
ABSTRACT 
 
 
YOON, SEONGHOO. The Effects of Information Sharing in a Two-stage Apparel 
Supply Chain Using Policy Characterization and Simulation. (Under the direction of Dr. 
Kristin A. Thoney, Dr. Jeffrey A. Joines, and Dr. Russell E. King.) 
 

The purpose of this research is to characterize the inventory policies of a two-

stage apparel supply chain, consisting of an apparel producer and a retail store, based on 

the optimal policies obtained by a Markov Decision Process (MDP) and to test the 

characterized policies on seasonal demand patterns using simulation.  

First, the optimal policies for the apparel producer and the retail store were 

obtained using the MDP experiments. Based on these results, characterized policies for 

the apparel producer and the retail store were obtained by comparing the MDP results to 

standard policies such as (Q, r), (s, S), and echelon stock policies. The characterized 

policies were found to be either optimal or near-optimal. By using the policy 

characterized for the changes in cost, the total gain of the supply chain was increased 

compared to using the base policy for that problem. A neural network model found the 

characterized policies for the apparel producer and the retail store when multiple numbers 

of costs were changed. The neural network models also obtained near-optimal policies 

for the models used in this research. 

Then, the two-stage apparel supply chain with different types of seasonal 

demands was simulated. Since the apparel producer and the retail store’s inventory 

policies were highly correlated to the mean and coefficient of variation (CV) of demand, 

corresponding policies were required to be changed when the demand had a seasonal 

pattern in order to increase the total gain of the supply chain. Different options were 



compared to find the optimal week to change the policy. Option B, which changed 

policies one week prior to the increase in the mean of demand and changed policies in the 

same week that the mean of demand decreases, produced the highest gains for both the no 

information sharing model and the information sharing model.  The simulation results 

showed that by sharing the retail store’s inventory information, both the apparel producer 

and the retail store could increase their gains. Moreover, the retail store’s gain was 

increased by a higher percentage than the apparel producer.  

  



 
 

 
The Effects of Information Sharing in a Two-stage Apparel Supply Chain  

Using Policy Characterization and Simulation  
 

by 
Seonghoo Yoon 

 
 
 

A dissertation submitted to the Graduate Faculty of 
North Carolina State University 

in partial fulfillment of the 
requirements for the Degree of 

Doctor of Philosophy 
 
 

Textile Technology Management 
 
 

Raleigh, North Carolina 
 

2007 
 
 
 

APPROVED BY: 
 
 

   
Dr. Kristin A. Thoney 

Co-chair of Advisory Committee 
 Dr. Jeffrey A. Joines 

Co-chair of Advisory Committee 

Dr. Russell E. King 
Co-chair of Advisory Committee 

 Dr. Thom J. Hodgson 

 
 



ii 
 

BIOGRAPHY 
 
 The author, Seonghoo Yoon, was born on July 15, 1972 in Pusan, South Korea. He 

received his education, from elementary to high school, in this city. To attend college, he 

moved to Seoul, South Korea. He received his B.S. and M. S. degrees in Textile Engineering, 

at Kyunghee University in Suwon, South Korea. During graduate school, he received a 

scholarship which supported studying aboard during his graduate studies. He visited Georgia 

Institute of Technology in 1999 and was inspired by the technologies and knowledge in 

Industrial Engineering. After Seonghoo finished his Master’s study in South Korea, he 

attended the University of Texas at Austin and completed another Master’s degree in 2003 in 

Mechanical Engineering, majoring in Operations Research and Industrial Engineering. 

Because his final goal was to combine the fields of Textile Engineering and Industrial 

Engineering, he started his doctoral study at North Carolina State University in 2004.  



iii 
 

ACKNOWLEDGEMENTS 
 

 I would like to express my most sincere appreciation and gratitude to all my advisory 

committee members, who are Dr. Kristin A. Thoney, Dr. Jeffrey A. Joines, Dr. Russell E. 

King, and Dr. Thom J. Hodgson for their persistent guidance, advice, support, and 

encouragement, to accomplish this research. Without them, I do not think I would have 

accomplished as much as I have.  

I am truly grateful to Dr. Moon Suh for his benevolent attention and help on not only 

my studies but also my life in Raleigh, NC. Without his support and help, I may not have had 

a chance to do research with such wonderful committee members. 

Special thanks are also extended to the National Textile Center which financially 

supported the research project, “Quantifying the value of shared information in a supply 

chain”. 

 I would like to dedicate this work to my parents Jingi Yoon and Haeok Kim, my in-

laws, Inyong Kim and Gaehyang Yoon, my sisters Soo-mi Yoon and Jakyung Yoon, and my 

brothers-in-law Sukho Kim and Jaehoon Jung for their deepest trust and endless support of 

me.  

Finally, words cannot express the love and appreciation I have for the sacrifice, 

understanding, encouragement, and patience that my wife, Nayoung Kim, has given me 

throughout this long process.  



iv 
 

TABLE OF CONTENTS 
 

LIST OF TABLES ........................................................................................... vii 
 

LIST OF FIGURES ............................................................................................ x 
 

CHAPTER 1. Introduction ................................................................................ 1 
 

CHAPTER 2. Literature Review ....................................................................... 5 
2.1. Supply Chain Management and Information Sharing ................................................... 6 

2.2. Information Shared in a Supply Chain ........................................................................ 13 

2.3. Models, Methods, and Beneficiaries of Information Sharing ...................................... 18 

2.3.1. Single Supplier and Single Customer Supply Chain Models ........................... 21 

2.3.2. N-Supplier and N-Customer Supply Chain Models .......................................... 26 

2.3.3. Multi Stage Supply Chain Models .................................................................... 31 

2.3.4. Information Sharing in the Textile and Apparel Supply Chain ........................ 36 

2.4. Markov Decision Processes and Information Sharing ................................................. 41 

2.4.1. Models under Investigation............................................................................... 44 

2.4.2. Methodology to Solve Model I ......................................................................... 47 

2.4.3. Methodology to Solve Model IV ...................................................................... 52 
 

CHAPTER 3. Policy Characterization of Two-stage Models ....................... 54 
3.1. Problem Descriptions ................................................................................................... 55 

3.1.1. Cost Structure of Models .................................................................................. 57 

3.1.2. Probability Distribution of Demand.................................................................. 60 

3.2. Standard Inventory Policies using Policy Characterization ......................................... 63 

3.2.1. (Q, r) Policy ...................................................................................................... 65 

3.2.2. (s, S) Policy ....................................................................................................... 67 

3.2.3. Echelon Stock Policy ........................................................................................ 69 

3.3. Policy Characterization of Base Models ...................................................................... 72 



v 
 

3.4. Effects of Changing Costs ........................................................................................... 77 

3.4.1. Effects of Changing Unit Holding Costs .......................................................... 78 

3.4.1.1. Effects of changes in the apparel producer’s unit holding cost .......... 78 

3.4.1.2. Effects of changes in the retail store’s unit holding cost .................... 83 

3.4.2. Effects of Changing Unit Purchasing Costs ...................................................... 88 

3.4.3. Effects of Changing Setup Costs per Order ...................................................... 90 

3.4.3.1. Effects of changes in the apparel producer’s setup cost per order ..... 90 

3.4.3.2. Effects of changes in the retail store’s setup cost per order ............... 92 

3.4.4. Effects of Changing Retailer’s Penalty Cost .................................................... 96 

3.5. Policy Modeling using the Neural Network Approach ............................................. 102 

3.5.1. Neural Network Modeling .............................................................................. 103 

3.5.2. Training Model for the Neural Network ......................................................... 105 

3.5.2.1. No Information Sharing Models ........................................................ 108 

3.5.2.2.  Information Sharing Models ............................................................ 114 

3.5.3. Validation of the Neural Network Modeling .................................................. 118 
 

CHAPTER 4. Simulation of a Two-stage Supply Chain ............................. 120 
4.1. Description and Assumptions of the Simulation Model ............................................ 121 

4.2. Validation of Simulation Model ................................................................................ 124 

4.3. Simulation of Simple Seasonal Models ..................................................................... 127 

4.4. Simulation of Complicated Seasonal Models ............................................................ 142 

4.5. Effects of the Setup Costs per Order ......................................................................... 149 
 

CHAPTER 5. Conclusions and Future Research ........................................ 155 
5.1. Conclusions ................................................................................................................ 155 

5.2. Future Research ......................................................................................................... 157 
 

REFERENCES: .............................................................................................. 158 

 

 



vi 
 

Appendix A. Methodology to Obtain the Characterized Policies .............. 165 
A.1. (Q, r) Policy .............................................................................................................. 168 

A.2. (s, S) Policy ............................................................................................................... 169 

A.3. Echelon Stock Policy ................................................................................................ 171 

A.3.1. Echelon Stock (i, s, S) policy ......................................................................... 171 

A.3.2. Echelon Stock (i, s, S) with i equal to zero .................................................... 172 

A.3.3. Combined Echelon [(i, Q, r) + (i, s, S)] Policy with i equal to 0 ................... 174 
 

Appendix B. Gains of the MDP and the Characterized Models for Training 

Models ....................................................................................... 176 
B.1. No Information Sharing Models ............................................................................... 177 

B.2. Information Sharing Models ..................................................................................... 183 
 

Appendix C. The Neural Network Models ................................................... 189 
C.1. No Information Sharing Models ............................................................................... 190 

C.2. Information Sharing Models ..................................................................................... 192 
 

Appendix D. Models and Results for Validation of the Neural Network 

Models ....................................................................................... 195 
 
Appendix E. Results of Validation of Simulation of Mean Demand of Three 

and the CV of 0.5 ...................................................................... 200 
 



vii 
 

LIST OF TABLES 
 

Table 2.1. Classification of production information model (PIM) (Huang et al, 2003) ......... 13 

Table 2.2. Models, methods, beneficiaries and benefits of information sharing .................... 19 

Table 2.3. Comparison of processes without/with information sharing (Tsung, 2000) ......... 27 

Table 2.4. Information sharing and its effects (Li et al., 2005) .............................................. 34 

Table 2.5. Pearson correlations between variables ................................................................. 38 

Table 2.6. Comparison of different types of Markov Decision Processes .............................. 43 
 

Table 3.1. Costs in Agrawal et al.’s research (Agrawal et al., 2002) ..................................... 57 

Table 3.2. Base case costs for our model ................................................................................ 58 

Table 3.3. Demand probabilities with mean of three .............................................................. 62 

Table 3.4. Policy characterization of base models .................................................................. 74 

Table 3.5. The retail store’s safety stock ................................................................................ 76 

Table 3.6. Comparison of gains between the MDP and base policy models .......................... 76 

Table 3.7. Gains for the base policy and the characterized policy for changes in Hs ............. 79 

Table 3.8. Gains for the base policy and the characterized policy for changes in Hr ............. 84 

Table 3.9. Gains for the base policy and the characterized policy for changes in Fs ............. 91 

Table 3.10. Gains for the base policy and the characterized policy for changes in Fr ........... 93 

Table 3.11. Service level and retail store’s penalty cost ......................................................... 96 

Table 3.12. Gains for the base policy and the characterized policy for changes in Lr ............ 99 

Table 3.13. Input parameter design ....................................................................................... 105 

Table 3.14. Results of the ANOVA test on the training models for no information sharing 107 

Table 3.15. Results of the ANOVA test on the training models for information sharing .... 107 

Table 3.16. The sum of square errors (SSE) and R2 as the number of hidden nodes increase 

for the no information sharing models .............................................................. 108 

Table 3.17. Results of fit for the training models for no information sharing ...................... 109 

Table 3.18. SSE for different types of round offs for no information sharing ..................... 110 

Table 3.19. Results of the ANOVA test on gains obtained by the MDP and neural network 

for no information sharing ................................................................................. 110 



viii 
 

Table 3.20. Results of the ANOVA test on gains obtained by the MDP and adjusted neural 

network .............................................................................................................. 113 

Table 3.21. The sum of square errors (SSE) and R2 as the number of hidden nodes increase 

in the information sharing models ......................................................................114 

Table 3.22. Results of fit for the training models for information sharing ........................... 116 

Table 3.23. SSE for different types of round offs for information sharing .......................... 116 

Table 3.24. Results of the ANOVA test on gains obtained by the MDP and the neural 

network for information sharing ........................................................................ 117 

Table 3.25. Results of the ANOVA test on the validation samples for no information 

sharing ................................................................................................................118 

Table 3.26. Results of the ANOVA test on the validation samples for information sharing 119 
 

Table 4.1. Inventory capacities, gain, RIV, and service level ............................................... 122 

Table 4.2. Optimal policies for non-capacitated and capacitated models ............................. 123 

Table 4.3. Characterized policies and gains for capacitated models .................................... 123 

Table 4.4. Comparison of cost and profit between policy characterization and simulation . 126 

Table 4.5. Characterized policies for different means and capacities ................................... 128 

Table 4.6. Comparison of gains between MDP and characterized policy models ............... 129 

Table 4.7. Results of four options ......................................................................................... 131 

Table 4.8. Profit and cost analysis for the simple seasonality model (3 to 6) ...................... 132 

Table 4.9. Profit and cost analysis for the simple seasonality model (3 to 9) ...................... 133 

Table 4.10. Profit and cost analysis for the simple seasonality model (3 to 12) .................. 134 

Table 4.11. Profit and cost analysis for the simple seasonality model (3 to 15) .................. 135 

Table 4.12. Retail store’s total cost after adding purchasing cost ........................................ 141 

Table 4.13. Results of simulation for seasonal patterns I and II ........................................... 145 

Table 4.14. Results of simulation for seasonal patterns III and IV ....................................... 146 

Table 4.15. Results of simulation for seasonal patterns V and VI ........................................ 147 

Table 4.16. The percentage shares of costs ........................................................................... 150 

Table 4.17. Inventory capacity, RIV, and service level for higher setup costs ..................... 152 

Table 4.18. Policies for the higher setup cost models ........................................................... 152 

Table 4.19. Results of simulation for higher setup costs and base costs models .................. 153 



ix 
 

Table B.1. MDP and characterized gains of training model for no information sharing ..... 177 

Table B.2. MDP and characterized gains of training model for information sharing .......... 183 
 

Table D.1. Gains and RIVs for validation models ................................................................ 196 

 

  



x 
 

LIST OF FIGURES 
 

Figure 1.1. US exports and imports on textile and apparel goods from 1990 to 2006 ............. 3 
 

Figure 2.1. The bullwhip effect (Chaib-draa and Müller, 2006) ............................................ 10 

Figure 2.2. The supply chain in the textile and apparel sector (Nordås, 2004) ...................... 36 

Figure 2.3. A textile supply chain case (Tseng et al., 2005) ................................................... 39 

Figure 2.4. An MDP models the synchronous interaction between agent and world 

(Kaelbling et al., 1998) ..........................................................................................41 

Figure 2.5. Information sharing models .................................................................................. 45 

Figure 2.6. The iteration cycle of Howard’s procedure (Howard, 1960) ............................... 50 

Figure 2.7. Algorithm to solve Model I .................................................................................. 51 

Figure 2.8. Algorithm to solve Model IV ............................................................................... 53 
 

Figure 3.1. Event procedure .................................................................................................... 56 

Figure 3.2. Demand distribution ............................................................................................. 62 

Figure 3.3. Policy matrix for the apparel producer and the retail store .................................. 63 

Figure 3.4. Policy matrix using ROMDP agent ...................................................................... 64 

Figure 3.5. (Q, r) policies for the apparel producer and the retail store ................................. 66 

Figure 3.6. (s, S) policies for the apparel producer and the retail store .................................. 67 

Figure 3.7. Combined (Q, r) and (s, S) policy ........................................................................ 68 

Figure 3.8. Policy matrix of an echelon stock (s, S) policy .................................................... 69 

Figure 3.9. Policy matrix of an echelon stock (i, s, S) policy ................................................. 70 

Figure 3.10. Policy matrix of an echelon stock (i, s, S) policy with i = 0 ............................... 71 

Figure 3.11. Policy matrix of a combined echelon [(i, Q, r) + (i, s, S)] policy with i = 0 ...... 71 

Figure 3.12. Effects of capacity on the RIV ............................................................................ 73 

Figure 3.13. Effects of capacity on the long run average gain per week ................................ 73 

Figure 3.14. Policy map for base models ................................................................................ 75 

Figure 3.15. Policy map for changes in apparel producer’s unit holding cost (Hs) ................ 78 

Figure 3.16. Average inventory for the base and CHR policies in the no information sharing 

models when Hs is $2.72 .................................................................................... 81 



xi 
 

Figure 3.17. Average inventory for the base and CHR policies in the information sharing 

models when Hs is $2.72 .................................................................................... 82 

Figure 3.18. Policy map for changes in retail store’s unit holding cost (Hr) .......................... 83 

Figure 3.19. Average inventory for the base and CHR policies in the no information sharing 

models when Hr is $2.27 .................................................................................... 85 

Figure 3.20. Average inventory for the base and CHR policies in the no information sharing 

models when Hr is $4.21 .................................................................................... 86 

Figure 3.21. Average inventory for the base and CHR policies in the information sharing 

models when Hr is $2.27 .................................................................................... 87 

Figure 3.22. Apparel producer’s gain with different Ws when CV is 0.5................................ 89 

Figure 3.23. RIV with different Wr .......................................................................................... 89 

Figure 3.24. Policy map for changes in apparel producer’s set up cost per order (Fs) ........... 90 

Figure 3.25. Policy map for changes in retail store’s set up cost per order (Fr) ..................... 92 

Figure 3.26. Average inventory for the base and CHR policies in the no information sharing 

models when Fr is $54.43 .................................................................................. 94 

Figure 3.27. Average inventory for the base and CHR policies in the information sharing 

models when Fr is $101.09 ................................................................................ 95 

Figure 3.28. Policy map for changes in retail store’s penalty cost (Lr) .................................. 97 

Figure 3.29. Retail store’s average inventory and penalty cost for the base and CHR policies 

in the no information sharing models when Lr is $5447.09 ............................. 100 

Figure 3.30. Retail store’s average inventory and penalty cost for the base and CHR policies 

in the information sharing models when Lr is $5447.09 .................................. 101 

Figure 3.31. Neural network model for the no information sharing models ........................ 109 

Figure 3.32. Percentage difference between the MDP and neural network gains for 

different relationships between the apparel producer and the retail store’s 

order quantity ....................................................................................................111 

Figure 3.33. Average percentage difference from the MDP when the difference between the 

apparel producer and the retail store’s order quantity changes ........................ 112 

Figure 3.34. Percentage difference between the MDP and adjusted neural network gains .. 113 

Figure 3.35. A neural network model for the information sharing models .......................... 115 

 



xii 
 

Figure 3.36. Percentage difference between the MDP and neural network gains ................ 117 

Figure 3.37. Percentage difference from the MDP for validation of the neural network model 

for no information sharing ............................................................................... 119 

Figure 3.38. Percentage difference from the MDP for validation of the neural network model 

for information sharing .................................................................................... 119 
 

Figure 4.1. Long-run average gain of the system with different number of replications ..... 125 

Figure 4.2. Standard deviation of gain with different number of replications ...................... 126 

Figure 4.3. Demands of simple seasonal products ................................................................ 128 

Figure 4.4. Options for changing policies ............................................................................. 130 

Figure 4.5. Increase in weekly gain by sharing information ................................................. 137 

Figure 4.6. Apparel producer’s cost and profit for simple seasonal models ......................... 137 

Figure 4.7. Apparel producer’s cost reduction by sharing information ................................ 138 

Figure 4.8. Apparel producer’s changes in total cost, sales, and gain by sharing 

information .........................................................................................................138 

Figure 4.9. Retail store’s cost and profit for simple seasonal models .................................. 139 

Figure 4.10. Retail store’s cost reduction by sharing information ........................................ 140 

Figure 4.11. Retail store’s changes in total cost, sales, and gain by sharing information .... 140 

Figure 4.12. Retail store’s total cost reduction with and without adding purchasing cost ... 141 

Figure 4.13. Weekly sales for women’s apparel items (Frank et al., 2001, 2003) ............... 142 

Figure 4.14. More seasonal demand patterns for the simulation .......................................... 143 

Figure 4.15. RIV’s when using higher setup costs and base costs ........................................ 154 
 

Figure A.1. Procedure to find the characterized policies ...................................................... 167 

Figure A.2. Retail store’s optimal policy for the characterization of the (Q, r) policy ........ 168 

Figure A.3. Retail store’s characterized (Q, r) policy ........................................................... 168 

Figure A.4. Apparel producer’s optimal policy for the characterization of the (s, S) policy 169 

Figure A.5. Apparel producer’s characterized (s, S) policy .................................................. 169 

Figure A.6. Retail store’s optimal policy for the characterization of the (s, S) policy ......... 170 

Figure A.7. Retail store’s characterized (s, S) policy ........................................................... 170 

 



xiii 
 

Figure A.8. Apparel producer’s optimal policy for the characterization of the echelon-(i, s, S) 

policy ................................................................................................................. 171 

Figure A.9. Apparel producer’s characterized echelon-(i, s, S) policy ................................. 172 

Figure A.10. Apparel producer’s optimal policy for the characterization of the echelon-

(i, s, S) policy with i equal to zero ...................................................................173 

Figure A.11. Apparel producer’s characterized echelon-(i, s, S) policy with i equal to zero 173 

Figure A.12. Apparel producer’s optimal policy for the characterization of the combined 

echelon [(i, Q, r) + (i, s, S)] policy ................................................................. 175 

Figure A.13. Apparel producer’s characterized combined echelon [(i, Q, r) + (i, s, S)] 

policy ...............................................................................................................175 
 

Figure E.1. Average mean of demand .................................................................................. 201 

Figure E.2. Average CV of demand ...................................................................................... 201 

Figure E.3. Average RIV ....................................................................................................... 202 

Figure E.4. Long run average profit for the no information sharing model ......................... 202 

Figure E.5. Long run average profit for the information sharing model .............................. 203 



1 
 

CHAPTER 1. Introduction 
 

The term “Supply Chain Management (SCM)” was first used by Oliver and Webber 

in 1982 (Lambert and Cooper, 2000; Cooper, 2006). However, the concept of SCM had been 

in existence for more than twenty years before. IBM applied its best practice concepts of 

production and distribution to its 3rd generation computer system known as 3/360 systems in 

the 1960s, which is regarded as the start of SCM. In addition, research on the textile and 

apparel supply chain started about ten years after IBM’s application. Cooper studied a 

network flow model of the textile and apparel supply chain in 1970, which is regarded as the 

first research on the textile and apparel supply chain (Cooper, 2006). Moreover, some 

necessities of cooperation within a single-owned linear textile and apparel supply chain were 

suggested in 1976 (Hudak and Bohnslav, 1976).  

These early concepts of SCM still apply to the current global textile and apparel 

supply chain (Cooper, 2006). Globalization of the textile and apparel industry has led the US 

textile and apparel industry to face increased competition. To survive in this competitive 

environment, apparel manufacturers are seeking new technologies to reduce costs and lead-

times, to increase profits, and to improve quality and service (Shen et al., 2004). 

The textile and apparel industry provides labor-intensive jobs that do not require a lot 

of training. Moreover, starting costs for investment are lower than other industries. Because 

of the labor-intensity and relatively low investment costs, many textile and apparel 

manufacturing facilities are placed in developing countries such as China and Vietnam. 

However, much of the design, development, and research in the textile and apparel industry 

are in developed areas such as the United States and the European Union. Moreover, the  
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world’s largest textile and apparel markets are located in these places. Recent changes in 

agreements under the WTO (World Trade Organization) and regional trade agreements such 

as DR-CAFTA (U.S.-Dominican Republic-Central America Free Trade Agreement) have 

lowered and in some cases, removed trade barriers such as tariffs and quotas, which provide 

less expensive foreign imports than domestic products (Abernathy et al., 2002; Nordås, 2004; 

Parrish et al., 2004). 

This extension of the textile and apparel supply chain can also be shown by recent 

trade balance data. OTEXA reported that in 2006, the US exported $16,570 million of yarn, 

fabric, made-up (soft furnishings, cushions, household textiles, household linen, quilts, 

valances and bedspreads), and apparel to the world while importing $99,589 million. The 

trend in trade of US textile and apparel goods is exporting mostly fabric (49%) and apparel 

(27%) and importing mostly apparel (75%) and made-up (16%). The top countries that the 

US exports textile and apparel products to are Canada (22%), Mexico (28%), and countries in 

the Caribbean Basin Initiative (CBI, 25%). The top countries that the US imports textile and 

apparel products from are China (27%), those in the Association of Southeast Asian Nations 

(ASEAN, 13%), and those in the CBI (10%). Figure 1.1 shows the changes in total imports 

and exports in textile and apparel products from 1990 to 2006 (OTEXA, 2007). Imports are 

steeply increasing, while, exports have almost stayed the same during the last twenty years.  
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Figure 1.1. US exports and imports on textile and apparel goods from 1990 to 2006 

 
As outsourcing has increased, the scale of the textile and apparel supply chain has 

become larger, and each member in the supply chain needs more information to improve 

their efficiency and effectiveness (Parrish et al., 2004). A recent study showed that textile 

companies are looking to apply Enterprise Resource Planning (ERP) systems and business 

intelligence systems to supply chain management. When implementing ERP systems, sharing 

information among trade partners is an important issue to be concerned with (Hodge, 2002). 

Therefore, studying information sharing in a textile and apparel supply chain is important in 

order to satisfy the needs of the members of the chain and the customer. However, very few 

studies have investigated information sharing in the textile and apparel supply chain. In 

addition, sharing information among members of a chain is a less researched area within the 

general supply chain management literature. Sharing information among members of a 

supply chain can reduce not only the Bullwhip Effect but also the costs of the whole chain 

(Park et al., 2003). 
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computed by comparing the total profit of the supply chain when information is not shared 

with the total profit when some information is shared. When inventory levels of members of 

a chain are shared, total supply chain profits may increase. However, an increase does not 

always guarantee the same benefits for all members of the chain. Moreover, there are often 

costs associated with sharing information, such as developing a database for information, 

setting up systems to access information sharing, and establishing a security system for the 

database, etc. Better understanding the benefits of information sharing will allow companies 

to weigh them against the costs and make better decisions about information sharing.  

  As an extension of prior research performed by Davis (2004) and Wei (2005), a 

Markov Decision Process (MDP) was applied to find the optimal solution for a two-stage 

apparel supply chain, which had a single apparel producer and a single retail store with 

different types of information sharing. Prior research found that in a two-stage supply chain 

model, sharing the retail store’s level of inventory yielded the greatest benefit. The research 

in this dissertation characterizes the apparel producer and retail store’s ordering policies 

using the MDP’s optimal solution. The effects of varying cost factors such as unit holding 

cost, set up cost per order, unit purchasing cost, and penalty cost, are investigated to 

determine how those factors affect the characterization of the policies.  

Chapter 2 reviews literature on supply chain management (SCM), information 

sharing in SCM, and MDP-based information sharing procedures. The results of MDP 

experiments and analyses, characterization of inventory policies, and policy modeling using a 

neural network are found in Chapter 3. Chapter 4 discusses the results of simulation 

experiments using some examples of seasonal products. In Chapter 5, the conclusions and 

areas for future research are presented. 
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CHAPTER 2. Literature Review 
 

The literature review has three sections. Section 2.1 defines supply chain, supply 

chain management, and information sharing in a supply chain. This section provides the 

background information of supply chain and supply chain management. Then, the 

importance of studying information sharing is added. Section 2.2 provides the information 

shared in a supply chain. In this section, information in the supply chain is categorized, and 

shared information in a supply chain is listed. Models, methods, and beneficiaries of 

information sharing in a supply chain, and information sharing in the textile and apparel 

supply chain are discussed in Section 2.3. This section provides the detailed methodologies 

and effects of information sharing using shared information in Section 2.2. In this research, 

Markov decision processes are applied to obtain the optimal solutions for the supply chain 

models. Section 2.4 details Markov decision processes and the models investigated in this 

research. 
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2.1. Supply Chain Management and Information Sharing 
 

Supply chain management has been an important issue for enterprises to survive 

global competition since the 1980s. Enterprises that have applied principles of supply chain 

management have achieved benefits of collaborative relationships both inside and outside of 

their organizations (Lummus and Vokurka, 1999).  

Many researchers have defined the term supply chain. Lee and Billington (1995) 

stated that the supply chain is “a network of facilities that procure raw materials, transform 

them into intermediate goods and then final products, and deliver the products to customers 

through a distribution system.” Ganeshan and Harrison (1995) identified the supply chain as 

“a network of facilities and distribution options that performs the functions of procurement of 

materials, transformation of these materials into intermediate and finished products, and the 

distribution of these finished products to customers.” Supply chain is also defined as “a 

network of autonomous or semi-autonomous business entities collectively responsible for 

procurement, manufacturing, and distribution activities associated with one or more families 

of related products” (Swaminathan et al., 1996).  By Imaoka’s definition, the supply chain is 

a flow of goods, which involves all processes including manufacturing, distribution and sales, 

from raw material to the final customer (1998). Christopher (1998) defined that “the supply 

chain is the network of organizations that are involved, through upstream and downstream 

linkages, in the different processes and activities that produce value in the form of production 

and services in the hands of the ultimate consumer.”  

Zhang et al. (2000) defined supply chain within enterprises as “the entirety of 

business processes, which are required for the satisfaction of demands for products or service. 

It starts from requirements of raw materials and ends with the delivery to the end-customer. 
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That means from supplier’s supplier to customer’s customer.” In addition they stated that the 

structure of the supply chain depends on the structure of enterprises. For manufacturers, a 

supply chain starts from buying resources and components. Then the production process 

begins, and the products are shipped to distribution centers, retail stores, or directly to the 

customers. Meanwhile, the retailer’s supply chain starts from buying final products from 

either manufacturers or wholesalers. After this, the retailer stores the final products as an 

inventory or sells them to the customer. By combining the manufacturer’s and retailer’s 

supply chain, the multi-enterprise supply chain can be established.  

Chopra and Meindl (2003) defined the supply chain as both direct and indirect 

involvement of every member in a chain to satisfy customers. The members of the supply 

chain include every contribution in the whole chain from raw material to final products such 

as manufacturers, transporters, retailers, and finally customers.  

In addition to the supply chain, Supply Chain Management (SCM) has also been 

defined by several researchers. Ellram and Cooper (1993) defined SCM as “an integrating 

philosophy to manage the total flow of a distribution channel from supplier to ultimate 

customer.” Monczka and Morgan (1997) stated that “integrated supply chain management is 

about going from the external customer and then managing all the processes that are needed 

to provide the customer with value in a horizontal way.” Christoper (1998) stated that 

“supply chain management is the management of upstream and downstream relationships 

with supplier and customers to deliver superior customer value at less cost to the supply 

chain as a whole.” Similarly, Simchi-Levi et al. (2000) stated that SCM is “a set of 

approaches utilized to efficiently integrate suppliers, manufacturers, warehouses, and stores, 

so that merchandise is produced and distributed in the right quantities, to the right locations, 



8 
 

and at the right time, in order to minimize system wide costs, while satisfying service level 

requirements.” Muckstadt et al. (2001) defined SCM as “the set of firms acting to design, 

engineer, market, manufacture, and distribute products and services to end-customers.” 

Bowersox et al. (2002) stated that SCM is “firms collaborating to leverage strategic 

positioning and to improve operating efficiency.”  

Chopra and Meindl (2003) define that the goal of SCM is finding a balance between 

responsiveness and efficiency by implementing better solutions than the competitors’ 

strategies. SCM involves production planning, purchase of raw material, production, and 

transportation in order to deliver the obtained values to the final customer. SCM functions 

include demand forecasting, sourcing and procurement, inventory and warehouse 

management, and distribution logistics. A company that performs these functions most 

effectively can deliver products more quickly with lower costs than its competitors. Park 

(2001) explained that by adopting SCM principles, the following benefits are expected to be 

achieved: reduced inventory, lowered distribution costs, faster time to arrival of market, 

reduced market risks, faster order cycle time, improved quality of production/service, and 

better inventory management and customer service. 

According to Chopra and Meindl (2003), there are four major drivers in the supply 

chain: facilities, inventory, transportation, and information. Facilities are the places of the 

activities of the supply chain such as storing, producing, and assembling. Inventory includes 

raw material, work in process, and finished goods. Transportation is the moving of inventory 

among members of the supply chain network. Information includes data and analysis in the 

supply chain related to facilities, inventory, transportation, and customers. Unlike other 

drivers of the supply chain, information is sometimes underestimated as a major supply chain 
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driver. The impact of information in the supply chain greatly affects the whole performance 

of the supply chain. By sharing information among members of the supply chain, various 

stages of the supply chain can be connected more closely, and the total profit in the whole 

chain can be increased. Additionally, information is one of the most important factors in each 

tier of the supply chain in terms of inventory, ordering, and scheduling. 

The competitive global business environment and increasing customer demand for 

higher service level have forced members of the supply chain to reduce costs and provide 

better quality of products and services. This environment also requires the supply chain 

network to respond quickly to a wide variety of changes internally and externally. The 

flexibility and responsiveness of a supply chain to such changes can be called supply chain 

configurability (Liu and Kumar, 2003). Therefore collaboration is an important trend in 

supply chain evolution; furthermore, this collaborative partnership heavily relies on 

information sharing. Vickery et al. (1999) found that information in the supply chain such as 

final customer demand, order policies, inventory levels, etc., needs to be shared to increase 

the total benefits of the whole chain.  

Information sharing in a supply chain can also reduce the Bullwhip Effect which can 

be defined as the magnified variability in demand as one move from the customer to the 

producer in the supply chain (Chase et al., 2004). Carlsson and Fullér (2000) defined the 

Bullwhip Effect as the distortion effects of information in a supply chain. The key factor that 

causes this distortion is either possible variability of estimates and/or amplification of 

demands. They also mention that the Bullwhip Effect is caused by lack of information 

sharing among members of the supply chain and leads to negative results. Some of the 

negative results are excessive inventory investments, poor customer service, and inefficient 
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production schedules. Makajić-Nikolić et al. (2004) defined the Bullwhip Effect as an 

increase in fluctuation of the changes in demand as the supply chain goes to the upper level 

consumer.  

Chaib-draa and Müller (2006) found that increasing amplification of the order 

variability within members of supply chain led to an increase in demand uncertainty. They 

also demonstrated the behavior of the Bullwhip Effect using a simple linear supply chain 

with a retailer, a wholesaler, and a paper mill. As shown in Figure 2.1, the variability of an 

upstream member is always greater than that of downstream members. Although the mean of 

demand (µ) is equal for the three members of the supply chain, there is a large difference in 

the standard deviation (σ) of the demand.  

 
 

 
 
 

Figure 2.1. The bullwhip effect (Chaib-draa and Müller, 2006) 

 
They stated that this Bullwhip Effect could increase the annual total cost around 33 to 

50 million Euros (43 to 66 million US dollars) for a 300-kiloton paper mill in Northern 

Europe. Moreover, the Bullwhip Effect caused higher inventory levels, reduction in supply 

chain agility, decrease in customer service level, ineffective transportation, and inefficient 
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production schedules. To reduce the Bullwhip Effect sharing demand information is 

necessary; however, this is only possible within companies that collaborate. 

In the early sixties, the Beer Game was created at the Sloan School of Management at 

the Massachusetts Institute of Technology. Each participant plays a tier of the supply chain in 

the Beer Game. Based on each member’s own decision-making rules, the game frequently 

results in the Bullwhip Effect. In the 1970s, Wal-Mart insisted its suppliers implement 

information technologies to achieve quicker response to the apparel supply chain. As a result, 

Wal-Mart could offer a broad variety of fashion garments without large inventories (Nordås, 

2004).  

Ko (1999) defined Quick response (QR) as “the establishment of new business 

strategies, new relationships, and new procedures to speed the flow of information and 

merchandise between retailers and manufacturers of apparel and textiles.” She also explained 

that QR was an important strategy for the apparel industry in the current competitive global 

environment. Approximately 40% of U.S. apparel manufacturers have adopted QR. There are 

many technologies that help QR to be implemented. The most common technologies for QR 

can be categorized as: “(1) computer aided design (CAD), (2) computer aided pattern making, 

(3) shade sorting, (4) product planning with customers, (5) computer aided manufacturing 

(CAM), (6) unit product system (UPS), (7) automated sewing operations, (8) short cycle 

cutting planning, (9) short cycle cutting, (10) computerized inventory systems, (11) reduction 

in inventory size, (12) small lot orders, (13) bar coding, (14) scanning of fabric rolls, (15) 

electronic reorder, (16) sharing product information with trading partners, and (17) receiving 

point of sale (POS) data” (Ko and Kincade, 1998). Technologies for sharing information 
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among members in apparel supply chain such as bar coding, sharing product information, 

and receiving POS data play an important role for the success of QR. 

Sharing information among members of a supply chain is important not only to 

reduce the Bullwhip Effect but also to increase the effectiveness and efficiency of a supply 

chain. Collaboration among members of a supply chain is important to increase and realize 

the effect of information sharing in a supply chain (Chaib-draa and Müller, 2006; Ko, 1999; 

Nordås, 2004). 
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2.2. Information Shared in a Supply Chain 
 

Sharing information in a supply chain is important not only to reduce the Bullwhip 

effect but also to reduce the cost of entire chain (Gavirneni et al., 1999). Huang et al. (2003) 

classified information in the supply chain into six categories: product, process, planning, 

inventory, order, and resource. The classification of information is shown in Table 2.1. 

 
Table 2.1. Classification of production information model (PIM) (Huang et al, 2003) 

 

Category PIM 

Product Product structure 

Process Material lead-time, Variance of lead-time, Order transfer lead-time, 
Process costs, Quality, Shipment, Set-up cost 

Planning Demand forecast, Order schedule, Forecasting model, Time fence 

Inventory Inventory level, Holding cost, Backlog cost, Service level 

Order Demand, Demand variance, Order batch size, Order due date, Demand 
correlation 

Resource Capacity, Capacity variance, Supply 

 

Product information includes the characteristics of products manufactured and the 

production process. An example of product structure is a bill-of-materials (BOM), which 

may include cost data. However, product information is not an actively researched category 

in information sharing in a supply chain.  

Process information includes the business processes in a supply chain that actually 

add value in fulfilling the customers’ demand. General processes in a supply chain are 

ordering, production, and shipment. Process information may contain the mean and variance  
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of the lead-time and set-up time, costs, policies, and the quality of the process. Tsung (2000) 

investigated sharing quality information of a supplier in a two echelon supply chain and 

concluded that real-time quality information sharing was most beneficial compared to no 

information sharing as well as one-way and two-way information sharing. Li et al. (2005) 

researched sharing the downstream customer’s outbound shipment data, which represented 

“the amount of a product each stage immediately ships to its customer in response to a 

customer order after previous backorders are met.” They found that sharing shipment data is 

beneficial when a supply chain has a relatively high service rate.  

Planning information in a supply chain includes demand forecasts and order schedule. 

Finding effective technique of forecasting and sharing the data obtained is important. The 

order schedule denotes order quantity, which includes production order and purchase order, 

of in advanced time period. However, sharing planning information in a supply chain has not 

been studied much in the literature.  

Generally, more than 60% of total costs in a supply chain occur outside of 

manufacturing, mostly in inventory and transportation costs (Choi, 2002). Moreover, 

products spend more of their time in the supply chain in areas other than the actual 

manufacturing of the product. Because of these reasons, most research in information sharing 

in a supply chain is focused on reducing inventory in a supply chain. Inventory information 

includes on-hand inventory, backlogs, and work-in-process inventories with the level of 

inventory, unit cost, and policy used. Order information includes demand information from 

the end customer to suppliers and the size and date of the order. Chen (1998) researched the 

value of inventory information in a serial supply chain. Suh et al. (2001) studied the impact 

of sharing stock information when demand had a compound Poisson process. Liu and Kumar 
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(2003) found that some supply chain collaboration such as Third-Party Logistics (3PL), 

Vendor Managed Inventory (VMI), and Two-tier Collaborative Planning, Forecasting, and 

Replenishment (CPFR) rely more on inventory information than other information. Park et al. 

(2003) indicated that if a retailer plans its safety stock based on not only its current order and 

inventory level, but also its prior orders, prior inventory, and inventory levels of upstream 

members of the supply chain, the Bullwhip Effect could be reduced. Davis (2004) researched 

the influence of capacity, demand, cost, and retailer policy on the value of information 

sharing while sharing the retailer’s inventory position and demand in a single supplier and a 

single retailer model. Li et al. (2005) studied the effects of sharing information about 

inventory levels in a linear supply chain of a single product. Tseng et al. (2005) used an 

inventory information sharing model for a textile supply chain case that produces based on an 

OEM order. Wei (2005) studied sharing inventory information using Markov decision 

processes.  

The most commonly shared type of information in a supply chain is demand 

information. Bourland et al. (1996) investigated sharing demand information from customer 

to supplier with a delay (DDI, delayed demand information) and daily sharing of demand 

information (TDI, timely demand information) in a two-stage supply chain. Chen (1998) 

researched the value of demand information in a serial supply chain. Ko (1999) stated that 

while adapting QR, the most valuable information is bar coding and POS (Point-Of-Sales) 

data. Cachon and Fisher (2000) compared a traditional policy without information sharing 

and a full information sharing policy that shares demand information to show the impact of 

information sharing in a supply chain. Lee et al. (2000) shared demand information and the 

retailer’s point-of-sales in a two-level supply chain. Raghunathan (2001) believed that 
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sharing demand information is not beneficial since this information is already contained 

retailer’s order. Yu et al. (2001) concluded that one-way information sharing of demand 

could lower inventory levels and costs. Li (2002) shared retailer’s demand and cost to inspect 

the leakage effect. Thonemann (2002) developed a better understanding of the benefits of 

advance demand information (ADI). Zhao et al. (2002) concluded that sharing order 

information is more beneficial than sharing only demand information. Liu and Kumar (2003) 

suggested sharing demand information in VMI and Two-tier CPFR models is beneficial. Park 

et al. (2003) shared demand information among three members of the supply chain; retailer, 

distributor, and manufacturer. Simchi-Levi and Simchi-Levi (2003) showed an example of an 

impact of sharing POS data. Yan and Woo (2004) set out to improve supply chain 

performance by adjusting the information sharing strategy when the end consumers’ demand 

pattern changed. Raghunathan (2003) researched the value of demand information sharing 

between a single manufacturer and N retailers.  

Li et al. (2005) studied the effects of information sharing in a supply chain. They 

researched four types of information sharing: order information, demand information, 

inventory information, and shipment information on total inventory cost and fill rate. Li also 

indicated that the leakage effect in information sharing forced to share retailers’ cost 

information. Moreover, in a supply chain model of N retailers and a single manufacturer, 

only the manufacturer receives a benefit from and the retailers are worse off with an increase 

in the number of retailers sharing their demand and marginal cost information.  

Resource information includes capability and capacity. Capability indicates the 

available number of products or processes that each member of a supply chain can sustain. 

Capacity indicates “the ability of satisfying future demand” (Huang et al., 2003).  
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Within the information available in a supply chain, the most important information to 

be shared is demand and inventory information. By sharing either demand information or 

inventory level, the whole chain can expect to reduce and find optimal amount of inventory 

that lead reduce of total cost of the chain.  
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2.3. Models, Methods, and Beneficiaries of Information Sharing 

Most research on the impact of information sharing in a supply chain has been 

performed on simple models such as two level or serial supply chains with a single member 

in each tier. Researchers have found the impact of information sharing in a supply chain by 

comparing the costs or benefits between models with no information sharing and those with 

information sharing. Table 2.2 indicates the models and methods used for researching the 

impact of information sharing in a supply chain. Based on models used, the literature is 

categorized in to three sections: single supplier and single customer, n-suppliers and n-

customers, and multi-level supply chain models. Benefits of information sharing include 

improvement of order function and inventory allocation, reduction in cost, inventory level, 

fill rate, and back order, and quality improvement, etc. Table 2.2 also shows some of the 

beneficiaries and their benefits from sharing information.   
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Table 2.2. Models, methods, beneficiaries and benefits of information sharing 
 

Researcher 
(year) 

Shared 
information Model Method Beneficiary Benefits 

Bourland et al. 
(1996) Demand Single supplier 

Single customer 
Compare total cost and 
total reduction 

Supplier 
Customer 

Reduce supplier 
inventory 
Reduce customer back 
order 

Chen 
(1998) 

Demand 
Inventory Serial supply chain Minimize long-run 

average total cost 
Whole 

supply chain Cost reduction 

Cachon and 
Fisher 
(2000) 

Demand One supplier 
N identical retailers 

Compare traditional policy 
and information sharing 

Whole 
supply chain 

Cost reduction 
Decrease lead-time and 
batch size 

Tsung 
(2000) Quality Two supplier 

Single customer 
Calculate the loss to 
society Customer Quality improvement 

Lee et al. 
(2000) Demand Single manufacturer 

Single retailer 
Find optimal ordering 
decision Supplier Inventory reduction 

Expected cost reduction 

Raghunathan 
(2001) Demand Single supplier 

Single customer 
Find optimal ordering 
decision N/A No benefits 

Suh et al. 
(2001) Inventory 

Multi stage: 
Two-echelon 

distribution chain 

Calculate marginal 
savings of delay and order 
risk 

Whole 
supply chain Decrease inventory cost 

Yu et al. 
(2001) Order Single supplier 

Single customer 
Cost minimization model 
and Pareto improvement 

Supplier 
Customer 

Centralized control, 
supplier benefits more 

Gavirneni 
(2002) Inventory Single supplier 

Single retailer 
Compare cost of each 
period Supplier Reduction in cost 
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Table 2.2. (Continued) 
 

Researcher 
(year) 

Shared 
information Model Method Beneficiary Benefits 

Li 
(2002) Demand Single manufacturer 

Multi retailer Calculate expected profit Manufacturer Increased expected 
profit 

Zhao et al. 
(2002) Demand 

One capacitated 
supplier 

Multiple retailer 

Computer simulation and 
sensitivity analysis 

Whole 
supply chain Reduction in cost 

Park et al. 
(2003) 

Order 
Demand 

Multi stage: 
Single members in each 

tire 

Compare variance of the 
Bullwhip Effect 

Whole 
supply chain 

Reduce Bullwhip Effect 
Reduce inventory cost 

Raghunathan 
(2003) Demand Single manufacturer 

N retailers 

Derived the optimal 
manufacturer and retailer 
decision 

Manufacturer Reduced inventory 
holding cost 

Davis 
(2004) 

Demand 
Inventory 

Single supplier 
Single retailer 

Applying Markov decision 
process 

Whole 
supply chain 

Increase long-run 
average profit 

Li et al. 
(2005) 

Demand 
Order 

Inventory 
Shipment 

N-stage 
linear supply chain 

Calculate inventory cost 
and average fill rate 

Whole 
supply chain 

Improved inventory 
costs and fill rate 

Wei 
(2005) 

Demand 
Inventory 

Two-stage and three-
stage serial supply chain

Applying Markov decision 
process 

Whole 
supply chain 

Increase long-run 
average profit 
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2.3.1. Single Supplier and Single Customer Supply Chain Models 
 

Bourland et al. (1996) investigated a two-level supply chain with a single supplier and 

a single customer. In their model, the supplier and customer used a periodic review, base 

stock policy with ordering period of P. Using the model established, they compared two 

different cases: sharing demand information from customer to supplier with a delay (DDI, 

delayed demand information) and daily sharing of demand information (TDI, timely demand 

information). In both DDI and TDI, they calculated total inventory cost, TC  and 'TC  

respectively, to compare both models. Total inventory cost is as shown in Equations (1) and 

(2): 
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where, P  = Order period at the supplier and customer 
 wO  = Ordering cost at the supplier 

 wB  = Backorder charge at the supplier  

 wH   = Holding cost at the supplier 

 wS  = Order-up-to level at the suppler 
 y  = Ordering offset, or the number of days after a customer order is  
        placed that the supplier places an order  
 α  = Probability of backorder 
 μ  = Mean demand per day 
 k  = Constant safety factor 
 σ  = Standard deviation of demand per day 
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The cost reduction for the TDI model compared with the DDI model can be calculated as 

seen in Equation (3). 

))](()()[()/(' kGkyyPkyPPPHTCTC uw ++−−−⋅=− σ ,               (3)  

where ∫
∞

−=
ku duukukG )()()( φ , which was established by Silver and Peterson (1985). 

Bourland et al. found the effects of changing the parameters such as σ, y, and k in the 

TDI model. They concluded that by changing σ from one to three, the TDI model is expected 

to reduce the supplier inventory from 26.2% to 11.3% and customer backorders from 43.4% 

to 36%, compared with the DDI model. However, customer inventory was increased from 

1.4% to 4.2%. Other parameters also showed the same pattern. The TDI model could reduce 

the supplier inventory, customer backorders, and customer fill rate, but it could not reduce 

the customer inventory. 

Lee et al. (2000) shared demand information and retailer’s point-of-sales in a two-

level supply chain. They found that the value of sharing demand information in a supply 

chain depends on the structure of the demand process. They used a simple two-level supply 

chain that consists of one manufacturer and one retailer. In their model, the demand process 

of the retailer is an AR (1), autoregression time series process. They concluded that 

information sharing results in a large inventory reduction and cost reduction to the 

manufacturer. Lee et al. proved that in a two-level supply chain, the supplier gained 

significant benefits from the retailer’s point-of-sales data when end demand was non-

stationary AR (1). Moreover, if the demand is highly correlated over time and the lead-time 

is relatively long, information sharing could result in a large inventory and cost reduction for 
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the manufacturer. They also found that information sharing lowered supply chain cost by 

about 23%. 

Raghunathan (2001) suggested an improvement to Lee, So, and Tang’s (LST) (2000) 

work. The major difference between LST’s model and Raghunathan’s model is the use of the 

retailer’s order data. Raghunathan expanded LST’s model by using not only the most recent 

order data but also the entire historical order data from the retailer. In this case, the 

manufacturer could reduce the uncertainty for future orders. As a result, the value of 

information shared by the retailer decreased monotonically with each time period, 

converging to zero in the limit. Raghunathan concludes that based on his simulation; there is 

no need for information sharing if the manufacturer uses her available information. 

Yu et al. (2001) shared order information at different levels such as no information 

sharing, one-way information sharing, and two-way information sharing between the 

manufacturer and retailer. They defined a supply chain partnership as “a relationship formed 

between two independent members in supply channels through increased levels of 

information sharing to achieve specific objectives and benefits in terms of reductions in total 

costs and inventories.” They illustrated three different levels of information sharing. Level 1 

is “decentralized control,” which is no information sharing between the manufacturer and 

retailer. Level 2 is “coordinated control,” which is one-way information sharing. The 

manufacturer can obtain the order information from the customer. Level 3 is “centralized 

control,” which is two-way information sharing between the manufacturer and retailer. Using 

simulation, they concluded that the manufacturer benefited from level 2 in terms of lower 

inventory levels and costs. Moreover, in level 3, the manufacturer’s inventory level and costs 

were reduced more than level 2. However, the retailer can reduce his inventory level and 
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costs only in level 3. They validated the impact of information sharing based on Pareto 

improvement. Pareto improvement is that “all members in a system are at least as well off, 

and some members are better off.” Based on this concept, they compared reduction of 

average order-up-to level, average inventory level, and expected inventory cost. There is no 

benefit in level 1 (no information sharing), only manufacturer is beneficial in level 2 

(customer shares ordering information), and both manufacturer and customer are beneficial 

in level 3 (two-way information sharing).  

Gavirneni (2002) studied the impact of inventory information sharing on the optimal 

(s, S) policy and other operating policy. Gavirneni insisted that to make complete use of 

shared information, a change in operating policy might be needed in the supply chain. He 

used two models in his research: The traditional (s, S) policy model by which the retailer 

shares their inventory level with the supplier and an improved model using an order-up-to 

policy in which the retailer shares their inventory level conditionally. Although the (s, S) 

policy is known to be the optimal model for the retailer, Gavirneni could improve the 

efficiency of the supply chain by using an order-up-to policy for the retailer. By applying an 

order-up-to policy with information sharing only in the case when cumulative demand is 

greater than a predetermined value, cost in the supply chain could be reduced up to 33.7%.  

Davis (2004) applied a Markov Decision model on a two-stage supply chain with a 

single retailer and a single supplier sharing retailer’s inventory position and demand. To 

simplify the model, Davis assumed that the retailer implements a fixed inventory control 

policy, and the supplier’s production control policy is determined from the model established. 

To prove the impact of information sharing in a supply chain, Davis compared no 

information sharing model using Markov Decision Process (MDP) with an inventory 
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information sharing model with MDP with restricted observation (ROMDP). After finding 

optimal policies for two models compared, Davis calculated the difference of gain 

(operational profit) between two models. This difference became the value of sharing 

information by the retailer. The value of information (VOI) was measured with the long run 

average cost (gain), long run average inventory level at the supply chain partners and the 

long run average lost sales incurred by the retailer. rVOI , the relative cost reduction 

associated with the value of information sharing, can be represented as 
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=                  (4) 

where )(αφ denote the gain associated with policy αi. Where i is is (information sharing) or 

nis (no information sharing) She also found that capacity, demand, cost and retailer policy 

can influence on the value of information sharing.   

Yan and Woo (2004) set out to improve supply chain performance by adjusting the 

information sharing strategy when the end consumers’ demand pattern changed. Using three 

different demand patterns and three different information sharing strategies (ISS’s), they 

developed hypotheses based on an analysis of the relationship of the demand patterns, ISS’s, 

and supply chain performance. Using simulation, they concluded that changes in the end 

consumers’ demand pattern will affect supply chain performance and adjusting the ISS 

according to the changes in the demand pattern can improve supply chain performance. 
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2.3.2. N-Supplier and N-Customer Supply Chain Models 
 

Cachon and Fisher (2000) assumed that consumer demand had a stationary stochastic 

structure. After developing a model of this supply chain, they compared a traditional policy 

that does not use shared information with a full information sharing policy. They also 

developed a simulation model to find a lower bound on cost over all feasible inventory 

review and order policies. They used this lower bound and the traditional information sharing 

model to find an upper bound on the value of information sharing. The general idea behind 

this paper was to test the value of information sharing and compare the results to two other 

sources of supply chain improvement: reducing lead-time and increasing delivery frequency. 

They concluded that information sharing reduced the costs. They also concluded that the 

other benefits of information technology, such as faster and cheaper order processing, lead to 

shorter lead-times and smaller batch sizes. Based on their model, they proposed that a 

reduction in lead-time or batch size can have a significant impact on supply chain costs and a 

greater impact than sharing information. Using information technology to provide a smooth 

flow of goods through the supply chain is more valuable than using information technology 

to expand the flow of information. 

Tsung (2000) achieved quality improvement by sharing process capability. Tsung 

insisted that although information sharing in the supply chain has been extensively 

researched, most research ignores critical problems such as the use of shared information and 

the relationship between information sharing and benefits such as quality improvement. 

Tsung suggested a “matching problem” to find the relationship between sharing process 

capacity and quality improvement information in a car parts plant. There were two suppliers 

for fuel injection, a needles supplier and a body supplier. To measure quality, Tsung used a 
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measure of quality, Cpk, the actual process performance, and an alternative process measure, 

QL , the loss to the society. 

          ))(( 22 σμ +−= TkQL       (5) 

where μ is an estimate of the process mean, σ is an estimate of the process standard deviation, 

T is a target or normal dimension, and k is a constant used to convert the function into 

monetary units. Tsung also introduced the value of information sharing,VI , as follows. 

        %/)(100 00 QLQLQLVI −=       (6) 

where 0QL  is the quality loss without any information sharing. 

Using these measures, Tsung compared the impact of information sharing as shown 

in Table 2.3. Tsung concluded that real-time information sharing leads to dramatic quality 

improvement in a car parts plant. Tsung showed that by sharing quality information of the 

supplier, the customer could improve quality and achieve better process efficiency. Moreover, 

in this case, real-time information sharing was much more beneficial than either one-way or 

two-way information sharing.  

 
Table 2.3. Comparison of processes without/with information sharing (Tsung, 2000) 

 
Process n

pkC  b
pkC  QL VI (%) 

No Sharing 0.73 (0.30) 2.75 (0.01) 6.11 (5.02) 0 (0) 

One-way 0.73 (0.30) 2.41 (0.20) 3.26 (2.45) 37.9 (14.8) 

Two-way 1.23 (0.01) 2.75 (0.01) 0.53 (0.02) 74.5 (29.3) 

Real-time 1.23 (0.01) 1.68 (0.03) 0.12 (0.01) 94.0 (6.8) 
Numbers in ( ) are standard deviations. 
Superscripted n indicates needles supplier and b indicates body supplier. 
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Li (2002) inspected the direct and indirect effects in vertical information sharing in a 

two-level supply chain with a single manufacturer and multiple retailers. The direct effect is 

the actual results of information sharing in a manufacturer-retailer model while the indirect 

effect, also known as the “leakage effect” is either a gain or loss by retailers while there is a 

competition among retailers. Li insisted that most research that used a serial system ignored 

the indirect effect of information sharing. Li established a model to calculate the expected 

total profit of the supply chain and proved that the expected profit for the manufacturer is 

increased and concave in the number of retailers who shared their demand information. Li 

proved that sharing retailers’ demand information strictly increases the expected profit for the 

manufacturer; however, each retailer is worse off by revealing his information because of the 

leakage effect due to the competition among retailers. 

Thonemann (2002) used two supply chains, a supply chain with an arbitrary number 

of products having identical demand rates (A-ADI) and a supply chain with two products that 

have arbitrary demand rates (D-ADI). In the A-ADI model, customers share information with 

manufacturers about whether they will place an order for some product in the next time 

period, but do not share information about which product they will order and which of 

several potential manufacturers will receive the order. In a D-ADI model, customers also 

share information about which product they will order but which manufacturer will receive 

the order remains uncertain. Although the manufacturer and the customer benefit from 

sharing ADI, sharing ADI increases the Bullwhip Effect because of its introduction of 

variability in the base-stock levels and increases the variability of production quantities. 

However, if D-ADI is shared and if the quality of the information is high, then the variability 

of the production quantities will not be increased by ADI-sharing.  
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Zhao et al. (2002) shared demand information in a one capacitated supplier and 

multiple retailer scenarios. They performed computer simulations to find the impact of 

forecasting model selection on the value of information sharing in a supply chain with a 

single supplier and four retailers. In their model, they shared demand and order information. 

The retailers were assumed to use EOQ rules for deciding their ordering policy. Five types of 

forecasting future demand were applied. These methods were a naïve model, a simple 

moving average, a two-parameter double exponential smoothing, a no-trend Winters’ method, 

and a three-parameter Winters’ model. They found that although there is many limitations to 

their research, such as limits on supply chain structure, shared information, and cost structure, 

they found that information sharing is advantageous for the whole supply chain with up to a 

60% reduction in cost. Moreover, sharing future order information with the supplier is more 

valuable than sharing future demand information. 

Raghunathan (2003) researched the value of demand information sharing between a 

single manufacturer and N retailers. He derived the optimal manufacturer and retailer 

decision with and without information sharing, and found the optimal number of retailers in 

the supply chain. Raghunathan indicated that the value of information sharing is connected 

with the reduction in the manufacturer’s cost. Raghunathan calculated the reduction in the 

inventory holding cost per period, )(nS , when n retailers share the information as: 
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where, H = unit holding cost per time period for manufacturer (retailers) 

 K  = )]/([1 hpp +−φ  for the standard normal distribution function for  

manufacturer 

 p = unit shortage cost per time period for retailers 

 σ = standard deviation of demand of retailer 

 N = number of retailers 

 n = number of retailers who share information 

 
Raghunathan concluded that if n is greater than zero, )(nS is greater than zero. 

Raghunathan also suggested that by solving the LP problem below, the manufacturer could 

have the optimal number of retail partners. 
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2.3.3. Multi Stage Supply Chain Models  
 

Chen (1998) researched the value of demand and inventory information in a serial 

supply chain. He tried to minimize the long-run average total cost in N stages using an 

outside supplier having unlimited stock. Chen used the replenishment policy of (R, nQ) 

which is when the inventory falls below the reorder point R, orders are placed in integer 

multiple of Q to increase inventory above R. This policy is applied on echelon stock and 

installation stock. Chen found that echelon stock required centralized demand information; 

however, an installation stock policy only needed local demand information.  

Suh et al. (2001) suggested a reorder policy using inventory information sharing. 

They investigated the impact of inventory information sharing on a two-echelon distribution 

supply chain with compound Poisson demand. They used a single distributor and N-retailer 

model to verify the results. They identified the marginal savings of delaying the order as 

)))(:,(),(( 000 trLttti +Ωπ , where )(0 ti is installation stock position at t, ))(:,( 00 trLtt +Ω  is 

the total amount of retailer orders when the level of inventory is. )(tr . Since the marginal 

savings of delaying order is a probabilistic value that is not determined at time t, they 

identified the order risk as the expected value of the marginal savings of delaying the order. 

After performing simulations using different values of the mean and variance of compound 

Poisson demand, they concluded that an order risk policy effectively reduced the costs. 

Moreover, cost reduction also decreased with an increase in demand variance. 

Liu and Kumar (2003) examined different levels of supply chain collaboration with 

some important components of information sharing such as information sharing structure, 

data, and information flow. They observed four types of supply chain collaboration: Third-

Party Logistics (3PL), Vendor Managed Inventory (VMI), Two-tier Collaborative Planning, 
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Forecasting, and Replenishment (CPFR), and Supply Chain Network (Net). In 3PL, the 

outsourced element manages transportation, warehouses, order fulfillment, etc. In 3PL, the 

company only focuses on marketing and manufacturing or specific logistics function. The 

manufacturer shares its inventory and order information with the 3PL provider, but the 3PL 

provider does not give any information to the manufacturer. In VMI, “vendors take over the 

replenishment planning task for their trading partners.” In VMI, customers share the demand 

information with the vendors. In this case, the inventory is controlled by the manufacturer. 

Two-tier CPFR is the collaborative planning, forecasting, and replenishment between buyer 

and seller or manufacturer and distributor. Real-time information sharing of demand and 

supply data with the partner is possible in this model. A more complex model for the n-tier 

CPFR is the Net. In terms of information sharing structure, while 3PL and VMI depend on 

sequential sharing information, CPFR and Net rely on hub-and-spoke sharing information, 

which is structured with a number of spokes and a central hub. In this model, information is 

routed through a central hub before reaching each spoke. They found that 3PL, VMI, and 

CPFR rely more on inventory information than other information such as management, 

production, order, and service information. From Liu and Kumar’s research, it is clear that at 

all level of collaboration, the following three enablers of supply chain flexibility must be 

fully developed: architecture for information sharing, an exchangeable schema for shared 

data, and an information flow model. 

Park et al. (2003) studied the effect of information sharing and the lead-time 

distribution on the improvement of the supply chain. They compared two types of 

information sharing: order and demand information sharing in the supply chain. They 

assumed that each member used an (s, S) policy for ordering, demand was forecasted using a 
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moving average method, the entire lead-time of chain was fixed at 15, and there was no lead-

time between the retailer and the final customer. There were three members of the supply 

chain in their research; retailer, distributor, and manufacturer. By sharing demand 

information, the distributor and manufacturer could reduce inventory costs about 19% and 

10%, respectively. In addition, they researched the impact of lead-time. They found that if 

the lead-time of the retailer is longer than the manufacturer, the Bullwhip Effect is less than 

if it is not. With the fixed total lead-time, they found that a model of (7 4 4) is more 

beneficial than (4 4 7), where (lead-time of retailer, distributor, manufacturer). Moreover, 

they also indicated that for the same lead-time distribution, order information sharing is more 

beneficial than demand information sharing. They concluded that although sharing 

information among members in the supply chain is important to reduce the Bullwhip Effect, 

lead-time distribution is another factor to regard to maximize the impact of sharing 

information in the supply chain.  

Li et al. (2005) studied the effects of information sharing in a supply chain. They 

researched four types of information sharing: order information, demand information, 

inventory information, and shipment information on total inventory cost and fill rate. 

Equation (9) indicates an approximate formulation of the total supply chain inventory cost 

per period used in their research. 
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where kh is unit holding cost rate on stage k, kL is the review period, i and '
ko  are the mean 

and standard deviation of demand in stage k, and z is the safety-stock factor. Equation (10) 

shows the approximate expression for the average fill rate over all stages. 
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where )(zGu  is the standardized loss function. They found that information sharing 

improved inventory costs and fill rate with low demand variability. Table 2.4 shows the 

shared information and its effects.  

 
Table 2.4. Information sharing and its effects (Li et al., 2005) 

 

Information sharing Total supply chain inventory Fill rate 

Demand Decreased by reducing the 
Bullwhip effect 

Improved with low 
demand variability 

Inventory 
Reduced supply chain inventory.  
(If the variability of demand is high, 
inventory cost is increased.) 

Improved 

Shipment Reduced if supply chain has a high 
service level. Stable 

 

Wei (2005) quantified the value of sharing inventory information using Markov 

decision processes in a two-stage and three-stage serial supply chain model with capacitated 

suppliers and a single retailer. Wei studied the impact of information sharing by comparing 

full information sharing, partial information sharing, and no information sharing. He used a 

single agent Markov decision process with complete observation (MDP) for the full 

information sharing model and a decentralized Markov decision process with restricted 

observations (DEC-ROMDP) for a partial information sharing and no information sharing 

model. In the two-stage supply chain, he found that only sharing information from 

downstream to upstream is valuable. Moreover, in a three-stage supply chain with a retailer, 

manufacturer, and supplier, the information from the retailer to supplier is most beneficial. 
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He also modeled a negotiation process to allocate the profit of information sharing among all 

members in the supply chain. In a two-stage serial supply chain model, he added constraints 

on his negotiation process: For each period, the supplier and retailer should obtain profit by 

sharing information. In addition, the profit obtained when sharing information is more than 

when no information is shared. These constraints are shown in Equations (11) to (16): 

 
0000 >−= ss CZP                     (11) 

00000 >−−= ZCSP rr                 (12) 

0111 >−= ss CZP                     (13) 

01111 >−−= ZCSP rr                 (14) 

ss PP 01 >                        (15) 

rr PP 01 >                        (16) 

 
Where isP = supplier’s profit per period, where i = 0, 1 (0 indicates initial, 1 indicates  

        after implementing information sharing) 

iZ = retailer’s transfer (purchase) cost per period 

isC = supplier’s cost per period, including production and materials, inventory  

        holding, and setup cost 

iS = retailer’s sales revenue per period 

If the transfer cost before sharing information is regarded as *
0 xZ = , the determined 

upper limit and lower limit for the information sharing transfer cost, *y , can be calculated as 

below: 

*
0011

*
max xCSCSy rr ++−−=                 (17) 

CIxCCy ss ++−= *
01

*
min                       (18) 

 
where, CI is the cost of information sharing. 
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2.3.4. Information Sharing in the Textile and Apparel Supply Chain 
 

A typical textile and apparel supply chain is illustrated in Figure 2.2. Solid lines 

indicate the flow of products, while dotted lines indicate the flow of information. The 

direction of the arrows shows the demand-pull-driven system of the textile and apparel 

supply chain. Usually, the information flow starts from the customers with how much and 

when to produce the specific products. In many cases, it is valuable to share the information 

directly from the retailers to the textile plants. There are typically multiple members in each 

tier of the supply chain. In order to obtain a smooth flow of production, payment, and 

transportation, it is necessary to have logistics, business services, and information sharing 

among members (Nordås, 2004). In recent global supply chains in the textile and apparel 

industry, these are mostly provided by the lead firm in a supply chain, mostly located in 

advanced countries.  

 
 

 
 

Figure 2.2. The supply chain in the textile and apparel sector (Nordås, 2004) 
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Although it is clear that the sharing information in a textile and apparel supply chain 

is beneficial, very few studies have been done. Ko (1999) identified the use of quick response 

technology and compared the level of four QR elements: production planning, flexible 

manufacturing, inventory control, and information sharing between adopters and non-

adopters in the U.S. apparel industry. 306 apparel manufacturers were randomly selected for 

the survey. The response rate was 47%. A two sample t-test, a Kruska-Wallis test, and a 

Fisher’s Exact test were conducted to analyze the data gathered. In addition, the statistical 

significance level was set to 0.05. Questionnaires revealed that bar coding was more valuable 

than other methods such as receiving POS data, sharing product information with trading 

partners, and scanning of fabric rolls electronic reorder. Moreover, QR adopters had much 

higher level of QR elements than non-adopters. She concluded that although QR non-

adopters use QR elements, the level of usage is much lower than QR adopters. In addition, 

the most valuable method of information sharing is using a bar coding system and sharing 

POS data in QR adopters.  

Salam and Banomyong (2003) suggested that textile firms should share their 

information with their suppliers and customers using an EDI system to improve the 

effectiveness of the logistics strategy. They explained that there are five variables that 

impacted demand responsiveness of Thai textile supply chains. They are buyer behavior, 

operational accuracy, lead-time, organizational culture, and collaboration. They regarded 

demand responsiveness as a dependent variable and the five other variables as independent 

variables. With these variables, they performed hypothesis testing with a randomly selected 

sample of 245 textile manufacturers in Thailand from a total population of 671. Table 2.5 

shows the correlations between the dependent variable and five independent variables from 
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regression analysis. From this analysis, Salam and Banomyong concluded that all five 

independent variables have significant relationships with demand responsiveness. This means 

that buyer behavior, operational accuracy, lead-time, organizational culture, and 

collaboration are significantly and positively correlated determinants of demand 

responsiveness. In addition, in terms of collaboration, they suggested that the textile firms 

should share their information system with their supplier and customer using an EDI system 

to improve the effectiveness of the logistics strategy.  

Milliken and Company shared Point-of-Sale (POS) data with the department stores it 

works with and ordering and manufacturing plans with its clothing suppliers. As a result of 

sharing information, Milliken and Company could reduce the lead-time from textile plants to 

final customer from 18 weeks to 3 weeks. This reduction in lead-time resulted in not only a 

reduction of inventory and safety stock but also a reduction in the Bullwhip Effect. (Simchi-

Levi and Simchi-Levi, 2003). 

 
Table 2.5. Pearson correlations between variables 

 Buyer 
behavior 

Operational 
accuracy 

Lead-
time Org culture Collaborate Demand 

responsive 
Buyer 
behavior 1.000 .889 .897 .849 .907 .939 

Operational 
accuracy .889 1.000 .915 .871 .859 .928 

Lead-time .897 .915 1.000 .875 .878 .942 
Org culture .849 .871 .875 1.000 .834 .895 
Collaborate .907 .859 .878 .834 1.000 .921 
Demand 
responsive .939 .928 .942 .895 .921 1.000 

All correlation is significant at the 0.01 level (2-tailed). 
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 Tseng et al. (2005) simulated an installation stock policy and an echelon stock policy 

for a textile supply chain. In their model, the textile supply chain was modeled as shown in 

Figure 2.3.  

 
 

Figure 2.3. A textile supply chain case (Tseng et al., 2005) 
 
 

In Figure 2.3, dotted lines indicate the flow of information, and solid lines show 

material flows. Since the supply chain is initiated by the order of the original equipment 

manufacturer (OEM), the operation of the supply chain is controlled by Firm A, who receives 

the OEM order. The inventory status of Firm B, C, and D are sent to Firm A because Firm A 

controls the order quantity of yarns, amount of weaving, and finishing and dyeing. In the 

textile supply chain in Figure 8, there are two stages: (1) control of inventory level with a 

build-to-stock policy and (2) a cutting and sewing process based on a build-to-stock policy 

and OEM orders. Firm A controls the dyed cloth inventory with (s, Q) model, and the grey 

cloth and yarns inventory with (R, S) model. In (s, Q) model, a fixed amount Q are ordered 

whenever inventory drops to s, and in (R, S) model, every R period time, order is placed to 
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raise the inventory level to S. It takes ten days to deliver yarns, twenty days to weave grey 

cloth, two days to dye and finish, and the forecasting period of OEM order is 45 days.  

Tseng et al. established feedback structures with the echelon stock policy and the 

installation stock policy to compare the effects. They simulated the responses of each model 

on OEM order of 400 yards at the beginning of every day and increased the order to 440 

yards at day sixty. As results of simulation, Tseng et al. found that an echelon stock policy is 

more stable than installation stock policy in time patterns of purchase rate of yarns.  

By applying Information technology (IT), both echelon and installation stock polices 

could reduce the oscillations in the yarn inventory. Moreover, a PID controller with no 

information technology could reduce the oscillations of purchasing rate. They suggested that 

if the members of a textile supply chain are not willing to pay additional cost for the 

information technology, applying a PID (proportional-integral-derivative) controller could be 

another solution to achieve better supply chain performance.  
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2.4. Markov Decision Processes and Information Sharing 
 
 Markov Decision Processes (MDPs) were used to find the optimal policies to 

maximize the overall profit for the supply chain models given in this research. MDPs are a 

combination of system states and state transitions. Howard (1960) stated the relation of states 

and transitions as “a system occupies a state when it is completely described by the values of 

variables that define the state. A system makes state transitions when its describing variables 

change from the values specified for one state to those specified for another.” Kaelbling et al. 

(1998) described MDPs as “a model of an agent interacting synchronously with the world.”   

Figure 2.4 shows the schematic interaction diagram between the world and the agent 

in MDPs. As shown in Figure 2.4, an agent gets information (input) from the world. Based 

on the information obtained, actions are generated, and these actions affect the state of the 

world.  

 

 

Figure 2.4. An MDP models the synchronous interaction between agent and world  
(Kaelbling et al., 1998) 
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Boutilier et al. (1999) stated that MDPs are models which make a decision under 

uncertainty. The objective of decision making of MDPs is “to maximize a cumulative 

measure of long-term performance,” which is also called the “return.” A finite MDP is a 

quadruple {S, A, T, R} where S is a finite set of states, A is a finite set of actions, T(s, s’, a) is 

a probability of transitioning from state s to s’ with action a, and R(s, a) is the numerical 

reward model by choosing action a in state s (Wei, 2005, Ferns et al., 2006). MDPs assume 

that the current state is completely known without any noise or interruption of the systems 

(Williams et al., 2005). If the states of the system (i.e., the world) are not completely 

observable by the agent, these processes are called Partially Observable Markov Decision 

Processes (POMDPs), which are extended processes of MDPs (Cao and Guo, 2004). A 

POMDP is a tuple of {S, A, T, R, O, Z, λ, b0} where S, A, T, and R are the same as MDPs. 

While O is a set of observations, Z is the probability of those observations, λ is a geometric 

discount factor (0 ≤ λ ≤ 1), and b0 is an initial belief state. Restricted Observation Markov 

Decision Processes (ROMDP) are a special case of POMDPs. In ROMDPs, state spaces are 

partitioned and a single observation is mapped to each partition. A ROMDP is a tuple of {S, 

A, T, R, Z, G} where S, A, T, R, and Z are the same as MDPs, while G is the mapping 

function from a state to a single observation. In ROMDPs, a decision is made based on the 

current observation (Wei, 2005). Table 2.6 compares MDPs, POMDPs, and ROMDPs, 

respectively. 
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Table 2.6. Comparison of different types of Markov Decision Processes 
 

Process Model Observation Current state and decision making 

MDP {S, A, T, R} Full Completely observable. 

POMDP {S, A, T, R, O, Z, λ, b0} Indirect 
Unable to observe. 

Estimate it from its previous 
experience (Belief state) 

ROMDP {S, A, T, R, Z, G} Partitioned 
Unable to observable. 

Partitions state space, same action 
applied to all states in a partition 
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2.4.1. Models under Investigation 
 
 In the previous section, MDPs were explained and this methodology will be used to 

analyze information sharing. There are four possible types of information sharing models in 

the two-stage supply chain model: no information sharing, one-way information sharing 

(either supplier to retailer or retailer to supplier), and two-way information sharing.   

Figure 2.5 depicts these four types of information sharing models. The different types 

of models require a different type of MDP agents: In Model I (full information sharing, see 

Figure 2.5 − (a)), the supplier and retailer share their inventory information. Both supplier 

and retailer’s agents observe the entire state of the system. This is a special Decentralized-

ROMDP model. After a centralized decision is made by an equivalent centralized agent, 

decentralized decisions of supplier and retailer’s agents can be derived. In Model II (see 

Figure 2.5 − (b)), only the supplier’s inventory information is shared. Retailer’s agent 

observes the entire state of the system (MDP agent), while supplier’s agent only observes 

local state of the system (ROMDP agent). In Model III (see Figure 2.5 − (c)), only the 

retailer’s inventory information is shared. Retailer’s agent is ROMDP agent and supplier’s 

agent is MDP agent in this model. Model IV (no information sharing, see Figure 2.5 − (d)) 

requires a ROMDP agent for the supplier (apparel producer) and a ROMDP agent for the 

retailer (retail store). Since there is no information sharing between the supplier and retailer, 

these two agents make decisions by observing the demand of the final customer and his/her 

own level of inventory. Model I can be solved optimally using Howard’s procedure (Howard, 

1960). Model II through Model I V can be solved using algorithm introduced by Wei (2005).  
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(a) Model I: two-way information sharing 
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(b) Model II: one-way information sharing 
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(c) Model III: one-way information sharing 
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(d) Model IV: no information sharing 

 
Figure 2.5. Information sharing models 
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Wei (2005) studied the effects of information sharing in two-stage and three-stage 

supply chain model. In addition, he found that both full information sharing model (Model I, 

see Figure 2.5 – (a)) and one-way information sharing of retailer’s inventory information 

(Model III, see Figure 2.5 − (c)) increased the total profit of the chain. Meanwhile, total 

profit of one-way information sharing of supplier’s inventory information (Model II, see 

Figure 2.5 − (b)) was same as no information sharing model (see Figure 2.5 − (d)). In this 

research, to verify the effects of sharing inventory information, Models I and IV in Figure 2.5 

were compared in a two-stage supply chain model. 

 
  



47 
 

2.4.2. Methodology to Solve Model I 
 

Model I can be optimally solved using Howard’s procedure (Howard, 1960). In an N-

state MDP, the model expects to earn rij by transitioning from state i to state j, where rij is the 

amount of the “reward” associated with a transition from state i to state j. This reward is “a 

random variable with a probability distribution governed by the probabilistic relations of the 

Markov process.” The expected total earnings are obtained by Equation (19).  

∑
=

==−+⋅=
N

j
jijiji nNinvrpnv

1
,3,2,1,,2,1)]1([)( LL                        (19) 

Where, )(nvi is the expected total earnings in the next n transitions if the system is now in 

state i. ijp  is a conditional probability that a system which is in a state i will move to a state j 

after its next transition, and ijr  is the reward of the system. As shown in Equation (19), if the 

system transitions from state i to state j, the system is expected to earn ijr  plus the expected 

amount of starting in state j with one move fewer remaining. Equation (19) can be rewritten 

as Equation (20) below and by introducing Equation (21), Equation (19) is rewritten as 

Equation (22), where iq  in Equation (21) is the expected immediate reward for state i. 
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 If there are k possible alternatives (policies) from state i, Equation (21) is rewritten as 

Equation (23).  
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Then an optimal policy is obtained by the value iteration equation as below: 
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Howard’s policy-iteration method has two parts: the value-determination operation 

and the policy-improvement routine.  

 

 

The Value-Determination Operation 

 Define )(nvi  as the total expected reward of the system starting from state i with 

known policy, then )(nvi  follows Equation (22). If the given system is a completely ergodic 

Markov process, then )(nvi has the asymptotic form in Equation (25): 

 
              ,,...,2,1)( Nivngnv ii =+=                                            (25) 

where ∑
=

⋅=
N

i
ii qg

1
π and iπ  is the limiting state probabilities. 

Combining Equations (22) and (25), one can obtain Equation (26). 
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Since 1
1

=∑
=

N

j
ijp , Equation (26) can be summarized as 

Nivpqvg
N

j
jijii ,...2,1

1
=⋅+=+ ∑

=

                                 (27) 

If one solves the N linear simultaneous equations of Equation (27), the gain and 

relative values of the policy can be obtained.  

 

 

The Policy-Improvement Routine 

 If there is an optimal policy within stage n, the best alternative in the ith state at stage 

n + 1 can be found using Equation (24). For a large stage n, Equation (24) can be rewritten as  
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Since, 1
1

=∑
=

N

j
ijp , the “ng” term is independent of k. In order to find the k that maximizes iv , 

for each state i, the policy-improvement routine can be summarized in Equation (29).   
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Figure 2.6 shows the iteration cycle of Howard’s procedure. Wei (2005) introduced 

an algorithm to solve Model I optimally using Howard’s procedure. Figure 2.7 shows the 

schematic diagram to solve Model I. In Step 0, initialized policy ),...,,,( 210 Nγγγγγ =  was 

obtained for )(max a
iAai c∈=γ , where N is number of possible states, iγ  is the action chosen 
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for the system state i, A is the set of available action, and a
ic  is the immediate expected 

reward associated with transition from state i given action of a. Value-determination and 

policy-improvement routine in Figure 2.6 were applied in Step 1 and 2 to obtain optimal 

policy and gain of the system. Then the procedure was repeated until to find the optimal 

solution of the problem.  

 

 

 
Figure 2.6. The iteration cycle of Howard’s procedure (Howard, 1960) 
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Figure 2.7. Algorithm to solve Model I 
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2.4.3. Methodology to Solve Model IV 
 

Wei (2005) introduced an algorithm to solve ROMDP problems. Since there is no 

information sharing between supplier and retailer in this model, both supplier and retailer’s 

policies are relied on their own inventory information. In this algorithm, if either 

supplier/retailer’s policy was obtained, retailer/supplier’s best policy can be obtained 

accordingly. The optimal policy for the whole chain can be obtained after obtaining supplier 

and retailer’s optimal policies. In Step 0 and 1, supplier and retailer’s local optimal policies 

),...,,...,,( 10 ss Nz ααααα =  and ),...,,...,,( 10 rr Nz βββββ =  can be calculated using Equations 

(30) and (31), respectively. . Figure 2.8 shows the schematic diagram to solve Model I 

          ss
k

zSi iZAkz Izc is

ssssss
∈= ∑∈∈ ,maxarg )ˆ,(

)()(
βα                               (30)          

               rr
k

zSi iZAkz Izc ir

rrrrrr
∈= ∑∈∈ ,maxarg )ˆ,(

)()(
αβ                               (31)           

Where Is: set of the supplier’s inventory state 

 Ir: set of the retailer’s inventory state 

 As: set of the supplier’s action 

 Ar: set of the retailer’s action 

 As(k): admissible action set for the supplier with inventory k 

 Ar(k): admissible action set for the retailer with inventory k 

 Ss(zs): a partition of the state space S, given the supplier’s observation 

 Sr(zr): a partition of the state space S, given the retailer’s observation 

 α̂ : policy vector for the supplier based on its observation on the system state S 

 β̂ : policy vector for the retailer based on its observation on the system state S 
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),()*,( βαβα gg =

 
 

Figure 2.8. Algorithm to solve Model IV 
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CHAPTER 3. Policy Characterization of Two-stage Models 
 

Wei (2005) studied the value of information sharing by using Markov Decision 

Processes (MDP’s) to compare the optimal supply chain profit when inventory information is 

and is not shared. As an extension of his study, MDP’s are applied to a similar two-stage 

supply chain model. Based on the results obtained from the MDP’s optimal solutions, both 

the supplier and retailer’s inventory policies are characterized.   

In Section 3.1, the problem in this study is explained, including the cost structure and 

probability distribution of the final customers’ demand. While characterizing the policies for 

the supplier and the retailer, some standard inventory policies were applied, and they are 

detailed in Section 3.2. In Section 3.3, the supplier and retailer’s policies are characterized. 

Effects of changes in inventory policies with changes in cost structures are in Section 3.4. In 

Section 3.5, a neural network model is applied to model the decision variables in inventory 

polices for the supplier and retailer with all possible changes in the cost structures. 
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3.1. Problem Descriptions 
 

The model investigated in this chapter is a single-product, two-stage supply chain 

with an apparel producer (supplier) and a retail store (retailer). It is assumed that although 

inventory information may or may not be shared, both the apparel producer and retail store 

share demand distribution information of the final customer and changes in unit holding costs, 

setup costs per order, unit purchasing costs, and penalty costs. The lead-time is one week, 

and there are limits on capacities. The apparel producer’s production amount is limited by 

her inventory capacity. In addition, the retail store’s order cannot exceed her inventory 

capacity.  

Figure 3.1 details the event procedure of the apparel producer and the retail store. At 

the beginning of the period, inventory holding costs are incurred for both the apparel 

producer and the retail store. Based on the level of inventory remaining and the order policy 

applied, the apparel producer and the retail store may place an order to the raw material 

supplier and the apparel producer, respectively. The purchasing and set up costs are incurred. 

Then, the apparel producer starts to produce the product and ships them to the retail store, 

while the retail store observes the customer’s demand and attempts to satisfy it from 

inventory. If there is not sufficient inventory to fulfill the customer’s demand, a penalty cost 

is incurred. The orders placed at the beginning of the period arrive at the end of the period for 

the apparel producer and the retail store, and these are added to the inventory. There are no 

penalty costs for the apparel producer since we are looking at total supply chain cost and this 

cost would be internal to the supply chain. If the retail store’s order exceeds the inventory 

level of the apparel producer, the retail store’s order is not entirely satisfied without penalty 

costs for the apparel producer or back-orders. 
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Figure 3.1. Event procedure 
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3.1.1. Cost Structure of Models 
 

This research uses available data from Agrawal et al. (2002) to estimate the cost 

structure of the apparel supply chain. In Agrawal et al.’s research (2002), a cost structure, 

which is not exact, but representative of disguised data, of the apparel industry can be 

obtained. Table 3.1 shows the cost structure from Agrawal et al.’s research (2002). The 

model is a two-stage apparel supply chain with a single apparel finishing facility that 

produces pocket tees (apparel producer) and a single retail store. Table 3.2 shows the cost 

structure of the model in this study. 

 
Table 3.1. Costs in Agrawal et al.’s research (Agrawal et al., 2002) 

 
Category Costs Unit 

Pocket tee unit production cost 6.39 Dollars 

Storage capacity 1000 Cartons 

Storage cost (supplier) 2.00 Per carton/week 

Unit selling price 15.60 Dollars 

Units per carton 60.00 Piece 

Retailer’s holding cost 2.70 Per carton/week 

Fabric requirement 0.72 Yard/unit 

Fabric cost 2.80 Per yard 
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Table 3.2. Base case costs for our model 
 

Cost Unit cost Remarks 

AP’s unit holding cost (Hs) $2.095 Inventory carrying rate of 18% 

RS’s unit holding cost (Hr) $3.24 Inventory carrying rate of 18% 

AP’s penalty cost (Ls) $0.00 Not applied 

RS’s penalty cost (Lr) $936.00 Lost sales 

AP’s setup cost per order (Fs) $50.28 Q* = 12 

RS’s setup cost per order (Fr) $77.76 Q* = 12 

AP’s unit purchasing cost (Ws) $120.96 = 0.72 yard/unit ×$2.80 / yard × 60 unit 

RS’s unit purchasing cost (Wr) $605.23 = (Ws + $6.39 /unit × 60 unit) × 1.20 

Sales price (Price) $936.00 = $15.60 /unit × 60 unit 
* AP: Apparel producer RS: Retail store 
 
 

From Agrawal et al.’s research, the unit of production is a carton, which has 60 

pocket tees. In addition, both the apparel producer and the retail store review their inventory 

every week. The apparel producer and the retail store’s unit holding costs are $2.00 and 

$2.70 /carton/week, respectively. In their research, the retail store’s unit holding cost is 

calculated using the inventory carrying rate of 15%. However, in the textile and apparel 

sector, an inventory carrying rate of 18% is more commonly used (Weil, 2006). Because of 

this, an 18% inventory carrying rate is used for both the apparel producer and the retail store. 

The holding costs for the apparel producer and the retail store are therefore calculated as Hs = 

($605.23/carton × 0.18) / 52 weeks = $2.095/carton/week, and Hr =  ($936.00/carton × 0.18) 

/ 52 weeks = $3.24/carton/week. 

The retail store’s penalty cost is assumed to be only the cost of lost sales ($936.00). 

The apparel producer’s unit purchasing cost is the cost of purchasing fabrics for production. 

From Table 3.1, the fabric cost is $2.80 per yard and 0.72 yards of fabric is needed to 
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produce a single pocket tee. Thus the unit purchasing cost for the apparel producer can be 

calculated as: 0.72 yard/unit ×$2.80 / yard × 60 unit = $120.96/carton. The apparel 

producer’s cost of producing a single pocket tee is $6.39. It is assumed that by producing 

pocket tees, the apparel producer obtains a 20% margin of the total cost spent. So, the retail 

store’s unit purchasing cost can be calculated as: ($120.96/carton + $6.39 /unit × 60 

unit/carton) × 1.20 = $605.23/carton. No literature is found that explained the setup costs in 

the apparel supply chain. Therefore, the EOQ model is used to compute the setup costs for 

the apparel producer and the retail store. The weekly demand of the pocket tees is assumed to 

be three cartons in this research. Thus, the setup costs are calculated based on an order 

quantity of 12 cartons, which is approximately a monthly replenishment. Let Qs and Qr be the 

apparel producer and retail store’s EOQ, respectively, and let Fs and Fr be the apparel 

producer and the retail store’s setup costs per order, respectively.  EOQ formulations for the 

apparel producer and retail store are shown in Equations (32) and (33) (Render et al., 2003):  

 

              
52095.2

15622*
×
××

== s
s

F
h
DCQ , 

5224.3
15622*

×
××

== r
r

F
h
DCQ                  (32)        

Where, D is the annual demand in units for the inventory item, C is the ordering cost, and h is 

the holding cost per unit per year. Letting Qs* = Qr* = 12, yields  

 

           28.50$
1562
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×
×

×= ss QF , 76.77$
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×
×

×= rr QF               (33) 
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3.1.2. Probability Distribution of Demand 

 Prior research done by Davis (2004) and Wei (2005) indicates that the effects of 

inventory information sharing are highly related to the demand uncertainty. If the uncertainty 

of the final customers’ demand is increased, sharing inventory information is more valuable 

than not sharing. RIV (Relative Information Value) is used to measure the effects of 

information sharing. The RIV can be calculated using Equation (34). 

(%)100)(
×

−
=

NIS

NISIS

Gain
GainGainRIV                                       (34) 

where GainIS and GainNIS represent the total system gain of the information sharing and the 

no information sharing models, respectively. 

Moreover, the uncertainty of the final customers’ demand also affects the amount of 

inventory. Higher demand uncertainty requires more inventory capacity due to the increase in 

safety stock. The coefficient of variation (CV) is one of the measures reflecting the 

uncertainty of demand. Although there are many measures in statistics, most of them use a 

scale of measurement, such as the arithmetic mean, variance, etc. The CV removes scales and 

shows how the demand varies based on the mean value (Dow, 1975). CV can be obtained by 

Equation (35).  

(%)100×=
μ
σCV                (35) 

 In this research, a discrete-type truncated normal distribution is applied to remove the 

occurrence of the negative values in a normal distribution. The demand probabilities are 

calculated using Equation (36) (Olive, 2007).  
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where, )( yfY  is the pdf of Y,  Y is a truncated normal TN (μ, σ2, a, b) random variables, a 

and b are lower and upper limits, respectively, and )(],[ yI ba  is the indicator function in 

Equation (37). 

⎩
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⎧ ≤≤

=
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byaif
yI ba 0

1
)(],[                (37) 

  The mean of the final customers’ demand is set as three cartons per week, and the 

CV’s of the demand are set as 0 (deterministic), 0.25, 0.5, 0.75, and 1. For CV’s of 0.25 to 

0.75, truncated normal distributions are applied. It is not possible to obtain a CV higher than 

0.8 using the truncated normal distribution. Therefore, an exponential distribution is applied 

for a CV of 1 to obtain the probability of each level of demand.  

Figure 3.2 shows the demand distributions of this research. In general, a basic apparel 

item such as hosiery has a smaller CV as compared to fashion and seasonal apparel products 

which typically have higher CV’s. The exact probabilities of each demand pattern are listed 

in Table 3.3.  
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Figure 3.2. Demand distribution 
 
 

Table 3.3. Demand probabilities with mean of three 
 

                 CV 
Demand 0.00 0.25 0.50 0.75 1.00 

0 0.0000 0.0002 0.0320 0.1418 0.2392 
1 0.0000 0.0163 0.1343 0.1723 0.1741 
2 0.0000 0.2210 0.2219 0.1613 0.1364 
3 1.0000 0.5263 0.2529 0.1433 0.1069 
4 0.0000 0.2210 0.1988 0.1209 0.0838 
5 0.0000 0.0153 0.1078 0.0969 0.0656 
6 0.0000 0.0000 0.0403 0.0737 0.0514 
7 0.0000 0.0000 0.0104 0.0532 0.0403 
8 0.0000 0.0000 0.0018 0.0365 0.0316 
9 0.0000 0.0000 0.0000 0.0000 0.0247 
10 0.0000 0.0000 0.0000 0.0000 0.0194 
11 0.0000 0.0000 0.0000 0.0000 0.0152 
12 0.0000 0.0000 0.0000 0.0000 0.0119 

sum 1.00 1.00 1.00 1.00 1.00 
mean 3.00 3.00 3.00 3.00 3.00 
SD 0.00 0.75 1.50 2.25 3.00 
CV 0% 25% 50% 75% 100% 
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3.2. Standard Inventory Policies using Policy Characterization 
 

After obtaining the MDP’s optimal results, the apparel producer and the retail store’s 

inventory policies are characterized using standard known policies. To explain the apparel 

producer and retail store’s inventory policies, the policy matrix (see Figure 3.3) is introduced.  

In Figure 3.3, each column indicates the inventory level of the retail store, while each 

row indicates the inventory level of the apparel producer, where a, b, …, p are integer 

numbers of amounts of orders for either the apparel producer or the retail store. Cs and Cr are 

the apparel producer and retail store’s capacity, respectively.  

 
 Retail store’s level of inventory 
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 0 1 2 … Cr 
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: : : :  : 
Cs m n o … p 

 
Figure 3.3. Policy matrix for the apparel producer and the retail store 

 

For example, let us assume that the given policy matrix in Figure 3.3 is the apparel 

producer’s policy matrix. If the apparel producer’s current inventory level is two, and the 

retail store’s inventory level is one, the policy matrix indicates that the apparel producer 

should order j units. If the apparel producer does not know the retail store’s current level of 

inventory, the rows in the policy matrix should be identical since the states are partitioned 

only based on the apparel producer’s current level of inventory (see Figure 3.4 – (a)). 
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Similarly, if the retail store does not know the apparel producer’s current inventory, the 

columns in the policy matrix should be identical (see Figure 3.4 – (b)). 
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(a) Apparel producer’s order amount using ROMDP agent 
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(b) Retail store’s order amount using ROMDP agent 

 
Figure 3.4. Policy matrix using ROMDP agent 

 
 

After obtaining characterized policies for the apparel producer and the retail store, a 

long run average expected gain of the whole supply chain can be obtained using Equation (19) 

in Section 2.4.2, and the results are compared with the MDP’s optimal results. Within the 

scope of this research, inventory policies are obtained by the policy characterization using 

standard policies: the (Q, r) policy, the (s, S) policy, and the Echelon stock (s, S) policy. 
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3.2.1. (Q, r) Policy 
 
 Under the (Q, r) policy, either a supplier or a retailer places an order of Q, whenever 

the inventory level drops to r, the reorder point. Usually, a higher Q leads to a smaller 

number of replenishments; however, it also causes higher levels of inventory. The reorder 

point, r, can affect stock outs as well as inventory levels. A higher r causes higher levels of 

inventory but reduces the probability of a stock out. The optimal levels of Q and r are 

dependent on both cost and customer service (Hopp and Spearman, 2000). The (Q, r) policy 

for the apparel producer and the retail store in this study is represented as shown in Figure 

3.5.  

In the scenarios investigated in this research, if the apparel producer does not receive 

the inventory information of the retail store, the (Q, r) policy is applied with r equal to zero, 

which indicates that the apparel producer places an order of Q to its raw material supplier 

only if there is no inventory remaining. However, the retail store always applies a (Q, r) 

policy regardless of whether or not the retail store knows the apparel producer’s inventory 

level. 
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 0 1 2 … Cr 

0 Q Q Q  Q 

1 Q Q Q  Q 

: : : :  : 

r Q Q Q  Q 

r+1 0 0 0  0 

: : : :  : 

Cs 0 0 0  0 
 

(a) Apparel producer’s (Q, r) policy 
 

 0 1 … r r+1 … Cr 

0 Q Q … Q 0 … 0 

1 Q Q … Q 0 … 0 

2 Q Q … Q 0 … 0 

: : :  : :  : 

Cs Q Q … Q 0 … 0 
 

(b) Retail store’s (Q, r) policy 
 

Figure 3.5. (Q, r) policies for the apparel producer and the retail store 
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3.2.2. (s, S) Policy 
 
 The (s, S) policy is an extension of the (Q, r) policy. In an (s, S) policy, if the level of 

inventory is less than s, an order is placed that bring the level of inventory up to S (Sethi and 

Cheng, 1995). Under the (s, S) policy, the order amount is S – s compared with Q in the (Q, r) 

policy. Figure 3.6 shows the apparel producer and retail store’s (s, S) policies.  

 
 0 1 2 … Cr          
0 S S S  S          
1 S-1 S-1 S-1  S-1   0 1 … s s+1 … Cr 
: : : :  :  0 S S-1 … S-s 0 … 0 
s S-s S-s S-s  S-s  1 S S-1 … S-s 0 … 0 

s+1 0 0 0  0  2 S S-1 … S-s 0 … 0 
: : : :  :  : : :  : :  : 

Cs 0 0 0  0  Cs S S-1 … S-s 0 … 0 
 

(a) Apparel producer’s (s, S) policy                           (b) Retail store’s (s, S) policy 
 

Figure 3.6. (s, S) policies for the apparel producer and the retail store 
 

 
 Within the scope of this research, an (s, S) policy is applied under specific 

circumstances for the apparel producer and the retail store. Because of the computational 

limits of the problems tested, the maximum level of inventory capacity for the apparel 

producer and retail store are set to 50 and 65, respectively. If the maximum level of inventory, 

Q + r in the (Q, r) policy, is larger than the capacity, an (s, S) policy is combined with a (Q, r) 

policy to form the overall optimal policy. In these cases, S is equal to the inventory capacity 

and s equals to r in the (Q, r) policy. Figure 3.7 shows the combined (Q, r) and (s, S) policy. 
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 0 1 2 … Cr 
0 Q Q Q … Q 
1 Q Q Q … Q 
: : : :  : 
i S-i S-i S-i … S-i 

i+1 S-(i+1) S-(i+1) S-(i+1) … S-(i+1) 
: : : :  : 
r S-r S-r S-r … S-r 

r+1 0 0 0 … 0 
: : : :  : 

Cs 0 0 0 … 0 
 

(a) Apparel producer’s combined (Q, r) and (s, S) policy 
 
 

 0 1 … i i+1 … r r+1 … Cr 
0 Q Q … S-i S-(i+1) … S-r 0 … 0 
1 Q Q … S-i S-(i+1) … S-r 0 … 0 
2 Q Q … S-i S-(i+1) … S-r 0 … 0 
: : :  : :  : :  : 

Cs Q Q … S-i S-(i+1) … S-r 0 … 0 
 

(b) Retail store’s combined (Q, r) and (s, S) policy 
 

Figure 3.7. Combined (Q, r) and (s, S) policy 
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3.2.3. Echelon Stock Policy 
 
 This policy is observed when the apparel producer obtains information from the retail 

store. An installation stock policy or an echelon stock policy is as an optimal policy when 

inventory information is shared among members in a supply chain (Axsäter and Rosling, 

1993). The installation stock policy places an order only if there is a change in the 

installation inventory position. Any changes in the inventory of either the apparel producer or 

the retail store can affect the amount of the order placed for the next period in an echelon 

stock policy.  

In the policy characterization, an echelon stock (s, S) policy is observed when the 

apparel producer obtains the retail store’s inventory information. Figure 3.8 shows the policy 

matrix of the echelon stock (s, S) policy.  

 

   0 1 2 … s-1 s s+1 … Cr 

0 S S-1 S-2 … S-(s-1) S-s 0 … 0 

1 S-1 S-2 S-3 … S-s 0 0 … 0 

2 S-2 S-3 S-4 … 0 0 0 … 0 

: : : :  : : :  : 

s-1 S-(s-1) S-s 0 … 0 0 0 … 0 

s S-s 0 0 … 0 0 0 … 0 

s+1 0 0 0 … 0 0 0 … 0 

: : : :  : : :  : 

Cs 0 0 0 … 0 0 0 … 0 

 
Figure 3.8. Policy matrix of an echelon stock (s, S) policy 
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The echelon stock (s, S) policy applied in this research has a special form, which will 

be denoted as an echelon (i, s, S) policy. In an echelon (i, s, S) policy, the apparel producer 

places an order only if its inventory is less than a specific level, i, which is strictly less than s 

(see Figure 3.9). Moreover, if the inventory capacity is not a constraint, i is equal to zero. 

This means that the apparel producer places an order to its raw material supplier only if it has 

no inventory on hand. Therefore, the order quantity of the apparel producer, S – s, only 

depends on the retail store’s inventory level observed (see Figure 3.10). 

 

 0 1 2 … s-i s-(i+1) … s-1 s s+1 … Cr

0 S S-1 S-2 … S-(s-i) S-(s-i-1) … S-(s-1) S-s 0 … 0 

1 S-1 S-2 S-3 … S-(s-i-1) S-(s-i) … S-s 0 0 … 0 

2 S-2 S-3 S-4 … S-(s-i) S-(s-i+1) … 0 0 0 … 0 

: : : : : : :  : : :  : 

i-1 S-(i-1) S-i S-(i+1) … S-(s-1) S-s … 0 0 0 … 0 

i S-i S-(i+1) S-(i+2) … S-s 0 … 0 0 0 … 0 

i+1 0 0 0 … 0 0 … 0 0 0 … 0 

: : : : : : : … 0 0 0 … 0 

s 0 0 0 … 0 0 … 0 0 0 … 0 

: : : : : : :  : : :  : 

Cs 0 0 0 … 0 0 … 0 0 0 … 0 

 
Figure 3.9. Policy matrix of an echelon stock (i, s, S) policy 
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 0 1 2 … s-1 s s+1 … Cr 

0 S S-1 S-2 … S-(s-1) S-s 0 … 0 

1 0 0 0 … 0 0 0 … 0 

: : : :  : : :  : 

s 0 0 0 … 0 0 0 … 0 

: : : :  : : :  : 

Cs 0 0 0 … 0 0 0 … 0 
 

Figure 3.10. Policy matrix of an echelon stock (i, s, S) policy with i = 0 
 

 
A combined echelon stock [(i, Q, r) + (i, s, S)] policy can be observed in the policy 

characterization when there are changes in cost structure. In this policy, if the sum of the 

apparel producer and the retail store’s inventory is less than some value, r, the apparel 

producer orders Q, which is equal to S – (r + 1). However, if the sum of the apparel producer 

and the retail store’s inventory is larger than r, corresponding apparel producer’s policy is an 

echelon stock (s, S) policy (see Figure 3.11). In this case, Q is smaller than the apparel 

producer’s inventory capacity, and r is strictly less than s. 

 0 1 … r r+1 r+2 … s-1 s s+1 … Cr 

0 Q Q … Q S-(r+1) S-(r+2) … S-(s-1) S-s 0 … 0 

1 0 0 … 0 0 0 … 0 0 0 … 0 

: : :  : : : : : : :  : 

s 0 0 … 0 0 0 … 0 0 0 … 0 

: : :  : : : : : : :  : 

Cs 0 0 … 0 0 0 … 0 0 0 … 0 
 

Figure 3.11. Policy matrix of a combined echelon [(i, Q, r) + (i, s, S)] policy with i = 0 
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3.3. Policy Characterization of Base Models 
 
 The apparel producer’s and the retail store’s inventory policies for the base models 

will be characterized in this section. The methodology to obtain the characterized policies is 

explained in Appendix A. The base models are defined as the models using the cost structure 

defined in Table 3.2 with mean of three and five levels of CV (0, 0.25, 0.5, 0.75, and 1). Prior 

research done by Wei (2005) showed that the inventory capacity affects the total gain of the 

supply chain. If either the apparel producer’s or the retail store’s inventory capacity increases, 

the total expected gain of the system also increases until capacity is no longer a constraint. 

This means that inventory capacity is one of the factors affecting the policies for the apparel 

producer and the retail store. To remove this effect, different capacities for the apparel 

producer and the retail store are investigated and corresponding system gains are observed.  

Figure 3.12 shows that if the inventory capacity is larger than some level, the RIV 

does not change. Furthermore, the RIV is larger for higher CV which shows that sharing 

inventory information is more beneficial when demand is more uncertain. In addition, the 

long run average gain per week is increased up to specific levels of capacity for both the no 

information sharing models and the information sharing models (see Figure 3.13). It can be 

concluded that if the inventory capacity is larger than some level, i.e. 39×39 (apparel 

producer’s capacity × retail store’s capacity) for a CV of one, the gain of the whole chain is 

not affected by an increase in inventory capacity. In Section 3.4, changes in costs will be 

investigated. Some experiments are performed and revealed that setting the capacity to 

50×50 would ensure that capacity is not a constraint in the problem. Hence, the capacity is 

set to 50×50 for all problems investigated in Chapter 3. 
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Figure 3.12. Effects of capacity on the RIV 
 

 
 

(a) Information sharing models 

 
 

(b) No information sharing models 
 

Figure 3.13. Effects of capacity on the long run average gain per week 
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Table 3.4 shows the results of the policy characterization on the base models. The 

policies in Table 3.4 will be denoted as base policies throughout the rest of this chapter. 

 
Table 3.4. Policy characterization of base models 

 

CV 
Apparel producer Retail store 

NIS IS NIS IS 

0 
(Q ,r) 

Q = 21 
r = 0 

Echelon (i, Q, r) 
i = 0 

Q = 15 
r = 6 

(Q ,r) 
Q = 15 
r = 3 

(Q ,r) 
Q = 15 
r = 3 

0.25 
(Q ,r) 

Q = 21 
r = 0 

Echelon (i, s, S) 
i = 0 

s = 11 
S = 25 

(Q ,r) 
Q = 14 
r = 7 

(Q ,r) 
Q = 18 
r = 7 

0.5 
(Q ,r) 

Q = 21 
r = 0 

Echelon (i, s, S) 
i = 0 

s = 14 
S = 29 

(Q ,r) 
Q = 13 
r = 10 

(Q ,r) 
Q = 21 
r = 10 

0.75 
(Q ,r) 

Q = 11 
r = 0 

Echelon (i, s, S) 
i = 0 

s = 17 
S = 32 

(Q ,r) 
Q = 21 
r = 13 

(Q ,r) 
Q = 24 
r = 13 

1 
(Q ,r) 

Q = 13 
r = 0 

Echelon (i, s, S) 
i = 0 

s = 23 
S = 37 

(Q ,r) 
Q = 16 
r = 17 

(Q ,r) 
Q = 25 
r = 18 

 

Figure 3.14 shows a policy map for the no information sharing models and the 

information sharing models with different levels of CV. In Figure 3.14, each box indicates 

the decision variables for the given policies, and each color indicates the different types of 

inventory policy applied. 
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Figure 3.14. Policy map for base models 
 

In the no information sharing models, the best policies for the apparel producer and 

the retail store are (Q, r) policies. In addition, the apparel producer’s reorder point, r, is equal 

to zero. The apparel producer’s ordering decision is not affected by the CV if it is less than or 

equal to 0.5. In this situation, the apparel producer always places an order of 21 units when 

he does not have any inventory. In contrast, if the CV is larger than 0.5, the order amount is 

smaller (i.e., 11 for CV = 0.75, and 13 for CV = 1). The retail store’s reorder point, r, 

increases with an increase in the CV. The retail store needs safety stock to reduce stock outs, 

and the amount of safety stock should increase with an increase in CV (see Table 3.5). 

In the information sharing models, the apparel producer’s best policy is either the 

echelon stock (i, Q, r) policy or the echelon stock (i, s, S) policy. The echelon stock (i, Q, r) 

policy is only observed in the deterministic demand model (CV = 0). An echelon stock (i, s, S) 

policy is the best policy for the probabilistic demand models. The retail store’s best policy is 
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the (Q, r) policy. For the retail store, both Q and r are increased with an increase in the CV. 

Again the retail store increases its safety stock when the CV increases to prevent stock outs 

due to demand uncertainty (see Table 3.5). 

 
Table 3.5. The retail store’s safety stock 

 

CV 
No information sharing Information sharing 

r SS r SS 
0 3 0 3 0 

0.25 7 4 7 4 
0.5 10 7 10 7 
0.75 13 10 13 10 

1 17 14 18 15 
 

Table 3.6 compares the long run average gain per week from applying the optimal 

MDP policies and the characterized policies represented by the policy map in Figure 3.14. It 

can be concluded that from the very small differences in Table 3.6, the characterized policies 

are near-optimal policies. 

Table 3.6. Comparison of gains between the MDP and base policy models 

CV 
No information sharing Information sharing 

MDP Base % Diff MDP Base % Diff 
0 $2,375.43 $2,375.43 0.0000% $2,384.05 $2,384.05 0.0000%

0.25 $2,360.04 $2,360.03 0.0004% $2,369.01 $2,368.98 0.0013%
0.5 $2,349.10 $2,349.08 0.0009% $2,359.57 $2,359.50 0.0030%
0.75 $2,339.66 $2,339.65 0.0004% $2,349.39 $2,349.36 0.0013%

1 $2,319.47 $2,319.47 0.0000% $2,329.27 $2,329.26 0.0004%
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3.4. Effects of Changing Costs 
 
 In this section, the relationship between the changes in cost structure and the 

characterized policies will be investigated. Most research performed on information sharing 

in a supply chain investigates the effects of information sharing in specific environments. No 

research investigates the relationship between changes in cost structure and changes in 

inventory policies. However, there are many uncertainties in the textile and apparel supply 

chain these days. These uncertainties are not limited to only the final customers’ demand but 

also to cost structure, such as labor cost, inventory holding costs, purchasing costs, setup cost, 

etc.  

Therefore, this research will explore the effect of cost changes in the characterized 

policies and determine when a policy change in the supply chain will occur. For this purpose, 

four cost variables are selected: unit holding costs, unit purchasing costs, set up costs per 

order, and penalty cost. Changes in the inventory policies for the apparel producer and the 

retail store will be investigated with changes in each cost.  
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3.4.1. Effects of Changing Unit Holding Costs 

3.4.1.1. Effects of changes in the apparel producer’s unit holding cost 
 

The apparel producer’s unit holding cost (Hs) is changed −30% to +30% from the 

value used in the base models ($2.10) in order to find the corresponding characterized 

policies for the apparel producer and the retail store. After MDP experimentation, the policy 

maps in Figure 3.15 are obtained.  

 

 
(a) Policy map for no information sharing 

 

 
(b) Policy map for information sharing 

 
Figure 3.15. Policy map for changes in apparel producer’s unit holding cost (Hs) 
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 As shown in Figure 3.15 – (a), in the no information sharing models, the apparel 

producer’s order quantities are decreased, and the retail store’s reorder point is increased 

when Hs is increased from $2.30 to $2.72 and the CV is 0 and 0.25. When Hs is increased 

from $2.10 to $2.30 and the CV is 0.5, the apparel producer decreases his order quantity, 

while the retail store increases its order quantity.  

In the information sharing models, the changes in policies from those of the base 

cases only occur when the apparel producers’ unit holding cost is increased from $2.30 to 

$2.72 for a CV of 0.25, 0.5, and 1. In these cases, the apparel producer’s s is decreased, while 

the retail store’s Q and r are increased (see Figure 3.15 – (b)).  

Table 3.7 compares the system gains when the apparel producer’s unit holding cost 

changes. Using the policy characterized for the specific problem (CHR) is compared to using 

the base policy (base) for that problem. By implementing the changes from the base policies 

in the parameters of the apparel producer’s and the retail store’s policies, the total gain of the 

system is slightly increased.  

 
Table 3.7. Gains for the base policy and the characterized policy for changes in Hs 

 

CV Model Hs base CHR % Increase 

0.00 NIS $2.72 $2,370.72 $2,370.91 0.0080% 

0.25 NIS $2.72 $2,354.64 $2,354.87 0.0098% 

0.50 NIS $2.30 $2,347.07 $2,347.36 0.0124% 

0.50 NIS $2.72 $2,342.85 $2,344.44 0.0678% 

0.25 IS $2.72 $2,366.59 $2,366.92 0.0139% 

0.50 IS $2.72 $2,356.95 $2,357.17 0.0093% 

1.00 IS $2.72 $2,326.01 $2,326.47 0.0198% 
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Although implementing the characterized policy instead of using the base policy 

when they differ does not significantly increase the total profit of the chain, some effects are 

observed. In the no information sharing models when using the characterized policies with 

higher Hs ($2.72), there are inventory reductions for the apparel producer when the CV is 

0.25 and 0.5 and an increase in inventory for the retail store when the CV is 0 and 0.25. This 

is shown in Figure 3.16.  

In the information sharing models, similar results are obtained as in the no 

information sharing models (see Figure 3.17). The apparel producer reduces his inventory by 

an average of 21.11% by using the characterized policies when Hs is $2.72. However, the 

retail store’s inventory is increased by an average of 3.67%.  

The apparel producer decreases his average inventory more by sharing information 

when using the characterized policies instead of the base policies. The apparel producer’s 

inventory reduction is 13.30% for the no information sharing models and 21.11% for the 

information sharing models. In contrast, the retail store’s average inventory is increased more 

for the no information sharing models when using the characterized policies instead of the 

base policies. There is an 8.80% increase in the no information sharing models and a 3.67% 

increase in the information sharing models. 
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(a) Apparel producer’s average inventory 
 
 

 
 

(b) Retail store’s average inventory 
 

Figure 3.16. Average inventory for the base and CHR policies  
in the no information sharing models when Hs is $2.72 
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(a) Apparel producer’s average inventory 
 

.  
 

(b) Retail store’s average inventory 
 

Figure 3.17. Average inventory for the base and CHR policies  
in the information sharing models when Hs is $2.72 
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3.4.1.2. Effects of changes in the retail store’s unit holding cost 
 

To find the characterized policies for changes in the retail store’s unit holding cost 

(Hr), Hr is changed −30% to +30% from the value used in the base models ($3.24). After 

MDP experimentation, the characterized policies for the apparel producer and the retail store 

are obtained as shown in Figure 3.18.  

 

 
(a) Policy map for no information sharing 

 

 
(b) Policy map for information sharing 

 
Figure 3.18. Policy map for changes in retail store’s unit holding cost (Hr) 
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In the no information sharing models, both the apparel producer and the retail store 

tend to decrease their order quantities (Q) when Hr increases. In the cases where the CV is 0, 

0.25, and 0.5, both the apparel producer’s and the retail store’s order quantities are decreased 

when Hr is raised from $3.56 to $4.21. The apparel producer’s and the retail store’s order 

quantities are increased when Hr is decreased from $2.92 to $2.27 and the CV is 0.25, 0.5, 

and 0.75. There is no policy change when the CV is one (see Figure 3.18 – (a)).  

As shown in Figure 3.18 – (b), in the information sharing models, when Hr is 

decreased from $2.92 to $2.27 and the CV is 0, 0.25, 0.5, and 0.75, the apparel producer’s S 

and the retail store’s Q are increased. There is no policy change when the CV is one. 

Table 3.8 compares the system gains when the retail store’s unit holding cost changes. 

Using the policy characterized for the specific problem (CHR) is compared to using the base 

policy (base) for that problem. By implementing the changes from the base policies in the 

parameters of the apparel producer’s and the retail store’s policies, the total gain of the 

system is slightly increased.  

 
Table 3.8. Gains for the base policy and the characterized policy for changes in Hr 

 
CV Model Hr base CHR % Increase 
0.00 NIS $4.21 $2,367.94 $2,368.76 0.0346% 
0.25 NIS $2.27 $2,369.99 $2,371.02 0.0434% 
0.25 NIS $4.21 $2,350.06 $2,350.35 0.0123% 
0.50 NIS $2.27 $2,361.59 $2,362.88 0.0546% 
0.50 NIS $4.21 $2,336.56 $2,336.72 0.0068% 
0.75 NIS $2.27 $2,355.05 $2,355.30 0.0106% 
0.00 IS $2.27 $2,392.78 $2,393.65 0.0363% 
0.25 IS $2.27 $2,380.71 $2,382.45 0.0730% 
0.50 IS $2.27 $2,374.49 $2,375.42 0.0392% 
0.75 IS $2.27 $2,367.19 $2,368.04 0.0359% 
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In the no information sharing models when using the characterized policies and Hr is 

$2.27, the apparel producer reduces his average inventory for smaller CV (0.25 and 0.5). The 

retail store increases its inventory by an average of 15.36% when using the characterized 

policies and Hr is $2.27 (see Figure 3.19). In the cases that the retail store’s unit holding cost 

is high ($4.21), by using the characterized policies, both the apparel producer and the retail 

store reduce their inventory by an average of 2.32% and 7.37%, respectively (see Figure 

3.20). 

 

 
 

(a) Apparel producer’s average inventory 
 

 

 
 

(b) Retail store’s average inventory 
 

Figure 3.19. Average inventory for the base and CHR policies  
in the no information sharing models when Hr is $2.27 
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(a) Apparel producer’s average inventory 
 

 

 
 

(b) Retail store’s average inventory 

Figure 3.20. Average inventory for the base and CHR policies  
in the no information sharing models when Hr is $4.21 

 
 

Similar results are obtained in the information sharing models when the retail store’s 

unit holding cost is $2.27. When using the characterized policies and Hr is $2.72, the retail 

store’s inventory is increased by an average of 15.62%, while the apparel producer decreases 

his inventory by an average of 13.76%. This is shown in Figure 3.21. 
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(a) Apparel producer’s average inventory 
 

 
 

(b) Retail store’s average inventory 
 

Figure 3.21. Average inventory for the base and CHR policies  
in the information sharing models when Hr is $2.27 

 
 

The apparel producer decreases his average inventory more by sharing information 

when using the characterized policies instead of the base policies. The apparel producer’s 

inventory reduction is an average of 5.86% for the no information sharing models and an 

average of 13.76% for the information sharing models. In contrast, the retail store’s inventory 

is increased almost the same in the no information sharing models and the information 

sharing models. This increase is 15.36% and 15.62%, respectively. 
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3.4.2. Effects of Changing Unit Purchasing Costs 
 

Changes in raw material (fabric) cost can affect the unit purchasing cost for the 

apparel producer (Ws), while changes in labor cost of the apparel producer can affect the unit 

purchasing cost for the retail store (Wr). These two costs do not affect the policies for the 

apparel producer and the retail store when they are changed −30% to +30% from the value 

used in the base models. An increase or a decrease in the apparel producer’s unit purchasing 

cost only affects the apparel producer’s gain (see Figure 3.22). Changes in the retail store’s 

unit purchasing cost only affect the retail store’s gain. Moreover, changes in the retail store’s 

unit purchasing cost do not affect the gain of the whole chain since the retail store’s unit 

purchasing cost is a transfer cost within the chain (see Figure 3.23).  
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Figure 3.22. Apparel producer’s gain with different Ws when CV is 0.5 

 
 

 
 

Figure 3.23. RIV with different Wr 
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3.4.3. Effects of Changing Setup Costs per Order 

3.4.3.1. Effects of changes in the apparel producer’s setup cost per order 
 
The effects of the apparel producer’s setup cost (Fs) will be investigated when Fs is 

changed −30% to +30% from the value used in the base models ($50.28). After MDP 

experimentation, the policy maps in Figure 3.24 are obtained.  

 
 

(a) Policy map for no information sharing 
 
 

 
 

(b) Policy map for information sharing 
 

Figure 3.24. Policy map for changes in apparel producer’s set up cost per order (Fs) 
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As shown in Figure 3.24 – (a), in the no information sharing models, the apparel 

producer’s and the retail store’s order quantities are decreased when Fs is decreased from 

$45.25 to $35.20 and the CV is 0, 0.25, and 0.5. In the information sharing models, the 

apparel producer’s characterized policies for higher CV (0.75 and 1) with higher Fs ($55.31 

and $65.37) are combined echelon [(i, Q, r) + (i, s, S)] policies. The apparel producer’s S and 

the retail store’s Q are increased when Fs is increased from $55.31 to $65.37 and the CV is 

0.25 and 0.5 (see Figure 3.24 – (b)).  

Table 3.9 compares the system gains when the apparel producer’s setup cost per order 

changes. Using the policy characterized for the specific problem (CHR) is compared to using 

the base policy (base) for that problem. By implementing the changes from the base policies 

in the parameters of the apparel producer’s and the retail store’s policies, the total gain of the 

system is slightly increased. However, these increases are smaller than those for other cost 

changes.  

 
Table 3.9. Gains for the base policy and the characterized policy for changes in Fs 

CV Model Fs base CHR % Increase 

0.00 NIS $35.20 $2,377.57 $2,377.58 0.0004% 

0.25 NIS $35.20 $2,362.18 $2,362.21 0.0013% 

0.50 NIS $35.20 $2,353.33 $2,353.51 0.0076% 

0.25 IS $65.37 $2,366.28 $2,366.45 0.0072% 

0.50 IS $65.37 $2,356.73 $2,356.95 0.0093% 
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3.4.3.2. Effects of changes in the retail store’s setup cost per order 
 

The retail store’s setup cost per order (Fr) is changed −30% to +30% from the value 

used in the base models ($77.76). After MDP experimentation, the characterized policies for 

the apparel producer and the retail store are obtained as shown in Figure 3.25. 

 
 

(a) Policy map for no information sharing 
 
 

 
 

(b) Policy map for information sharing 
 

Figure 3.25. Policy map for changes in retail store’s set up cost per order (Fr) 
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As shown in Figure 3.25, in the no information sharing models, changes in policies 

from those of the base cases occurs when Fr is decreased from $69.98 to $54.43 and the CV 

is 0, 0.25, and 0.5. In these cases, the apparel producer’s and the retail store’s order quantities 

are decreased. In the information sharing models, the apparel producer’s and the retail store’s 

order quantities are increased when Fr is increased from $85.54 to $101.09 for CVs of 0, 0.25, 

and 0.5. 

Table 3.10 compares the system gains when the retail store’s setup cost per order 

changes. Using the policy characterized for the specific problem (CHR) is compared to using 

the base policy (base) for that problem. By implementing the changes from the base policies 

in the parameters of the apparel producer’s and the retail store’s policies, the total gain of the 

system is slightly increased.  

 
Table 3.10. Gains for the base policy and the characterized policy for changes in Fr 

 
CV Model Fr base CHR % Increase 

0.00 NIS $54.43 $2,382.09 $2,382.84 0.0315% 

0.25 NIS $54.43 $2,366.69 $2,367.06 0.0156% 

0.50 NIS $54.43 $2,355.75 $2,356.10 0.0149% 

0.00 IS $101.09 $2,379.39 $2,379.57 0.0076% 

0.25 IS $101.09 $2,364.38 $2,365.55 0.0495% 

0.50 IS $101.09 $2,355.22 $2,355.45 0.0098% 
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The average apparel producer’s and retail store’s inventory reduction is 3.38% and 

9.42%, respectively, in the no information sharing models when using the characterized 

policies and Fr is $54.43 (see Figure 3.26). However, in the information sharing models, 

there is an inventory reduction for the apparel producer of 18.62% only when the CV is 0.25 

and Fr is $101.09 by using the characterized policies. The retail store’s inventory is increased 

by an average of 10.03% (see Figure 3.27). 

 

 
 

(a) Apparel producer’s average inventory 
 
 

 
 

(b) Retail store’s average inventory 
 

Figure 3.26. Average inventory for the base and CHR policies  
in the no information sharing models when Fr is $54.43 
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(a) Apparel producer’s average inventory 
 
 

 
 

(b) Retail store’s average inventory 
 

Figure 3.27. Average inventory for the base and CHR policies  
in the information sharing models when Fr is $101.09 
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3.4.4. Effects of Changing Retailer’s Penalty Cost 
 

In our base models, it is assumed that the penalty cost (Lr) is the same amount as the 

cost of a lost sale for the retail store. However, different levels of penalty costs for the retail 

store can be obtained by using the News vendor formula. The service level is defined as 

ou

u

kk
k

qdPqdP
qdPqdP

+
=

>+≤
≤

=≤
)()(

)()(               (38) 

where, d is the demand, q is the order amount, ku is the cost of having too little or a penalty 

cost, and ko is the cost of having too much or the value of the product (Gallien, 2002). Based 

on Equation (38), the penalty cost of the base models has a service level of 61.7%. Effects of 

changing the penalty cost will be investigated using different service levels. Table 3.11 

shows the different levels of the penalty cost for the retail store obtained by Equation (38).  

 
Table 3.11. Service level and retail store’s penalty cost 

 
SL k u = Lr k o= Wr 

90% $5,447.09 $605.23 

80% $2,420.93 $605.23 

70% $1,412.21 $605.23 

61.7%* $936.00 $605.23 

50% $605.23 $605.23 

40% $403.49 $605.23 

30% $259.39 $605.23 
          *: Service level from the base models 
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To find the effects of changing the penalty cost, service levels of 90%, 70%, 50% and 

30% are applied for the retail store along with the base model’s service level of 61.7%. After 

MDP experimentation, the characterized policies for the apparel producer and the retail store 

are obtained as shown in Figure 3.28. 

 

 
 

(a) Policy map for no information sharing 
 
 

 
 

(b) Policy map for information sharing 
 

Figure 3.28. Policy map for changes in retail store’s penalty cost (Lr) 
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For the deterministic demand (CV = 0), the penalty cost does not affect the policies 

for the apparel producer and the retail store in both the no information sharing and the 

information sharing models since there should be no stock outs if the demand is constant.  

In the no information sharing models, when Lr is increased from $1,412.21 to 

$5,447.09, the retail store’s reorder point is increased when the demand is probabilistic. In 

addition, the apparel producer’s policy is not changed, but the retail store increases its order 

quantities when the CV is 0.25 and 0.5. The apparel producer’s order quantity is increased, 

while the retail store’s order quantity is decreased when the CV is 0.5 and 0.75 (see Figure 

3.28 – (a)). In the information sharing models, the apparel producer’s s and S, and the retail 

store’s Q and r are increased when Lr is increased from $1,412.21 to $5,447.09 in all the 

cases except when the CV is 0 (see Figure 3.28 – (b)). 

Table 3.12 compares the system gains when the retail store’s penalty cost changes. 

Using the policy characterized for that specific problem (CHR) is compared to using the base 

policy (base) for that problem. By implementing the changes from the base policies in the 

parameters of the apparel producer’s and the retail store’s policies, the total gain of the 

system is slightly increased. In comparison to changing other costs, the increases in system 

gains by applying the characterized policies instead of the base policies are larger for changes 

in the retail store’s penalty cost.  
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Table 3.12. Gains for the base policy and the characterized policy for changes in Lr 
 

CV Model Lr base CHR % Increase 

0.25 NIS $5,447.09 $2,355.45 $2,358.11 0.1128% 

0.50 NIS $5,447.09 $2,341.79 $2,345.78 0.1704% 

0.75 NIS $5,447.09 $2,334.31 $2,336.33 0.0865% 

1.00 NIS $5,447.09 $2,304.17 $2,312.52 0.3611% 

0.25 IS $5,447.09 $2,366.58 $2,367.98 0.0591% 

0.50 IS $5,447.09 $2,353.22 $2,356.13 0.1235% 

0.75 IS $5,447.09 $2,339.42 $2,345.32 0.2516% 

1.00 IS $5,447.09 $2,318.00 $2,318.77 0.0332% 
 

Figure 3.29 compares the retail store’s average inventory and penalty cost when the 

base policies and the characterized policies are used in the no information sharing models. 

By using the characterized policies for changes in the penalty cost, the retail store increases 

its inventory to reduce or prevent stock outs. The retail store increases inventory an average 

of 9.61%, while reducing penalty costs by 82.70% by using the characterized policies instead 

of the base policies when Lr is $5447.09. In the information sharing models, the retail store’s 

inventory is increased by an average of 8.20% with a reduction in penalty costs of 63.56% by 

using the characterized policies for changes in the penalty cost (see Figure 3.30). Thus, using 

the characterized policies reduces the penalty cost more in the no information sharing models 

than the information sharing models. 
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(a) Retail store’s average inventory 

 

 
 

(b) Retail store’s penalty cost 
 

Figure 3.29. Retail store’s average inventory and penalty cost for the base and CHR policies 
in the no information sharing models when Lr is $5447.09 
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(a) Retail store’s average inventory 

 

 
 

(b) Retail store’s penalty cost 
 

Figure 3.30. Retail store’s average inventory and penalty cost for the base and CHR policies 
in the information sharing models when Lr is $5447.09  
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3.5. Policy Modeling using the Neural Network Approach 
 

The results from the policy characterization in the previous sections show that by 

changing inventory policies for the apparel producer and the retail store when there is cost 

change, total profit of the supply chain may be increased. In the previous sections, only a 

single cost is changed to find the relation between costs and inventory policies. In this section, 

multiple cost types will be changed, and the resulting inventory policies will be characterized 

using a neural network. As a result of this research, inventory policies for the apparel 

producer and the retail store can be characterized for more possible changes in the cost 

structure.  
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3.5.1. Neural Network Modeling 
 
 Artificial Neural Networks (ANNs) attempt to model a given problem according to 

the way the human brain works (Livingstone et al., 1997). ANNs transfer knowledge into a 

mathematical form by modeling how the human brain works, and obtain a mathematical form 

that can be applied to problem solving (Wu, 1997). Unlike decision trees or linear regression 

models, ANNs can model non-linear characteristic relationships of the input variables. 

However, ANNs do not provide a clear rule or relationship among variables (Livingstone et 

al., 1997). For these reasons, ANNs are usually applied to models where the results are more 

important than the relations. 

Neural networks have to be trained to model a particular problem. Neural networks 

commonly have three categories of training algorithms: fixed-weights, unsupervised, and 

supervised networks. There is no learning procedure for the fixed-weights networks. DACS 

(2006) describes supervised and unsupervised networks as follows:  

“Supervised training involves a mechanism of providing the network with 

the desired output either by manually "grading" the network's performance 

or by providing the desired outputs with the inputs. Unsupervised training 

is where the network has to make sense of the inputs without outside help.” 

 Since models in this research have the desired output, which are the parameters for 

the policies, supervised neural networks will be used. The neural network modeling is done 

using SAS JMP™ 7.0. A three-layer neural network with an input, an output, and a hidden 

layer with 14 hidden nodes will be used. The input layer has seven input neurons, which are 

mean demand, CV, Hs, Hr, Lr, Fs, and Fr. The output layer has three neurons, which are the 

apparel producer’s Q and the retail store’s Q and r, for the no information sharing models, 
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and four neurons, which are the apparel producer’s s and S and the retail store’s Q and r, for 

the information sharing models. The neural network structure will be discussed in more detail 

later. 

The number of hidden layers and hidden nodes greatly influences the performance of 

the model. If the number of hidden nodes is too small, the model can be underfitted. While if 

the number of hidden nodes is excessive, the model can be overfitted. It is common to have 

the number of hidden nodes be less than twice the number of input neurons. The number of 

hidden nodes will be determined by finding the number of hidden nodes that minimizes the 

sum of square errors (SSE) (Mashor, 1999).   

Using SAS JMP™ 7.0, the neural network will be trained using a set of training 

patterns (i.e. different cost structure problems). Twenty separate replications with a 

maximum of 50 iterations will be tested using a convergence criterion of 0.00001. The 

number of replications is the number of different random starting values. For each replication, 

iterations or training cycles will be performed until the convergence criterion is met, or 50 

iterations are reached and nonconvergence is reported. The convergence criterion is based on 

the relative change in the objective function. 
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3.5.2. Training Model for the Neural Network  
 

In the previous section, the neural network modeling was described. In order to train 

the supervised neural network, a series of training patterns consisting of input and output 

must be obtained. There are nine input variables in the two-stage supply chain models (see 

Table 3.2). However, only five of them (Hs, Hr, Lr, Fs, and Fr) affect the decision variables of 

the inventory policies based on the policy characterization. In addition, two more inputs, 

mean demand and a coefficient of variation (CV), can affect the inventory policies for the 

apparel producer and the retail store. The outputs of the model are the parameters of the 

inventory policies (s, S, Q, and r). In order to generate the training patterns for the ANNs, the 

methodology introduced by Wu (1997) is used instead of using a 3k factorial design. Table 

3.13 shows the parameter design for the seven inputs.  

 
Table 3.13. Input parameter design 

 
 Lowest Middle Highest 

Mean 3.00 4.00 5.00

CV 0.25 0.50 0.75

Hs $1.47 $2.10 $2.72

Hr $2.27 $3.24 $4.21

Lr $259.39 $936.00 $5,447.09

Fs $25.20 $50.28 $65.37

Fr $54.43 $77.76 $101.09
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For the sample training patterns, first, all seven variables are fixed at the middle 

values which will be called the “center” pattern. Then, all combinations of fixing the seven 

variables at the lowest and highest values are investigated, which provides 27 = 128 patterns. 

Each subset of six input variables is fixed at the middle value and the remaining variable is 

fixed at the lowest and the highest value, which obtains 2 levels × 7 inputs = 14 patterns. 

Finally, each subset of five input variables is fixed at the middle values while the remaining 

two variables are set at the lowest and the highest value, which is 
)!27(!2

!7
2
7

−⋅
=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
inputs × 2 

variables × 2 levels = 84 patterns. Overall, 227 (1 + 128 + 14 + 84) different input patterns 

are created and their corresponding MDP results are obtained. Then, these 227 patterns are 

characterized using the standard policies in Section 3.2.  

The gains from the characterized policies are compared to the MDP’s gain (see 

Appendix B). Tables 3.14 and 3.15 show the results of the ANOVA tests on gains obtained 

by the MDP and the characterized policies. Using an α = 0.05, the corresponding critical 

value is F0.05;1, 454 = 3.936. In the no information sharing models, since the test statistic (F = 

4.21E-05) is much smaller than the critical value (3.936), the null hypothesis that the MDP 

gains are equal to the gains obtained by the characterized policies cannot be rejected. In the 

information sharing models, the test statistic (F = 3.9E-06) is also much smaller than the 

critical value (F0.05;1, 452 = 3.936). Therefore, the null hypothesis that the MDP gains are equal 

to the gains obtained by characterized policies cannot be rejected in this case either.  
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In addition, p-values, “the probability of the test statistic being at least as extreme as 

the one observed given that the null hypothesis is true” (NIST, 2006), are high (0.994825 for 

the no information sharing models and 0.998426 for the information sharing models) enough 

to state that the null hypothesis cannot be rejected. Thus, the characterized policies for the 

227 patterns will be used to train the neural network. 

 
Table 3.14. Results of the ANOVA test on the training models for no information sharing 

 
Source SS DF MS F p-value 

Treatments 18.02769 1 18.02769 4.21E-05 0.994825 

Error 1.94E+08 454 428003.8  

Total  
 
 

Table 3.15. Results of the ANOVA test on the training models for information sharing 
 

Source SS DF MS F p-value 

Treatments 1.677886 1 1.677886 3.9E-06 0.998426 

Error 1.95E+08 452 430464.1  

Total 1.95E+08 453  
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3.5.2.1. No Information Sharing Models 
 

Table 3.16 shows the SSE and R2 as the number of hidden nodes increases from 1 to 

15. The best value obtained for the number of hidden nodes for the no information sharing 

models is 14. Table 3.17 shows the sum of square errors (SSE) and R2 of the obtained 

decision variables of the policy. The neural network is a good fit of the decision variables for 

the no information sharing models. Figure 3.31 shows the neural network structure obtained 

for the no information sharing models. 

 
Table 3.16. The sum of square errors (SSE) and R2 as the number of hidden nodes increase 

for the no information sharing models 
 

Hidden nodes R2 SSE 
1 0.3838 417.8033 
2 0.7247 186.6354 
3 0.8685 89.1687 
4 0.8712 87.3441 
5 0.9379 42.0963 
6 0.9309 46.8399 
7 0.9392 41.2318 
8 0.7558 165.5894 
9 0.9500 33.8904 
10 0.9587 27.9996 
11 0.7593 163.2032 
12 0.9755 16.5922 
13 0.7799 149.2548 
14 0.9794 13.9518 
15 0.9749 17.0260 
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Table 3.17. Results of fit for the training models for no information sharing 
 

Variables SSE R2 

Apparel producer’s Q 239.9476 0.9709 

Retail store’s Q 118.1797 0.9692 

Retail store’s r 118.3126 0.9804 
 
 

 
AP: Apparel producer  RS: Retail store 

 
Figure 3.31. Neural network model for the no information sharing models 
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However, the results obtained from the neural network are continuous and not integer 

numbers. Since the order amount must be integer, several different round off methods are 

used to find the model which minimizes the errors. Table 3.18 shows the round off methods 

with the corresponding SSE for the decision variables and the gain of the system. For the no 

information sharing models, round up is the best model for this set of data based on the SSE 

of the gain. 

 
Table 3.18. SSE for different types of round offs for no information sharing 

 

Type 
Apparel producer Retail store 

Gain 
Q Q r 

Round 312 127 89 80039021.72 

Round up 362 185 165 42216838.55 

Round down 361 190 154 87802255.61 
 

 
Table 3.19 shows the results of the ANOVA test on the gain of the system obtained 

by the MDP as compared to the neural network models. Although the test statistic (F = 

2.986327) is smaller than the critical value (F0.05;1, 452 = 3.937), the smaller p-value may 

cause one to reject the null hypothesis that the MDP gains are equal to the gains obtained by 

the characterized policies. 

 
Table 3.19. Results of the ANOVA test on gains obtained by the MDP and neural network 

for no information sharing 
 

Source SS DF MS F p-value 

Treatments 1521391 1 1521391 2.986327 0.084653 

Error 2.3E+08 452 509452.3  

Total 2.32E+08 453  
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If the apparel producer’s order quantity is larger than the retail store’s order quantity, 

the gain of the neural network model is not as close to that of the MDP model (see Figure 

3.32). This is due to the apparel producer’s policy in the no information sharing models. If 

the apparel producer’s order quantity (AP’s Q) is slightly larger than the retail store’s order 

quantity (RS’s Q), sometimes the retail store will receive an order amount equal to the 

difference between the apparel producer’s and the retail store’s order quantity (AP’s Q – 

RS’s Q), since the apparel producer places an order only when he does not have any 

inventory on hand. If this difference is less than the mean of the demand, the retail store may 

incur larger lost sales (see Figure 3.33).  

 

 
 

Figure 3.32. Percentage difference between the MDP and neural network gains for different 
relationships between the apparel producer and the retail store’s order quantity 
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Figure 3.33. Average percentage difference from the MDP when the difference  

between the apparel producer and the retail store’s order quantity changes 
 

 
To adjust for the effects of differences in order quantity between the apparel producer 

and the retail store, the apparel producer’s order quantity is set equal to the retail store’s 

order quantity. The resulting ANOVA test shows a better fit to the gains of the system (see 

Table 3.20). By using the adjusted models, the null hypothesis that the MDP gains are equal 

to the gains obtained by the neural network cannot be rejected. The percentage difference 

from the MDP is plotted in Figure 3.34. The average percentage difference between the MDP 

and the neural network model is 0.2242%, with the largest difference being 2.5679%. The 

equations used to obtain the decision variables for the apparel producer’s and the retail 

store’s policies are in Appendix C.1. 
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Table 3.20. Results of the ANOVA test on gains obtained by the MDP  
and adjusted neural network 

 
Source SS DF MS F p-value 

Treatments 4511.054 1 4511.054 0.010435 0.918682 

Error 1.95E+08 452 432305  

Total 1.95E+08 453  
 
 
 

 
Figure 3.34. Percentage difference between the MDP and adjusted neural network gains 
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3.5.2.2. Information Sharing Models 
 
Similar to the no information sharing models, the three-layer neural network with 

seven input neurons, four output neurons, and fourteen hidden nodes in the hidden layer is 

applied (see Table 3.21) Input neurons are the mean demand, CV, Hs, Hr, Lr, Fs, and Fr, while 

output neurons are the apparel producer’s s and S, and the retail store’s Q and r. Figure 3.35 

shows the neural network structure for the information sharing models which is similar to the 

no information sharing models.  

 
Table 3.21. The sum of square errors (SSE) and R2 as the number of hidden nodes increase  

in the information sharing models 
 

Hidden nodes R2 SSE 

1 0.8984 91.8775 
2 0.9513 44.0060 
3 0.9649 31.7091 
4 0.9537 41.8674 
5 0.9788 19.1287 
6 0.9788 19.1659 
7 0.9803 17.7712 
8 0.9857 12.9687 
9 0.9840 14.4930 
10 0.9868 11.9393 
11 0.9889 10.0434 
12 0.9900 9.0530 

13 0.9908 8.2882 

14 0.9912 7.9941 
15 0.9901 8.9609 
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The decision variables of inventory policies for the apparel producer and the retail 

store obtained by the neural network are very close to those values obtained using the policy 

characterization (see Table 3.22). Again, the results obtained from the neural network are 

continuous and not integer numbers. Therefore, different types of round off methods are 

applied to find the method which minimize the errors.  

 

 
AP: Apparel producer  RS: Retail store 

 
Figure 3.35. A neural network model for the information sharing models 
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Table 3.22. Results of fit for the training models for information sharing 
 

Variables SSE R2 

Apparel producer’s s 27.5751 0.9970 

Apparel producer’s S 126.7076 0.9910 

Retail store’s Q 93.9159 0.9867 

Retail store’s r 46.2378 0.9939 
 

 
Table 3.23 shows the round off methods and corresponding SSE for the parameters 

and gains of the system. For the information sharing models, round is the best model for this 

set of data based on the SSE of the gain.  

 
Table 3.23. SSE for different types of round offs for information sharing 

 

Type 
Apparel producer Retail store 

Gain 
s S Q r 

Round 56 140 134 67 36210.57 

Round up 150 191 180 142 38635.94 

Round down 133 204 207 145 42590.41 
 

 
Table 3.24 shows the resulting ANOVA tests on the gain of the system obtained by 

the MDP as compared to the neural network modeling. For the training patterns, the models 

obtained by the neural network fit very well when compared to the MDP gains. The null 

hypothesis that the MDP gains are equal to the policies obtained by the neural network 

cannot be rejected using the F-test and p-value. 
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Table 3.24. Results of the ANOVA test on gains obtained by the MDP  
and the neural network for information sharing 

 
Source SS DF MS F p-value 

Treatments 1.685188 1 1.685188 3.91E-06 0.998422 
Error 1.95E+08 452 430555.6  
Total 1.95E+08 453  

 
 

Figure 3.36 shows the percentage difference between the MDP and neural network 

gains. The average difference between the MDP and a neural network model’s gain is only 

0.0047% with the largest difference being 0.1943%. The equations used to obtain the 

decision variables of the policies by a neural network model are in Appendix C.2.  

 
 

 
Figure 3.36. Percentage difference between the MDP and neural network gains 
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3.5.3. Validation of the Neural Network Modeling 
 
 To validate the models obtained using the neural network, 100 random samples, 

whose costs are varied between the lowest and highest values in Table 3.13, are uniformly 

selected, and the policies for the apparel producer and the retail store are calculated using the 

equations in Appendix C. Then, the gains of each model (or sample) using the MDP 

experiments and the policy characterization by the neural network models are obtained (see 

Appendix D).  

Tables 3.25 and 3.26 show the results of the ANOVA test on system gains of the 

MDP and the neural network models. ANOVA tests on both the no information sharing and 

the information sharing models cannot reject the null hypothesis that the MDP gains are 

equal to the gains obtained using the neural network because of the high p-values. Figures 

3.37 and 3.38 plot the percentage differences between the gains obtained using the MDP and 

the neural network models. In the no information sharing models, the average difference 

between the MDP and the neural network model’s gain is 0.1830%, with the largest 

difference being 2.0685%. In the information sharing models, these values are much smaller 

than the no information sharing models. The average difference is 0.0017%, and the largest 

difference is 0.2885%.   

 
Table 3.25. Results of the ANOVA test on the validation samples for no information sharing 

 
Source SS DF MS F p-value 

Treatments 174.3591 1 174.3591 0.000517 0.981888 

Error 66814115 198 337445  

Total 66814289 199  
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Table 3.26. Results of the ANOVA test on the validation samples for information sharing  
 

Source SS DF MS F p-value 

Treatments 1.003945 1 1.003945 2.97E-06 0.998627 

Error 67006881 198 338418.6  

Total 67006882 199  
 

 

 
Figure 3.37. Percentage difference from the MDP for validation of the neural network model 

for no information sharing 
 

 
Figure 3.38. Percentage difference from the MDP for validation of the neural network model 

for information sharing 
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CHAPTER 4. Simulation of a Two-stage Supply Chain 
 
 In the previous chapter, models are characterized using the results from the MDP 

model in terms of inventory policies and their parameters. In this chapter, the characterized 

policies are applied to a simulation model.  

Simulation is often performed to quantify results in the field of Supply Chain 

Management to support decisions such as designing supply chains (strategic level) and 

setting control policies (operational level) (Kleijnen, 2005). There are four types of 

simulation methodologies for SCM: risk analysis via spreadsheet simulation, system 

dynamics, discrete-event dynamic systems simulation, and business games (Kleijnen and 

Smits, 2003). Among these four types, the spreadsheet type of simulation is easier to 

program, and frequently used in manufacturing resource planning (MRP), vendor managed 

inventory (VMI), and SCM, although it has limits on complexity (Kleijnen, 2005).  

 In this research, a risk analysis spreadsheet simulation using Crystal Ball 7.3 is used 

to model a two-stage apparel supply chain. Section 4.1 describes the simulation model with 

the assumptions used. In Section 4.2, the sample size and the length of the simulation are 

determined using the sample number determination technique and the trial and error 

technique. Effects of information sharing in simple seasonal demands are simulated with cost 

and profit analysis in Section 4.3. More complex types of seasonal demands are applied to 

the simulation models in Section 4.4. To analyze the effects of setup cost per order on RIV, 

simulations using higher setup cost are shown in Section 4.5. 
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 4.1. Description and Assumptions of the Simulation Model 
 

In Chapter 3, policies for the apparel producer and the retail store are characterized. 

Neural network modeling is applied to find the optimal policies for various changes in the 

cost structure.. The capacities for the apparel producer and the retail store are set high enough 

so that the policies are not constrained by the capacities (50×50, apparel producer’s capacity

×retail store’s capacity). However, in the apparel industry, inventory capacities are one of the 

major constraints. For this reason, inventories for the apparel producer and the retail store 

will be capacitated in the simulation.  

 Recent research done by Viswanathan (2007) classifies a “Best-in-class” company in 

consumer industries, including the apparel/footwear industry, as those who have more than 

60% accuracy in demand forecasting and that achieve at least a 90% service level. Therefore, 

capacities for the apparel producer and the retail store are set to a 90% service level in the 

simulation. Service level is calculated using Equation (39). 

            Service level = 1 – probability of a stock out                                (39) 

  MDP experimentation is applied with different levels of capacities to find the 

capacities that result in a 90% service level. Table 4.1 shows the results of MDP 

experimentation. For a capacity of 8×8, both information sharing and no information sharing 

models have a service level above 90%. Restricting the capacity changes the policies for the 

apparel producer and the retail store when compared with the policy characterization of 

Chapter 3.  
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Table 4.1. Inventory capacities, gain, RIV, and service level 
 

Capacity* 
 Information sharing No information sharing 

RIV Gain Service level Gain Service level 

5×5 1.30% $1,018.56 63.89% $1,005.34 63.89% 

6×6 1.32% $1,450.56 72.00% $1,431.37 72.02% 

7×7 1.17% $1,816.69 82.23% $1,795.47 82.28% 

8×8 1.08% $2,066.38 90.45% $2,044.12 90.52% 

9×9 0.93% $2,208.14 95.64% $2,187.63 95.66% 
         *: mean of demand is 3 and standard deviation of demand is 1.5 
 

 
The optimal policy for the retail store is an (s, S) policy when capacity is a constraint, 

while it is a (Q, r) policy for the policy characterization in Chapter 3. The apparel producer’s 

policy in the case of information sharing is an echelon-(i, s, S) policy (see Figure 3.9). The 

apparel producer in the case of no information sharing applies an (S, s) policy instead of the 

(Q, r) policy in Chapter 3.  

Table 4.2 compares the optimal policies between the non-capacitated (policy 

characterization in Chapter 3) and capacitated (model for the simulation) models. The results 

for capacitated models indicate that the characterized models have exactly the same gains as 

the MDP models (see Table 4.3). In the simulation developed, the policies in Table 4.3 are 

used for the apparel producer and the retail store. The event procedure in the simulation is the 

same as in Figure 3.1 (Section 3.1). It is assumed that the capacities of the apparel producer 

and the retail store are eight so that a 90% service level might be obtained. All the costs are 

the same as the base model in Chapter 3 (see Table 3.2).  
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Table 4.2. Optimal policies for non-capacitated and capacitated models 

Model 
Information sharing No information sharing 

Apparel producer Retail Store Apparel producer Retail Store 

Non-
capacitated* 

Echelon-(i, s, S) 
with i = 0 (Q, r) (Q, r) (Q, r) 

Capacitated* Echelon-(i, s, S) (s, S) (s, S) (s, S) 

*: mean of demand is 3 and standard deviation of demand is 1.5 
 
 

Table 4.3. Characterized policies and gains for capacitated models 
 

 Information sharing No information sharing 
 Apparel producer Retail store Apparel producer Retail store 

Policy Echelon-(i, s, S) 
i = 7, s = 11, S = 16 

(s, S) 
s = 7, S = 8 

(s, S) 
s = 7, S = 8 

(s, S) 
s = 7, S = 8 

Gain $2,066.38 (0.00%)* $2,044.12 (0.00%)* 

RIV 1.0772% 
*: Numbers in parenthesis are difference between MDP and characterization 
 
  



124 
 

4.2. Validation of Simulation Model 
 

For the simulation model, the only random variable is the final customers’ demand. It 

is assumed that the final customer’s demand is independent and identically distributed with 

the discrete-type truncated normal distribution described in Chapter 3. It is important to have 

the mean and CV of the demand as close as possible to our base model (i.e. mean of 3 and CV 

of 0.5) during the simulation. 

The sample size determination technique (Suh, 2005) is applied to determine the 

simulation length that minimizes the variability of the mean of the demand. The mean of the 

demand is 3 units / week, and the standard deviation is 1.5. The CV is 50%. The tolerance 

level was set at ±  0.1 and the confidence level is set to 90%. Therefore, the minimum 

sample size required is  

 

        yearsweeksTZn 1256.6121.0/)5.1()65.1(/)( 222222
2/1 ≈=⋅=⋅= − σα              (40)  

 
In addition, the initial level of inventory for the apparel producer and the retail store 

can affect the gain of the whole chain during the first several weeks. For this reason, the first 

year of simulation is assumed to be a transient state, and this is not used in computing the 

average gain of the system.  

Different numbers of replications are investigated to find the minimum allowable 

number of replications. Figure 4.1 shows the results of the long run average gain of the whole 

chain (Gain) and the upper (UL) and lower (LL) limits of a 90% confidence limits of the 

model when the number of replications is increased by 1,000 from 1,000 to 10,000. 

As shown in Figure 4.1, if the number of replications is larger than 5,000, both the 

information sharing model and the no information sharing model have relatively constant 
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gains. Figure 4.2 shows the standard deviation of the long run average gains, which also 

indicates that after 5,000 replications, the standard deviation also has close-to-constant values. 

Histograms of the distribution of values for 5000 replications for the demand, CV of demand, 

RIV, and long run average gain of the no information sharing and the information sharing 

models are shown in Appendix E. 

 

    
 

(a) No information sharing  
 

 
 

(b) Information sharing 
 

Figure 4.1. Long-run average gain of the system with different number of replications 
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                      (a) No information sharing                                      (b) Information sharing 

 
Figure 4.2. Standard deviation of gain with different number of replications 

 
 
To verify the results of the simulation, cost and profits are compared with the results 

of the policy characterization. As shown in Table 4.4, the cost and profit obtained from the 

simulation are very close to the results from the policy characterization.  

 
Table 4.4. Comparison of cost and profit between policy characterization and simulation 

 
 Information sharing No information sharing 

 CHR* SIM** Diff%*** CHR* SIM** Diff%*** 

Total profit $2,066.38 $2,065.80 0.03% $2,044.12 $2,043.53 0.03%

Total cost $605.90 $606.67 0.13% $628.96 $629.74 0.12%

Purchasing $2,073.24 $2,073.39 0.01% $2,073.84 $2,074.02 0.01%

Order $96.25 $96.26 0.01% $122.45 $122.46 0.01%

Holding $29.90 $29.89 0.02% $27.47 $27.47 0.00%

Penalty $134.44 $135.15 0.53% $133.65 $134.34 0.52%

Sales $2,672.28 $2,672.46 0.01% $2,673.08 $2,673.27 0.01%
    *: results from policy characterization of base model 
  **: results from simulation of base model applying characterized policies 
***: percentage difference between CHR and SIM 
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4.3. Simulation of Simple Seasonal Models 
 
 Many textile and apparel products are seasonal products. Different types of products 

have a different seasonality. For example, a swimsuit has more sales during the summer, 

hosiery has a relatively constant level of sales throughout year, and padded jackets have 

higher sales during the winter season. During the Back-to-school and Christmas holidays, 

jeans have very high sales, often more than 10 times the usual amount. In this section, simple 

seasonal demands, i.e., step types of changes in demands, will be investigated. 

Figure 4.3 shows the simple seasonal demand patterns used in this research. It is 

assumed that the short sleeve pocket tee described in Chapter 3 has high sales during the 

summer (from June to August, which is from week 23 to 35). The final customers’ demand is 

assumed to be independent and identically distributed with the discrete truncated normal 

distribution with a mean of three and a standard deviation of 1.5. The apparel producer and 

the retail store have inventory capacities of eight, which yields approximately a 90% service 

level (see Table 4.1).  

During the summer season, the mean demand is increased to 6, 9, 12, or 15 while 

maintaining a CV of 0.5, which corresponds to a standard deviation of 3, 4.5, 6, or 7.5, 

respectively. Both the apparel producer and the retail store increase their inventory capacities 

to 17, 26, 34, or 43 which corresponds to approximately a 90% service level. These 

capacities and the characterized policies for the apparel producer and the retail store shown in 

Table 4.5 are obtained by MDP experimentation assuming that demand is constant 

throughout the year with a mean of 6, 9, 12, or 15 and a CV of 0.5.  
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Figure 4.3. Demands of simple seasonal products  

 
 

Table 4.5. Characterized policies for different means and capacities 

Mean Capacity 
Information sharing No information sharing 

AP: E-(i, s, S) RS: (s, S) AP: (s, S) RS: (s, S) 

3 8×8 (7, 11, 16) (7, 8) (7, 8) (7, 8) 

6 17×17 (15, 25, 34) (16, 17) (15, 17) (16, 17) 

9 26×26 (24, 38, 52) (25, 26) (23, 26) (25, 26) 

12 34×34 (32, 51, 68) (33, 34) (30, 34) (33, 34) 

15 43×43 (40, 65, 86) (42, 43) (40, 43) (42, 43) 

 AP: Apparel producer  RS: Retail store 
 
 

The characterized policies obtained in Table 4.5 are applied to the MDP model, and 

then the total gain of the system and the service level for the characterized policy are 

calculated. The results are shown in Table 4.6. The results of the characterized policies in 

Table 4.5 are very close to the MDP results. Therefore it can be concluded that the 

characterized policies are near optimal. 
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Table 4.6. Comparison of gains between MDP and characterized policy models 
 

 Mean 3 6 9 12 15 

 Capacity 8×8 17×17 26×26 34×34 43×43 

 
IS 

 

MDP Gain $2,066.38 $4,368.90 $6,660.69 $8,817.37 $11,112.70

CHR Gain $2,066.38 $4,368.71 $6,660.60 $8,817.32 $11,112.60

% Diff 0.0000% 0.0043% 0.0014% 0.0006% 0.0009%

MDP SL 90.45% 91.60% 91.95% 90.58% 91.04%

CHR SL 90.45% 91.59% 91.95% 90.58% 91.03%

% Diff 0.0000% 0.0109% 0.0000% 0.0000% 0.0110%

NIS 

MDP Gain $2,044.12 $4,349.30 $6,643.56 $8,802.64 $11,100.00

CHR Gain $2,044.12 $4,349.29 $6,643.52 $8,802.64 $11,099.90

% Diff 0.0000% 0.0006% 0.0006% 0.0000% 0.0009%

MDP SL 90.52% 91.60% 91.96% 90.59% 91.04%

CHR SL 90.52% 91.60% 91.96% 90.59% 91.05%

% Diff 0.0000% 0.0000% 0.0000% 0.0000% 0.0110%
 SL: Service level 
 
 
As stated earlier, there is one week of lead time, and the capacities of the apparel producer’s 

and the retail store’s inventories are increased in the same week that the demand mean 

changes. Alternatives to this include changing the policy one week prior to and one week 

after the changes in demand. Figure 4.4 shows four options to determine when to change the 

policies. Policy I in Figure 4.4 represents the optimal policies for the demand mean of 3 in 

Table 4.5. Policy II represents the optimal policies for the higher demand mean, 6, 9, 12, or 

15, in Table 4.5. Option A in Figure 4.4 changes policies in exactly the same week as the 

changes of demand.  
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Option B changes policies one week prior to the increase in the mean of demand and changes 

policies in the same week that the mean of demand decreases. Option C changes policies in 

the same week that the mean of demand increases and changes policies one week prior to the 

decrease in the mean of demand. Option D changes policies one week prior to the changes in 

the mean of demand. 

 

 
 

Figure 4.4. Options for changing policies 
 
 

Table 4.7 compares the gain and RIV using the four options in Figure 4.4. As seen in 

Table 4.7, Option B produces the highest gains for both the information sharing model and 

the no information sharing model. It can be concluded that if there is an increase in the mean 

of demand, policies should be changed before the demand increase occurs to increase 

inventory levels to prevent the stock out. Meanwhile, if there is a decrease in demand, it is 

not necessary to change policies before the change occurs since the apparel producer and the 

retail store already have enough inventory to satisfy the decreased demand. 
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Table 4.7. Results of four options 
 

Mean Option A B C D 

3 to 6 

IS gain $2,580.89 $2,599.56 $2,559.07 $2,577.78

NIS gain $2,548.17 $2,548.17 $2,526.09 $2,526.09

RIV 1.27% 1.98% 1.29% 2.00%

3 to 9 

IS gain $3,009.32 $3,046.48 $2,985.03 $3,022.16

NIS gain $2,966.84 $2,966.84 $2,941.34 $2,941.34

RIV 1.41% 2.62% 1.46% 2.67%

3 to 12 

IS gain $3,380.14 $3,424.74 $3,352.57 $3,397.18

NIS gain $3,334.62 $3,334.62 $3,304.72 $3,304.72

RIV 1.35% 2.63% 1.43% 2.72%

3 to 15 

IS gain $3,813.15 $3,861.65 $3,786.08 $3,834.27

NIS gain $3,768.57 $3,768.57 $3,738.95 $3,738.95

RIV 1.17% 2.41% 1.24% 2.49%
 

  
As shown in Tables 4.8 to 4.11, average weekly gain is increased by information 

sharing. In Tables 4.8 to 4.11, the apparel producer’s total cost is the sum of his holding cost, 

setup cost, and purchasing cost, while the retail store’s total cost is the sum of his holding 

cost, setup cost, and penalty cost. Since the retail store’s purchasing cost is a transfer cost 

within the supply chain, this is not included in the retail store’s total cost. “Mean” in Tables 

4.8 to 4.11 refers to the mean of 5,000 replications, each representing the average weekly 

gains of 12 years of simulation. “Std” is the standard deviation of the 5,000 average weekly 

gains. 
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Table 4.8. Profit and cost analysis for the simple seasonality model (3 to 6) 
 

Category 
NIS IS Changes in Mean 

Mean Std Mean Std $ % 

Total gain $2,548.17 $50.79 $2,599.56 $50.64 $51.39 2.02%

AP’s gain $1,656.53 $31.98 $1,685.16 $32.44 $28.63 1.73%

RS’s gain $891.65 $28.67 $914.40 $26.93 $22.75 2.55%

Total cost $767.68 $31.93 $733.18 $30.10 -$34.50 -4.49%

AP’s total cost $487.51 $8.19 $469.80 $8.39 -$17.71 -3.63%

RS’s total cost $280.16 $28.06 $263.38 $25.87 -$16.78 -5.99%

Total purchasing cost $2,572.54 $48.16 $2,585.65 $48.96 $13.11 0.51%

AP’s purchasing cost $428.50 $8.03 $430.69 $8.17 $2.19 0.51%

RS’s purchasing cost $2,144.04 $40.14 $2,154.96 $40.80 $10.92 0.51%

Total setup cost $116.70 $1.29 $93.20 $1.02 -$23.50 -20.14%

AP’s setup cost $44.47 $0.59 $20.95 $0.36 -$23.52 -52.89%

RS’s setup cost $72.23 $0.77 $72.26 $0.77 $0.03 0.04%

Total holding cost $36.18 $0.45 $39.88 $0.41 $3.70 10.23%

AP’s holding cost $14.54 $0.22 $18.16 $0.25 $3.62 24.90%

RS’s holding cost $21.64 $0.26 $21.72 $0.26 $0.08 0.37%

Total average inventory 13.6 0.17 15.35 0.16 1.75 12.87%

AP’s average inventory 6.93 0.1 8.65 0.12 1.72 24.82%

RS’s average inventory 6.68 0.08 6.7 0.08 0.02 0.30%

Service level 94.69% 0.73% 95.17% 0.67% 0.00%

Sales $3,315.85 $62.03 $3,332.74 $63.05 $16.89 0.51%

Penalty cost $186.30 $28.09 $169.41 $25.91 -$16.89 -9.07%

AP’s service level 96.46% 0.28% 97.62% 0.26% 0.00%
AP: Apparel producer 
RS: Retail store 
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Table 4.9. Profit and cost analysis for the simple seasonality model (3 to 9) 
 

Category 
NIS IS Changes in Mean 

Mean Std Mean Std $ % 

Total gain $2,966.84 $69.96 $3,046.48 $68.97 $79.64 2.68%

AP’s gain $1,967.95 $41.90 $2,002.25 $42.40 $34.30 1.74%

RS’s gain $998.89 $42.63 $1,044.22 $39.98 $45.33 4.54%

Total cost $953.45 $45.91 $907.36 $43.54 -$46.09 -4.83%

AP’s total cost $567.04 $10.60 $554.45 $10.82 -$12.59 -2.22%

RS’s total cost $386.41 $41.55 $352.91 $38.75 -$33.50 -8.67%

Total purchasing cost $3,041.60 $62.95 $3,067.52 $63.81 $25.92 0.85%

AP’s purchasing cost $506.61 $10.49 $510.82 $10.64 $4.21 0.83%

RS’s purchasing cost $2,534.99 $52.47 $2,556.70 $53.18 $21.71 0.86%

Total setup cost $110.21 $1.54 $88.64 $1.19 -$21.57 -19.57%

AP’s setup cost $40.60 $0.76 $19.01 $0.40 -$21.59 -53.18%

RS’s setup cost $69.60 $0.90 $69.63 $0.90 $0.03 0.04%

Total holding cost $47.20 $0.91 $52.02 $0.95 $4.82 10.21%

AP’s holding cost $19.83 $0.54 $24.63 $0.68 $4.80 24.21%

RS’s holding cost $27.37 $0.47 $27.39 $0.48 $0.02 0.07%

Total average inventory 17.89 0.36 20.18 0.4 2.29 12.80%

AP’s average inventory 9.44 0.26 11.73 0.32 2.29 24.26%

RS’s average inventory 8.45 0.15 8.45 0.15 0.00 0.00%

Service level 93.14% 0.89% 93.93% 0.83% 0.00%

Sales $3,920.29 $81.14 $3,953.84 $82.23 $33.55 0.86%

Penalty cost $289.44 $41.59 $255.89 $38.81 -$33.55 -11.59%

AP’s service level 93.21% 0.26% 94.19% 0.24%   0.00%
AP: Apparel producer 
RS: Retail store 
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Table 4.10. Profit and cost analysis for the simple seasonality model (3 to 12) 
 

Category 
NIS IS Changes in Mean 

Mean Std Mean Std $ % 

Total gain $3,334.62 $89.09 $3,424.74 $87.70 $90.12 2.70%

AP’s gain $2,262.97 $52.02 $2,297.33 $52.33 $34.36 1.52%

RS’s gain $1,071.65 $56.93 $1,127.41 $54.41 $55.76 5.20%

Total cost $1,160.23 $61.03 $1,111.35 $59.01 -$48.88 -4.21%

AP’s total cost $643.54 $13.00 $635.85 $13.27 -$7.69 -1.19%

RS’s total cost $516.69 $55.98 $475.50 $53.57 -$41.19 -7.97%

Total purchasing cost $3,487.35 $77.98 $3,519.26 $78.63 $31.91 0.92%

AP’s purchasing cost $580.84 $13.00 $586.07 $13.11 $5.23 0.90%

RS’s purchasing cost $2,906.52 $64.99 $2,933.18 $65.53 $26.66 0.92%

Total setup cost $104.33 $1.84 $84.62 $1.41 -$19.71 -18.89%

AP’s setup cost $37.13 $0.93 $17.39 $0.45 -$19.74 -53.16%

RS’s setup cost $67.20 $1.08 $67.22 $1.07 $0.02 0.03%

Total holding cost $58.49 $1.53 $65.34 $1.68 $6.85 11.71%

AP’s holding cost $25.58 $0.97 $32.39 $1.24 $6.81 26.62%

RS’s holding cost $32.92 $0.77 $32.95 $0.77 $0.03 0.09%

Total average inventory 22.34 0.62 25.59 0.71 3.25 14.55%

AP’s average inventory 12.18 0.46 15.42 0.59 3.24 26.60%

RS’s average inventory 10.16 0.24 10.17 0.24 0.01 0.10%

Service level 91.53% 1.01% 92.37% 0.97% 0.00%

Sales $4,494.86 $100.52 $4,536.10 $101.33 $41.24 0.92%

Penalty cost $416.57 $56.05 $375.33 $53.64 -$41.24 -9.90%

AP’s service level 91.16% 0.30% 92.15% 0.24%   0.00%
AP: Apparel producer 
RS: Retail store 
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Table 4.11. Profit and cost analysis for the simple seasonality model (3 to 15) 
 

Category 
NIS IS Changes in Mean 

Mean Std Mean Std $ % 

Total gain $3,768.57 $116.95 $3,861.65 $115.02 $93.08 2.47%

AP’s gain $2,574.99 $66.66 $2,607.97 $66.54 $32.98 1.28%

RS’s gain $1,193.58 $71.47 $1,253.68 $69.01 $60.10 5.04%

Total cost $1,340.27 $71.11 $1,291.61 $69.32 -$48.66 -3.63%

AP’s total cost $728.48 $16.15 $724.23 $16.80 -$4.25 -0.58%

RS’s total cost $611.79 $65.86 $567.39 $63.58 -$44.40 -7.26%

Total purchasing cost $3,963.76 $98.89 $3,998.20 $99.34 $34.44 0.87%

AP’s purchasing cost $660.29 $16.42 $666.01 $16.64 $5.72 0.87%

RS’s purchasing cost $3,303.47 $82.57 $3,332.20 $82.87 $28.73 0.87%

Total setup cost $95.02 $2.18 $78.15 $1.69 -$16.87 -17.75%

AP’s setup cost $31.70 $1.11 $14.76 $0.58 -$16.94 -53.44%

RS’s setup cost $63.32 $1.29 $63.39 $1.29 $0.07 0.11%

Total holding cost $79.06 $2.69 $85.98 $3.13 $6.92 8.75%

AP’s holding cost $36.50 $1.74 $43.46 $2.41 $6.96 19.07%

RS’s holding cost $42.56 $1.33 $42.52 $1.33 -$0.04 -0.09%

Total average inventory 30.52 1.1 33.82 1.34 3.30 10.81%

AP’s average inventory 17.38 0.83 20.7 1.15 3.32 19.10%

RS’s average inventory 13.14 0.41 13.12 0.41 -0.02 -0.15%

Service level 91.00% 1.04% 91.79% 1.01% 0.00%

Sales $5,108.84 $127.73 $5,153.57 $128.18 $44.73 0.88%

Penalty cost $505.90 $65.94 $461.48 $63.67 -$44.42 -8.78%

AP’s service level 88.74% 0.36% 89.57% 0.34%   0.00%
AP: Apparel producer 
RS: Retail store 
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The effects of information sharing with the simple seasonal demands can be described 

as follows:  

1. The average weekly gain of the system is increased, and this increase becomes 

higher as the summer demand is increased (see Figure 4.5). The retail store’s 

average weekly gain follows the same pattern. However, although the apparel 

producer’s gain increases, the amount does not strictly increase as summer demand 

becomes higher.  

2. By sharing information, the apparel producer reduces his setup cost, while 

increasing his holding and purchasing costs (see Figures 4.6 and 4.7). As the 

summer demand is increased, the reduction in the apparel producer’s setup cost by 

information sharing becomes smaller, but the increase in holding and purchasing 

costs becomes larger. Because of these factors, the decrease in the apparel 

producer’s total cost becomes smaller as the summer demand increases. As seen in 

Figure 4.8, as the summer demand becomes higher, the increase of sales becomes 

higher, but the reduction in the apparel producer’s total cost becomes smaller. 

Since the reduction in total cost decreases more steeply than the increase in sales, 

the total gain of the apparel producer does not strictly increase.   

3. The retail store’s penalty cost is decreased significantly, and this reduction 

increases when the summer demand becomes higher (see Figures 4.9 and 4.10). 

However, there is no significant change in holding and setup costs. As the summer 

demand becomes higher, the increase in sales and cost reduction become higher 

(see Figure 4.11). Thus the total gain of the retail store is increased as the summer 

demand becomes higher.  
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Figure 4.5. Increase in weekly gain by sharing information 

 

 

 
 

(a) Setup cost       (b) Holding cost 
 

 
 

(c) Purchasing cost            (d) Total cost 
 

 
 

(e) Profit 
 

Figure 4.6. Apparel producer’s cost and profit for simple seasonal models 
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Figure 4.7. Apparel producer’s cost reduction by sharing information 
 
 
 

 
 

Figure 4.8. Apparel producer’s changes in total cost, sales, and gain by sharing information 
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(a) Setup cost       (b) Holding cost 
 

 
 

(c) Penalty cost          (d) Total cost 
 

 
 

(e) Profit 
 

Figure 4.9. Retail store’s cost and profit for simple seasonal models 
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Figure 4.10. Retail store’s cost reduction by sharing information 
 
 
 

 
 

Figure 4.11. Retail store’s changes in total cost, sales, and gain by sharing information 
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Table 4.12 compares the changes in the retail store’s total cost when the retail store’s 

purchasing cost is added. In this case, since purchasing cost is between 85% and 90% of the 

total cost of the retailer, the overall reduction of the total cost for the retail store from sharing 

information is much less (see Figure 4.12). 

 
Table 4.12. Retail store’s total cost after adding purchasing cost 

 

Model 3 to 6 3 to 9 3 to 12 3 to 15 

NIS total cost $2,424.20 $2,921.40 $3,423.21  $3,915.26 

% share of 
purchasing cost 88.48% 86.77% 84.91% 84.37%

IS total cost $2,418.34 $2,909.61 $3,408.68  $3,899.59 

% share of 
purchasing cost 89.11% 87.87% 86.05% 85.45%

Changes in mean -0.24% -0.40% -0.42% -0.40%

 
 

 
Figure 4.12. Retail store’s total cost reduction with and without adding purchasing cost 
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4.4. Simulation of Complicated Seasonal Models 
 

Figure 4.13 shows some examples of seasonal demand patterns for women’s apparel. 

The seasonal patterns in Figure 4.13 represent different types of seasonal demands in apparel 

products, such as high sales in the middle of the year (see Figure 4.13 − (a)), high sales at the 

end of year (see Figure 4.13 − (b)), and high sales at the beginning of year (see Figure 4.13 − 

(c)). 

 

 
 

(a) Weekly sales for women’s apparel (Frank et al., 2003) 
 

 
 

(b) Weekly sales for women’s apparel X in 2000 (Frank et al., 2001) 
 

 
 

(c) Weekly sales for women’s apparel Y in 2000 (Frank et al., 2001) 
 

Figure 4.13. Weekly sales for women’s apparel items (Frank et al., 2001, 2003) 
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In this section, more complicated seasonal demands will be simulated. First of all, a 

simplified demand pattern from Figure 4.13 – (a) will be simulated (see Figure 4.14 – (a)). 

Then, three seasonal demand patterns with different slopes and cycles of demand changes are 

tested (see Figures 4.14 – (b), (c), and (d)). Finally, two simplified demand patterns adopted 

from the Frank et al.’s research (2001) will be used in the simulation (see Figures 4.9 – (e) 

and (f)). Whenever there are changes in mean demands, the characterized policies in Table 

4.5 are applied using Option B in Figure 4.4. 

     
 

                (a) Seasonal demand pattern I                    (b) Seasonal demand pattern II 
 

     
 

                (c) Seasonal demand pattern III                    (d) Seasonal demand pattern IV 
 

     
 

                (e) Seasonal demand pattern V                    (f) Seasonal demand pattern VI 
 

Figure 4.14. More seasonal demand patterns for the simulation 
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Table 4.13 compares profits and costs obtained by simulating seasonal demand 

patterns I and II. Seasonal demand pattern I has one cycle of seasonality during the year, 

while seasonal demand pattern II has two cycles of seasonality during the year. Thus, 

seasonal demand pattern II has steeper changes in mean demand than seasonal demand 

pattern I. For both seasonal demand patterns, sharing information is more beneficial than not 

sharing information. Sharing information yields an increase in total gain for the supply chain 

of 0.93% and 1.71% for seasonal demand patterns I and II, respectively.  

Seasonal demand pattern III represents a demand pattern which has a steep slope 

when demand decreases, while seasonal demand pattern IV has a steep slope when demand 

increases. For seasonal demand pattern III, the total gain of the chain is increased by 0.87% 

through sharing information, while the gain for seasonal demand pattern IV is increased by 

2.79% (see Table 4.14). 
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Table 4.13. Results of simulation for seasonal patterns I and II 

Seasonal demand pattern I Seasonal demand pattern II 

Categories NIS IS %Diff NIS IS %Diff 

Total gain $7,485.14 $7,554.84 0.93% $6,052.68  $6,156.14 1.71%

AP’s gain $4,735.16 $4,760.36 0.53% $3,865.11  $3,897.18 0.83%

RS’s gain $2,749.98 $2,794.48 1.62% $2,187.57  $2,258.95 3.26%

Total cost $1,828.53 $1,792.09 -1.99% $1,557.07  $1,507.09 -3.21%

AP’s total cost $1,287.24 $1,283.55 -0.29% $1,055.47  $1,057.98 0.24%

RS’s total cost $541.28 $508.54 -6.05% $501.60  $449.11 -10.46%

Purchasing cost $7,226.02 $7,251.80 0.36% $5,904.01  $5,945.54 0.70%

AP’s purchasing cost $1,203.62 $1,207.90 0.36% $983.43  $990.37 0.71%

RS’s purchasing cost $6,022.40 $6,043.90 0.36% $4,920.58  $4,955.16 0.70%

Setup cost $113.60 $94.16 -17.11% $104.54  $88.00 -15.82%

AP’s setup cost $41.70 $22.27 -46.59% $36.73  $20.25 -44.87%

RS’s setup cost $71.90 $71.90 0.00% $67.81  $67.76 -0.07%

Holding cost $105.26 $117.24 11.38% $87.00  $100.08 15.03%

AP’s holding cost $41.93 $53.38 27.31% $35.31  $47.36 34.13%

RS’s holding cost $63.33 $63.86 0.84% $51.69  $52.72 1.99%

Average inventory 39.51 45.13 14.22% 32.77 38.82 18.46%

AP’s average inventory 19.97 25.42 27.29% 16.81 22.55 34.15%

RS’s average inventory 19.55 19.71 0.82% 15.95 16.27 2.01%

Service level 95.83% 96.17% 0.35% 95.23% 95.89% 0.69%

Sales $9,313.67 $9,346.92 0.36% $7,609.75  $7,663.22 0.70%

Penalty cost $406.05 $372.79 -8.19% $382.10  $328.63 -13.99%

AP’s service level 97.11% 99.03% 1.98% 93.95% 98.23% 4.56%
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Table 4.14. Results of simulation for seasonal patterns III and IV 

Seasonal demand pattern III Seasonal demand pattern IV 

Categories NIS IS %Diff NIS IS %Diff 

Total gain $5,835.63 $5,886.67 0.87% $5,580.36  $5,736.20 2.79%

AP’s gain $3,711.46 $3,717.47 0.16% $4,062.05  $4,112.14 1.23%

RS’s gain $2,124.17 $2,169.20 2.12% $1,518.31  $1,624.06 6.96%

Total cost $1,484.03 $1,467.07 -1.14% $2,413.80  $2,336.11 -3.22%

AP’s total cost $1,021.42 $1,037.44 1.57% $1,107.10  $1,107.55 0.04%

RS’s total cost $462.61 $429.63 -7.13% $1,306.70  $1,228.56 -5.98%

Purchasing cost $5,678.81 $5,705.19 0.46% $6,202.24  $6,262.88 0.98%

AP’s purchasing cost $945.94 $950.28 0.46% $1,033.09  $1,043.19 0.98%

RS’s purchasing cost $4,732.87 $4,754.91 0.47% $5,169.15  $5,219.69 0.98%

Setup cost $80.54 $70.00 -13.09% $95.20  $78.51 -17.53%

AP’s setup cost $27.50 $17.05 -38.00% $31.77  $15.06 -52.60%

RS’s setup cost $53.05 $52.95 -0.19% $63.43  $63.45 0.03%

Holding cost $109.64 $132.96 21.27% $100.80  $107.86 7.00%

AP’s holding cost $47.98 $70.10 46.10% $42.24  $49.30 16.71%

RS’s holding cost $61.66 $62.86 1.95% $58.56  $58.56 0.00%

Average inventory 41.88 52.78 26.03% 38.19 41.55 8.80%

AP’s average inventory 22.85 33.38 46.08% 20.11 23.48 16.76%

RS’s average inventory 19.03 19.40 1.94% 18.07 18.07 0.00%

Service level 95.47% 95.92% 0.47% 87.10% 87.95% 0.98%

Sales $7,319.65 $7,353.74 0.47% $7,994.15  $8,072.31 0.98%

Penalty cost $347.90 $313.82 -9.80% $1,184.71  $1,106.55 -6.60%

AP’s service level 95.01% 99.87% 5.12% 82.41% 83.23% 1.00%
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For Seasonal demand patterns V and VI, information sharing also increases the total 

profit of the chain by 2.02% and 1.09%, respectively (see Table 4.15).  

 
Table 4.15. Results of simulation for seasonal patterns V and VI  

Seasonal demand pattern V Seasonal demand pattern VI 

Categories NIS IS %Diff NIS IS %Diff 

Total gain $4,299.69 $4,386.73 2.02% $5,851.93 $5,915.55 1.09%

AP’s gain $2,784.61 $2,816.88 1.16% $3,688.99 $3,713.19 0.66%

RS’s gain $1,515.08 $1,569.85 3.61% $2,162.94 $2,202.36 1.82%

Total cost $1,207.21 $1,161.07 -3.82% $1,421.79 $1,387.67 -2.40%

AP’s total cost $776.28 $770.46 -0.75% $1,014.31 $1,009.19 -0.50%

RS’s total cost $430.92 $390.61 -9.35% $407.47 $378.48 -7.11%

Purchasing cost $4,272.54 $4,304.28 0.74% $5,643.28 $5,666.18 0.41%

AP’s purchasing cost $711.65 $716.93 0.74% $939.98 $943.80 0.41%

RS’s purchasing cost $3,560.89 $3,587.34 0.74% $4,703.30 $4,722.38 0.41%

Setup cost $107.83 $88.90 -17.56% $110.15 $91.39 -17.03%

AP’s setup cost $39.18 $20.27 -48.26% $39.97 $21.22 -46.91%

RS’s setup cost $68.65 $68.64 -0.01% $70.18 $70.17 -0.01%

Holding cost $62.84 $71.25 13.38% $84.26 $94.59 12.26%

AP’s holding cost $25.45 $33.27 30.73% $34.36 $44.17 28.55%

RS’s holding cost $37.39 $37.99 1.60% $49.90 $50.43 1.06%

Average inventory 23.66 27.57 16.53% 31.77 36.59 15.17%

AP’s average inventory 12.12 15.84 30.69% 16.36 21.03 28.55%

RS’s average inventory 11.54 11.72 1.56% 15.4 15.56 1.04%

Service level 94.44% 95.14% 0.74% 96.21% 96.60% 0.41%

Sales $5,506.89 $5,547.80 0.74% $7,273.71 $7,303.22 0.41%

Penalty cost $324.88 $283.98 -12.59% $287.39 $257.89 -10.26%

AP’s service level 94.14% 97.73% 3.81% 96.39% 98.78% 2.48%
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Similar results from Section 4.3 are obtained when using complicated seasonal 

models. By sharing information, the average weekly gain of the system is increased. Both the 

apparel producer’s and the retail store’s gain is increased. However, the retail store’s gain is 

increased by a higher percentage.  

There is less than a 3% increase in the total gain of the chain by information sharing, 

although there is a significant decrease in the apparel producer’s setup cost and the retail 

store’s penalty cost. This is due to the cost structure of the models used in this research. In 

Section 4.5, both the apparel producer’s setup cost per order (Fs) and the retail store’s setup 

cost per order (Fr) will be increased, and the corresponding results will be analyzed. 
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4.5. Effects of the Setup Costs per Order 
 

Although information sharing significantly decreases the apparel producer’s total 

setup costs and the retail store’s penalty cost, the RIV is not significantly increased. Table 

4.16 shows the percentage share of the costs in the models used in this research. Significant 

decreases in setup cost do not highly affect the total cost since the percentage shares of the 

setup costs are only an average of 2.15% for the no information sharing models and 1.77% 

for the information sharing models. Meanwhile, total purchasing cost is an average of 88.47% 

for the no information sharing models and 89.41% for the information sharing models of 

total costs. Most of the cost structure was obtained from Agrawal et al. (2002)’s research 

(Table 3.1). The only costs we did not obtain from Agrawal et al. (2002)’s research were the 

apparel producer and retail store’s setup costs per order since Agrawal et al. (2002)’s 

research did not give any information about setup costs. The setup costs for the apparel 

producer and the retail store were calculated from the EOQ formula in equations (33) and (34) 

assuming monthly orders of 12. In this section, setup costs for the apparel producer and the 

retail store are increased to determine the relationship between setup costs per order and the 

RIV.  
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Table 4.16. The percentage shares of costs 
 

RIV and costs 
Simple (3 to 6)* Simple (3 to 9)* Simple (3 to 12)* Simple (3 to 15)* Seasonal demand 

pattern I** 

NIS IS NIS IS NIS IS NIS IS NIS IS 

RIV Total 2.02% 2.68% 2.70% 2.47% 0.93% 

RIV AP 1.73% 1.74% 1.52% 1.28% 0.53% 

RIV RS 2.55 % 4.54% 5.20% 5.04% 1.62% 

Purchasing cost 88.35% 89.53% 87.19% 88.55% 85.75% 87.01% 85.36% 86.47% 92.04% 92.54%

AP’s purchasing cost 87.90% 91.68% 89.34% 92.13% 90.26% 92.17% 90.64% 91.96% 93.50% 94.11%

RS’s purchasing cost 88.44% 89.11% 86.77% 87.87% 84.91% 86.05% 84.37% 85.45% 91.75% 92.24%

Setup cost 4.01% 3.23% 3.16% 2.56% 2.57% 2.09% 2.05% 1.69% 1.45% 1.20%

AP’s setup cost 9.12% 4.46% 7.16% 3.43% 5.77% 2.73% 4.35% 2.04% 3.24% 1.74%

RS’s setup cost 2.98% 2.99% 2.38% 2.39% 1.96% 1.97% 1.62% 1.63% 1.10% 1.10%

Holding cost 1.24% 1.38% 1.35% 1.50% 1.44% 1.62% 1.70% 1.86% 1.34% 1.50%

AP’s holding cost 2.98% 3.87% 3.50% 4.44% 3.97% 5.09% 5.01% 6.00% 3.26% 4.16%

RS’s holding cost 0.89% 0.90% 0.94% 0.94% 0.96% 0.97% 1.09% 1.09% 0.96% 0.97%

Penalty cost 7.69% 7.01% 9.91% 8.79% 12.17% 11.01% 12.92% 11.83% 6.19% 5.69%
* : Simple seasonal demands from Section 4.3 
** : Complicated seasonal demands from Section 4.4 
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Table 4.16. (Continued) 

RIV and costs 
Seasonal demand 

pattern II** 
Seasonal demand 

pattern III** 
Seasonal demand 

pattern IV** 
Seasonal demand 

pattern V** 
Seasonal demand 

pattern VI** 

NIS IS NIS IS NIS IS NIS IS NIS IS 

RIV Total 1.71% 0.87% 2.79% 2.02% 1.09% 

RIV AP 0.83% 0.16% 1.23% 1.16% 0.66% 

RIV RS 3.26% 2.12% 6.96% 3.61% 1.82% 

Purchasing cost 91.14% 92.00% 91.34% 91.69% 81.79% 82.89% 89.61% 90.65% 92.13% 92.74%

AP’s purchasing cost 93.17% 93.61% 92.61% 91.60% 93.31% 94.19% 91.67% 93.05% 92.67% 93.52%

RS’s purchasing cost 90.75% 91.69% 91.10% 91.71% 79.82% 80.95% 89.20% 90.18% 92.03% 92.58%

Setup cost 1.61% 1.36% 1.30% 1.13% 1.26% 1.04% 2.26% 1.87% 1.80% 1.50%

AP’s setup cost 3.48% 1.91% 2.69% 1.64% 2.87% 1.36% 5.05% 2.63% 3.94% 2.10%

RS’s setup cost 1.25% 1.25% 1.02% 1.02% 0.98% 0.98% 1.72% 1.73% 1.37% 1.38%

Holding cost 1.34% 1.55% 1.76% 2.14% 1.33% 1.43% 1.32% 1.50% 1.38% 1.55%

AP’s holding cost 3.35% 4.48% 4.70% 6.76% 3.82% 4.45% 3.28% 4.32% 3.39% 4.38%

RS’s holding cost 0.95% 0.98% 1.19% 1.21% 0.90% 0.91% 0.94% 0.96% 0.98% 0.99%

Penalty cost 7.05% 6.08% 6.70% 6.05% 18.29% 17.16% 8.14% 7.14% 5.62% 5.06%
* : Simple seasonal demands from Section 4.3 
** : Complicated seasonal demands from Section 4.4 
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The apparel producer and the retail store’s setup costs are increased to 10 times the 

values used in the base model, which are $502.80 and $777.60, respectively. MDP 

experimentation is performed for demand means of 3, 6, 9, 12, and 15 with a CV of 0.5.  

Different levels of capacities were tested to find the capacities that obtained a 90% service 

level. Then, corresponding policies were characterized. Table 4.17 shows the results of the 

MDP experimentation. 

 
Table 4.17. Inventory capacity, RIV, and service level for higher setup costs 

 
Mean Capacity RIV IS SL NIS SL 

3 9×9 7.26% 91.85% 90.15% 
6 18×18 4.46% 92.99% 91.81% 
9 27×27 3.08% 93.17% 92.64% 
12 35×35 2.49% 91.78% 91.42% 
15 44×44 1.98% 92.00% 91.81% 

 

The characterized policies are shown in Table 4.18. Four simple models (see Figure 

4.3) and six complicated seasonal models (see Figure 4.14) are simulated using the policies 

in Table 4.18 with the higher setup costs. Option B in Figure 4.4 is used in the simulation. 

Table 4.19 shows the results of the simulation. An increase in the setup costs for the apparel 

producer and the retail store increases the RIV.  A comparison of these results with those 

using the base costs is also in Table 4.19. 

 
Table 4.18. Policies for the higher setup cost models 

 

Mean Capacity Information sharing No information sharing 
AP: E-(i, s, S) RS: (s, S) AP: (s, S) RS: (s, S) 

3 9×9 (6, 11, 18) (6, 9) (5, 9) (6, 9) 
6 18×18 (14, 24, 36) (14, 18) (12, 18) (14, 18) 
9 27×27 (23, 37, 54) (23, 27) (19, 27) (23, 27) 
12 35×35 (31, 49, 70) (31, 35) (26, 35) (31, 35) 
15 44×44 (39, 61, 88) (40, 44) (34, 44) (40, 44) 

 AP: Apparel producer  RS: Retail store 
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Table 4.19. Results of simulation for higher setup costs and base costs models 
 

No.* Models 
Higher setup costs Base costs 

NIS IS difference RIV NIS IS difference RIV 

1 Simple (3 to 6) $1,848.53 $1,997.65 $149.12 8.07% $2,548.17 $2,599.56 $51.39 2.02%

2 Simple (3 to 9) $2,301.01 $2,453.02 $152.01 6.61% $2,966.84 $3,046.48 $79.64 2.68%

3 Simple (3 to 12) $2,696.46 $2,902.06 $205.60 7.62% $3,334.62 $3,424.74 $90.12 2.70%

4 Simple (3 to 15) $3,126.45 $3,329.93 $203.48 6.51% $3,768.57 $3,861.65 $93.08 2.47%

5 Seasonal demand pattern I $6,693.75 $6,898.85 $205.10 3.06% $7,485.14 $7,554.84 $69.70 0.93%

6 Seasonal demand pattern II $5,339.91 $5,553.92 $214.01 4.01% $6,052.68 $6,156.14 $103.46 1.71%

7 Seasonal demand pattern III $5,284.56 $5,417.43 $132.87 2.51% $5,835.63 $5,866.67 $31.04 0.53%

8 Seasonal demand pattern IV $5,011.10 $5,321.41 $310.31 6.19% $5,580.36 $5,736.20 $155.84 2.79%

9 Seasonal demand pattern V $3,619.24 $3,808.04 $188.80 5.22% $4,299.69 $4,386.73 $87.04 2.02%

10 Seasonal demand pattern VI $5,084.55 $5,272.89 $188.34 3.70% $5,851.93 $5,915.55 $63.62 1.09%
 * : number of models in Figures 4.15 and 4.16  
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 Figure 4.15 shows the increase in RIV for the models using the higher setup costs 

compared with those of the costs in the base models. The RIV is increased more than twice 

from the models using the costs from the base models.  

 
 

 
 

Figure 4.15. RIV’s when using higher setup costs and base costs 
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CHAPTER 5. Conclusions and Future Research 

5.1. Conclusions 
 

Due to the globalization of the textile and apparel supply chain, the scale of the 

supply chain has become larger, and each member in the supply chain needs more 

information to improve their efficiency and effectiveness. Thus, studying information sharing 

in a textile and apparel supply chain has become important to satisfy these needs. However, 

very few studies have investigated information sharing in a textile and apparel supply chain. 

In this dissertation, the effects of sharing information in a two-stage apparel supply chain 

were studied.  

First, the research in this dissertation characterized the apparel producer and the retail 

store’s ordering policies using the MDP’s optimal solutions and standard policies, and 

verified that the characterized policies were near-optimal policies. The effects of varying cost 

factors, such as unit holding cost, set up cost per order, unit purchasing cost, and penalty cost, 

were investigated to determine how those factors affect the policy characterization. By 

changing the parameters of the apparel producer and retail store’s policies when a single cost 

was changed, the total gain of the supply chain was increased in both the no information 

sharing and information sharing models. In addition, by sharing the retail store’s inventory 

information, the apparel producer could reduce its inventory; however, there was slight 

increase in the retail store’s average inventory. Results of neural network modeling showed 

that the policy changes also increased the total gain of the supply chain when multiple costs 

were changed.  
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Then, the characterized policies were simulated with seasonal demands. By 

comparing different options to determine when to change the policy, the option that changed 

policies one week prior to the increase in the mean of demand and in the same week that the 

mean of demand decreases produced the highest gains for both the information sharing and 

the no information sharing models. In the simple seasonal demand patterns, the RIV was 

increased as the demand during the peak season became higher. Moreover, the retail store’s 

gain was increased by a higher percentage than the apparel producer’ gain. When applying 

complicated seasonal demands patterns, the models which shared the retail store’s inventory 

information also resulted in more total supply chain gain than the models that did not share 

information.  
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5.2. Future Research 
 

This dissertation found the best policies for the apparel producer and the retail store in 

cases where the retail store’s inventory information was and was not shared in a two-stage 

serial apparel supply chain. Further research should explore more complicated supply chain 

models, such as a divergent, convergent, or network supply chains since actual apparel 

supply chains have more complicated structures. This may include multiple numbers of 

suppliers of different raw materials (such as fabric, buttons, yarns, and zippers), different 

processes (such as weaving, knitting, sewing, dyeing, and finishing), and many retail stores 

all over the world.  

Other issues to be considered include the effects of lead-time and multiple SKU’s. 

The lead-time between the raw material supplier and the apparel producer, the apparel 

producer and the retail store, and the retail store and the final customer was assumed to be 

one week. However, in the global apparel supply chain, the lead-time among the members of 

the supply chain can be longer and is often uncertain. Longer and uncertain lead-times 

generally require more on-hand inventory to reduce or prevent stock outs. In this dissertation, 

the apparel producer only produced a single product. However, if multiple SKU’s were 

incorporated into the analysis, both the apparel producer and the retail store would have more 

complicated inventory policies, in which not only a single product’s production and 

distribution but also the relation among different SKU’s would have to be considered.  
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Appendix A. Methodology to Obtain the Characterized 
Policies 
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Figure A.1 shows the procedure to obtain the characterized policies. For each 

problem, optimal solutions are obtained from the MDP. This includes the optimal policy 

matrix and information about the recurrent states. The recurrent states are defined as the 

states which have a probability of occurrence larger than 1.0E-05. The optimal recurrent 

states in the policy matrix are compared to the standard policies in Chapter 3 and a possible 

characterized policy is suggested. This policy is plugged into the MDP to find the 

corresponding gain. If the difference in the gain of the optimal policy and the characterized 

policy is less than 0.1%, the proposed policy is considered to be near-optimal. If not, decision 

variables, such as Q, r, S, s, and i, are changed, and the procedure is repeated until the 

difference is less than 0.1%. In this appendix, some examples of policy characterization will 

be shown. These examples were actually obtained during the policy characterization 

discussed in Chapter 3 and Chapter 4. In the examples, base costs are used, and the entries in 

the red boxes are those in the recurrent states. 
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Figure A.1. Procedure to find the characterized policies 
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A.1. (Q, r) Policy 
 

Figure A.2 shows the retail store’s policy obtained from the MDP when the mean 

demand is 3 and CV is 0.5 in the base model with information sharing. Capacity for the 

apparel producer and the retail store is 50×50 (see Table 3.4 and Figure 3.14). The optimal 

policy from the MDP shows that the retail store places an order of 20 if its inventory is less 

than or equal to 1, and 21 if its inventory is between 2 and 10. However, the recurrent states 

indicate that the order amount of the retail store is always 21. In this case, the retail store’s 

policy is a (Q, r) policy, where Q is equal to 21 and r is equal to 10. The characterized policy 

is shown in Figure A.3. 

0 1 2 3 4 5 6 7 8 9 10 11 … 50 
0 20 20 21 21 21 21 21 21 21 21 21 0 … 0 
: : : : : : : : : : : : : … : 

14 20 20 21 21 21 21 21 21 21 21 21 0 … 0 
15 20 20 21 21 21 21 21 21 21 21 21 0 … 0 
16 20 20 21 21 21 21 21 21 21 21 21 0 … 0 
17 20 20 21 21 21 21 21 21 21 21 21 0 … 0 

18 20 20 21 21 21 21 21 21 21 21 21 0 … 0 

19 20 20 21 21 21 21 21 21 21 21 21 0 … 0 

20 20 20 21 21 21 21 21 21 21 21 21 0 … 0 

21 20 20 21 21 21 21 21 21 21 21 21 0 … 0 
: : : : : : : : : : : : : … : 

50 20 20 21 21 21 21 21 21 21 21 21 0 … 0 
 

Figure A.2. Retail store’s optimal policy for the characterization of the (Q, r) policy 
 
 0 1 2 3 4 5 6 7 8 9 10 11 … 50 
0 21 21 21 21 21 21 21 21 21 21 21 0 … 0 
1 21 21 21 21 21 21 21 21 21 21 21 0 … 0 
: : : : : : : : : : : : : … : 

50 21 21 21 21 21 21 21 21 21 21 21 0 … 0 
 

Figure A.3. Retail store’s characterized (Q, r) policy 
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A.2. (s, S) Policy 
 

Figure A.4 shows the apparel producer’s policy obtained from the MDP when the 

mean demand is 3, and CV is 0.5 in the base model without sharing information. Capacity for 

the apparel producer and the retail store is 50×50 (see Table 3.4 and Figure 3.14). The 

apparel producer places an order of 21 if it has no inventory on hand, and an order of 1 when 

inventory is 3. However, the recurrent state indicates that the order amount of the apparel 

producer is always 21.  Therefore, the apparel producer’s characterized policy is an (s, S) 

policy where s is equal to 0 and S is equal to 21 (see Figure A.5). Alternatively, this policy 

could be characterized as a (Q, r) policy where Q is equal to 21 and r is equal to 0. 

 
0 1 … 6 7 8 9 10 11 12 13 14 15 16 17 18 19 … 50 

0 21 21 … 21 21 21 21 21 21 21 21 21 21 21 21 21 21 … 21
1 0 0 … 0 0 0 0 0 0 0 0 0 0 0 0 0 0 … 0 
2 0 0 … 0 0 0 0 0 0 0 0 0 0 0 0 0 0 … 0 
3 1 1 … 1 1 1 1 1 1 1 1 1 1 1 1 1 1 … 1 
4 0 0 … 0 0 0 0 0 0 0 0 0 0 0 0 0 0 … 0 
: : : : : : : : : : : : : : : : : : … : 

50 0 0 … 0 0 0 0 0 0 0 0 0 0 0 0 0 0 … 0 
 

Figure A.4. Apparel producer’s optimal policy for the characterization of the (s, S) policy 
 
 

0 1 … 6 7 8 9 10 11 12 13 14 15 16 17 18 19 … 50 

0 21 21 … 21 21 21 21 21 21 21 21 21 21 21 21 21 21 … 21
1 0 0 … 0 0 0 0 0 0 0 0 0 0 0 0 0 0 … 0 
2 0 0 … 0 0 0 0 0 0 0 0 0 0 0 0 0 0 … 0 
3 0 0 … 0 0 0 0 0 0 0 0 0 0 0 0 0 0 … 0 
4 0 0 … 0 0 0 0 0 0 0 0 0 0 0 0 0 0 … 0 
: : : : : : : : : : : : : : : : : : … : 

50 0 0 … 0 0 0 0 0 0 0 0 0 0 0 0 0 0 … 0 
 

Figure A.5. Apparel producer’s characterized (s, S) policy 
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Figure A.6 shows the retail store’s policy obtained from the MDP when the mean 

demand is 3, and CV is 0.5 in the base model in both the cases of sharing and not sharing 

information. The capacity for the apparel producer and the retail store is 8×8 (see Table 4.5). 

In this case, the retail store’s optimal policy is an (s, S) policy, where s is equal to 7 and S is 

equal to 8 (see Figure A.7). 

 
 0 1 2 3 4 5 6 7 8 

0 8 7 6 5 4 3 2 1 0 

1 8 7 6 5 4 3 2 1 0 

2 8 7 6 5 4 3 2 1 0 

3 8 7 6 5 4 3 2 1 0 

4 8 7 6 5 4 3 2 1 0 
5 8 7 6 5 4 3 2 1 0 
6 8 7 6 5 4 3 2 1 0 
7 8 7 6 5 4 3 2 1 0 

8 8 7 6 5 4 3 2 1 0 
 

Figure A.6. Retail store’s optimal policy for the characterization of the (s, S) policy 
 

 
 
 0 1 2 3 4 5 6 7 8 

0 8 7 6 5 4 3 2 1 0 
1 8 7 6 5 4 3 2 1 0 
2 8 7 6 5 4 3 2 1 0 
3 8 7 6 5 4 3 2 1 0 
4 8 7 6 5 4 3 2 1 0 
5 8 7 6 5 4 3 2 1 0 
6 8 7 6 5 4 3 2 1 0 
7 8 7 6 5 4 3 2 1 0 
8 8 7 6 5 4 3 2 1 0 

 
Figure A.7. Retail store’s characterized (s, S) policy 
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A.3. Echelon Stock Policy 
 

The echelon stock policy is only observed for the apparel producer when he obtains 

inventory information from the retail store. Three types of echelon stock policies were 

observed during policy characterization: echelon stock (i, s, S), echelon stock (i, s, S) with i 

equal to zero, and a combined echelon [(i, Q, r) + (i, s, S)] policy with i equal to zero. 

A.3.1. Echelon Stock (i, s, S) policy 
 

Figure A.8 shows the apparel producer’s policy obtained from the MDP when the 

mean demand is 3, and CV is 0.5 in the base model when capacity is 8× 8 (see Table 4.5). 

The apparel producer places an order if his inventory is less than or equal to 7. The order 

quantity is decreased by one as the retail store’s inventory is increased by one. The resulting 

policy for the apparel producer is thus an echelon-(i, s, S) policy, where i is equal to 7, s is 

equal to 11, and S is equal to 16 (see Figure A.9).  However, capacity limitations restrict the 

amount order to be less than or equal to 8. 

 
0 1 2 3 4 5 6 7 8 

0 8 8 8 8 8 8 8 8 8 

1 8 8 8 8 8 8 8 8 7 
2 8 8 8 8 8 8 8 7 6 
3 8 8 8 8 8 8 7 6 5 

4 8 8 8 8 8 7 6 5 0 
5 8 8 8 8 7 6 5 0 0 
6 8 8 8 7 6 5 0 0 0 
7 8 8 7 6 5 0 0 0 0 

8 0 0 0 0 0 0 0 0 0 
 

Figure A.8. Apparel producer’s optimal policy for the characterization  
of the echelon-(i, s, S) policy 
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 0 1 2 3 4 5 6 7 8 
0 8 8 8 8 8 8 8 8 8 
1 8 8 8 8 8 8 8 8 7 
2 8 8 8 8 8 8 8 7 6 
3 8 8 8 8 8 8 7 6 5 
4 8 8 8 8 8 7 6 5 0 
5 8 8 8 8 7 6 5 0 0 
6 8 8 8 7 6 5 0 0 0 
7 8 8 7 6 5 0 0 0 0 
8 0 0 0 0 0 0 0 0 0 

 
Figure A.9. Apparel producer’s characterized echelon-(i, s, S) policy 

 

 

A.3.2. Echelon Stock (i, s, S) with i equal to zero 
 

Figure A.10 shows the apparel producer’s policy obtained from the MDP when the 

mean demand is 3, and CV is 0.5 in the base model. Capacity for the apparel producer and 

the retail store is 50×50 (see Table 3.4 and Figure 3.14).  In this case, the apparel producer 

places an order if it has no inventory on hand and the retail store’s inventory is less than or 

equal to 14. The order quantity is decreased by one as the retail store’s inventory is increased 

by one in recurrent states. The corresponding apparel producer’s policy is an echelon (i, s, S) 

policy, where i is equal to 0, s is equal to 14, and S is equal to 29 (see Figure A.11).   
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 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 … 50 

0 22 22 22 22 22 22 22 22 21 20 19 18 17 16 15 0 … 0 

1 22 22 22 22 22 21 22 21 20 19 18 17 16 15 0 0 … 0 
2 22 22 22 22 21 21 20 20 19 18 17 16 15 14 0 0 … 0 
3 22 22 21 21 21 21 20 19 18 17 16 15 14 13 0 0 … 0 
4 21 21 21 20 20 20 19 18 17 16 15 14 13 12 0 0 … 0 
5 20 20 20 20 19 18 17 16 16 15 14 13 12 11 0 0 … 0 
6 19 19 19 19 18 17 16 16 15 0 0 11 10 0 0 0 … 0 
7 18 18 18 18 17 16 16 15 0 0 0 10 0 0 0 0 … 0 
8 17 17 17 17 16 16 0 0 0 0 0 0 0 0 0 0 … 0 
9 16 16 16 16 15 0 0 0 0 0 0 0 0 0 0 0 … 0 
: : : : : : : : : : : : : : : : : : 

50 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 … 0 
 

Figure A.10. Apparel producer’s optimal policy for the characterization  
of the echelon-(i, s, S) policy with i equal to zero 

 

 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 … 50 
0 29 28 27 26 25 24 23 22 21 20 19 18 17 16 15 0 … 0 
1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 … 0 
2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 … 0 
3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 … 0 
4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 … 0 
5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 … 0 
6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 … 0 
7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 … 0 
8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 … 0 
9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 … 0 
: : : : : : : : : : : : : : : : : : 

50 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 … 0 
 

Figure A.11. Apparel producer’s characterized echelon-(i, s, S) policy with i equal to zero 
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A.3.3. Combined Echelon [(i, Q, r) + (i, s, S)] Policy with i equal to 0 
 

Figure A.12 shows the apparel producer’s policy obtained from the MDP when the 

mean demand is 3 and the CV is one in the model with the higher apparel producer’s setup 

cost per order. The capacity for the apparel producer and the retail store is 50×50 (see Figure 

3.24). The apparel producer places an order if he has no inventory on hand and the retail 

store’s inventory is less than 23. The order quantity is decreased by one as the retail store’s 

inventory is increased by one when the retail store’s inventory is greater than 5. In addition, 

the apparel producer’s order quantity is 31 if the retail store’s inventory is less than or equal 

to 6. The corresponding apparel producer’s policy is thus a combined echelon [(i, Q, r) + (i, s, 

S)] policy, where Q is equal to 31, r is equal to 6, i is equal to 0, s is equal to 23, and S is 

equal to 37 (see Figure A.13).   
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0 1 3 4 5 6 7 8 9 10 11 … 21 22 23 24 … 50 

0 32 32 32 31 31 31 30 29 28 27 26 … 16 15 14 0 … 0 
1 32 32 31 31 30 30 29 28 27 26 25 … 16 15 14 0 … 0 
2 32 31 31 30 30 29 28 27 26 25 24 … 15 14 0 0 … 0 
3 31 31 30 30 29 28 27 26 25 24 23 … 14 14 0 0 … 0 
4 30 30 29 29 28 27 26 25 24 23 23 … 13 0 0 0 … 0 
5 30 29 29 28 27 26 25 24 23 23 22 … 12 0 0 0 … 0 
6 29 29 28 27 26 25 24 23 23 22 21 … 11 0 0 0 … 0 
7 28 28 27 26 25 24 23 22 21 20 20 … 0 0 0 0 … 0 
8 27 27 26 25 25 24 23 22 21 20 19 … 0 0 0 0 … 0 
9 26 26 25 24 24 23 22 21 20 19 18 … 0 0 0 0 … 0 

10 25 25 24 23 22 22 21 20 19 18 17 … 0 0 0 0 … 0 
11 24 24 23 22 22 21 20 19 18 17 17 … 0 0 0 0 … 0 
12 23 23 22 21 21 20 19 18 17 17 0 … 0 0 0 0 … 0 
13 0 0 0 0 0 0 0 0 0 0 0 … 0 0 0 0 … 0 
: : : : : : : : : : : : : : : : : : : 

50 0 0 0 0 0 0 0 0 0 0 0 … 0 0 0 0 … 0 
 

Figure A.12. Apparel producer’s optimal policy for the characterization  
of the combined echelon [(i, Q, r) + (i, s, S)] policy 

 
 

0 1 3 4 5 6 7 8 9 10 11 … 21 22 23 24 … 50 
0 31 31 31 31 31 31 30 29 28 27 26 … 16 15 14 0 … 0 
1 0 0 0 0 0 0 0 0 0 0 0 … 0 0 0 0 … 0 
2 0 0 0 0 0 0 0 0 0 0 0 … 0 0 0 0 … 0 
3 0 0 0 0 0 0 0 0 0 0 0 … 0 0 0 0 … 0 
4 0 0 0 0 0 0 0 0 0 0 0 … 0 0 0 0 … 0 
5 0 0 0 0 0 0 0 0 0 0 0 … 0 0 0 0 … 0 
6 0 0 0 0 0 0 0 0 0 0 0 … 0 0 0 0 … 0 
7 0 0 0 0 0 0 0 0 0 0 0 … 0 0 0 0 … 0 
8 0 0 0 0 0 0 0 0 0 0 0 … 0 0 0 0 … 0 
9 0 0 0 0 0 0 0 0 0 0 0 … 0 0 0 0 … 0 

10 0 0 0 0 0 0 0 0 0 0 0 … 0 0 0 0 … 0 
11 0 0 0 0 0 0 0 0 0 0 0 … 0 0 0 0 … 0 
12 0 0 0 0 0 0 0 0 0 0 0 … 0 0 0 0 … 0 
13 0 0 0 0 0 0 0 0 0 0 0 … 0 0 0 0 … 0 
: : : : : : : : : : : : : : : : : : : 

50 0 0 0 0 0 0 0 0 0 0 0 … 0 0 0 0 … 0 
 

Figure A.13. Apparel producer’s characterized combined echelon [(i, Q, r) + (i, s, S)] policy 
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Appendix B. Gains of the MDP and the Characterized 
Models for Training Models 
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B.1. No Information Sharing Models 
 

Table B.1. MDP and characterized gains of training model for no information sharing 
 

No. Mean CV Hs Hr Lr Fs Fr MDP CHR % Diff 
1 4 0.50 $2.10  $3.24 $936.00 $50.28 $77.76 $3,143.18  $3,143.18 0.000% 
2 3 0.25 $1.47  $2.27 $259.39 $35.20 $54.43 $2,387.29  $2,387.29 0.000% 
3 3 0.25 $1.47  $2.27 $259.39 $35.20 $101.09 $2,375.32  $2,375.32 0.000% 
4 3 0.25 $1.47  $2.27 $259.39 $65.37 $54.43 $2,383.13  $2,383.13 0.000% 
5 3 0.25 $1.47  $2.27 $259.39 $65.37 $101.09 $2,371.31  $2,371.31 0.000% 
6 3 0.25 $1.47  $2.27 $5,447.09 $35.20 $54.43 $2,385.61  $2,385.61 0.000% 
7 3 0.25 $1.47  $2.27 $5,447.09 $35.20 $101.09 $2,371.58  $2,371.58 0.000% 
8 3 0.25 $1.47  $2.27 $5,447.09 $65.37 $54.43 $2,381.40  $2,381.40 0.000% 
9 3 0.25 $1.47  $2.27 $5,447.09 $65.37 $101.09 $2,369.93  $2,369.93 0.000% 

10 3 0.25 $1.47  $4.21 $259.39 $35.20 $54.43 $2,369.14  $2,369.14 0.000% 
11 3 0.25 $1.47  $4.21 $259.39 $35.20 $101.09 $2,354.04  $2,354.04 0.000% 
12 3 0.25 $1.47  $4.21 $259.39 $65.37 $54.43 $2,363.95  $2,363.95 0.000% 
13 3 0.25 $1.47  $4.21 $259.39 $65.37 $101.09 $2,349.71  $2,349.71 0.000% 
14 3 0.25 $1.47  $4.21 $5,447.09 $35.20 $54.43 $2,365.66  $2,365.66 0.000% 
15 3 0.25 $1.47  $4.21 $5,447.09 $35.20 $101.09 $2,350.45  $2,350.45 0.000% 
16 3 0.25 $1.47  $4.21 $5,447.09 $65.37 $54.43 $2,360.42  $2,360.42 0.000% 
17 3 0.25 $1.47  $4.21 $5,447.09 $65.37 $101.09 $2,346.08  $2,346.08 0.000% 
18 3 0.25 $2.72  $2.27 $259.39 $35.20 $54.43 $2,379.17  $2,378.66 0.021% 
19 3 0.25 $2.72  $2.27 $259.39 $35.20 $101.09 $2,366.73  $2,366.57 0.007% 
20 3 0.25 $2.72  $2.27 $259.39 $65.37 $54.43 $2,374.88  $2,374.88 0.000% 
21 3 0.25 $2.72  $2.27 $259.39 $65.37 $101.09 $2,362.96  $2,362.96 0.000% 
22 3 0.25 $2.72  $2.27 $5,447.09 $35.20 $54.43 $2,377.02  $2,375.84 0.050% 
23 3 0.25 $2.72  $2.27 $5,447.09 $35.20 $101.09 $2,364.45  $2,364.04 0.017% 
24 3 0.25 $2.72  $2.27 $5,447.09 $65.37 $54.43 $2,372.46  $2,372.46 0.000% 
25 3 0.25 $2.72  $2.27 $5,447.09 $65.37 $101.09 $2,361.06  $2,361.06 0.000% 
26 3 0.25 $2.72  $4.21 $259.39 $35.20 $54.43 $2,361.12  $2,361.12 0.000% 
27 3 0.25 $2.72  $4.21 $259.39 $35.20 $101.09 $2,344.57  $2,344.58 0.000% 
28 3 0.25 $2.72  $4.21 $259.39 $65.37 $54.43 $2,353.61  $2,353.61 0.000% 
29 3 0.25 $2.72  $4.21 $259.39 $65.37 $101.09 $2,338.83  $2,338.81 0.001% 
30 3 0.25 $2.72  $4.21 $5,447.09 $35.20 $54.43 $2,357.66  $2,357.66 0.000% 
31 3 0.25 $2.72  $4.21 $5,447.09 $35.20 $101.09 $2,341.06  $2,341.06 0.000% 
32 3 0.25 $2.72  $4.21 $5,447.09 $65.37 $54.43 $2,350.13  $2,350.13 0.000% 
33 3 0.25 $2.72  $4.21 $5,447.09 $65.37 $101.09 $2,335.18  $2,335.18 0.000% 
34 3 0.75 $1.47  $2.27 $259.39 $35.20 $54.43 $2,369.57  $2,369.57 0.000% 
35 3 0.75 $1.47  $2.27 $259.39 $35.20 $101.09 $2,358.22  $2,358.22 0.000% 
36 3 0.75 $1.47  $2.27 $259.39 $65.37 $54.43 $2,364.51  $2,364.41 0.004% 
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Table B.1. (Continued) 
 

No. Mean CV Hs Hr Lr Fs Fr MDP CHR % Diff 
37 3 0.75 $1.47  $2.27 $259.39 $65.37 $101.09 $2,354.07  $2,354.07 0.000% 
38 3 0.75 $1.47  $2.27 $5,447.09 $35.20 $54.43 $2,364.77  $2,364.77 0.000% 
39 3 0.75 $1.47  $2.27 $5,447.09 $35.20 $101.09 $2,353.65  $2,353.65 0.000% 
40 3 0.75 $1.47  $2.27 $5,447.09 $65.37 $54.43 $2,358.84  $2,358.84 0.000% 
41 3 0.75 $1.47  $2.27 $5,447.09 $65.37 $101.09 $2,348.18  $2,348.06 0.005% 
42 3 0.75 $1.47  $4.21 $259.39 $35.20 $54.43 $2,339.55  $2,339.55 0.000% 
43 3 0.75 $1.47  $4.21 $259.39 $35.20 $101.09 $2,327.31  $2,327.31 0.000% 
44 3 0.75 $1.47  $4.21 $259.39 $65.37 $54.43 $2,333.50  $2,333.45 0.002% 
45 3 0.75 $1.47  $4.21 $259.39 $65.37 $101.09 $2,321.11  $2,321.04 0.003% 
46 3 0.75 $1.47  $4.21 $5,447.09 $35.20 $54.43 $2,329.43  $2,329.01 0.018% 
47 3 0.75 $1.47  $4.21 $5,447.09 $35.20 $101.09 $2,317.70  $2,317.70 0.000% 
48 3 0.75 $1.47  $4.21 $5,447.09 $65.37 $54.43 $2,323.59  $2,323.57 0.001% 
49 3 0.75 $1.47  $4.21 $5,447.09 $65.37 $101.09 $2,310.88  $2,310.84 0.002% 
50 3 0.75 $2.72  $2.27 $259.39 $35.20 $54.43 $2,359.67  $2,359.67 0.000% 
51 3 0.75 $2.72  $2.27 $259.39 $35.20 $101.09 $2,347.96  $2,347.96 0.000% 
52 3 0.75 $2.72  $2.27 $259.39 $65.37 $54.43 $2,355.60  $2,355.60 0.000% 
53 3 0.75 $2.72  $2.27 $259.39 $65.37 $101.09 $2,344.75  $2,344.75 0.000% 
54 3 0.75 $2.72  $2.27 $5,447.09 $35.20 $54.43 $2,354.16  $2,354.16 0.000% 
55 3 0.75 $2.72  $2.27 $5,447.09 $35.20 $101.09 $2,341.86  $2,341.86 0.000% 
56 3 0.75 $2.72  $2.27 $5,447.09 $65.37 $54.43 $2,348.80  $2,348.80 0.000% 
57 3 0.75 $2.72  $2.27 $5,447.09 $65.37 $101.09 $2,337.85  $2,337.85 0.000% 
58 3 0.75 $2.72  $4.21 $259.39 $35.20 $54.43 $2,329.98  $2,329.98 0.000% 
59 3 0.75 $2.72  $4.21 $259.39 $35.20 $101.09 $2,316.84  $2,316.84 0.000% 
60 3 0.75 $2.72  $4.21 $259.39 $65.37 $54.43 $2,321.33  $2,321.33 0.000% 
61 3 0.75 $2.72  $4.21 $259.39 $65.37 $101.09 $2,308.63  $2,308.63 0.000% 
62 3 0.75 $2.72  $4.21 $5,447.09 $35.20 $54.43 $2,319.52  $2,319.40 0.005% 
63 3 0.75 $2.72  $4.21 $5,447.09 $35.20 $101.09 $2,306.68  $2,306.68 0.000% 
64 3 0.75 $2.72  $4.21 $5,447.09 $65.37 $54.43 $2,311.18  $2,311.18 0.000% 
65 3 0.75 $2.72  $4.21 $5,447.09 $65.37 $101.09 $2,298.84  $2,298.84 0.000% 
66 5 0.25 $1.47  $2.27 $259.39 $35.20 $54.43 $3,994.40  $3,994.40 0.000% 
67 5 0.25 $1.47  $2.27 $259.39 $35.20 $101.09 $3,978.95  $3,978.95 0.000% 
68 5 0.25 $1.47  $2.27 $259.39 $65.37 $54.43 $3,988.46  $3,988.46 0.000% 
69 5 0.25 $1.47  $2.27 $259.39 $35.20 $101.09 $2,358.22  $2,358.22 0.000% 
70 5 0.25 $1.47  $2.27 $259.39 $65.37 $54.43 $2,364.51  $2,364.41 0.004% 
71 5 0.25 $1.47  $2.27 $259.39 $65.37 $101.09 $2,354.07  $2,354.07 0.000% 
72 5 0.25 $1.47  $2.27 $5,447.09 $35.20 $54.43 $2,364.77  $2,364.77 0.000% 
73 5 0.25 $1.47  $2.27 $5,447.09 $35.20 $101.09 $2,353.65  $2,353.65 0.000% 
74 5 0.25 $1.47  $2.27 $5,447.09 $65.37 $54.43 $2,358.84  $2,358.84 0.000% 
75 5 0.25 $1.47  $4.21 $259.39 $35.20 $101.09 $3,949.61  $3,949.61 0.000% 
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Table B.1. (Continued) 
 

No. Mean CV Hs Hr Lr Fs Fr MDP CHR % Diff 
76 5 0.25 $1.47  $4.21 $259.39 $65.37 $54.43 $3,959.70  $3,959.67 0.001% 
77 5 0.25 $1.47  $4.21 $259.39 $65.37 $101.09 $3,942.63  $3,942.61 0.001% 
78 5 0.25 $1.47  $4.21 $5,447.09 $35.20 $54.43 $3,962.22  $3,962.22 0.000% 
79 5 0.25 $1.47  $4.21 $5,447.09 $35.20 $101.09 $3,944.98  $3,944.98 0.000% 
80 5 0.25 $1.47  $4.21 $5,447.09 $65.37 $54.43 $3,954.23  $3,954.22 0.000% 
81 5 0.25 $1.47  $4.21 $5,447.09 $65.37 $101.09 $3,936.30  $3,937.36 0.027% 
82 5 0.25 $2.72  $2.27 $259.39 $35.20 $54.43 $3,984.95  $3,984.95 0.000% 
83 5 0.25 $2.72  $2.27 $259.39 $35.20 $101.09 $3,966.49  $3,966.49 0.000% 
84 5 0.25 $2.72  $2.27 $259.39 $65.37 $54.43 $3,976.03  $3,976.03 0.000% 
85 5 0.25 $2.72  $2.27 $259.39 $65.37 $101.09 $3,961.21  $3,961.21 0.000% 
86 5 0.25 $2.72  $2.27 $5,447.09 $35.20 $54.43 $3,982.07  $3,982.07 0.000% 
87 5 0.25 $2.72  $2.27 $5,447.09 $35.20 $101.09 $3,964.13  $3,964.13 0.000% 
88 5 0.25 $2.72  $2.27 $5,447.09 $65.37 $54.43 $3,972.68  $3,972.68 0.000% 
89 5 0.25 $2.72  $2.27 $5,447.09 $65.37 $101.09 $3,957.42  $3,957.42 0.000% 
90 5 0.25 $2.72  $4.21 $259.39 $35.20 $54.43 $3,958.16  $3,958.16 0.000% 
91 5 0.25 $2.72  $4.21 $259.39 $35.20 $101.09 $3,939.23  $3,939.23 0.000% 
92 5 0.25 $2.72  $4.21 $259.39 $65.37 $54.43 $3,945.60  $3,945.60 0.000% 
93 5 0.25 $2.72  $4.21 $259.39 $65.37 $101.09 $3,927.63  $3,927.63 0.000% 
94 5 0.25 $2.72  $4.21 $5,447.09 $35.20 $54.43 $3,952.22  $3,952.22 0.000% 
95 5 0.25 $2.72  $4.21 $5,447.09 $35.20 $101.09 $3,934.28  $3,934.28 0.000% 
96 5 0.25 $2.72  $4.21 $5,447.09 $65.37 $54.43 $3,940.62  $3,940.62 0.000% 
97 5 0.25 $2.72  $4.21 $5,447.09 $65.37 $101.09 $3,922.95  $3,922.95 0.000% 
98 5 0.75 $1.47  $2.27 $259.39 $35.20 $54.43 $3,964.56  $3,964.51 0.001% 
99 5 0.75 $1.47  $2.27 $259.39 $35.20 $101.09 $3,951.72  $3,951.72 0.000% 
100 5 0.75 $1.47  $2.27 $259.39 $65.37 $54.43 $3,956.13  $3,956.13 0.000% 
101 5 0.75 $1.47  $2.27 $259.39 $65.37 $101.09 $3,943.98  $3,943.98 0.000% 
102 5 0.75 $1.47  $2.27 $5,447.09 $35.20 $54.43 $3,955.32  $3,955.18 0.004% 
103 5 0.75 $1.47  $2.27 $5,447.09 $35.20 $101.09 $3,943.12  $3,943.12 0.000% 
104 5 0.75 $1.47  $2.27 $5,447.09 $65.37 $54.43 $3,947.26  $3,947.24 0.001% 
105 5 0.75 $1.47  $2.27 $5,447.09 $65.37 $101.09 $3,935.58  $3,935.58 0.000% 
106 5 0.75 $1.47  $4.21 $259.39 $35.20 $54.43 $3,914.60  $3,914.05 0.014% 
107 5 0.75 $1.47  $4.21 $259.39 $35.20 $101.09 $3,901.12  $3,901.11 0.000% 
108 5 0.75 $1.47  $4.21 $259.39 $65.37 $54.43 $3,906.49  $3,906.22 0.007% 
109 5 0.75 $1.47  $4.21 $259.39 $65.37 $101.09 $3,892.80  $3,892.75 0.001% 
110 5 0.75 $1.47  $4.21 $5,447.09 $35.20 $54.43 $3,897.10  $3,893.92 0.082% 
111 5 0.75 $1.47  $4.21 $5,447.09 $35.20 $101.09 $3,883.38  $3,883.38 0.000% 
112 5 0.75 $1.47  $4.21 $5,447.09 $65.37 $54.43 $3,888.46  $3,887.26 0.031% 
113 5 0.75 $1.47  $4.21 $5,447.09 $65.37 $101.09 $3,875.97  $3,875.83 0.004% 
114 5 0.75 $2.72  $2.27 $259.39 $35.20 $54.43 $3,949.93  $3,949.88 0.001% 
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Table B.1. (Continued) 
 

No. Mean CV Hs Hr Lr Fs Fr MDP CHR % Diff 
115 5 0.75 $2.72  $2.27 $259.39 $35.20 $101.09 $3,935.78  $3,935.78 0.000% 
116 5 0.75 $2.72  $2.27 $259.39 $65.37 $54.43 $3,940.62  $3,940.62 0.000% 
117 5 0.75 $2.72  $2.27 $259.39 $65.37 $101.09 $3,926.93  $3,926.93 0.000% 
118 5 0.75 $2.72  $2.27 $5,447.09 $35.20 $54.43 $3,939.45  $3,939.22 0.006% 
119 5 0.75 $2.72  $2.27 $5,447.09 $35.20 $101.09 $3,926.02  $3,926.01 0.000% 
120 5 0.75 $2.72  $2.27 $5,447.09 $65.37 $54.43 $3,930.59  $3,930.59 0.000% 
121 5 0.75 $2.72  $2.27 $5,447.09 $65.37 $101.09 $3,917.65  $3,917.63 0.001% 
122 5 0.75 $2.72  $4.21 $259.39 $35.20 $54.43 $3,900.20  $3,899.18 0.026% 
123 5 0.75 $2.72  $4.21 $259.39 $35.20 $101.09 $3,885.63  $3,885.48 0.004% 
124 5 0.75 $2.72  $4.21 $259.39 $65.37 $54.43 $3,890.73  $3,890.32 0.011% 
125 5 0.75 $2.72  $4.21 $259.39 $65.37 $101.09 $3,876.72  $3,876.72 0.000% 
126 5 0.75 $2.72  $4.21 $5,447.09 $35.20 $54.43 $3,880.93  $3,877.91 0.078% 
127 5 0.75 $2.72  $4.21 $5,447.09 $35.20 $101.09 $3,867.02  $3,790.32 1.983% 
128 5 0.75 $2.72  $4.21 $5,447.09 $65.37 $54.43 $3,871.88  $3,871.39 0.013% 
129 5 0.75 $2.72  $4.21 $5,447.09 $65.37 $101.09 $3,858.47  $3,858.32 0.004% 
130 3 0.50 $2.10  $3.24 $936.00 $50.28 $77.76 $2,348.17  $2,348.15 0.001% 
131 4 0.25 $2.10  $3.24 $936.00 $50.28 $77.76 $3,157.94  $3,157.94 0.000% 
132 4 0.50 $1.47  $3.24 $936.00 $50.28 $77.76 $3,148.96  $3,148.96 0.000% 
133 4 0.50 $2.72  $3.24 $936.00 $50.28 $77.76 $3,137.62  $3,137.62 0.000% 
134 4 0.50 $2.10  $2.27 $936.00 $50.28 $77.76 $3,161.70  $3,161.70 0.000% 
135 4 0.50 $2.10  $4.21 $936.00 $50.28 $77.76 $3,130.25  $3,130.25 0.000% 
136 4 0.50 $2.10  $3.24 $259.39 $50.28 $77.76 $3,144.90  $3,144.90 0.000% 
137 4 0.50 $2.10  $3.24 $5,447.09 $50.28 $77.76 $3,138.70  $3,138.70 0.000% 
138 4 0.50 $2.10  $3.24 $936.00 $35.20 $77.76 $3,147.82  $3,147.82 0.000% 
139 4 0.50 $2.10  $3.24 $936.00 $65.37 $77.76 $3,138.58  $3,138.58 0.000% 
140 4 0.50 $2.10  $3.24 $936.00 $50.28 $54.43 $3,150.36  $3,150.36 0.000% 
141 4 0.50 $2.10  $3.24 $936.00 $50.28 $101.09 $3,136.00  $3,136.00 0.000% 
142 4 0.75 $2.10  $3.24 $936.00 $50.28 $77.76 $3,122.75  $3,122.75 0.000% 
143 5 0.50 $2.10  $3.24 $936.00 $50.28 $77.76 $3,939.00  $3,939.00 0.000% 
144 3 0.25 $2.10  $3.24 $936.00 $50.28 $77.76 $2,360.67  $2,360.67 0.000% 
145 3 0.25 $1.47  $3.24 $936.00 $50.28 $77.76 $2,366.16  $2,366.16 0.000% 
146 3 0.50 $2.10  $2.27 $936.00 $50.28 $77.76 $2,364.18  $2,364.18 0.000% 
147 3 0.50 $2.10  $4.21 $936.00 $50.28 $77.76 $2,337.88  $2,337.87 0.000% 
148 3 0.50 $2.10  $3.24 $259.39 $50.28 $77.76 $2,349.84  $2,349.84 0.000% 
149 3 0.50 $2.10  $3.24 $5,447.09 $50.28 $77.76 $2,344.75  $2,344.76 0.000% 
150 3 0.50 $2.10  $3.24 $936.00 $35.20 $77.76 $2,352.44  $2,352.44 0.000% 
151 3 0.50 $2.10  $3.24 $936.00 $65.37 $77.76 $2,346.06  $2,346.04 0.001% 
152 3 0.50 $2.10  $3.24 $936.00 $50.28 $54.43 $2,355.15  $2,355.14 0.000% 
153 3 0.50 $2.10  $3.24 $936.00 $50.28 $101.09 $2,341.86  $2,341.85 0.000% 
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Table B.1. (Continued) 
 

No. Mean CV Hs Hr Lr Fs Fr MDP CHR % Diff 
154 3 0.75 $2.10  $3.24 $936.00 $50.28 $77.76 $2,334.09  $2,334.09 0.000% 
155 3 0.75 $2.72  $3.24 $936.00 $50.28 $77.76 $2,329.04  $2,329.04 0.000% 
156 4 0.25 $1.47  $3.24 $936.00 $50.28 $77.76 $3,164.72  $3,164.71 0.000% 
157 4 0.25 $2.72  $3.24 $936.00 $50.28 $77.76 $3,152.67  $3,152.67 0.000% 
158 4 0.25 $2.10  $2.27 $936.00 $50.28 $77.76 $3,173.40  $3,173.40 0.000% 
159 4 0.25 $2.10  $4.21 $936.00 $50.28 $77.76 $3,147.84  $3,147.84 0.000% 
160 4 0.25 $2.10  $3.24 $259.39 $50.28 $77.76 $3,158.71  $3,158.71 0.000% 
161 4 0.25 $2.10  $3.24 $5,447.09 $50.28 $77.76 $3,155.27  $3,155.27 0.000% 
162 4 0.25 $2.10  $3.24 $936.00 $35.20 $77.76 $3,162.49  $3,162.49 0.000% 
163 4 0.25 $2.10  $3.24 $936.00 $65.37 $77.76 $3,155.45  $3,155.45 0.000% 
164 4 0.25 $2.10  $3.24 $936.00 $50.28 $54.43 $3,166.10  $3,166.10 0.000% 
165 4 0.25 $2.10  $3.24 $936.00 $50.28 $101.09 $3,150.49  $3,150.49 0.000% 
166 4 0.50 $1.47  $2.27 $936.00 $50.28 $77.76 $3,168.59  $3,168.59 0.000% 
167 4 0.50 $1.47  $4.21 $936.00 $50.28 $77.76 $3,135.93  $3,135.93 0.000% 
168 4 0.50 $2.72  $2.27 $936.00 $50.28 $77.76 $3,157.10  $3,157.10 0.000% 
169 4 0.50 $2.72  $4.21 $936.00 $50.28 $77.76 $3,125.15  $3,125.15 0.000% 
170 4 0.50 $1.47  $3.24 $259.39 $50.28 $77.76 $3,150.89  $3,150.87 0.001% 
171 4 0.50 $1.47  $3.24 $5,447.09 $50.28 $77.76 $3,144.39  $3,144.39 0.000% 
172 4 0.50 $2.72  $3.24 $259.39 $50.28 $77.76 $3,139.86  $3,139.86 0.000% 
173 4 0.50 $2.72  $3.24 $5,447.09 $50.28 $77.76 $3,133.17  $3,133.17 0.000% 
174 4 0.50 $1.47  $3.24 $936.00 $35.20 $77.76 $3,153.49  $3,153.49 0.000% 
175 4 0.50 $1.47  $3.24 $936.00 $65.37 $77.76 $3,146.41  $3,146.41 0.000% 
176 4 0.50 $2.72  $3.24 $936.00 $35.20 $77.76 $3,142.65  $3,142.65 0.000% 
177 4 0.50 $2.72  $3.24 $936.00 $65.37 $77.76 $3,132.96  $3,132.96 0.000% 
178 4 0.50 $1.47  $3.24 $936.00 $50.28 $54.43 $3,156.34  $3,156.33 0.000% 
179 4 0.50 $1.47  $3.24 $936.00 $50.28 $101.09 $3,142.30  $3,142.30 0.000% 
180 4 0.50 $2.72  $3.24 $936.00 $50.28 $54.43 $3,145.40  $3,145.40 0.000% 
181 4 0.50 $2.72  $3.24 $936.00 $50.28 $101.09 $3,130.42  $3,130.42 0.000% 
182 4 0.50 $2.10  $3.24 $259.39 $50.28 $77.76 $3,162.93  $3,162.93 0.000% 
183 4 0.50 $2.10  $3.24 $5,447.09 $50.28 $77.76 $3,158.98  $3,158.98 0.000% 
184 4 0.50 $2.10  $3.24 $259.39 $50.28 $77.76 $3,132.37  $3,132.37 0.000% 
185 4 0.50 $2.10  $3.24 $5,447.09 $50.28 $77.76 $3,124.47  $3,124.47 0.000% 
186 4 0.50 $2.10  $3.24 $936.00 $35.20 $77.76 $3,147.82  $3,147.82 0.000% 
187 4 0.50 $2.10  $3.24 $936.00 $65.37 $77.76 $3,138.58  $3,138.58 0.000% 
188 4 0.50 $2.10  $3.24 $936.00 $35.20 $77.76 $3,147.82  $3,147.82 0.000% 
189 4 0.50 $2.10  $3.24 $936.00 $65.37 $77.76 $3,138.58  $3,138.58 0.000% 
190 4 0.50 $2.10  $3.24 $936.00 $50.28 $54.43 $3,150.36  $3,150.36 0.000% 
191 4 0.50 $2.10  $3.24 $936.00 $50.28 $101.09 $3,136.00  $3,136.00 0.000% 
192 4 0.50 $2.10  $3.24 $936.00 $50.28 $54.43 $3,150.36  $3,150.36 0.000% 
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Table B.1. (Continued) 

 
No. Mean CV Hs Hr Lr Fs Fr MDP CHR % Diff 
193 4 0.50 $2.10  $3.24 $936.00 $50.28 $101.09 $3,136.00  $3,136.00 0.000% 
194 4 0.50 $2.10  $3.24 $259.39 $35.20 $77.76 $3,149.85  $3,149.85 0.000% 
195 4 0.50 $2.10  $3.24 $259.39 $65.37 $77.76 $3,140.74  $3,140.74 0.000% 
196 4 0.50 $2.10  $3.24 $5,447.09 $35.20 $77.76 $3,143.34  $3,143.34 0.000% 
197 4 0.50 $2.10  $3.24 $5,447.09 $65.37 $77.76 $3,134.06  $3,134.06 0.000% 
198 4 0.50 $2.10  $3.24 $259.39 $50.28 $54.43 $3,152.60  $3,152.60 0.000% 
199 4 0.50 $2.10  $3.24 $259.39 $50.28 $101.09 $3,137.73  $3,137.73 0.000% 
200 4 0.50 $2.10  $3.24 $5,447.09 $50.28 $54.43 $3,145.92  $3,145.90 0.001% 
201 4 0.50 $2.10  $3.24 $5,447.09 $50.28 $101.09 $3,131.53  $3,131.53 0.000% 
202 4 0.50 $2.10  $3.24 $259.39 $35.20 $54.43 $3,157.62  $3,157.62 0.000% 
203 4 0.50 $2.10  $3.24 $259.39 $35.20 $101.09 $3,142.36  $3,142.36 0.000% 
204 4 0.50 $2.10  $3.24 $5,447.09 $65.37 $54.43 $3,141.24  $3,141.24 0.000% 
205 4 0.50 $2.10  $3.24 $5,447.09 $65.37 $101.09 $3,127.12  $3,127.12 0.000% 
206 4 0.75 $1.47  $3.24 $936.00 $50.28 $77.76 $3,129.68  $3,129.68 0.000% 
207 4 0.75 $2.72  $3.24 $936.00 $50.28 $77.76 $3,116.45  $3,116.45 0.000% 
208 4 0.75 $2.10  $2.27 $936.00 $50.28 $77.76 $3,147.69  $3,147.69 0.000% 
209 4 0.75 $2.10  $4.21 $936.00 $50.28 $77.76 $3,105.44  $3,105.44 0.000% 
210 4 0.75 $2.10  $3.24 $259.39 $50.28 $77.76 $3,126.01  $3,126.01 0.000% 
211 4 0.75 $2.10  $3.24 $5,447.09 $50.28 $77.76 $3,115.07  $3,115.06 0.000% 
212 4 0.75 $2.10  $3.24 $936.00 $35.20 $77.76 $3,126.96  $3,126.96 0.000% 
213 4 0.75 $2.10  $3.24 $936.00 $65.37 $77.76 $3,118.73  $3,118.73 0.000% 
214 4 0.75 $2.10  $3.24 $936.00 $50.28 $54.43 $3,129.31  $3,129.31 0.000% 
215 4 0.75 $2.10  $3.24 $936.00 $50.28 $101.09 $3,116.53  $3,116.53 0.000% 
216 5 0.25 $2.10  $3.24 $936.00 $50.28 $77.76 $3,957.22  $3,957.22 0.000% 
217 5 0.25 $1.47  $3.24 $936.00 $50.28 $77.76 $3,964.15  $3,964.15 0.000% 
218 5 0.50 $2.10  $2.27 $936.00 $50.28 $77.76 $3,961.83  $3,961.83 0.000% 
219 5 0.50 $2.10  $4.21 $936.00 $50.28 $77.76 $3,922.92  $3,922.92 0.000% 
220 5 0.50 $2.10  $3.24 $259.39 $50.28 $77.76 $3,941.33  $3,941.33 0.000% 
221 5 0.50 $2.10  $3.24 $5,447.09 $50.28 $77.76 $3,933.02  $3,933.01 0.000% 
222 5 0.50 $2.10  $3.24 $936.00 $35.20 $77.76 $3,944.02  $3,944.02 0.000% 
223 5 0.50 $2.10  $3.24 $936.00 $65.37 $77.76 $3,934.04  $3,934.04 0.000% 
224 5 0.50 $2.10  $3.24 $936.00 $50.28 $54.43 $3,946.77  $3,946.77 0.000% 
225 5 0.50 $2.10  $3.24 $936.00 $50.28 $101.09 $3,931.47  $3,931.47 0.000% 
226 5 0.75 $2.10  $3.24 $936.00 $50.28 $77.76 $3,911.85  $3,911.80 0.001% 
227 5 0.75 $2.72  $3.24 $936.00 $50.28 $77.76 $3,904.15  $3,904.14 0.000% 
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B.2. Information Sharing Models 
 

Table B.2. MDP and characterized gains of training model for information sharing 
 

No. Mean CV Hs Hr Lr Fs Fr MDP CHR % Diff 
1 4 0.50 $2.10  $3.24 $936.00 $50.28 $77.76 $3,152.66  $3,152.65 0.000% 
2 3 0.25 $1.47  $2.27 $259.39 $35.20 $54.43 $2,393.65  $2,393.65 0.000% 
3 3 0.25 $1.47  $2.27 $259.39 $35.20 $101.09 $2,385.87  $2,385.87 0.000% 
4 3 0.25 $1.47  $2.27 $259.39 $65.37 $54.43 $2,388.45  $2,388.44 0.000% 
5 3 0.25 $1.47  $2.27 $259.39 $65.37 $101.09 $2,381.50  $2,381.49 0.000% 
6 3 0.25 $1.47  $2.27 $5,447.09 $35.20 $54.43 $2,392.24  $2,392.24 0.000% 
7 3 0.25 $1.47  $2.27 $5,447.09 $35.20 $101.09 $2,384.31  $2,384.31 0.000% 
8 3 0.25 $1.47  $2.27 $5,447.09 $65.37 $54.43 $2,386.94  $2,386.94 0.000% 
9 3 0.25 $1.47  $2.27 $5,447.09 $65.37 $101.09 $2,379.88  $2,379.88 0.000% 

10 3 0.25 $1.47  $4.21 $259.39 $35.20 $54.43 $2,372.03  $2,372.03 0.000% 
11 3 0.25 $1.47  $4.21 $259.39 $35.20 $101.09 $2,361.42  $2,361.39 0.001% 
12 3 0.25 $1.47  $4.21 $259.39 $65.37 $54.43 $2,365.53  $2,363.50 0.086% 
13 3 0.25 $1.47  $4.21 $259.39 $65.37 $101.09 $2,355.49  $2,355.49 0.000% 
14 3 0.25 $1.47  $4.21 $5,447.09 $35.20 $54.43 $2,368.99  $2,368.99 0.000% 
15 3 0.25 $1.47  $4.21 $5,447.09 $35.20 $101.09 $2,358.19  $2,358.18 0.000% 
16 3 0.25 $1.47  $4.21 $5,447.09 $65.37 $54.43 $2,362.37  $2,360.55 0.077% 
17 3 0.25 $1.47  $4.21 $5,447.09 $65.37 $101.09 $2,352.16  $2,352.13 0.001% 
18 3 0.25 $2.72  $2.27 $259.39 $35.20 $54.43 $2,389.82  $2,389.60 0.009% 
19 3 0.25 $2.72  $2.27 $259.39 $35.20 $101.09 $2,382.02  $2,382.02 0.000% 
20 3 0.25 $2.72  $2.27 $259.39 $65.37 $54.43 $2,384.60  $2,384.60 0.000% 
21 3 0.25 $2.72  $2.27 $259.39 $65.37 $101.09 $2,377.64  $2,377.64 0.000% 
22 3 0.25 $2.72  $2.27 $5,447.09 $35.20 $54.43 $2,388.33  $2,388.33 0.000% 
23 3 0.25 $2.72  $2.27 $5,447.09 $35.20 $101.09 $2,380.40  $2,380.40 0.000% 
24 3 0.25 $2.72  $2.27 $5,447.09 $65.37 $54.43 $2,383.03  $2,382.99 0.002% 
25 3 0.25 $2.72  $2.27 $5,447.09 $65.37 $101.09 $2,375.96  $2,375.96 0.000% 
26 3 0.25 $2.72  $4.21 $259.39 $35.20 $54.43 $3,152.66  $3,152.65 0.000% 
27 3 0.25 $2.72  $4.21 $259.39 $35.20 $101.09 $2,393.65  $2,393.65 0.000% 
28 3 0.25 $2.72  $4.21 $259.39 $65.37 $54.43 $2,385.87  $2,385.87 0.000% 
29 3 0.25 $2.72  $4.21 $259.39 $65.37 $101.09 $2,388.45  $2,388.44 0.000% 
30 3 0.25 $2.72  $4.21 $5,447.09 $35.20 $54.43 $2,381.50  $2,381.49 0.000% 
31 3 0.25 $2.72  $4.21 $5,447.09 $35.20 $101.09 $2,392.24  $2,392.24 0.000% 
32 3 0.25 $2.72  $4.21 $5,447.09 $65.37 $54.43 $2,384.31  $2,384.31 0.000% 
33 3 0.25 $2.72  $4.21 $5,447.09 $65.37 $101.09 $2,386.94  $2,386.94 0.000% 
34 3 0.75 $1.47  $2.27 $259.39 $35.20 $54.43 $2,379.88  $2,379.88 0.000% 
35 3 0.75 $1.47  $2.27 $259.39 $35.20 $101.09 $2,369.09  $2,369.08 0.000% 
36 3 0.75 $1.47  $2.27 $259.39 $65.37 $54.43 $2,371.58  $2,371.56 0.001% 
37 3 0.75 $1.47  $2.27 $259.39 $65.37 $101.09 $2,364.87  $2,364.86 0.000% 
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Table B.2. (Continued) 
 

No. Mean CV Hs Hr Lr Fs Fr MDP CHR % Diff 
38 3 0.75 $1.47  $2.27 $5,447.09 $35.20 $54.43 $2,371.25  $2,371.24 0.000% 
39 3 0.75 $1.47  $2.27 $5,447.09 $35.20 $101.09 $2,363.61  $2,363.60 0.000% 
40 3 0.75 $1.47  $2.27 $5,447.09 $65.37 $54.43 $2,366.15  $2,366.15 0.000% 
41 3 0.75 $1.47  $2.27 $5,447.09 $65.37 $101.09 $2,359.30  $2,359.28 0.001% 
42 3 0.75 $1.47  $4.21 $259.39 $35.20 $54.43 $2,343.10  $2,342.89 0.009% 
43 3 0.75 $1.47  $4.21 $259.39 $35.20 $101.09 $2,333.23  $2,333.14 0.004% 
44 3 0.75 $1.47  $4.21 $259.39 $65.37 $54.43 $2,336.82  $2,335.86 0.041% 
45 3 0.75 $1.47  $4.21 $259.39 $65.37 $101.09 $2,327.62  $2,327.55 0.003% 
46 3 0.75 $1.47  $4.21 $5,447.09 $35.20 $54.43 $2,333.46  $2,333.20 0.011% 
47 3 0.75 $1.47  $4.21 $5,447.09 $35.20 $101.09 $2,323.23  $2,323.12 0.005% 
48 3 0.75 $1.47  $4.21 $5,447.09 $65.37 $54.43 $2,327.15  $2,326.45 0.030% 
49 3 0.75 $1.47  $4.21 $5,447.09 $65.37 $101.09 $2,317.54  $2,317.44 0.004% 
50 3 0.75 $2.72  $2.27 $259.39 $35.20 $54.43 $2,372.41  $2,372.41 0.000% 
51 3 0.75 $2.72  $2.27 $259.39 $35.20 $101.09 $2,364.87  $2,364.87 0.000% 
52 3 0.75 $2.72  $2.27 $259.39 $65.37 $54.43 $2,367.39  $2,367.39 0.000% 
53 3 0.75 $2.72  $2.27 $259.39 $65.37 $101.09 $2,360.61  $2,360.57 0.002% 
54 3 0.75 $2.72  $2.27 $5,447.09 $35.20 $54.43 $2,366.66  $2,366.66 0.000% 
55 3 0.75 $2.72  $2.27 $5,447.09 $35.20 $101.09 $2,358.96  $2,358.96 0.000% 
56 3 0.75 $2.72  $2.27 $5,447.09 $65.37 $54.43 $2,361.53  $2,361.53 0.000% 
57 3 0.75 $2.72  $2.27 $5,447.09 $65.37 $101.09 $2,354.75  $2,354.75 0.000% 
58 3 0.75 $2.72  $4.21 $259.39 $35.20 $54.43 $2,337.50  $2,337.46 0.002% 
59 3 0.75 $2.72  $4.21 $259.39 $35.20 $101.09 $2,327.55  $2,327.55 0.000% 
60 3 0.75 $2.72  $4.21 $259.39 $65.37 $54.43 $2,330.77  $2,330.77 0.000% 
61 3 0.75 $2.72  $4.21 $259.39 $65.37 $101.09 $2,322.05  $2,322.04 0.000% 
62 3 0.75 $2.72  $4.21 $5,447.09 $35.20 $54.43 $2,327.02  $2,326.84 0.008% 
63 3 0.75 $2.72  $4.21 $5,447.09 $35.20 $101.09 $2,316.96  $2,316.94 0.001% 
64 3 0.75 $2.72  $4.21 $5,447.09 $65.37 $54.43 $2,320.24  $2,320.22 0.001% 
65 3 0.75 $2.72  $4.21 $5,447.09 $65.37 $101.09 $2,311.36  $2,311.36 0.000% 
66 5 0.25 $1.47  $2.27 $259.39 $35.20 $54.43 $4,002.13  $4,002.12 0.000% 
67 5 0.25 $1.47  $2.27 $259.39 $35.20 $101.09 $3,991.90  $3,991.90 0.000% 
68 5 0.25 $1.47  $2.27 $259.39 $65.37 $54.43 $3,995.25  $3,995.25 0.000% 
69 5 0.25 $1.47  $2.27 $259.39 $35.20 $101.09 $3,986.17  $3,986.16 0.000% 
70 5 0.25 $1.47  $2.27 $259.39 $65.37 $54.43 $3,999.19  $3,999.19 0.000% 
71 5 0.25 $1.47  $2.27 $259.39 $65.37 $101.09 $3,988.94  $3,988.93 0.000% 
72 5 0.25 $1.47  $2.27 $5,447.09 $35.20 $54.43 $3,992.24  $3,992.24 0.000% 
73 5 0.25 $1.47  $2.27 $5,447.09 $35.20 $101.09 $3,983.27  $3,983.25 0.001% 
74 5 0.25 $1.47  $2.27 $5,447.09 $65.37 $54.43 $3,970.22  $3,970.22 0.000% 
75 5 0.25 $1.47  $4.21 $259.39 $35.20 $101.09 $3,956.38  $3,956.33 0.001% 
76 5 0.25 $1.47  $4.21 $259.39 $65.37 $54.43 $3,961.33  $3,956.14 0.131% 
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Table B.2. (Continued) 
 

No. Mean CV Hs Hr Lr Fs Fr MDP CHR % Diff 
77 5 0.25 $1.47  $4.21 $259.39 $65.37 $101.09 $3,948.76  $3,948.71 0.001% 
78 5 0.25 $1.47  $4.21 $5,447.09 $35.20 $54.43 $3,964.82  $3,964.63 0.005% 
79 5 0.25 $1.47  $4.21 $5,447.09 $35.20 $101.09 $3,951.00  $3,950.93 0.002% 
80 5 0.25 $1.47  $4.21 $5,447.09 $65.37 $54.43 $3,956.06  $3,954.83 0.031% 
81 5 0.25 $1.47  $4.21 $5,447.09 $65.37 $101.09 $3,943.41  $3,943.41 0.000% 
82 5 0.25 $2.72  $2.27 $259.39 $35.20 $54.43 $3,995.65  $3,995.65 0.000% 
83 5 0.25 $2.72  $2.27 $259.39 $35.20 $101.09 $3,985.40  $3,985.40 0.000% 
84 5 0.25 $2.72  $2.27 $259.39 $65.37 $54.43 $3,988.74  $3,988.74 0.000% 
85 5 0.25 $2.72  $2.27 $259.39 $65.37 $101.09 $3,979.64  $3,979.64 0.000% 
86 5 0.25 $2.72  $2.27 $5,447.09 $35.20 $54.43 $3,992.54  $3,992.54 0.000% 
87 5 0.25 $2.72  $2.27 $5,447.09 $35.20 $101.09 $3,982.42  $3,982.42 0.000% 
88 5 0.25 $2.72  $2.27 $5,447.09 $65.37 $54.43 $3,985.73  $3,985.73 0.000% 
89 5 0.25 $2.72  $2.27 $5,447.09 $65.37 $101.09 $3,976.73  $3,976.73 0.000% 
90 5 0.25 $2.72  $4.21 $259.39 $35.20 $54.43 $3,963.15  $3,963.15 0.000% 
91 5 0.25 $2.72  $4.21 $259.39 $35.20 $101.09 $3,948.93  $3,948.93 0.000% 
92 5 0.25 $2.72  $4.21 $259.39 $65.37 $54.43 $3,953.45  $3,953.39 0.002% 
93 5 0.25 $2.72  $4.21 $259.39 $65.37 $101.09 $3,941.26  $3,941.26 0.000% 
94 5 0.25 $2.72  $4.21 $5,447.09 $35.20 $54.43 $3,957.81  $3,957.81 0.000% 
95 5 0.25 $2.72  $4.21 $5,447.09 $35.20 $101.09 $3,943.76  $3,943.75 0.000% 
96 5 0.25 $2.72  $4.21 $5,447.09 $65.37 $54.43 $3,948.25  $3,948.22 0.001% 
97 5 0.25 $2.72  $4.21 $5,447.09 $65.37 $101.09 $3,936.17  $3,936.17 0.000% 
98 5 0.75 $1.47  $2.27 $259.39 $35.20 $54.43 $3,971.90  $3,971.82 0.002% 
99 5 0.75 $1.47  $2.27 $259.39 $35.20 $101.09 $3,962.37  $3,962.34 0.001% 
100 5 0.75 $1.47  $2.27 $259.39 $65.37 $54.43 $3,965.53  $3,965.54 0.000% 
101 5 0.75 $1.47  $2.27 $259.39 $65.37 $101.09 $3,957.03  $3,957.01 0.001% 
102 5 0.75 $1.47  $2.27 $5,447.09 $35.20 $54.43 $3,962.79  $3,962.71 0.002% 
103 5 0.75 $1.47  $2.27 $5,447.09 $35.20 $101.09 $3,953.08  $3,952.89 0.005% 
104 5 0.75 $1.47  $2.27 $5,447.09 $65.37 $54.43 $3,956.31  $3,956.23 0.002% 
105 5 0.75 $1.47  $2.27 $5,447.09 $65.37 $101.09 $3,947.71  $3,947.34 0.009% 
106 5 0.75 $1.47  $4.21 $259.39 $35.20 $54.43 $3,919.24  $3,918.02 0.031% 
107 5 0.75 $1.47  $4.21 $259.39 $35.20 $101.09 $3,906.74  $3,906.24 0.013% 
108 5 0.75 $1.47  $4.21 $259.39 $65.37 $54.43 $3,911.37  $3,910.38 0.025% 
109 5 0.75 $1.47  $4.21 $259.39 $65.37 $101.09 $3,899.69  $3,899.44 0.006% 
110 5 0.75 $1.47  $4.21 $5,447.09 $35.20 $54.43 $3,902.78  $3,899.15 0.093% 
111 5 0.75 $1.47  $4.21 $5,447.09 $35.20 $101.09 $3,880.61  $3,889.05 0.217% 
112 5 0.75 $1.47  $4.21 $5,447.09 $65.37 $54.43 $3,894.95  $3,884.37 0.272% 
113 5 0.75 $1.47  $4.21 $5,447.09 $65.37 $101.09 $3,882.75  $3,882.35 0.010% 
114 5 0.75 $2.72  $2.27 $259.39 $35.20 $54.43 $3,964.84  $3,964.84 0.000% 
115 5 0.75 $2.72  $2.27 $259.39 $35.20 $101.09 $3,956.38  $3,956.33 0.001% 



186 
 

Table B.2. (Continued) 
 

No. Mean CV Hs Hr Lr Fs Fr MDP CHR % Diff 
116 5 0.75 $2.72  $2.27 $259.39 $65.37 $54.43 $3,958.43  $3,958.43 0.000% 
117 5 0.75 $2.72  $2.27 $259.39 $65.37 $101.09 $3,950.12  $3,949.20 0.023% 
118 5 0.75 $2.72  $2.27 $5,447.09 $35.20 $54.43 $3,955.12  $3,954.84 0.007% 
119 5 0.75 $2.72  $2.27 $5,447.09 $35.20 $101.09 $3,945.58  $3,944.14 0.036% 
120 5 0.75 $2.72  $2.27 $5,447.09 $65.37 $54.43 $3,920.81  $3,948.26 0.700% 
121 5 0.75 $2.72  $2.27 $5,447.09 $65.37 $101.09 $3,940.15  $3,938.18 0.050% 
122 5 0.75 $2.72  $4.21 $259.39 $35.20 $54.43 $3,909.84  $3,909.38 0.012% 
123 5 0.75 $2.72  $4.21 $259.39 $35.20 $101.09 $3,897.35  $3,897.26 0.002% 
124 5 0.75 $2.72  $4.21 $259.39 $65.37 $54.43 $3,901.56  $3,901.40 0.004% 
125 5 0.75 $2.72  $4.21 $259.39 $65.37 $101.09 $3,890.33  $3,890.30 0.001% 
126 5 0.75 $2.72  $4.21 $5,447.09 $35.20 $54.43 $3,892.13  $3,890.13 0.051% 
127 5 0.75 $2.72  $4.21 $5,447.09 $35.20 $101.09 $3,879.37  $3,859.47 0.513% 
128 5 0.75 $2.72  $4.21 $5,447.09 $65.37 $54.43 $3,883.64  $3,882.64 0.026% 
129 5 0.75 $2.72  $4.21 $5,447.09 $65.37 $101.09 $3,872.17  $3,872.07 0.003% 
130 3 0.50 $2.10  $3.24 $936.00 $50.28 $77.76 $2,358.29  $2,358.28 0.000% 
131 4 0.25 $2.10  $3.24 $936.00 $50.28 $77.76 $3,168.03  $3,168.02 0.000% 
132 4 0.50 $1.47  $3.24 $936.00 $50.28 $77.76 $3,156.03  $3,155.93 0.003% 
133 4 0.50 $2.72  $3.24 $936.00 $50.28 $77.76 $3,149.63  $3,149.63 0.000% 
134 4 0.50 $2.10  $2.27 $936.00 $50.28 $77.76 $3,175.65  $3,175.65 0.000% 
135 4 0.50 $2.10  $4.21 $936.00 $50.28 $77.76 $3,137.53  $3,137.48 0.002% 
136 4 0.50 $2.10  $3.24 $259.39 $50.28 $77.76 $3,154.77  $3,154.73 0.001% 
137 4 0.50 $2.10  $3.24 $5,447.09 $50.28 $77.76 $3,148.01  $3,147.98 0.001% 
138 4 0.50 $2.10  $3.24 $936.00 $35.20 $77.76 $3,156.07  $3,156.06 0.000% 
139 4 0.50 $2.10  $3.24 $936.00 $65.37 $77.76 $3,149.43  $3,149.43 0.000% 
140 4 0.50 $2.10  $3.24 $936.00 $50.28 $54.43 $3,158.03  $3,157.99 0.001% 
141 4 0.50 $2.10  $3.24 $936.00 $50.28 $101.09 $3,147.80  $3,147.79 0.000% 
142 4 0.75 $2.10  $3.24 $936.00 $50.28 $77.76 $3,132.40  $3,132.37 0.001% 
143 5 0.50 $2.10  $3.24 $936.00 $50.28 $77.76 $3,947.87  $3,947.86 0.000% 
144 3 0.25 $2.10  $3.24 $936.00 $50.28 $77.76 $2,369.37  $2,369.36 0.000% 
145 3 0.25 $1.47  $3.24 $936.00 $50.28 $77.76 $2,371.88  $2,371.85 0.001% 
146 3 0.50 $2.10  $2.27 $936.00 $50.28 $77.76 $2,376.55  $2,376.55 0.000% 
147 3 0.50 $2.10  $4.21 $936.00 $50.28 $77.76 $2,346.39  $2,346.36 0.001% 
148 3 0.50 $2.10  $3.24 $259.39 $50.28 $77.76 $2,359.95  $2,359.94 0.000% 
149 3 0.50 $2.10  $3.24 $5,447.09 $50.28 $77.76 $2,354.87  $2,354.86 0.000% 
150 3 0.50 $2.10  $3.24 $936.00 $35.20 $77.76 $2,361.26  $2,361.24 0.001% 
151 3 0.50 $2.10  $3.24 $936.00 $65.37 $77.76 $2,355.47  $2,355.47 0.000% 
152 3 0.50 $2.10  $3.24 $936.00 $50.28 $54.43 $2,362.96  $2,362.96 0.000% 
153 3 0.50 $2.10  $3.24 $936.00 $50.28 $101.09 $2,353.99  $2,353.97 0.001% 
154 3 0.75 $2.10  $3.24 $936.00 $50.28 $77.76 $2,343.51  $2,343.50 0.000% 
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Table B.2. (Continued) 
 

No. Mean CV Hs Hr Lr Fs Fr MDP CHR % Diff 
155 3 0.75 $2.72  $3.24 $936.00 $50.28 $77.76 $2,341.07  $2,341.07 0.000% 
156 4 0.25 $1.47  $3.24 $936.00 $50.28 $77.76 $3,170.84  $3,170.72 0.004% 
157 4 0.25 $2.72  $3.24 $936.00 $50.28 $77.76 $3,165.33  $3,165.33 0.000% 
158 4 0.25 $2.10  $2.27 $936.00 $50.28 $77.76 $3,186.40  $3,186.40 0.000% 
159 4 0.25 $2.10  $4.21 $936.00 $50.28 $77.76 $3,156.15  $3,156.15 0.000% 
160 4 0.25 $2.10  $3.24 $259.39 $50.28 $77.76 $3,169.25  $3,169.25 0.000% 
161 4 0.25 $2.10  $3.24 $5,447.09 $50.28 $77.76 $3,165.75  $3,165.75 0.000% 
162 4 0.25 $2.10  $3.24 $936.00 $35.20 $77.76 $3,171.47  $3,171.46 0.000% 
163 4 0.25 $2.10  $3.24 $936.00 $65.37 $77.76 $3,164.79  $3,164.78 0.000% 
164 4 0.25 $2.10  $3.24 $936.00 $50.28 $54.43 $3,173.44  $3,173.44 0.000% 
165 4 0.25 $2.10  $3.24 $936.00 $50.28 $101.09 $3,163.11  $3,163.10 0.000% 
166 4 0.50 $1.47  $2.27 $936.00 $50.28 $77.76 $3,178.73  $3,178.59 0.004% 
167 4 0.50 $1.47  $4.21 $936.00 $50.28 $77.76 $3,141.32  $3,141.24 0.003% 
168 4 0.50 $2.72  $2.27 $936.00 $50.28 $77.76 $3,173.12  $3,173.12 0.000% 
169 4 0.50 $2.72  $4.21 $936.00 $50.28 $77.76 $3,134.50  $3,134.50 0.000% 
170 4 0.50 $1.47  $3.24 $259.39 $50.28 $77.76 $3,158.13  $3,158.08 0.002% 
171 4 0.50 $1.47  $3.24 $5,447.09 $50.28 $77.76 $3,151.37  $3,151.33 0.001% 
172 4 0.50 $2.72  $3.24 $259.39 $50.28 $77.76 $3,151.77  $3,151.77 0.000% 
173 4 0.50 $2.72  $3.24 $5,447.09 $50.28 $77.76 $3,144.83  $3,144.83 0.000% 
174 4 0.50 $1.47  $3.24 $936.00 $35.20 $77.76 $3,159.43  $3,159.40 0.001% 
175 4 0.50 $1.47  $3.24 $936.00 $65.37 $77.76 $3,152.85  $3,152.80 0.002% 
176 4 0.50 $2.72  $3.24 $936.00 $35.20 $77.76 $3,152.91  $3,152.91 0.000% 
177 4 0.50 $2.72  $3.24 $936.00 $65.37 $77.76 $3,146.51  $3,146.50 0.000% 
178 4 0.50 $1.47  $3.24 $936.00 $50.28 $54.43 $3,161.38  $3,161.32 0.002% 
179 4 0.50 $1.47  $3.24 $936.00 $50.28 $101.09 $3,151.20  $3,151.08 0.004% 
180 4 0.50 $2.72  $3.24 $936.00 $50.28 $54.43 $3,154.81  $3,154.80 0.000% 
181 4 0.50 $2.72  $3.24 $936.00 $50.28 $101.09 $3,144.86  $3,144.85 0.000% 
182 4 0.50 $2.10  $3.24 $259.39 $50.28 $77.76 $3,177.14  $3,177.14 0.000% 
183 4 0.50 $2.10  $3.24 $5,447.09 $50.28 $77.76 $3,172.42  $3,172.42 0.000% 
184 4 0.50 $2.10  $3.24 $259.39 $50.28 $77.76 $3,140.30  $3,140.23 0.002% 
185 4 0.50 $2.10  $3.24 $5,447.09 $50.28 $77.76 $3,131.92  $3,131.84 0.003% 
186 4 0.50 $2.10  $3.24 $936.00 $35.20 $77.76 $3,156.07  $3,156.06 0.000% 
187 4 0.50 $2.10  $3.24 $936.00 $65.37 $77.76 $3,149.43  $3,149.43 0.000% 
188 4 0.50 $2.10  $3.24 $936.00 $35.20 $77.76 $3,156.07  $3,156.06 0.000% 
189 4 0.50 $2.10  $3.24 $936.00 $65.37 $77.76 $3,149.43  $3,149.43 0.000% 
190 4 0.50 $2.10  $3.24 $936.00 $50.28 $54.43 $3,158.03  $3,158.00 0.001% 
191 4 0.50 $2.10  $3.24 $936.00 $50.28 $101.09 $3,147.80  $3,147.77 0.001% 
192 4 0.50 $2.10  $3.24 $936.00 $50.28 $54.43 $3,158.03  $3,157.99 0.001% 
193 4 0.50 $2.10  $3.24 $936.00 $50.28 $101.09 $3,147.80  $3,147.77 0.001% 
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No. Mean CV Hs Hr Lr Fs Fr MDP CHR % Diff 
194 4 0.50 $2.10  $3.24 $259.39 $35.20 $77.76 $3,158.11  $3,158.05 0.002% 
195 4 0.50 $2.10  $3.24 $259.39 $65.37 $77.76 $3,160.04  $3,160.02 0.001% 
196 4 0.50 $2.10  $3.24 $5,447.09 $35.20 $77.76 $3,151.60  $3,151.57 0.001% 
197 4 0.50 $2.10  $3.24 $5,447.09 $65.37 $77.76 $3,151.36  $3,151.33 0.001% 
198 4 0.50 $2.10  $3.24 $259.39 $50.28 $54.43 $3,144.84  $3,144.81 0.001% 
199 4 0.50 $2.10  $3.24 $259.39 $50.28 $101.09 $3,160.04  $3,160.02 0.001% 
200 4 0.50 $2.10  $3.24 $5,447.09 $50.28 $54.43 $3,149.93  $3,149.92 0.000% 
201 4 0.50 $2.10  $3.24 $5,447.09 $50.28 $101.09 $3,153.26  $3,153.26 0.000% 
202 4 0.50 $2.10  $3.24 $259.39 $35.20 $54.43 $3,143.16  $3,143.16 0.000% 
203 4 0.50 $2.10  $3.24 $259.39 $35.20 $101.09 $3,163.74  $3,163.73 0.000% 
204 4 0.50 $2.10  $3.24 $5,447.09 $65.37 $54.43 $3,153.01  $3,153.01 0.000% 
205 4 0.50 $2.10  $3.24 $5,447.09 $65.37 $101.09 $3,149.81  $3,149.81 0.000% 
206 4 0.75 $1.47  $3.24 $936.00 $50.28 $77.76 $3,140.21  $3,140.20 0.000% 
207 4 0.75 $2.72  $3.24 $936.00 $50.28 $77.76 $3,136.18  $3,136.06 0.004% 
208 4 0.75 $2.10  $2.27 $936.00 $50.28 $77.76 $3,129.04  $3,129.03 0.000% 
209 4 0.75 $2.10  $4.21 $936.00 $50.28 $77.76 $3,161.44  $3,161.44 0.000% 
210 4 0.75 $2.10  $3.24 $259.39 $50.28 $77.76 $3,113.36  $3,113.26 0.003% 
211 4 0.75 $2.10  $3.24 $5,447.09 $50.28 $77.76 $3,135.73  $3,135.70 0.001% 
212 4 0.75 $2.10  $3.24 $936.00 $35.20 $77.76 $3,124.52  $3,124.43 0.003% 
213 4 0.75 $2.10  $3.24 $936.00 $65.37 $77.76 $3,135.63  $3,135.56 0.002% 
214 4 0.75 $2.10  $3.24 $936.00 $50.28 $54.43 $3,129.33  $3,129.30 0.001% 
215 4 0.75 $2.10  $3.24 $936.00 $50.28 $101.09 $3,137.47  $3,137.43 0.001% 
216 5 0.25 $2.10  $3.24 $936.00 $50.28 $77.76 $3,127.71  $3,127.70 0.000% 
217 5 0.25 $1.47  $3.24 $936.00 $50.28 $77.76 $3,967.58  $3,967.57 0.000% 
218 5 0.50 $2.10  $2.27 $936.00 $50.28 $77.76 $3,970.99  $3,970.99 0.000% 
219 5 0.50 $2.10  $4.21 $936.00 $50.28 $77.76 $3,975.44  $3,975.44 0.000% 
220 5 0.50 $2.10  $3.24 $259.39 $50.28 $77.76 $3,929.89  $3,929.84 0.001% 
221 5 0.50 $2.10  $3.24 $5,447.09 $50.28 $77.76 $3,950.47  $3,950.46 0.000% 
222 5 0.50 $2.10  $3.24 $936.00 $35.20 $77.76 $3,941.93  $3,941.91 0.001% 
223 5 0.50 $2.10  $3.24 $936.00 $65.37 $77.76 $3,951.67  $3,951.61 0.002% 
224 5 0.50 $2.10  $3.24 $936.00 $50.28 $54.43 $3,944.32  $3,944.30 0.001% 
225 5 0.50 $2.10  $3.24 $936.00 $50.28 $101.09 $3,953.84  $3,953.75 0.002% 
226 5 0.75 $2.10  $3.24 $936.00 $50.28 $77.76 $3,942.49  $3,942.48 0.000% 
227 5 0.75 $2.72  $3.24 $936.00 $50.28 $77.76 $3,921.84  $3,921.72 0.003% 
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Appendix C. The Neural Network Models 
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C.1. No Information Sharing Models 
 
Q = ((-1.77367477743461) + 10.3667462473199×H1 + 0.603931637827553×H2  - 
3.79123408168357×H3  - 1.92283040204469×H4 + 0.950968550642534×H5 + 7.74811556090308×
H6  - 0.863735880674707×H7  - 1.29992947725855×H8  - 0.498028642319853×H9  - 
1.86395361655202×H10  + 3.96607319202281×H11  - 0.631042770906412×H12  - 
4.89574032875078×H13  + 1.72047012887917 ×H14) ×4.11728183007176 + 15.2378854625551 
 
r = ((-2.12234300767026) + 3.5883870652008× H1 + 0.0662794700963432× H2  -
1.07695259929948× H3  - 0.352716275457605× H4  + 0.0191491822986804 × H5 + 
4.00855510518662× H6 - 0.177609514805202× H7 + 0.0278487027236054× H8 -
0.259458789217343× H9 - 1.37033682369454× H10  + 7.09179510085482× H11 - 
0.120174129286932× H12 - 2.60482215011152× H13 + 0.485549384076472× H14) ×
5.17036942315836 + 14.8193832599119 
 
Where, 
 
H1 = 1 / (1 + EXP(-((-0.50281649591537) + 0.308770500305884×(( µ -4) / 0.825479211854266) + 
0.0771776104426761×(( CV - 0.5) / 0.209032749265484) - 0.0391597709932915×((Hs - 
2.09660792951543) / 0.515929816631155) + 0.177852450658461×(( Hr - 3.29709251101321) / 
0.783415149657943) + 0.0973347481917366×(( Lr - 2270.46660792952) / 2341.96908335726) + 
0.20807777667457×(( Fs - 50.2833920704847) / 12.4523541307938) + 0.033683853311955×(( Fr - 
77.7600000000001) / 19.25843001256)))) 
 
H2  = 1 / (1 + EXP(-(7.42138905179832 + 0.517990899153043×((µ- 4) / 0.825479211854266) + 
0.556198418524471×(( CV - 0.5) / 0.209032749265484) + 5.57934618073986×(( Hs - 
2.09660792951543) / 0.515929816631155) - 4.47661339280809×(( Hr - 3.29709251101321) / 
0.783415149657943) - 0.886091918915465×(( Lr - 2270.46660792952) / 2341.96908335726) - 
2.3496869905763×(( Fs - 50.2833920704847) / 12.4523541307938) - 0.487750922295432×(( Fr - 
77.7600000000001) / 19.25843001256)))) 
 
H3  = 1 / (1 + EXP(-((-2.42952484519511) - 1.66935884621639×(( µ - 4) / 0.825479211854266) - 
1.48096195610253×(( CV - 0.5) / 0.209032749265484) + 1.07036570563275×(( Hs - 
2.09660792951543) / 0.515929816631155) + 0.149570575418269×(( Hr - 3.29709251101321) / 
0.783415149657943) + 0.046148266253015× ((Lr - 2270.46660792952) / 2341.96908335726) + 
0.897858216455247×(( Fs - 50.2833920704847) / 12.4523541307938) + 0.171650362505597×(( Fr 
- 77.7600000000001) / 19.25843001256)))) 
 
H4  = 1 / (1 + EXP(-((-0.920454581406482) + 0.0603590568555146×(( µ - 4) / 0.825479211854266) 
+ 0.326695136361202×(( CV - 0.5) / 0.209032749265484) + 0.54961636550615×(( Hs - 
2.09660792951543) / 0.515929816631155) + 0.370968718348805×(( Hr - 3.29709251101321) / 
0.783415149657943) + 0.101635945851106×(( Lr - 2270.46660792952) / 2341.96908335726) + 
1.6917793536268×(( Fs - 50.2833920704847) / 12.4523541307938) - 0.461163876034877×(( Fr - 
77.7600000000001) / 19.25843001256)))) 
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H5  = 1 / (1 + EXP(-((-6.13591334027522) - 5.56585457735803×(( µ - 4) / 0.825479211854266) - 
1.49173703961602×(( CV - 0.5) / 0.209032749265484) + 0.431925665869376×(( Hs - 
2.09660792951543) / 0.515929816631155) + 0.213494539911767×(( Hr - 3.29709251101321) / 
0.783415149657943) - 1.12667941046983×(( Lr - 2270.46660792952) / 2341.96908335726) + 
1.61775924348152×(( Fs - 50.2833920704847) / 12.4523541307938) + 0.807099397173186×(( Fr - 
77.7600000000001) / 19.25843001256)))) 
 
H6  = 1 / (1 + EXP(-((-10.2250079835911) - 2.91199440721257×(( µ - 4) / 0.825479211854266) - 
2.00853290923434×(( CV - 0.5) / 0.209032749265484) + 4.83620585628092×(( Hs - 
2.09660792951543) / 0.515929816631155) - 4.66449803636101×(( Hr - 3.29709251101321) / 
0.783415149657943) - 1.08791163538054×(( Lr - 2270.46660792952) / 2341.96908335726) + 
2.05822850776912×(( Fs - 50.2833920704847) / 12.4523541307938) + 0.911542345540681×(( Fr - 
77.7600000000001) / 19.25843001256)))) 
 
H7  = 1 / (1 + EXP(-(3.97231889731342 + 2.67122094932033×(( µ - 4) / 0.825479211854266) + 
3.56977877132114×(( CV - 0.5) / 0.209032749265484) - 2.27864970102461×(( Hs - 
2.09660792951543) / 0.515929816631155) + 2.40452140700281×(( Hr - 3.29709251101321) / 
0.783415149657943) - 0.419581701638823×(( Lr - 2270.46660792952) / 2341.96908335726) - 
0.524580711125106×(( Fs - 50.2833920704847) / 12.4523541307938) - 1.90502154637847×(( Fr - 
77.7600000000001) / 19.25843001256)))) 
 
H8  = 1 / (1 + EXP(-(4.8483013723459 + 2.95511761237147×(( µ - 4) / 0.825479211854266) + 
4.65835608936808×(( CV - 0.5) / 0.209032749265484) + 2.4498784610468×(( Hs - 
2.09660792951543) / 0.515929816631155) + 1.70613339195201×(( Hr - 3.29709251101321) / 
0.783415149657943) + 0.141651449671377×(( Lr - 2270.46660792952) / 2341.96908335726) - 
2.35601750181173×(( Fs - 50.2833920704847) / 12.4523541307938) - 0.824873433735989×(( Fr - 
77.7600000000001) / 19.25843001256)))) 
 
H9  =1 / (1 + EXP(-((-0.706769347800926) + 0.670669786577223×(( µ - 4) / 0.825479211854266) - 
3.22102539108843×(( CV - 0.5) / 0.209032749265484) + 2.68972404316579×(( Hs - 
2.09660792951543) / 0.515929816631155) - 2.46318920861851×(( Hr - 3.29709251101321) / 
0.783415149657943) + 0.746374449301004×(( Lr - 2270.46660792952) / 2341.96908335726) + 
3.46874731198067×(( Fs - 50.2833920704847) / 12.4523541307938) + 0.711925643321657×(( Fr - 
77.7600000000001) / 19.25843001256)))) 
 
H10  =1 / (1 + EXP(-((-1.12745041790595) + 1.77291229759672×(( µ - 4) / 0.825479211854266) + 
0.854600051910949×(( CV - 0.5) / 0.209032749265484) -  0.0228807128844367×(( Hs - 
2.09660792951543) / 0.515929816631155) + 0.271459074817881×(( Hr - 3.29709251101321) / 
0.783415149657943) + 0.527996671856792×(( Lr - 2270.46660792952) / 2341.96908335726) - 
0.180851463143343×(( Fs - 50.2833920704847) / 12.4523541307938) + 0.0937229071407007×
(( Fr - 77.7600000000001) / 19.25843001256)))) 
 
H11  =1 / (1 + EXP(-((-1.46435868036592) + 0.635477535177654×(( µ - 4) / 0.825479211854266) + 
0.655509943020509×(( CV - 0.5) / 0.209032749265484) + 0.0872304228103957×(( Hs - 
2.09660792951543) / 0.515929816631155) - 0.0993767958187167×(( Hr - 3.29709251101321) / 
0.783415149657943) + 0.212271243339882×(( Lr - 2270.46660792952) / 2341.96908335726) - 
0.0589625710811433×(( Fs - 50.2833920704847) / 12.4523541307938) - 0.0306506098103421×
(( Fr - 77.7600000000001) / 19.25843001256)))) 
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H12  =1 / (1 + EXP(-(6.47132560757099 + 0.132496136955409×(( µ - 4) / 0.825479211854266) - 
1.20899180437351×(( CV - 0.5) / 0.209032749265484) + 0.901611719147706×(( Hs - 
2.09660792951543) / 0.515929816631155) + 6.56193195065215×(( Hr - 3.29709251101321) / 
0.783415149657943) + 5.18258097137491×(( Lr - 2270.46660792952) / 2341.96908335726) - 
5.43423068948167×(( Fs - 50.2833920704847) / 12.4523541307938) -0.862404594194761×(( Fr - 
77.7600000000001) / 19.25843001256)))) 
 
H13  = 1 / (1 + EXP(-((-10.293574441599) - 3.33072738496747×(( µ - 4) / 0.825479211854266) - 
1.88808925745293×(( CV - 0.5) / 0.209032749265484) + 5.22002423552899×(( Hs - 
2.09660792951543) / 0.515929816631155) - 5.25128103448234×(( Hr - 3.29709251101321) / 
0.783415149657943) - 1.49686646782213×(( Lr - 2270.46660792952) / 2341.96908335726) + 
2.05735078064702×(( Fs - 50.2833920704847) / 12.4523541307938) + 1.36219852015304×(( Fr - 
77.7600000000001) / 19.25843001256)))) 
 
H14  =1 / (1 + EXP(-((-2.88124666891181) - 2.59487553787102×(( µ - 4) / 0.825479211854266) - 
2.5101714110473×((CV- 0.5) / 0.209032749265484) + 2.97167627973703×(( Hs - 
2.09660792951543) / 0.515929816631155) - 0.273802876873672×(( Hr - 3.29709251101321) / 
0.783415149657943) - 0.421215958403122×(( Lr - 2270.46660792952) / 2341.96908335726) + 
3.01995558670638×(( Fs - 50.2833920704847) / 12.4523541307938) - 0.268857267052811×(( Fr - 
77.7600000000001) / 19.25843001256)))) 
 
 

C.2. Information Sharing Models 
 
s = (1.90336434411628 + 0.153731063556763×H1 - 0.128807654599552×H2 - 1.99426398878187×
H3 + 4.04680960680166×H4 - 0.0402539621910928×H5 +  0.179715841880649×H6 - 
0.270102539347926×H7 - 0.245946204985296×H8 - 0.0193063457205419×H9 - 1.21818448515216
×H10 + 0.218893441003627×H11 - 2.7761275027816×H12 - 0.730862478149251×H13 - 
0.0041534817197437×H14) × 6.39230512814219 + 19.4052863436123 
 
S = (1.13186531229518 + 0.811518652809856×H1 + 1.4957513507497×H2 - 1.52911936446475×
H3 + 3.42282677490421×H4 - 0.0316008062918912×H5 + 1.23636557180939×H6 - 
1.23718838641674×H7  - 0.580942774054161×H8 +  0.182341829877875×H9 - 1.03062141418427
×H10 - 0.027265685373983×H11 - 0.807132568761603×H12 - 1.26867399492201×H13 + 
0.0844710968120111×H14) × 7.92381416508307 + 36.4361233480176 
 
Q = (1.71118258636349 + 5.44079469369338×H1 + 2.04399888458324×H2 - 2.634460865623×H3 
- 2.18588329089548×H4 - 0.444199235999268×H5 +  8.16079729043839×H6 - 4.04640113553751
×H7 + 1.02640320362974×H8 + 0.803505538868863×H9 + 1.14171114322145×H10 + 
0.329890255581848×H11 - 7.19882450315528×H12 - 3.01207473844518×H13 + 
0.602227889754565×H14) ×5.59317572349483 + 25.3568281938326 
 
r = (1.43720316642552 + 0.554397976589224×H1 + 0.264538240031015×H2 -1.65828140071972×
H3 + 3.31385085022399×H4 -0.017925172752874×H5 +  0.780513989328038×H6 - 
0.472689130681129×H7 - 0.143235474927823×H8 + 0.187168430014745×H9 - 
0.978246707220677×H10 + 1.61088257695672×H11 - 3.20817492835266×H12 - 
0.926040964758704×H13 + 0.0474646001473719×H14) × 5.7999138294317 + 15.3083700440529 
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Where, 
 
H1 = 1 / (1 + EXP(-(5.01821360172018 - 0.947571157558735×((µ - 4) / 0.825479211854266) - 
0.773682906865133×((CV -0.5) / 0.209032749265484) + 1.35906494519299×((HS - 
2.09660792951543) / 0.515929816631155) - 1.63765610273637×((Hr - 3.29709251101321) / 
0.783415149657943) + 0.247278851282636×((Lr - 2270.46660792952) / 2341.96908335726) - 
2.30767697385972×((FS - 0.2833920704847) / 12.4523541307938) + 1.36650883862896×((Fr - 
77.7600000000001) / 19.25843001256)))) 
 
H2 = 1 / (1 + EXP(-((-7.04012176494356) - 0.409886271467833×(( µ -4) / 0.825479211854266) - 
1.00818295240081×(( CV -0.5) / 0.209032749265484) - 1.23805499063637×((HS - 
2.09660792951543) / 0.515929816631155) + 1.40803373217733×((Hr - 3.29709251101321) / 
0.783415149657943) + 0.0904040085659137×(( Lr - 2270.46660792952) / 2341.96908335726) + 
0.887102347535706×(( FS - 50.2833920704847) / 12.4523541307938) - 1.11509781642283×(( Fr - 
77.7600000000001) / 19.25843001256)))) 
 
H3 = 1 / (1 + EXP(-((-0.485728813981539) - 1.22143549676601×(( µ - 4) / 0.825479211854266) - 
0.156247491208655×(( CV - 0.5) / 0.209032749265484) - 0.0166040367587766×(( HS - 
2.09660792951543) / 0.515929816631155) + 0.0728188185560434×(( Hr - 3.29709251101321) / 
0.783415149657943) + 0.0177172343389758×(( Lr - 2270.46660792952) / 2341.96908335726) + 
0.0420161567125164×(( FS - 50.2833920704847) / 12.4523541307938) - 0.0737725188471797×
(( Fr - 77.7600000000001) / 19.25843001256)))) 
 
H4 = 1 / (1 + EXP(-((-2.20845218986314) + 0.911771139429715×(( µ - 4) / 0.825479211854266) + 
0.994871569028035×(( CV - 0.5) / 0.209032749265484) - 0.229480878535916×(( HS - 
2.09660792951543) / 0.515929816631155) - 0.110467953756405×(( Hr - 3.29709251101321) / 
0.783415149657943) + 0.670568481235434×(( Lr - 2270.46660792952) / 2341.96908335726) + 
0.075013258803145×(( FS - 50.2833920704847) / 12.4523541307938) - 0.0592508976774968×(( Fr 
- 77.7600000000001) / 19.25843001256)))) 
 
H5 = 1 / (1 + EXP(-(2.30875014571418 + 0.567630520855301×(( µ - 4) / 0.825479211854266) - 
1.52136618485633×(( CV - 0.5) / 0.209032749265484) - 0.303291919134306×(( HS - 
2.09660792951543) / 0.515929816631155) + 2.12295693689199×(( Hr - 3.29709251101321) / 
0.783415149657943) + 1.19647904003324×(( Lr - 2270.46660792952) / 2341.96908335726) + 
2.54900528259447×(( FS - 50.2833920704847) / 12.4523541307938) - 2.01846845456488×(( Fr - 
77.7600000000001) /19.25843001256)))) 
 
H6 = 1 / (1 + EXP(-((-3.68990832276352) + 0.877208486732419×(( µ - 4) / 0.825479211854266) + 
0.808335229115979×(( CV - 0.5) / 0.209032749265484) - 0.802723794594556×(( HS -  
2.09660792951543) / 0.515929816631155) + 0.730384682643191×(( Hr - 3.29709251101321) / 
0.783415149657943) - 0.308255545096072×(( Lr - 2270.46660792952) / 2341.96908335726) + 
1.46800136566872×(( FS - 50.2833920704847) / 12.4523541307938) - 0.633002725710789×(( Fr - 
77.7600000000001) / 19.25843001256)))) 
 
H7 = 1 / (1 + EXP(-(0.971773173863288 - 0.269160094275449×(( µ - 4) / 0.825479211854266) + 
0.356694467586606×(( CV - 0.5) / 0.209032749265484) - 0.0471466739275389×(( HS - 
2.09660792951543) / 0.515929816631155) + 0.695247101322401×(( Hr - 3.29709251101321) / 
0.783415149657943) + 0.187289209022034×(( Lr - 2270.46660792952) / 2341.96908335726) + 
0.128736855030898×(( FS - 50.2833920704847) / 12.4523541307938) - 0.393727376893739×(( Fr - 
77.7600000000001) / 19.25843001256)))) 
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H8 = 1 / (1 + EXP(-((-1.12101279426) - 0.660475723799542×(( µ - 4) / 0.825479211854266) - 
1.22101379582009×(( CV - 0.5) / 0.209032749265484) - 0.107298165322258×(( HS - 
2.09660792951543) / 0.515929816631155) + 0.719145713061055×(( Hr - 3.29709251101321) / 
0.783415149657943) - 0.509026582379219×(( Lr - 2270.46660792952) / 2341.96908335726) + 
0.472727288971807×(( FS - 50.2833920704847) / 12.4523541307938) - 0.387317159761863×(( Fr - 
77.7600000000001) / 19.25843001256)))) 
 
H9 = 1 / (1 + EXP(-((-0.195180384528603) - 0.907174905896393×(( µ - 4) / 0.825479211854266) - 
0.666427044546088×(( CV - 0.5) / 0.209032749265484) + 0.882855407081728×(( HS - 
2.09660792951543) / 0.515929816631155) - 1.48978800189017×(( Hr - 3.29709251101321) / 
0.783415149657943) - 0.10492599109863×(( Lr - 2270.46660792952) / 2341.96908335726) - 
1.31260432009332×(( FS - 50.2833920704847) / 12.4523541307938) + 0.560846420604309×(( Fr - 
77.7600000000001) / 19.25843001256)))) 
 
H10 = 1 / (1 + EXP(-((-2.66336754267756) + 1.50048860415428×(( µ - 4) / 0.825479211854266) + 
1.12620443807137×(( CV - 0.5) / 0.209032749265484) - 0.492664088253836×(( HS - 
2.09660792951543) / 0.515929816631155) - 0.160821377042194×(( Hr - 3.29709251101321) / 
0.783415149657943) + 1.53854097327358×(( Lr - 2270.46660792952) / 2341.96908335726) + 
0.35949756789543×(( FS - 50.2833920704847) / 12.4523541307938) - 0.180128757998195×(( Fr - 
77.7600000000001) / 19.25843001256)))) 
 
H11 = 1 / (1 + EXP(-((-2.51647089799706) + 0.540130064439109×(( µ - 4) / 0.825479211854266) + 
0.533913715011627×(( CV - 0.5) / 0.209032749265484) + 1.17417309688545×(( HS - 
2.09660792951543) / 0.515929816631155) - 0.874839032601082×(( Hr - 3.29709251101321) / 
0.783415149657943) + 0.00873932048486014×(( Lr - 2270.46660792952) / 2341.96908335726) - 
0.0770787537545558×(( FS - 50.2833920704847) / 12.4523541307938) + 0.0306445314091473×
(( Fr - 77.7600000000001) / 19.25843001256)))) 
 
H12 = 1 / (1 + EXP(-((-0.381876007608598) + 0.237959578260997×(( µ - 4) / 0.825479211854266) - 
0.252253350434805×(( CV - 0.5) / 0.209032749265484) + 0.0104280304626752×(( HS - 
2.09660792951543) / 0.515929816631155) - 0.213038979654171×(( Hr - 3.29709251101321) / 
0.783415149657943) - 0.092332153166835×(( Lr - 2270.46660792952) / 2341.96908335726) + 
0.138200890089836×(( FS - 50.2833920704847) / 12.4523541307938) + 0.150328801203126×(( Fr 
- 77.7600000000001) / 19.25843001256)))) 
 
H13 = 1 / (1 + EXP(-((-0.655779573940414) - 0.342082570451655×(( µ - 4) / 0.825479211854266) - 
0.644718648322806×(( CV - 0.5) / 0.209032749265484) + 0.116686056987883×(( HS - 
2.09660792951543) / 0.515929816631155) + 0.0509526720859119×(( Hr - 3.29709251101321) / 
0.783415149657943) + 0.107510192904019×(( Lr - 2270.46660792952) / 2341.96908335726) -
0.936252189269643×(( FS - 50.2833920704847) / 12.4523541307938) -0.100737126381846×(( Fr - 
77.7600000000001) / 19.25843001256)))) 
 
H14 = 1 / (1 + EXP(-((-0.767325559425231) + 3.85811057852966×(( µ - 4) / 0.825479211854266) + 
3.08917402431686×(( CV - 0.5) / 0.209032749265484) + 0.213687811630927×(( HS - 
2.09660792951543) / 0.515929816631155) - 2.41934215103196×(( Hr - 3.29709251101321) / 
0.783415149657943) + 8.6326758085438×(( Lr - 2270.46660792952) / 2341.96908335726) - 
1.7288038125138×(( FS - 50.2833920704847) / 12.4523541307938) + 1.98999070761335×(( Fr - 
77.7600000000001) / 19.25843001256))) 
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Appendix D. Models and Results for Validation of the 
Neural Network Models 
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Table D.1. Gains and RIVs for validation models 
 

MDP NN 
No. Mean CV Hs Hr Lr Fs Fr IS NIS RIV IS NIS RIV 

1 4 0.35 $1.96 $3.82 $794.26 $49.37 $74.60 $3,143.50 $3,137.65 0.1861% $3,143.24 $3,133.09 0.3229% 
2 5 0.3 $2.24 $3.22 $670.45 $47.11 $59.75 $3,969.80 $3,962.00 0.1965% $3,970.77 $3,961.52 0.2330% 
3 5 0.75 $2.09 $3.84 $480.40 $40.70 $67.92 $3,916.97 $3,908.75 0.2099% $3,916.65 $3,907.41 0.2359% 
4 5 0.75 $2.24 $3.57 $336.08 $44.72 $75.30 $3,921.58 $3,911.75 0.2507% $3,921.18 $3,910.31 0.2772% 
5 3 0.35 $2.18 $2.91 $839.13 $57.68 $87.96 $2,352.48 $2,344.10 0.3562% $2,352.03 $2,328.63 0.9949% 
6 3 0.25 $1.90 $2.84 $541.00 $37.34 $86.03 $2,378.46 $2,368.16 0.4331% $2,378.46 $2,362.88 0.6550% 
7 3 0.25 $1.56 $3.11 $601.34 $64.23 $95.48 $2,369.76 $2,362.17 0.3203% $2,369.73 $2,351.53 0.7680% 
8 4 0.35 $1.87 $4.21 $439.24 $38.69 $75.51 $3,141.05 $3,137.07 0.1267% $3,140.46 $3,131.29 0.2920% 
9 5 0.3 $1.47 $3.81 $285.51 $62.99 $85.29 $3,953.87 $3,948.74 0.1297% $3,953.79 $3,944.75 0.2286% 

10 4 0.35 $2.25 $3.16 $653.91 $55.69 $90.71 $3,148.78 $3,137.96 0.3436% $3,148.74 $3,128.34 0.6479% 
11 5 0.35 $1.53 $3.19 $575.98 $35.63 $92.61 $3,956.58 $3,951.08 0.1390% $3,956.54 $3,950.09 0.1630% 
12 4 0.4 $2.55 $2.53 $682.78 $60.46 $79.87 $3,134.03 $3,122.06 0.3819% $3,133.59 $3,085.11 1.5471% 
13 4 0.25 $1.57 $2.39 $338.52 $42.08 $76.19 $3,189.33 $3,179.56 0.3063% $3,189.33 $3,171.04 0.5735% 
14 3 0.75 $2.39 $3.73 $476.68 $65.31 $85.42 $2,333.74 $2,321.72 0.5151% $2,333.73 $2,312.18 0.9234% 
15 4 0.75 $2.59 $3.17 $642.51 $38.34 $80.43 $3,138.43 $3,126.57 0.3779% $3,138.38 $3,126.58 0.3760% 
16 4 0.4 $2.39 $2.90 $385.70 $48.80 $93.43 $3,126.97 $3,117.44 0.3048% $3,126.63 $3,111.77 0.4753% 
17 3 0.35 $1.76 $3.70 $934.18 $37.83 $80.44 $2,347.87 $2,344.95 0.1244% $2,346.17 $2,338.41 0.3308% 
18 3 0.75 $2.19 $3.49 $934.88 $46.43 $79.25 $2,341.85 $2,332.50 0.3993% $2,341.78 $2,331.25 0.4497% 
19 5 0.4 $1.75 $2.77 $403.05 $36.90 $93.78 $3,940.43 $3,933.50 0.1759% $3,940.23 $3,932.77 0.1893% 
20 3 0.3 $1.58 $2.37 $474.49 $56.85 $88.15 $2,374.07 $2,365.91 0.3437% $2,374.27 $2,356.91 0.7312% 
21 5 0.4 $1.54 $3.00 $378.54 $57.14 $97.28 $3,931.36 $3,927.48 0.0987% $3,931.21 $3,921.08 0.2577% 
22 5 0.4 $2.59 $3.05 $421.84 $62.20 $85.83 $3,927.06 $3,924.29 0.0705% $3,926.85 $3,904.89 0.5592% 
23 3 0.75 $2.47 $4.07 $412.79 $35.71 $66.03 $2,337.32 $2,329.51 0.3341% $2,337.30 $2,329.20 0.3466% 
24 4 0.4 $1.90 $3.67 $297.47 $35.77 $94.90 $3,116.64 $3,093.27 0.7498% $3,119.02 $3,107.41 0.3722% 
25 5 0.45 $2.23 $3.45 $599.32 $55.01 $86.65 $3,882.70 $3,877.49 0.1342% $3,881.34 $3,868.91 0.3203% 
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Table D.1. (Continued) 
 

MDP NN 
No. Mean CV Hs Hr Lr Fs Fr IS NIS RIV IS NIS RIV 
26 5 0.45 $1.54 $2.69 $479.94 $61.98 $55.99 $3,908.73 $3,892.31 0.4201% $3,905.57 $3,899.75 0.1490% 
27 5 0.25 $2.21 $2.49 $595.02 $63.79 $70.63 $3,983.31 $3,969.64 0.3432% $3,983.31 $3,948.93 0.8631% 
28 4 0.35 $2.20 $2.28 $901.95 $57.31 $96.79 $3,164.07 $3,150.22 0.4377% $3,163.99 $3,118.09 1.4507% 
29 4 0.35 $2.16 $2.62 $784.21 $51.77 $96.13 $3,158.65 $3,146.48 0.3853% $3,158.65 $3,138.24 0.6462% 
30 4 0.35 $2.11 $4.11 $790.80 $64.97 $95.09 $3,130.13 $3,123.28 0.2188% $3,131.71 $3,118.34 0.4269% 
31 5 0.4 $2.17 $3.12 $378.78 $55.38 $66.21 $3,932.87 $3,925.54 0.1864% $3,932.77 $3,923.06 0.2469% 
32 4 0.75 $1.58 $4.05 $545.81 $46.77 $90.82 $3,120.13 $3,113.84 0.2016% $3,119.92 $3,113.84 0.1949% 
33 4 0.3 $1.95 $2.78 $520.35 $57.09 $72.49 $3,173.54 $3,163.56 0.3145% $3,174.21 $3,146.98 0.8579% 
34 3 0.35 $2.04 $3.48 $624.96 $39.91 $58.51 $2,354.56 $2,350.71 0.1635% $2,353.39 $2,346.23 0.3042% 
35 4 0.35 $2.09 $3.36 $401.87 $39.26 $63.96 $3,155.90 $3,150.68 0.1654% $3,155.81 $3,148.45 0.2332% 
36 5 0.3 $1.77 $3.98 $504.47 $62.95 $89.95 $3,947.22 $3,939.65 0.1918% $3,947.17 $3,937.66 0.2409% 
37 5 0.45 $1.72 $3.69 $670.27 $52.73 $94.78 $3,877.44 $3,874.39 0.0787% $3,876.30 $3,869.93 0.1643% 
38 4 0.3 $2.21 $2.30 $630.72 $59.40 $62.30 $3,182.24 $3,170.64 0.3645% $3,182.24 $3,141.75 1.2724% 
39 4 0.3 $2.26 $2.57 $700.50 $45.56 $77.03 $3,177.00 $3,163.34 0.4300% $3,177.48 $3,160.93 0.5209% 
40 5 0.35 $2.37 $3.23 $777.27 $61.31 $81.37 $3,947.62 $3,938.95 0.2196% $3,947.62 $3,931.86 0.3992% 
41 5 0.4 $2.08 $3.27 $268.06 $41.06 $72.27 $3,932.48 $3,929.51 0.0755% $3,932.39 $3,926.97 0.1378% 
42 5 0.4 $1.87 $2.72 $640.18 $54.88 $98.62 $3,936.07 $3,927.71 0.2124% $3,935.85 $3,922.46 0.3402% 
43 4 0.75 $2.44 $4.08 $841.96 $35.30 $94.97 $3,114.19 $3,104.58 0.3086% $3,113.77 $3,104.00 0.3138% 
44 5 0.4 $2.60 $2.69 $861.68 $52.36 $66.73 $3,940.35 $3,931.12 0.2342% $3,940.00 $3,929.53 0.2657% 
45 4 0.4 $1.60 $3.22 $501.89 $65.24 $56.72 $3,126.10 $3,098.72 0.8759% $3,124.60 $3,114.86 0.3117% 
46 4 0.25 $2.67 $2.83 $495.49 $60.57 $87.82 $3,171.32 $3,155.20 0.5083% $3,171.30 $3,103.60 2.1348% 
47 4 0.3 $2.54 $3.87 $504.70 $63.17 $78.70 $3,150.66 $3,139.51 0.3539% $3,150.71 $3,136.18 0.4612% 
48 4 0.4 $1.73 $2.98 $651.83 $36.92 $68.39 $3,133.63 $3,084.00 1.5838% $3,137.07 $3,125.85 0.3577% 
49 5 0.3 $1.57 $2.58 $582.49 $43.86 $86.88 $3,980.45 $3,969.90 0.2650% $3,980.42 $3,968.36 0.3030% 
50 4 0.75 $2.21 $3.21 $639.09 $61.29 $91.35 $3,132.79 $3,120.13 0.4041% $3,132.78 $3,119.49 0.4242% 
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Table D.1. (Continued) 
 

MDP NN 
No. Mean CV Hs Hr Lr Fs Fr IS NIS RIV IS NIS RIV 
51 5 0.4 $2.04 $2.30 $530.78 $40.35 $73.45 $3,953.28 $3,946.14 0.1806% $3,952.85 $3,940.63 0.3091% 
52 5 0.3 $1.59 $3.50 $260.65 $50.10 $99.98 $3,958.61 $3,949.11 0.2400% $3,958.55 $3,948.10 0.2640% 
53 4 0.25 $1.49 $3.63 $775.02 $56.25 $95.70 $3,162.26 $3,155.00 0.2296% $3,162.24 $3,150.97 0.3564% 
54 3 0.3 $1.87 $3.97 $505.42 $41.00 $76.42 $2,357.26 $2,350.39 0.2914% $2,358.50 $2,345.10 0.5682% 
55 4 0.3 $2.03 $3.59 $311.49 $57.48 $73.48 $3,160.03 $3,151.61 0.2665% $3,160.11 $3,146.01 0.4462% 
56 3 0.35 $2.49 $3.65 $687.18 $39.98 $62.92 $2,350.59 $2,344.00 0.2804% $2,349.66 $2,339.37 0.4379% 
57 5 0.45 $1.77 $2.72 $453.02 $48.63 $82.27 $3,904.37 $3,903.09 0.0328% $3,902.96 $3,893.62 0.2393% 
58 4 0.4 $2.59 $2.91 $4,398.58 $65.26 $99.54 $3,119.24 $3,108.57 0.3421% $3,118.73 $3,094.38 0.7808% 
59 4 0.35 $2.66 $2.93 $5,190.61 $42.12 $64.70 $3,156.62 $3,147.52 0.2883% $3,157.57 $3,143.39 0.4491% 
60 4 0.25 $1.80 $3.83 $1,254.57 $48.97 $89.00 $3,160.21 $3,151.78 0.2668% $3,160.07 $3,146.03 0.4443% 
61 5 0.3 $1.96 $3.10 $3,905.44 $50.99 $84.47 $3,963.59 $3,957.35 0.1574% $3,963.59 $3,953.82 0.2465% 
62 5 0.35 $1.56 $2.69 $1,956.15 $39.09 $85.19 $3,965.91 $3,959.29 0.1669% $3,965.91 $3,958.46 0.1879% 
63 4 0.25 $2.01 $3.19 $3,688.61 $39.27 $57.13 $3,177.52 $3,169.90 0.2398% $3,177.50 $3,168.64 0.2788% 
64 5 0.25 $2.15 $4.20 $1,205.70 $56.32 $74.75 $3,951.75 $3,943.51 0.2085% $3,951.08 $3,943.33 0.1961% 
65 3 0.25 $2.16 $2.43 $4,934.68 $58.05 $86.91 $2,378.44 $2,365.91 0.5268% $2,378.44 $2,329.55 2.0555% 
66 4 0.3 $2.25 $3.04 $3,509.64 $53.64 $70.16 $3,166.62 $3,155.39 0.3546% $3,167.02 $3,151.02 0.5052% 
67 5 0.4 $2.16 $3.17 $5,321.40 $43.20 $70.53 $3,928.82 $3,926.29 0.0644% $3,928.40 $3,927.45 0.0242% 
68 4 0.75 $1.72 $3.01 $2,110.89 $60.98 $74.88 $3,139.68 $3,130.60 0.2892% $3,139.53 $3,129.85 0.3083% 
69 4 0.4 $2.14 $3.69 $1,851.38 $41.60 $96.32 $3,111.58 $3,100.95 0.3416% $3,113.16 $3,100.52 0.4060% 
70 5 0.35 $1.70 $3.76 $2,733.86 $64.65 $69.18 $3,939.75 $3,936.35 0.0863% $3,942.90 $3,925.01 0.4537% 
71 4 0.75 $1.62 $3.29 $3,049.67 $56.29 $95.23 $3,128.54 $3,119.84 0.2781% $3,128.49 $3,119.84 0.2765% 
72 5 0.35 $1.66 $2.23 $745.01 $48.40 $61.59 $3,979.61 $3,971.60 0.2013% $3,979.58 $3,968.51 0.2782% 
73 3 0.25 $1.62 $3.13 $772.96 $56.55 $61.17 $2,376.67 $2,371.67 0.2104% $2,376.30 $2,359.66 0.7002% 
74 3 0.25 $1.65 $2.58 $359.85 $53.03 $67.43 $2,383.46 $2,376.25 0.3025% $2,383.45 $2,360.98 0.9428% 
75 4 0.3 $1.98 $3.98 $381.79 $54.60 $87.58 $3,151.64 $3,142.85 0.2789% $3,151.56 $3,138.84 0.4036% 
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Table D.1. (Continued) 
 

MDP NN 
No. Mean CV Hs Hr Lr Fs Fr IS NIS RIV IS NIS RIV 
76 4 0.35 $2.48 $2.75 $479.26 $34.94 $57.95 $3,166.71 $3,159.38 0.2315% $3,166.94 $3,155.94 0.3473% 
77 5 0.35 $1.98 $3.75 $636.77 $41.26 $71.65 $3,946.97 $3,945.55 0.0360% $3,947.84 $3,941.47 0.1614% 
78 5 0.25 $1.46 $2.69 $599.19 $47.84 $90.96 $3,982.45 $3,972.19 0.2576% $3,982.50 $3,967.28 0.3822% 
79 4 0.75 $2.24 $2.50 $665.49 $36.18 $83.06 $3,156.96 $3,144.17 0.4051% $3,156.88 $3,143.70 0.4175% 
80 4 0.35 $2.54 $3.51 $634.98 $41.73 $76.08 $3,148.03 $3,140.13 0.2510% $3,148.05 $3,138.60 0.3002% 
81 3 0.3 $2.38 $3.52 $773.73 $35.02 $73.88 $2,362.94 $2,353.39 0.4042% $2,362.76 $2,351.04 0.4960% 
82 4 0.75 $2.06 $3.01 $431.45 $54.29 $84.91 $3,142.12 $3,130.48 0.3705% $3,141.90 $3,126.96 0.4755% 
83 4 0.4 $1.72 $2.61 $736.28 $58.99 $89.01 $3,132.32 $3,096.01 1.1592% $3,131.72 $3,117.34 0.4592% 
84 4 0.35 $2.13 $2.95 $571.28 $62.50 $76.52 $3,154.49 $3,069.45 2.6958% $3,154.45 $3,129.06 0.8049% 
85 5 0.3 $1.52 $3.86 $419.43 $60.10 $51.33 $3,961.85 $3,959.92 0.0487% $3,962.73 $3,956.53 0.1565% 
86 4 0.35 $1.94 $3.46 $271.24 $59.90 $78.57 $3,147.11 $3,142.89 0.1341% $3,150.03 $3,130.64 0.6155% 
87 5 0.35 $1.94 $3.58 $621.22 $40.26 $74.36 $3,949.95 $3,948.72 0.0311% $3,952.35 $3,944.22 0.2057% 
88 4 0.75 $2.08 $4.11 $321.60 $45.60 $65.26 $3,123.30 $3,116.28 0.2248% $3,122.84 $3,115.52 0.2344% 
89 4 0.4 $1.43 $2.83 $610.39 $46.79 $63.38 $3,135.83 $3,096.97 1.2392% $3,139.17 $3,127.25 0.3797% 
90 5 0.35 $2.20 $3.12 $366.43 $61.93 $66.90 $3,954.73 $3,946.04 0.2197% $3,954.74 $3,940.22 0.3672% 
91 5 0.75 $1.49 $4.05 $887.48 $36.20 $68.55 $3,914.39 $3,909.10 0.1351% $3,913.71 $3,908.37 0.1364% 
92 4 0.4 $2.49 $3.73 $382.91 $35.96 $69.52 $3,120.18 $3,117.92 0.0724% $3,119.87 $3,112.49 0.2365% 
93 4 0.35 $1.53 $2.78 $450.78 $60.08 $89.59 $3,158.02 $3,151.66 0.2014% $3,157.99 $3,141.75 0.5143% 
94 5 0.4 $2.60 $1.90 $340.89 $42.80 $55.65 $3,964.40 $3,958.08 0.1594% $3,963.82 $3,950.71 0.3307% 
95 4 0.3 $2.07 $2.66 $632.77 $51.73 $67.40 $3,177.03 $3,166.47 0.3324% $3,177.77 $3,153.55 0.7622% 
96 4 0.3 $2.48 $2.09 $380.83 $44.64 $87.45 $3,183.52 $3,168.40 0.4749% $3,183.52 $3,117.54 2.0725% 
97 3 0.3 $2.43 $2.05 $1,173.75 $51.19 $88.13 $2,377.20 $2,364.53 0.5330% $2,377.36 $2,315.62 2.5970% 
98 4 0.75 $2.16 $1.71 $315.86 $45.49 $81.14 $3,179.08 $3,162.73 0.5143% $3,178.82 $3,145.25 1.0561% 
99 4 0.75 $1.57 $2.42 $395.16 $49.85 $65.89 $3,164.06 $3,155.09 0.2835% $3,163.52 $3,152.96 0.3338% 

100 5 0.45 $2.60 $3.73 $909.84 $60.17 $65.76 $3,158.02 $3,148.91 0.2885% $3,148.91 $3,141.73 0.2280% 
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Appendix E. Results of Validation of Simulation of Mean 
Demand of Three and the CV of 0.5 
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Figure E.1. Average mean of demand 
 
 
 

 
 

Figure E.2. Average CV of demand 
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Figure E.3. Average RIV 
 
 
 

 
 

Figure E.4. Long run average profit for the no information sharing model 
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Figure E.5. Long run average profit for the information sharing model 
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