to obtain the optimal operational policy to 

minimize the TOC. By using the using rigorous analytical approaches, three types of 

problem are studied: an integrated multi-stage supply chain with constant demand, a 

SCOR-based ACM for an integrated supply chain with constant demand and an 

integrated multi-stage supply chain with time-varying demand. This chapter presents 

the conclusions of the dissertation with some remarks. 

 

6.1 Contributions 

 

The contributions of this dissertation are summarized as follows: 

1. Most of the models in the existing literature (Bushuev et al., 2015; Glock, 2012) 

have studied production-inventory-distribution coordination and performance 

optimization problems with only two-stage supply chains. This dissertation 

considers integrated multi-stage supply chains that include raw material supply, 

production, transportation and distribution. It represents a more practical and 

expanded supply chain with full consideration of the supply chain’s operational 

costs. 
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2. This thesis provides a theoretical contribution to supply chain coordination by 

proposing a systematic approach to build and analyse an ACM. This approach 

combines the SCOR model with the IIC policy and improves the coordination 

from the strategic to the operational levels among supply chain parties. The 

SCOR-based ACM overcomes the challenge that is represented by the difficulty 

in quantifying the coordination effects on supply chain performance after the 

implementation of such models like SCOR.  

3. This thesis advances the theory on the SCOR models by linking the operational 

costs up to the tactical and strategic levels. The focus of the research is the total 

supply chain’s operational cost. The costs addressed in the analytical models of 

the thesis are for the operational level. They are a very important key 

performance indicators in the SCOR models. The cost addressed in the SCOR 

models are not only for the operational level, but also for the tactical and strategic 

levels. This demonstrates the importance of the SCOR model in the thesis. It has 

lifted the thesis up to another height. 

4. Only limited research has addressed integrated multi-stage supply chains with 

time-varying demand in the existing literature (Arshinder et al., 2008; Glock, 

2012; Hwang et al., 2013; Kaminsky & Simchi-levi, 2003; Pahl & Voss, 2014; 

Zhao et al., 2016b). The customer demand of integrated multi-stage supply 

chains is extended from constant to time-varying demand in this thesis. The 

time-varying demand is generalized to multiple phases up to an arbitrary integer.  

5. By adopting the JCIR and SCOR as the coordination mechanism and the 

framework in the research, three analytical SCC models are built to obtain the 

optimal operational policies by minimizing the TOCs. In Chapters 3 and 4, the 

TOC reaches its global minimum after the integrality constraints are relaxed. 
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The impact of various system parameters on both of the variables of the optimal 

relaxed IIC policy and the global minimum TOC is analysed in multi-stage 

supply chains.  

6. The conventional assumptions that infinite production rates and holding cost 

rates increase as materials/products flow down a supply chain, are among the 

SCC and performance optimization problems in the existing literature (Glock, 

2012; Kim & Glock, 2013). The research relaxes the first assumption in the three 

models and relaxes the second assumption in models in Chapters 4 and 5. 

7. This thesis provides an insightful analysis of the production-inventory-

distribution coordination and performance optimization problems for integrated 

multi-stage supply chains in centralized settings. The obtained insights of the 

impact of the JCIR and SCOR model can assist decision makers in improving 

supply chain performance in real-life cases. 

8. This dissertation includes an extensive literature review of studies that address 

the production-inventory-distribution coordination for integrated supply chains 

with constant and time-varying demand. Thus, a research gap is identified in the 

existing literature. 

 

6.2 Managerial perspectives 

 

Three new and more practical models are developed to examine supply chain 

performance. Having presented the contributions of the thesis, the usefulness of the 

developed methods are discussed from managerial perspectives in the following 

sections. 
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6.2.1 Integrated multi-stage supply chain with constant demand 

We begin with a study of the production-inventory-distribution coordination of an 

integrated multi-stage supply chain with constant demand. The results have important 

managerial implications for practitioners. First, the research shows that the devised 

optimal IIC policy is able to assist decision makers in addressing inventory coordination 

problems among the supply chain parties at the tactical and operational levels. The TOC 

function of the integrated four-stage supply chain is convex in the continuous variables 

of the relaxed optimal IIC policy. Under the optimal IIC policy, the integer ratios of the 

inventory replenishment quantities are highly dependent on the holding, setup/ordering 

and fixed shipping cost rates that are associated with supply chain stages, as well as the 

ratio of the production rate to the demand rate. Thus, TOC is strongly related to the 

supply chain system parameters and decision variables of an IIC policy. Second, the 

study shows that TOC is the lower bound of the global minimum if a company 

implements the JIT manufacturing. This is in line with the JIT philosophy, which 

generally seeks to eliminate waste in all aspects of a supply chain (Myerson, 2012). JIT 

also promotes smaller lot sizes in a supply chain. To do so, the setup/ordering cost at 

each supply chain stage must be reduced. However, this study shows that it is difficult 

to integrate RMW into a multi-stage supply chain in a JIT manufacturing environment. 

In a practical situation, this finding implies that a supply chain owner needs to ensure 

that the raw material supply is always ready for production when the JIT manufacturing 

is implemented (Jaber et al., 2004). Third, the basic replenishment quantity is only 

affected by the parameters of the downstream stages, i.e., DC, transportation and FPW. 

This finding implies that the supply chain owner can determine the optimal basic 

replenishment quantity without considering the parameters of the upstream stages. 

Finally, the numerical examples show how the system parameters affect the variables of 
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the relaxed optimal IIC policy and the global minimum TOC. The integer approximation 

scheme of the IIC policy is developed to refine the optimal solution to a workable 

industrial solution without much deviation from the global minimum TOC. This also 

shows the feasibility of implementing the IIC policy in practice for an integrated multi-

stage supply chain. 

 

6.2.2 SCOR-based analytical coordination model for an integrated supply chain 

To make our model practical, the SCOR model is adopted to support the MNC in the 

choosing and refining of the level 1 metrics of supply chain management cost at the 

strategic level. To address inventory replenishment coordination problems at the tactical 

and operational levels, we propose and find an optimal IIC policy to minimize the TOC.  

The results of the second part of the study have important managerial 

implications for practitioners. First, this proposed systematic approach of combining the 

SCOR model and IIC policy is able to provide guidelines for industrial players to design 

and build their own ACMs (Huang et al., 2005). It addresses the SCC problems from 

the strategic to the operational levels (Ntabe et al., 2015). It can also assist decision 

makers in designing and re-configuring their supply chains to achieve the desired 

performance. It should be noted that this research methodology is not designed with 

these metrics in mind and that its performance could be measured with others. In other 

words, the same methodology can be used if a company decides to either remove or add 

metrics at the strategic level. Second, the optimal TOC is obtained and is demonstrated 

to reach its global minimum after the integer constraint is relaxed. An integer 

approximation scheme is developed to refine the real-number solution to a workable 

industrial solution without much deviation from the global minimum TOC. Third, the 

integers of the optimal IIC policy are highly dependent on the cost metrics of the SCOR 
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model, as well as the ratio of the production rate to the demand rate. Finally, the 

computational results on the TOC savings show the potential benefits of the proposed 

systematic approach.  

 

6.2.3 Integrated multi-stage supply chain with time-varying demand  

In the last part of the research, time-varying demand, which can reflect the demand for 

most products in practical situations, is considered. The customer time-varying demand 

is generalized for multiple phases up to an arbitrary integer. The model is formulated as 

an MINLP optimization problem, which can be represented as a WDAG. A polynomial 

algorithm is proposed to devise the optimal production-inventory-distribution policy 

and compute the global minimum TOC. Furthermore, it is demonstrated that TOC is 

strictly convex in the number of production cycles where the customer demand is 

constant.  

The proposed algorithm performs well in the numerical examples with the 

sensitivity analysis. The computational results demonstrate that our model is applicable 

to both seasonal products and products over their life cycles. However, the industrial 

applications are not only limited to these two types. 

 

6.3 Limitation of the research 

 

The research is a preliminary study on the production-inventory-distribution 

coordination and performance optimization for integrated multi-stage supply chains in 

centralized settings. It extended the past research in several ways with contributions to 

the theory and practice of SCM. However, there are inevitably some limitations which 

are discussed as follows: 
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1. The three multi-stage integrated supply chain problems studied in this 

dissertation are in centralized settings. The theoretical solutions to these 

problems are to appoint a central decision maker, whom each supplier chain 

party has to share all relevant information. The resulted planning task is rather 

complex because the information about the future is uncertain. In addition, 

different conflicting objectives, e.g., strategic objectives and service level should 

be considered at the same time. Thus this centralised coordination approach is 

practically very difficult to achieve (Egri, 2008; Kovacs et al., 2013; Pibernik & 

Sucky, 2007). 

2. The deterministic models that are studied in this dissertation can be used as tools 

for strategic and tactical planning in various practical situations for supply chain 

performance evaluation. In practice, information about some system parameters 

is available based on forecast (Wang & Disney, 2016). For example, the 

inventory holding cost rates may not be constant over time due to the market 

inflation. The changes in the rates result difference in supply chain performance. 

3. This research is motivated by SCC problems in a pharmaceutical MNC. To 

achieve the research goals of this preliminary study, the original clinical trial 

supply chain is reduced from seven stages to four stages by combining the supply 

chain stages with similar process functions. A real life supply chain is complex 

because it commonly deals with multi-player with multi-product setting (Glock, 

2012; Pahl & Voss, 2014).  

4. SCOR is used to synchronize the supply chain and we adopt the SCOR model to 

synchronize the supply chain from the cost perspective only in Chapter 4. Since 

the thesis only focuses on minimizing the cost and all resources are arranged 

from the cost perspective, the performance of the other four dimensions may 
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deteriorate. Therefore, the other four dimensions Agility, Assets, Reliability and 

Responsiveness in the SCOR model are not covered in this research. 

5. The benefits of implementing the proposed systematic approach by combining 

the SCOR model and the IIC policy are studied in Chapter 4. It is arguable that 

the IIC policy alone may have the same impact on supply chain performance if 

only supply chain management cost is considered. The desired performance can 

easily be achieved without the SCOR model. In a practical situation, there is 

considerable conflict between the top-down strategy decomposition and the 

bottom-up implementation among the supply chain parties without the 

application of the SCOR model (Kocaoglu et al., 2013; Ntabe et al., 2015). If 

the supply chain parties have different priorities in their strategies, the 

coordination at the tactical and operational levels is even worse. Supply chain 

integration is almost impossible, and thus the performance is degraded. 

According to the annual report (GlaxoSmithKline, 2013, 2014), the MNC fully 

recognized the importance of SCC from the strategic to the operational levels. 

There are several restructuring programmes that are able to improve 

coordination to achieve an integrated multi-stage supply chain. These 

programmes helped the MNC deliver incremental savings of £400 million in 

2013. The decision makers aimed to deliver a total annual savings of £3.9 billion 

by 2016. We believe that they can deliver more incremental savings through our 

proposed systematic approach because the SCOR-based ACM with the IIC 

policy is user-friendly, and this can lead to more efficient and effective SCM. 

However, to fully realize the benefits of our proposed systematic approach, the 

MNC must take steps to successfully implement the system (Ntabe et al., 2015). 
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6. The fixed shipping cost and the transient inventory cost are considered in three 

proposed models that are studied in this thesis. . In a real world, there are 

constraints to transport, such as a limited number of available vehicles and 

limited transport vehicle capacities (Beck & Glock, 2016; Ben-Daya et al., 2008; 

Ertogral, 2008). 

7. Random numbers are assigned to all of the system parameters in numerical 

examples in Chapters 3 and 5. The data for the parameters in numerical examples 

in Chapter 4 are based on a case study in a pharmaceutical industry (Kannan et 

al., 2013). It might be good to conduct the numerical experiments with actual 

industrial data in Chapters 3 and 5, although the analytical solutions are obtained 

in three proposed models. The insights drawn from the actual industrial data 

could better assist decision makers in improving supply chain performance. 

However, the actual data from the MNC for conducting numerical experiments 

are not used because of considerations for protecting confidentiality. 

8. The research assumes no stock backlogging, zero product defective rate and no 

restricted service levels at different stages of supply chains. The models with 

these assumptions have been extensively studied in the existing literature 

(Glock, 2012). However, these might not be true in practice.  

 

6.4 Future research 

 

This research is motivated by SCC problems in a pharmaceutical MNC. By adopting the 

JCIR coordination mechanism and the SCOR framework, the integrated multi-stage 

supply chains with various demand patterns are studied in this dissertation. Possible 

extensions of the research can be summarized as follows.  
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1. Stochastic demand  

The results of the research are dependent on the assumptions that demand is 

deterministic and suppliers have perfect information of the price-demand 

relationship. In most practical situations, demand is stochastic at the downstream 

stages of a supply chain. By considering the stochastic demand, we are able to 

study how supply chains respond quickly to unanticipated demand changes from 

customers (Nosoohi & Nookabadi, 2016; Schildbach & Morari, 2016).  

2. Stochastic system parameters 

In practice, uncertainty is the most common factor that needs to be considered 

in supply chains. Useful results and managerial insights might be drawn when 

we evaluate the impact of uncertainties from various supply chain system 

parameters (Chen et al., 2000; Kim et al., 2015). 

3. Multi-player and multi-product supply chain 

The research focuses on serial supply chains with a single product, which does 

not fully reflect the reality due to the complex nature of production-inventory-

distribution systems in many practical situations. It is reasonable to develop a 

supply chain with multiple players and a multi-product setting (Bozorgi, 2016; 

Sarker & Diponegoro, 2009). This approach can provide more practical and 

insightful decision support for current MNCs. 

4. SCOR model adoption  

The SCOR model is adopted to synchronize the supply chain from the cost 

perspective only and all resources are arranged from the cost perspective in this 

thesis. However, the performance of the other four dimensions may deteriorate 

when our problems are considered in stochastic environments. These are left for 

future study. In addition, it is more comprehensive to incorporate Plan, Return 
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processes in level 1 and other functionality at lower levels, such as Engineer-to-

order to ACM (Lima & Carpinetti, 2016; Ntabe et al., 2015) in the research. 

5. Different coordination mechanisms and frameworks 

The JCIR coordination mechanism and the SCOR framework are adopted in this 

dissertation. Other types of mechanisms, such as revenue sharing and quantity 

flexibility can be used in the system to study supply chain performance (Biswas 

et al., 2016; Lee & Whang, 1999).  

6. Different constraints  

Under real-word conditions, there are many constraints for supply chains. It 

would be interesting and useful to devise operations policies that include stock 

backlogging, a limited number of available vehicles, limited transport vehicle 

capacities, production and inventory, and restricted service levels at different 

stages of supply chains (Protopappa-Sieke et al., 2016; Qu et al., 2015).  
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Appendix A 

Derivation of the average inventory at FPW 

From Figure 3.2, we define 

QF (t): Finished product inventory on hand at time t, 

Qm (t): Finished products manufactured by time t, 

Qs (t): Total quantity of finished products shipped by time t. So, QF (t)= Qm (t)-Qs (t). 

And the average inventory per cycle  
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2 2
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2 0
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m s
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Where 21,2,3......, 1,  ( 1)k N kT t k T T      . 
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Appendix B 

Derivation of the average inventory at RMW 

From Figure 3.2, we can derive the average raw material inventory 
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Appendix C 

Proof of Proposition 3.1. 

By relaxing the integer variables to continuous variables in Eq. (3.6), we can attain the 

local minimum point (Heath, 2002). By taking the first derivative of TC in Eq. (3.6) 

with respect to T, we get 

' '3 2 1
4 3 3 1 1 42

1
( ) ( ) 0

2
s

h Nd A ATC d
h h N h h MN h N A A

T p T N MN


          


. 

 

2 1
4

'

4 3 1

( )

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

s

A A
A A

N MNT
d d

h h N h N M
p

  



    

. (C.1) 

By taking the second derivative of TC with respect to T, we get 

 

2

2 1
42 3

2
( ) 0s

A ATC
A A

T T N MN


    


. (C.2) 

By taking the derivative of /TC T   with respect to M and N, we get 

 

'2

1 1

2 22

h Nd ATC

T M T M N


 

 
, (C.3) 

 

2
' '3 1

3 1 1 22 2

1 1
( ) ( )

2

h d ATC
h h M h d A

T N p T N M


     

 
. (C.4) 

By taking the first derivative of TC with respect to N, we get 

' '3 1
3 1 1 22

1
( ) ( ) 0

2

h d ATC dT
h h M h A

N p TN M


      


, 

 

1

2
2 2

' '3

3 1 1
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1
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h h M h
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. (C.5) 

By taking the second derivative of TC with respect to N, we get 

 

2

1
22 3

2
( ) 0
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A
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. (C.6) 
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By taking the first derivative of TC with respect to M, we get 

 

'

1 1

2
0

2

h NdT ATC

M TM N


  


. (C.7) 

By taking the second derivative of TC with respect to M, we get 
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1
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2
0
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M TM N


 


. (C.8) 

By taking the derivative of /TC M   with respect to N, we get 

 

'2

1 1
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h dT ATC

M N TM N


 

 
. (C.9) 

From Eq. (C.7), we get 

 
2 1

' 2 2

1

2A
M

h N dT
 . (C.10) 

By inserting Eq. (C.5) into Eq. (C.10), we get 

'1
0 3 1'

2 1

(1 )
A d

M h h
A h p

 
   

 
. 

By inserting Eq. (C.1) into Eq. (C.10), we get  

2 4 3
0

'

4 3 1
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( ) (1 )s

A h h
N

d
A A h h
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. 

By inserting M0 and N0, into Eq. (C.10), we get 

4
0

4 3
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( )

sA A
T

d h h





. 

The Hessian Matrix: 
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And 
2

1 2
( ) 0

TC
H TC

T


 


. For 
2 2 2

2

2 2 2
( ) ( )

TC TC TC
H TC

T M T M

  
 
   

, insert Eqs. 

(C.2), (C.3), and (C.8) into 
2( )H TC , we get 

'2 2 2 ' 2

1 2 1 1 1 1 1
2 44 3 4 3 2 2 2 4 4 2

4 4 3
( ) ( )

4
s

A A A h N d h dA A
H TC A A

T M N T M N T M T M N
      . 

By using M0, N0, T0 to replace M, N, T, respectively in
2( )H TC , we have 

0 0 0

' 2 ' ' 2 '

1 2 4 3 1 4 3 1 2 4 3 1 2

2 , , 
'3 '3

3 1 1 4 4 1 3 1

( ) ( ) ( )
( ) 0

( ) ( )  ( ) ( )
M N T

s s

h A d h h h h h h A d h h h A
H TC

h d h dh h A A A A A A h h
p p

  
  

     

. 

2 2 2 2 2 2 2 2 2
2

3 2 2 2 2
( ) ( ( ) ) ( )

d TC d TC d TC d TC d TC d TC d TC d TC d TC
H TC

dT dM dN dNdM dMdT dNdM dTdN dTdM dN
      

                  
2 2 2 2 2

2
( )

d TC d TC d TC d TC d TC

dNdT dTdM dMdN dM dTdN
  . 

Inserting Eqs. (C.2), (C.3), (C.4), (C.6), (C.8), and (C.9) into 3( )H TC , we get 

2 2 '2 2 ' 3 ' 2

1 2 1 2 1 2 1 1 2 1 1 1
3 5 3 5 5 4 5 3 2 3 5 5 5 3 3 3

6 10 4 4 3
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2
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h d A h dA A h dA

TM N T M N T M N
   

By using M0, N0, T0 to replace M, N, T in 3( )H TC , we have 
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We verify
0 0 0

1 , , 
( ) 0

M N T
H TC  , 

0 0 0
2 , , 

( ) 0
M N T

H TC   and 
0 0 0

3 , , 
( ) 0

M N T
H TC  . 

Hence, TOC is optimal at (M0, N0, T0 ). 

Next, we need to verify M0, N0, T0 is the global minimum point. Based on the 

aforementioned derivation, we obtained only one stationary point which is (M0, N0, T0). 

It is the global minimum point if Y is convex in M, N and T. For any given M and N, we 

have Eq. (C.2): 
2 2 3

4 2 1/ 2( / / ) / 0sTC T A A A N A MN T       . Hence, TC is 

convex in T. For any given M and N, TC decreases in T when T ∈ (0, T0] and decreases 

in T when T ∈ [ T0 , ∞]. Therefore, TC reaches its global minimum at T0 for any given 

M and N. Similarly, for any given M and T, TC reaches its global minimums at N0 (Eq. 

(C.6)); and for any given N and T, TC reaches its global minimum at M0 (Eq. (C.8)). 

Thus, we readily know that TC reaches its global minimum at (M0, N0, T0). 

Using M0, N0, T0  to substitute M, N and T in Eq. (3.6), we have 

' '3
0 0 0 4 4 3 1 1 2 3 1( ,  ,  ) 2 ( )( ) 2 2 ( ) .s s s

h d
TC M N T d A A h h A h d A d h h L h d

p
       

 The proof is completed. 
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Appendix D 

The proof of Corollary 3.1 

When the system setup cost rates change by α, so, 1 2 4( ,  ,  )TαA αA αA αA . And the 

system holding cost rates change by β, so, '

1 3 4( ,  ,  )Tβh βh βh βh . 

(i) From Eq. (3.7), 

' 3 31 1
0 0' '

2 1 2 1

(1 ) 1 (1 ) 1
h hA Ad d

M M
A h p A h p

   
         

   



 
. 

(ii) From Eq. (3.8), 
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. 

0 / 0,sN A    for As > 0, it is a decreasing function of As. 

(iii) 0 / 0,sT A    for As > 0, it is an increasing function of As. 

The proof is completed. 
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Appendix E 

Solution of numerical example 3.1 

After the values of 0 0 0( ,  ,  )M N T are obtained, we use Eq. (3.11) to compute the optimal 

inventory coordination policy: 

* * *                                                          ( ,  ,  )

( 1.6705 ,  8.4660 , 31.6228 ); ( 1.6705 ,  8.4660 , 31.6228 );

( 1.6705 ,  8.4660 , 31.6228 ); ( 1.
arg  Min

M N Q

TC TC

TC TC



                      

           6705 ,  8.4660 , 31.6228 );

( 1.6705 ,  8.4660 , 31.6228 ); ( 1.6705 ,  8.4660 , 31.6228 );

( 1.6705 ,  8.4660 , 31.6228 ); ( 1.6705 ,  8.4660 , 31.6228 ).

TC TC

TC TC

 

           

                       

                       










 

Then, we use the Eq. (3.6) to compute TOC, TC, for the eight integer cases. 

Step 1: When 1M  , N = 8, and 31Q   

TC=98.67(0.4697% higher), = / 31/ 5 6.2T Q d   (Days) (1.9694% shorter). 

Step 2: When M = 1, N = 8, and Q = 32 

TC = $98.54(0.3402% higher), = / 32 / 5 6.4T Q d   (Days) (1.1929% longer). 

Step 3: When M = 1, N = 9, and Q = 31 

TC = $98.46(0.2556% higher), = / 31/ 5 6.2T Q d   (Days) (1.9694% shorter). 

Step 4: When M = 1, N = 9, and Q = 32  

TC = 98.51(0.3046% higher), = / 32 / 5 6.4T Q d   (Days) (1.1929% longer). 

Step 5: When M = 2, N = 8, and Q = 31 

TC = 98.36(0.1536% higher), = / 31/ 5 6.2T Q d   (Days) (1.9694% shorter). 

Step 6: When M = 2, N = 8, and Q = 32 

TC = 98.27(0.0660% higher), = / 32 / 5 6.4T Q d   (Days) (1.1929% longer). 

Step 7: When M = 2, N = 9, and Q = 31 

TC = 98.30(0.0939% higher), = / 31/ 5 6.2T Q d    (Days) (1.9694% shorter). 
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Step 8: When M = 2, N = 9, and Q = 32 

TC = 98.39(0.1840% higher), T= Q/d= 32/4 = 6.4 (Days) (1.1929% longer). 

Therefore, the variables of the optimal inventory coordination policy of this 

numerical example are M*=2, N*=8 and Q*=32. The optimal TOC, TC*=$98.27, which 

is higher than the real-number solution by 0.0660%. 

 

Appendix F 

Derivation of the average inventory at FPW 

According to the inventory and synchronization diagram, Figure 4.4, the average 

inventory at FPW can be calculated. It is defined as follows: 

Qf(t): Finished product inventory on hand at time t, 

Qm(t): Finished products produced by time t, 

Qs(t):: Total quantity of finished products shipped by time t. So, Qf(t)=Qm(t)-Qs(t). 

And the average inventory per cycle at FPW is  

2 2 2
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Appendix G 

Proof of Proposition 4.1 

(i) By relaxing N to continuous variable in Eq. (4.5), the local minimum point can 

be obtained (Heath, 2002). The first derivative of TC in Eq. (4.5) with respect to 

T is given by 

3 2 32

TC 1
( ( (1 ) 1)) ( ) = 0

2
s

d d S
h h N A A

T p T N


      


, 

 

3

2 3

( )
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2

s
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NT
d d

h N h
p

 



  
. (G.1) 

The second derivative of TC with respect to T is given by 

 

2

32 3

TC 2
( ) 0s

S
A A

T T N


   


. (G.2) 

The derivative of TC/ T   with respect to N is given by 
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The first derivative of TC with respect to N is given by 

2

2

TC
(1 )

2

dh T d S

N p TN


  


. 

The second derivative of TC with respect to N is given by 
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2 3
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, (G.4) 
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. 

Inserting Eq. (4.6) into Eq. (G.1), we get 

3
0
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sA A
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d h h
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The hessian matrix: 
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, 

2 2 2
2
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TC TC TC
(TC) ( )H

T N T N

  
 

   
.  

Insert Eqs. (G.2), (G.3), and (G.4) into
2(TC)H , we get 

2 2 2 2 3 2 4 2

3 1 2 2 2 2 2
2 4 3 4 3 4 4 2 2 2 2 2

4 4 3
(TC)

4 2 4

sSA SA A h d h d h dS h d h dS
H

T N T N T N p T N p T N p
        . 

By using 
0N and 

0T  to replace N and T, respectively in 2(TC)H , we get 

1.53 2 3
2 2

( )( )
(TC) ( (1 )) 0sA A h h d

H h
S p

 
   . 
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It is verified that
0 0

1 , 
(TC) 0

N T
H   and 

0 0
2 , 

(TC) 0
N T

H  . Hence, TOC is 

optimal at
0 0( ,  )N T . Next, we need to verify

0 0( ,  )N T is the global minimum point. 

Based on the aforementioned derivation, 
0 0( ,  )N T  is the one stationary point. It is the 

global minimum point if TC is convex in N and T. For any given N, we have Eq. (G.2): 

2 2TC / 0T   . So, TC is convex in T. For any given N, TC decreases in T when 

 and increases in T when . Therefore, TC reaches its global 

minimum at  for any given N. Similarly, for any given T, TCreaches its global 

minimums at . Thus, it is readily known that TC  reaches its global minimum at (N0, 

T0). 

(ii) By using N0 and T0 to replace N and T, respectively in TC, the global minimum 

TOC is given by 

0 0 0 3 2 3 2TC TC( ,  ) 2 ( )( ) 2 (1 )s s

d
N T d A A h h Sh d Lh d

p
       . 

The proof is completed. 
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Appendix H 

Proof of Corollary 4.1 

(i) In JIT production, p ≈ d, the global minimum TOC is given by 

'

0 3 2 3TC 2 ( )( )s sd A A h h Lh d    , 

            and the variable of the IIC policy is given by 

0N  ; 

(ii) In the case of instantaneous replenishment of finished products at DC, p>>d, 

d/p≈0. The global minimum TOC is given by 

''

0 3 2 3 2TC 2 ( )( ) 2s sd A A h h Sh d Lh d     , 

and the variable of the IIC policy is given by 

2 3
0

2 3

( )

( )s

S h h
N

h A A





. 

The proof is completed. 
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Appendix I 

Proof of Lemma 4.1. 

At DC, OCT '

3 32 /T A d h , EOQ '

3 3 32 /Q A d h , the optimal operational cost is 

given by 

 1 3 32C A dh . (I.1) 

For transportation, the optimal operational cost is given by 

 
3

2

32
s s

h d
C Lh d A

A
  . (I.2) 

To avoid the stock out, we assume EPQ at production 
' '

2 3Q mQ , m is integer. 

So, the operational cost is given by 

'
' 2 3

2 ' '

3
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2

avg

h QS d Sd
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mT p mQ

 
     

 
. 

The derivation of '

avgQ  is same as 
avgQ  at Appendix B. It is obvious that the 

operational cost function of production is convex in m in the interval (0, ∞). So, when  

3

'

3
2 3 2

1 2
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ShSd
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d dQ
h A h
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, 

 the operational cost is optimal and given by 
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2 (1 )
2

A dd
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2

2

(1 )

Sd
Q

d
h

p





. 

The proof is completed. 
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Appendix J 

Proof of Proposition 4.2 

From Appendix I, we sum Eqs. (I.1), (I.2) and (I.3), the TOC function of the supply 

chain without coordination is given by 

3 3
3 3 2 2

3 3

TC 2 2 (1 )
2 2

t s s

h d A dd
A dh Lh d A Sdh h

A p h
      . 

Comparing with the global minimum TOC TC0 of the SCOR-based ACM model, we 

have 

3 3
0 3 3 2 3 2 3

3 3

TC TC 2 2 ( )( )
2 2

t s s

h d A d
A dh A h d A A h h

A h
       , 

the difference is given by 

23 3 2
0

3 3

TC TC ( 1 1 ) 0
2

s
t

A dh A h

A h
      . 

The proof is completed. 
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Appendix K 

Solution of numerical example 4.1 

After the real-number solution of (N0, T0) are obtained, the optimal inventory 

coordination policy is computed by using Eq. (4.9). 

* *
TC( 11.8972 ,  39.3123 );TC( 11.8972 ,  39.3123 );

( ,  ) arg  Min
TC( 11.8972 ,  39.3123 );TC( 11.8972 ,  39.3123 ).

N Q
                

  
                

.  

Then, Eq. (4.5) is used to compute TOC, TC, for four integer cases. 

Step 1: When N = 11 and Q = 39 

TC = $604996.66 (0.0437% higher), T = Q / d = 0.00629(year) (0.7943% shorter). 

Step 2: When N = 12 and Q = 39  

TC = $604749.21 (0.0028% higher), T = Q / d = 0.00629(year) (0.7943% shorter). 

Step 3: When N = 11 and Q = 40 

TC = $604936.42 (0.0388% higher), T = Q / d = 0.0065(year) (1.7494% longer). 

 Step 4: When N = 12 and Q = 40 

TC = $604835.10 (1.0752% higher), T = Q / d = 0.0065(year) (1.7494% longer). 

Therefore, the optimal inventory coordination policy of this numerical example 

is N*=12 and Q*=39. The optimal TOC, TC*=$604749.21, which is higher than the 

real-number solution by 0.0028 percent. 
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Appendix L 

Proof of Proposition 5.1 

Based on Eq (5.1), the quantity demanded at R in phase f is given by: 

1 1
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Therefore, the total quantity demanded at R over F phases is given by 

1

0

1 1 1 1

1
[ ( 2 )]

2




   

      
fF F F

f f f f f f f

f f f f

Q D L d n n n n . 

 The proof is completed. 
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Appendix M 

Proof of Proposition 5.2 

(i) 

The demand at the end of the increasing demand phase is the highest. The finished 

products produced during interval L, pL must not smaller than the last shipment size 

over the demand phase, i.e., 

pL ≥ x0f +bθf. 

And x0f +bθf = (d0f +0.5λfL) L + b (λfL
2). 

So, p ≥ d0f + (b+0.5) λfL, 

where b is the number of the last shipment in the increasing demand phase. 

(ii) 

In the constant demand phase, it is straightforward that the production rate must not 

smaller than demand rate. So, p ≥ d0f. 

(iii) 

The demand at the beginning of the decreasing demand phase is the highest. The finished 

products produced during interval L, pL must not smaller than the first shipment size 

over the demand phase, i.e.,  

pL ≥ x0f +θf. 

And x0f +θf = (d0f +0.5λfL) L + (λfL
2). 

So, p ≥ d0f + 1.5λfL. 

 The proof is completed. 
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Appendix N 

Derivation of the time-weighted inventory at FPW 

We define: 

( )jI t : Finished product inventory on hand at time t in production cycle j, 

( )Fjq t : Finished products manufactured by time t in production cycle j, 

( )sjq t : Total quantity of finished products shipped by time t in production cycle j, so, 

( ) ( ) ( )j Fj sjI t q t q t  . 

The time-weighted aggregate finished products produced in production cycle j  
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The time-weighted aggregate finished products shipped in production cycle j  
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The time-weighted inventory in production cycle j  
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Appendix O 

Proof of Lemma 5.1 

From Eqs. (5.1) and (5.2), the kth shipment over the planning horizon xk is given by 

( 1)( 1)

2

0

2

0

0

1
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2

1
   ( )

2

   

k Lk L

k

kLkL

f

x d t dt d t λt

d λ L L kλL

D kθ


 

   
 

  

 



. 

The kth shipment size in cycle j from the beginning is given by 

0 ( )  
k

j

jx D l k , 

 where
0 0

1
( )

2
 D d λL L , 2θ λL ,

1

0
M

j j

j

l k m


   . k positive integer. 

 The proof is completed. 

 

Appendix P 

Proof of Lemma 5.2. 

From Eq. (5.14), the production quantity in the subplan j is given by 

0 0 0
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 The proof is completed. 
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Appendix Q 

Proof of Proposition 5.3 

Rearranging Eq. (5.16), we can obtain 
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(i) 

 When λ>0, 

2
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0
( 1)


 



j

j

m λL

p

D l θ
L

p

, it is proven that 
0( 1)

0

1
j

j

T

T


 , so, T0j> T0(j+1). 

(ii) 

Similarly, when λ=0, 

2

0

0
( 1)


 



j

j

m λL

p

D l θ
L

p

, it is proven that 
0( 1)

0

1
j

j

T

T


 , so, 

T0j=T0(j+1). 

(iii) 

Similarly, when λ<0, 

2

0

0
( 1)


 



j

j

m λL

p

D l θ
L

p

, it is proven that 
0( 1)

0

1
j

j

T

T


 , so, 

T0j<T0(j+1). 

 The proof is completed. 
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Appendix R 

Proof of Theorem 5.2 

In subplan j, the operational cost incurred at R is 

 
 

1

20
4 4 4 4

1

1
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2 2
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m A h L x m A h L

 



   , (R.1) 

the operational cost incurred for transportation is 
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   , (R.2) 

the operational cost incurred at FPW is 
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3 0 3

1
( ) { (1 ) ( 1)}

2 2
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T

j

T

d m
h I t dt md L h m

p
, 

(R.3) 

the operational cost incurred at MUP is S and the operational cost incurred at RMW is 
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1 1 1 1
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2 2

j jl l
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k
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r x
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A T h A h
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.  (R.4) 

By summing up Eqs. (R.1) to (R.4), TOC in subplan j 

2
2 20 0 0

4 4 0 0 3 1 1

( )1
{( ) [ (1 ) ( 1)]} .

2 2 2 2
j s s s

d d r md Lm
C m A h L A d h LL d L h m S A h

p p
          

 By taking the second derivative of Cj with respect to m, we get 

2

2 0 0
0 3 12

C
[ (1 ) ]

j d rd
d L h h

m p p


  


. 

To prevent stock out, p≥d0, 
2 2/ 0jC m   . Then, TOC function C is strict convex in 

the production cycle length, the positive integer m in the region (0, +∞). 

The proof is completed. 
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