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ABSTRACT 

  

Competitive pressure in the global marketplace inquires enterprises to establish 

efficiently distribution planning and inventory management in supply chain. This study 

proposes a framework to optimize distribution and inventory decisions integrating 

decisions of opening or closing facilities in multi-echelon supply chain network under 

non-stationary demand. The model adopts distribution requirements planning (DRP) 

technique and considers flexible distribution strategies, including multiple sourcing, 

drop shipping, and lateral transshipments to minimize the expected total cost. The 

original stochastic model has been simplified into the equivalent deterministic mixed-

integer linear programming by following the sample average approximation (SAA) 

technique.  

Besides, the numerical experiments are conducted to validate the model and its 

practical application. The results indicate the model adopting multiple flexible 

distribution strategies outperforms the models adopting single distribution strategy. The 

study is applied for enterprises who sell products through their both physical stores and 

online stores on e-commerce platforms or the company’s private website. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Context and motivations 

In accompany with the development of information technology and logistics 

industry, supply chain uncertainty factors require executives to operate the distribution 

and inventory system efficiently. Adopting the flexibility sourcing and distribution 

strategies helps a company to quickly respond to uncertainty factors in terms of supply 

disruptions, lead time and demand uncertainty. Particularly, companies use several 

sourcing and distribution policies simultaneously such as multiple sourcing, drop 

shipping, lateral transshipments with the aim of enhancing customer service and 

reducing stockout risk and inventory cost as well. 

 

1.1.1 Flexibility sourcing and distribution 

Many relevant researches have discussed multiple sourcing, drop shipping and 

lateral transshipments as flexible sourcing and distribution strategies in large-scale 

supply chain. However, most of them consider these strategies separately.  

Lateral transshipment is defined as exchanging inventory between warehouses 

at the same echelon level of multi-echelon supply chain (Axsäter, 2015; Axsäter, 

Howard, & Marklund, 2013; Jin-Hong, Rui-Xuan, & Gui, 2015; Min, 2008; F. Zhao, 

Wu, Liang, & Dolgui, 2016).   

Multi-sourcing is a strategy using two or many suppliers to tackle and decrease 

the supply disruption risk (Glock & Ries, 2013; Ho, 1990; Silbermayr & Minner, 2014, 

2016; Wang, Jiang, Li, & Liu, 2008).  

Drop shipping is defined that the demand of an echelon is forwarded to a 

supplier or its upper echelons, who fulfil the orders by shipping the products directly to 

the customers on its behalf. For regular distribution channel, the inventory of a stocking 

point is fed by upper echelon stocking point and each stocking point keeps inventory to 

satisfy its demand. Even so, the lost sales problem occurs when the inventory of a 

stocking point is out of stock. While the advantage of traditional system is that upper 

facilities have full control of supply process to their lower echelon, drop shipping can 

be used as a backup strategy in case of stockout (Dennis, Cheong, & Sun, 2017). 
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Combining between traditional and drop shipping distributions is called dual 

distribution channel. Dual channel can help to balance service level and inventory cost 

under demand uncertainty (Khouja & Stylianou, 2009; J. Zhao, Duan, Wang, & Huo, 

2012).  

The benefit of the combination of these sourcing and distribution strategies will 

be evaluated in this study. 

 

1.1.2 Network design 

According to Cardona-Valdés, Álvarez, and Ozdemir (2011), the strategic 

decisions of network design determine the supply chain configuration, which have 

long-term impacts on the performance of supply chain. Making decision basically bases 

on the trade-off analysis between the total costs and the responsiveness. Specifically, 

the number of facilities is directly proportional to the responsiveness to customer. The 

facility cost is a large financial burden on businesses because of a large amount of cost 

to open or close a facility or move a facility to another location. Over time, many 

parameters such as demand, replenishment lead time, and costs of supply chain network 

can have huge fluctuations. Many approaches have been being applied for supply chain 

network design under uncertainty over recent year such as fuzzy approach (Ramezani, 

Kimiagari, Karimi, & Hejazi, 2014), stochastic approach (Subulan, Baykasoğlu, 

Özsoydan, Taşan, & Selim, 2015), mathematical modelling (Kumar et al., 2017; 

Prakash, Soni, & Rathore, 2017), robust optimization (Prakash, Kumar, Soni, Jain, & 

Rathore, 2020), and so  on. 

Moreover, location decisions impact significantly on inventory and distribution 

costs, so solutions can be sub-optimality if there is not the incorporation between them. 

The joint location-distribution-inventory models have been being extensively studied 

(Ahmadi-Javid & Seddighi, 2012; Miranda & Garrido, 2008).  

  

1.1.3 Supply chain distribution and inventory management 

Although multi-echelon supply chain distribution and inventory problems have 

attracted many recent researches (Amiri-Aref, Klibi, & Babai, 2018; Firoozi, 2018; 

Martel, 2003; Yang, Pan, & Ballot, 2017), there is not any research combining 

traditional distribution with flexible distributions satisfying both online and offline 
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markets in the integration into network design problem. Most of researches of multi-

echelon supply chain only concentrate on offline channel (Alawneh & Zhang, 2018; 

Ayanso, Diaby, & Nair, 2006; Bailey & Rabinovich, 2005; Chen, Chen, Parlar, & Xiao, 

2011). Recently, Firoozi, Babai, Klibi, and Ducq (2020) proposed a multi-echelon 

supply chain distribution and inventory model considering multi-sourcing and lateral 

transshipments under demand uncertainty.  

In issues of distribution and inventory management, demand uncertainty is one 

of the critical and practical issues in planning models (Gupta & Maranas, 2003). 

Without considering demand fluctuations, the unintended consequences could happen 

such as lost sales or high holding costs (Petkov & Maranas, 1997). The approach to 

deal with this problem is presented in methodology section.  

 

1.2 Problem statement and research methodology 

1.2.1 The scopes and purposes 

Our study is aim to extend the research of Firoozi et al. (2020) to apply for 

multi-echelon pull supply chain considering multi-sourcing, drop shipping, and lateral 

transshipments between retailers in company 's supply chain. Beside inventory and 

distribution management problems, the decisions of opening and closing facilities are 

taken into account to adjust the strategic decisions of location and capacity according 

to actual situation under uncertainty factors in supply chain.  

The purpose of this study includes the following items: 

- Use the flexible sourcing and distribution policies to reduce cost while 

increasing customer service.  

- Analysis sensitivity how lateral transshipments impacts on total cost and the 

other component costs when changing unit lateral transshipment cost.  

- Analysis sensitivity how drop shipping impacts on total cost and the other 

component costs when changing unit drop shipping cost.  

- Incorporate the decisions of opening or closing facilities into the inventory and 

distribution management problems, which helps companies’ executives to react 

quickly to uncertainty factors in supply chain.  
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1.2.2 Contributions 

The study integrates network design problem into supply chain distribution and 

inventory management to choose opening or closing facilities from the predefined 

facilities in a planning horizon.  

Additionally, as mentioned, the model considers simultaneously the sourcing 

and distribution strategies. Particularly, drop shipping is used when a stocking point is 

stockout and forwards its demand to the upper echelons, lateral transshipment is to 

share inventory between stocking points at the same echelons to reduce holding cost, 

and multiple sources is to avoid supply risks. 

Especially, drop shipping is applied extensively in the e-commerce and online 

retail industry. In the context of the ecommerce development, even small and medium-

sized enterprises normally own at least a webshop besides their physically stores. Our 

work is proposed for enterprises which sell products through their brick and mortar 

stores along with online stores on e-commerce platforms or the company's private 

website. 

  

1.2.3 Methodology 

Although the joint location-distribution-inventory model considering the 

flexible sourcing and distribution policies under uncertainty demand has a practical 

significance in supply chain management, this integration makes the complexity of 

model. Multi-echelon distribution and inventory management problems have been 

being extensively studied over the past decades. Ross (2015) synthesized that in multi-

echelon network under pull system, an enterprise can manage resupply policy by 

choosing one of two possible replenishment techniques: reorder point (ROP) and 

distribution requirements planning (DRP).  There are two main factors to distinguish 

between DRP and ROP. The first is the homogeneity and the length of the 

replenishment lead time. The second is how items enter the supply chain. Particularly, 

planners choose ROP when the lead time to replenish items is short and homogeneous. 

Normally, DRP works in the environment that the supply source is an internal company 

production plant or an outside make-to-order supplier and the replenishment lead time 

between facilities is non-homogeneity. This study uses distribution requirements 

planning (DRP) approach in multi-echelon network under pull system. DRP technique 
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is adopted to create a time-based inventory replenishment plan to minimize the holding 

cost while enhancing customer service levels.  

To deal with uncertainty in supply chain, the two-stage stochastic programming 

framework is taken into consideration as one of the most common planning approaches 

(Firoozi, 2018; Gupta & Maranas, 2003; McDonald & Karimi, 1997; Schneeweiss, 

2012). The decision-making process are classified into two levels. The first level is of 

the here-and-now problem, which variables are determined before the uncertain 

parameters are observed. This means the decision variables in this stage do not depend 

on uncertain factors. Then, the second level is of the wait-and-see problem, which wait 

to make decisions until uncertain parameters are known. In this study, the first stage 

decides the problem of opening or closing retailers and the allocation of customer zones 

to opening retailers. Subsequently, after the demand is revealed, distribution and 

inventory decisions are made.  

According to Gupta and Maranas (2003), there are two distinct methodologies 

to represent uncertain parameters. The first one is the scenario-based approach, which 

a set of discrete scenarios are generated to depict how the uncertainty may take place 

in the future. The probability of each scenario corresponds to how much the decision 

maker expects its occurrence. Even so, this approach requires to define all possible 

situations. In case decision makers only can predict the continuous range of potential 

outcomes of uncertainty parameter, distribution-based approach is adopted. This 

technique specifies the mean and the standard deviation of demand. This study uses the 

scenario-based approach. The planning model become more complicated due to the 

large number of distinct scenarios. The sample average approximation (SAA) technique 

is applied to simplify the original stochastic model into the equivalent deterministic 

mixed-integer linear programming (MILP) (Shapiro, 2008). Many recent researches 

used SAA method to find near-optimal solutions for stochastic problems in the supply 

chain (Amiri-Aref et al., 2018; Benyoucef, Xie, & Tanonkou, 2013; Klibi, Lasalle, 

Martel, & Ichoua, 2010; Özdemir, Yücesan, & Herer, 2013). 

 

1.3 The organization of the research 

The thesis is organized into 5 chapters. This chapter presents context and 

motivations to conduct this research. Then, research scope, methodology and 
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contributions are presented in detail. Chapter 2 conducts literature reviews on the 

integration network design into inventory and distribution management, the flexible 

soucing and distribution strategies. Next, chapter 3 refers to a detailed description of 

the model assumptions and proposes a scenario-based model using distribution 

requirements planning (DRP) approach. Chapter 4 presents the numerical experiments 

and then analysis the sensitivity of using drop shipping, lateral transshipments in the 

model. Finally, chapter 5 summarizes the results to give concluding remarks and future 

directions as well. 
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CHAPTER 2 

REVIEW OF LITERATURE 

  

Many considerable researches studied the distribution planning and inventory 

optimization problems for a multi-stage supply chain network. This study will review 

three streams of relevant researches, consisting of the multi-echelon inventory and 

distribution optimization problems under DRP and other replenishment techniques, the 

flexible and responsive supply strategies, and the supply chain network design under 

uncertainty problem. 

  

2.1 Multi-echelon inventory and distribution optimization problems 

There are many considerable researches of multi-echelon distribution and 

inventory problems over the past decades. Ho (1990) carried out delivery scheduling 

for a multi‐echelon logistics system considering multi-sourcing by adopting DRP 

technique. This study was analyzed under deterministic demand. Martel (2003) and 

Yoo, Kim, and Rhee (1997) proposed the models with stochastic demand based on DRP 

approach. The former study applied the concept of reorder point installation-stock, 

whereas the latter one used a DRP-decomposition approach. Then, the findings 

indicated the improvement of these studies in comparison to the traditional DRP 

approach by using simulation experiments. However, both considered networks with 

single sourcing. Besides DRP replenishment technique, ROP is also attracted many 

researches.  The studies of Amiri-Aref et al. (2018) and Yang et al. (2017) are typical 

works for this technique. It is worth pointing out that they analysed a multi-echelon 

network with taking demand allocation into account. Besides, while the first one 

proposed a model with continuous review policy (R, Q) to handle stochastic demand 

pattern, the second one consider a two-stage model in a periodic review (s, S) with 

multiple source strategy to apply for non-stationary demand. As aforementioned, the 

work done by Firoozi et al. (2020) is the closest to our study. They applied DRP 

approach to analyze a multi-echelon distribution network and adopted multiple sources 

and lateral transshipment to decrease the risk of demand uncertainty. By considering 

drop shipping strategy, we propose a model applied for dual channel warehouse, which 

fulfils both online and offline orders. 
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2.2  The flexible sourcing and distribution strategies 

This study considers 3 flexible and responsive resupply strategies within 

distribution and inventory systems, including multi-sourcing, drop shipping and lateral 

transshipments. 

 

2.2.1 Drop shipping 

Drop shipping is a common delivery practice as a backup strategy to satisfy 

demand in the case a stocking point runs out of stock. Another terms to describe drop 

shipping is direct shipping. Dumrongsiri, Fan, Jain, and Moinzadeh (2008) proposed a 

model which a customer can receive products from a retailer or directly from a 

manufacturer. They suggested conditions under which the manufacturer and the retailer 

share the market in equilibrium. The findings show that using dual channel help to 

improve the overall profit. Khouja and Stylianou (2009) explored the (Q, R) inventory 

models in dual-channel supply chain. Their study showed the drawback of this strategy 

in forwarding orders to the upper echelons or manufacturers is that it leads longer 

delivery lead time, higher unit order processing cost. However, the findings indicated 

that drop shipping policy can help to enhance customer satisfaction and decrease the 

total cost. Alawneh and Zhang (2018) and Chen et al. (2011) explored an inventory 

policy serving both online and offline customers. While the former study proposed a 

model to divide the warehouse into the storage area for satisfying online order and the 

other area for offline order, the latter analyzed scenarios by assuming the priority of a 

retailer to satisfy online demand. Both studies was set up under stochastic demand.  Ly 

and Rujira (2019) proposed an analytical study of dual channel distribution for online 

retailers, which is combined between traditional distribution as a primary fulfilment 

channel and drop shipping distribution as a backup in case of stockout. This study 

considered multiple suppliers in supply chain network. 

  

2.2.2 Multi-sourcing 

Multi-sourcing means a buyer can originate from more than one supplier to 

protect against supply disruption risk. Glock and Ries (2013) analyzed a supply chain 

with single customer and multiple suppliers under stochastic demand. The study 
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showed that multiple sourcing can help to reduce the risk of stockout when considering 

stochastic demand and a deterministic lead time. Silbermayr and Minner (2014) also 

analyzed the same supply chain facing Poison demand. They evaluated the trade-offs 

between using only one source and many supply sources, holding stock and using a 

back-up supplier.  

  

2.2.3 Lateral transshipments 

Lateral transshipments are stock movements between members within an 

echelon level of supply chain network to enable to not only decrease shortages but also 

enhance service levels. Paterson, Kiesmüller, Teunter, and Glazebrook (2011) 

synthesized many researches of inventory models with the lateral shipments over the 

past decades (Axsäter, 2003; Dong & Rudi, 2004; Grahovac & Chakravarty, 2001). 

While proactive transshipment occurs at predetermined moments in time (Lee, Jung, & 

Jeon, 2007), reactive transshipment can happen randomly (Nakandala, Lau, & Shum, 

2017; Paterson, Teunter, & Glazebrook, 2012; F. Zhao et al., 2016). Besides, this article 

provided literatures classified by the inventory system (Axsäter, 1990) and the ordering 

policy (Olsson, 2009; Wee & Dada, 2005). Grahovac and Chakravarty (2001) focused 

on a replenishment model based on one-for-one ordering policy under complete pooling 

style of lateral transshipment, whereas Axsäter (2003) considered partial pooling by a 

continuous review (R, Q). Besides, the latter study derived decision rule of the number 

of transshipped units, basing on the complete state of the system. In the same problem, 

Wee and Dada (2005) conducted study by combination alternatives of transshipment, 

including: (1) only transshipment at retailer level, (2) movements within retailers first 

and replenishment from warehouses in the of stock out at all retailers, (3) Only 

transshipment within retailers when warehouses are out of stock, (4) No transshipment 

at retailer level, and (5) No pooling system, each retailer acts independently. 

 

2.3 Supply chain network design 

Many approaches have been being applied for supply chain network design 

(SCND) under uncertainty over recent years such as fuzzy approach (Ramezani et al., 

2014), stochastic approach (Subulan et al., 2015), mathematical modelling (Kumar et 

al., 2017; Prakash et al., 2017), robust optimization (Prakash et al., 2020), and so on. 
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Recently, the integration of network design problem into supply chain 

distribution and inventory management have been being extensively studied. Miranda 

and Garrido (2008) presented Lagrangian relaxation to solve the joint location-

distribution-inventory problem under stochastic capacity for a three-echelon network. 

Ahmadi-Javid and Seddighi (2012) addressed a location-routing-inventory model by 

developing a mixed-integer programming and a three-phase heuristic. 

  

2.4 The summary of the most relevant researches 

The most relevant researches related to this study is indicated in Table 2.1.  The 

contributions are classified by methodology, replenishment polices (reorder point – 

ROP, and distribution requirements planning – DRP), demand type (deterministic – D, 

stochastic – S, and non-stationary – NS), flexible sourcing and distribution strategies 

(lateral transshipment – LT, multi-sourcing – MS, and drop shipping – DS), and 

solution approach. Besides, the studies are considered whether they include demand 

allocation constraints, capacity constraints, and multiple period (MP). 
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CHAPTER 3 

MODELLING AND SOLUTION APPROACH 

 

3.1 Problem statement 

This research considers three-echelon supply chain network. The first stage 

includes multiple potential suppliers. The second stage is central warehouses. The third 

stage is a set of retailers, which work as outlets and receive both online and offline 

orders. It is assumed that this model considers uncapacitated suppliers, but capacity 

problem is taken into consideration at central warehouse and retailer echelons. This 

research develops a multi-stage inventory optimization model using DRP approach.  

The model is applied to a product family or a product under periodic review policy. 

Demand at consumption points is stochastic and follows a non-stationary process over 

the planning horizon. In the context of demand uncertainty, the model is set up to 

choose the potential retailers from the predefined retailers. 

Beside each stage is supplied products by the upper stage and feeds the ones 

below as usual, multiple sourcing, drop shipping, and lateral transshipments are applied 

in this model (figure 1). For multiple sourcing, each stocking point can be fed from 

many potential sources, such as a customer zone can be satisfied by more than one 

stocking point. Lateral transshipments are allowed in the third echelon, which means 

stock movements between retailers can be performed as a replenishment policy. For 

drop shipping, the demand from a retailer can be directly shipped from suppliers in case 

of stockout at a central warehouse. Besides, drop shipping from central warehouses or 

suppliers to consumption points can occur in case of stockout at a retailer. Besides drop 

shipping, backorder can be used when demand cannot be satisfied from on hand 

inventory. To sum up, an order at a warehouse or a retailer can be fulfilled by: (1) on-

hand inventory, (2) drop shipping, and/or (3) backorder. It is noted that a 

straightforward strategy would always be to fulfil demands from the own stocking point 

if possible, and otherwise via a lateral transshipment or backorder or drop shipping, if 

possible. However, this strategy will turn out to be suboptimal in certain cases, which 

mainly depends on the cost parameters. 
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Figure 3.1 A multi-stage supply chain network with multiple sourcing, drop shipping, 

and lateral transshipments. 

 

3.2 Mathematical model 

3.2.1 Notation 

3.2.1.1 Sets 

S : Set of suppliers, s ϵ S. 

W : Set of central warehouses, w ϵ W. 

R : Set of retailers, r ϵ R. 
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Z : Set of consumption points, z ϵ Z. 

T :  Set of time periods, t ϵ T. 

Ω : Set of scenarios, ω ϵ Ω. 

 

3.2.1.2 Parameters 

dztω  : Demand at consumption point z at the beginning of period t under 

scenario ω. 

fr : Facility cost of retailer r.  

CAPn : Throughput capacity of stocking point n at each period t, n = {w, r}. 

Lnn' : Expected lead time (number of periods) between stocking point n' and 

stocking point n, n = {s, w, r}, n' = {w, r, z}. 

cn
H : Unit holding cost at stocking point n per unit per period, n = {w, r}. 

cn
B : Unit backorder cost for stocking point n, n = {r, z}. 

τnn' : Unit transportation cost between stocking point n and stocking point 

n', n' = {w, r, z}, n = {s, w, r}. 

cnn'
K  : Ordering cost per one order from stocking point n' to stocking 

point n, n' = {w, r}, n = {s, w, r}. 

arz : Fixed allocation cost of consumption point z to retailer r. 

M : A large positive number. 

 

3.2.1.3 Variables 

Intω
+  : The ending inventory of stocking point n at the end of the period t under 

scenario ω, n = {w, r}. 

Inn'tω
−  : The backordered quantity of stocking point n for stocking point n' at 

the end of the period 𝑡 under scenario ω, n = {w, r}, n' = {r, z}.  

Rnn'tω : The received quantity of stocking point n' from stocking point n at the 

beginning of period t under scenario ω, n = {s, w, r}, n' = {w, r, z}. 

Rnn'tω
m  : The received quantity of stocking point n' from stocking point n by 

drop shipping at the beginning of period t under scenario ω in case of 

stockout at stocking point m, n = {s, w}, n' = {r, z}, m = {w, r}. 

Drztω  : Demand of consumption point z assigned to retailer r at the beginning 

of period t under scenario ω. 
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Ynn'tω : Binary variable. If stocking point n' is sourced by stocking point n 

under scenario ω (Rnn'tω > 0), it takes value 1, n = {s, w, r}, n' = {w, r, z}. 

Otherwise, it takes value 0. 

Ynn'tω
m   : Binary variable. If stocking point n' is sourced by stocking point n by 

drop shipping at the beginning of period t under scenario ω in case of 

stockout at stocking point m (Rnn'tω
m  > 0), it takes value 1, n = {s, w}, 

n' = {r, z}, m = {w, r}. Otherwise, it takes value 0. 

xrz : Binary variable. If consumption point z is allocated to retailer r, it takes 

value 1. Otherwise, it takes value 0. 

y
r
 : Binary variable. If retailer r is open, it takes value 1. Otherwise, it takes 

value 0. 

 

3.2.2 Mathematical model 

The two-stage stochastic programming framework divides the decisions and the 

constraints into two sets. The first level decides the problem of opening or closing 

retailers and the allocation of customer zones to opening retailers. These decisions are 

independent of the demand scenarios. Subsequently, the second makes distribution and 

inventory decisions after the demand is observed.  

This model supports decisions of the inventory optimization and distribution 

policy between stocking points and between stocking points to consumption points in 

supply chain at each period as well as choosing opening or closing facilities from a set 

of given retailers. The decision-making process of supply chain activities is transformed 

into the model formulation as follows. 

  

𝑀𝑖𝑛  {𝐴 + 𝐵 + ∑ 𝑝(𝜔) [  𝐶 +  𝐷 +  𝐸 +  𝐹 +  𝐺 +  𝐻 ]

𝜔∈Ω

}                                (3.1) 

  

Where:  

𝐴 =  ∑∑𝑎𝑟𝑧𝑥𝑟𝑧

𝑧∈𝑍𝑟∈𝑅

     

𝐵 = ∑𝑓𝑟𝑦𝑟

𝑟∈𝑅
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𝐶 = ∑(∑ ∑ 𝜏𝑠𝑤𝑅𝑠𝑤𝑡𝜔

𝑤∈𝑊𝑠∈𝑆

+ ∑ ∑𝜏𝑤𝑟𝑅𝑤𝑟𝑡𝜔

𝑟∈𝑅𝑤∈𝑊

+ ∑∑𝜏𝑟𝑧𝑅𝑟𝑧𝑡𝜔

𝑧∈𝑍𝑟∈𝑅

) 

𝑡∈𝑇

 

𝐷 = ∑∑ ∑ 𝜏𝑟𝑟′𝑅𝑟𝑟′𝑡𝜔

𝑟′∈𝑅∖{𝑟}𝑟∈𝑅

 

𝑡∈𝑇

 

𝐸 = ∑(∑ ∑ ∑𝜏𝑠𝑟𝑅𝑠𝑟𝑡𝜔
𝑤

𝑟∈𝑅𝑤∈𝑊𝑠∈𝑆

+ ∑∑∑𝜏𝑠𝑧𝑅𝑠𝑧𝑡𝜔
𝑟

𝑧∈𝑍𝑟∈𝑅𝑠∈𝑆

+ ∑ ∑∑𝜏𝑤𝑧𝑅𝑤𝑧𝑡𝜔
𝑟

𝑧∈𝑍𝑟∈𝑅𝑤∈𝑊

) 

𝑡∈𝑇

 

𝐹 = ∑

[
 
 
 
 
 ∑ ∑ 𝑐𝑠𝑤

𝐾 (𝑌𝑠𝑤𝑡𝜔 + ∑𝑌𝑠𝑟𝑡𝜔
𝑤

𝑟∈𝑅

) + ∑ ∑𝑐𝑤𝑟
𝐾 (𝑌𝑤𝑟𝑡𝜔 + ∑𝑌𝑤𝑧𝑡𝜔

𝑟

𝑧∈𝑍

)

𝑟∈𝑅𝑤∈𝑊𝑤∈𝑊𝑠∈𝑆

 

 +∑ ∑ 𝑐𝑟𝑟′
𝐾 𝑌𝑟𝑟′𝑡𝜔

𝑟′∈𝑅∖{𝑟}𝑟∈𝑅

+ ∑∑∑𝑐𝑠𝑟
𝐾 𝑌𝑠𝑧𝑡𝜔

𝑟

𝑧∈𝑍𝑟∈𝑅𝑠∈𝑆 ]
 
 
 
 
 

 

𝑡∈𝑇

 

𝐺 = ∑( ∑ ∑𝑐𝑟
𝐵𝐼𝑤𝑟𝑡𝜔

−  

𝑟∈𝑅𝑤∈𝑊

+ ∑∑𝑐𝑧
𝐵𝐼𝑟𝑧𝑡𝜔

− 

𝑧∈𝑍𝑟∈𝑅

)

𝑡∈𝑇

 

𝐻 = ∑( ∑ 𝑐𝑤 
𝐻 𝐼𝑤𝑡𝜔

+

𝑤∈𝑊

+ ∑𝑐𝑟
𝐻𝐼𝑟𝑡𝜔

+

𝑟∈𝑅

)

𝑡∈𝑇

 

  

The model aims to minimize the total cost of supply chain. Therefore, the 

objective function is the sum of the deterministic costs in the first stage (allocation cost 

and facility cost) and the expected costs in the second stage (transportation cost, 

procurement cost and backorder cost). Equation A represents the allocation cost 

between retailer and consumption point. Equation B calculates facility costs for the 

open retailers. Equation C, D, E capture terms of transportation, which include regular 

transportation costs, transshipment costs, and drop shipping costs, respectively. Next, 

equation F refers the procurement costs. Then, equation G is about the backorder costs. 

Finally, the holding costs are computed by equation H. 

It is noted that unit transportation flow cost between stocking point 𝑛 and 

stocking point 𝑛′ is a linear function of the travelled distance between locations in 

supply chain network: 𝜏𝑛𝑛′ = 𝐶𝑛𝑛′
𝑇  +  𝑐𝑛𝑛′

𝑇 . 𝑥𝑛𝑛′. Where 𝐶𝑛𝑛′
𝑇 , 𝑐𝑛𝑛′

𝑇 , 𝑥𝑛𝑛′ are fixed 

transportation cost, variable transportation cost and distance from stocking point 𝑛 to 

stocking point 𝑛′, respectively. The augmented factor 𝛾 is added into this function for 

unit lateral transshipment cost to compare to the regular transportation flows for the 

same distance:  𝜏𝑛𝑛′  =  𝛾 (𝐶𝑛𝑛′ 
𝑇 +  𝑐𝑛𝑛′

𝑇 . 𝑥𝑛𝑛′). 
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As mentioned, the allocation decisions are made in the first stage, independently 

from the scenarios. Therefore, constraints (3.2) and (3.3) are considered as a set of 

constraint in the first stage.  

 

∑𝑥𝑟𝑧

𝑟∈𝑅

 ≥  1                                                                                                      ∀ 𝑧 𝜖 𝑍        (3.2) 

 

Constraint (3.2) guarantees a customer 𝑧 can be allocated to at least one retailer 

𝑟. This means multiple sourcing is allowed and single sourcing is also feasible for some 

customer 𝑧 when the left side of the constraint is equal to 1.  

 

𝑦𝑟  ≥  𝑥𝑟𝑧                                                                                                ∀ 𝑟 𝜖 𝑅, 𝑧 𝜖 𝑍        (3.3) 

 

Constraint (3.3) defines that only when a retailer r is open, it is considered 

whether a customer z is allocated to a retailer r.  

 

𝑅𝑛𝑟𝑡𝜔  ≤  𝑀. 𝑦𝑟             𝑛 =  {𝑤, 𝑟′}, ∀ 𝑤 𝜖 𝑊, 𝑟 𝜖 𝑅, 𝑟′ 𝜖 𝑅 ∖ {𝑟}, 𝑡 𝜖 𝑇, 𝜔 𝜖 Ω        (3.4) 

 

𝑅𝑠𝑟𝑡𝜔
𝑤  ≤  𝑀. 𝑦𝑟                                                  ∀ 𝑠 𝜖 𝑆, 𝑤 𝜖 𝑊, 𝑟 𝜖 𝑅, 𝑡 𝜖 𝑇, 𝜔 𝜖 Ω        (3.5) 

 

𝐼𝑤𝑟𝑡𝜔
−  ≤  𝑀. 𝑦𝑟                                                             ∀ 𝑤 𝜖 𝑊, 𝑟 𝜖 𝑅, 𝑡 𝜖 𝑇, 𝜔 𝜖 Ω        (3.6) 

 

Constraints (3.4), (3.5) and (3.6) make sure that only when a retailer 𝑟 is open, 

it is considered whether the retailer 𝑟 can receive products from the other stocking 

points (suppliers, central warehouses, and the other retailers) for each period and each 

scenario.    

 

𝐷𝑟𝑧𝑡𝜔  ≤  𝑀. 𝑥𝑟𝑧                                                             ∀ 𝑟 𝜖 𝑅, 𝑧 𝜖 𝑍, 𝑡 𝜖 𝑇, 𝜔 𝜖 Ω        (3.7) 

 

𝑑𝑧𝑡𝜔  =  ∑𝐷𝑟𝑧𝑡𝜔

𝑟∈𝑅

                                                                    ∀ 𝑧 𝜖 𝑍, 𝑡 𝜖 𝑇, 𝜔 𝜖 Ω        (3.8) 

 

Constraint (3.7) ensures that a retailer 𝑟 can serve a customer 𝑧 only when there 

is an allocation between them. Equation (3.8) check that the total demand of each 

customer 𝑧 is entirely assigned to the allocated retailers for each scenario and each 

period.    
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𝑅𝑟𝑧(𝑡+𝐿𝑟𝑧)𝜔  =  𝐷𝑟𝑧𝑡𝜔  +  𝐼𝑟𝑧(𝑡−1)𝜔
− − 𝐼𝑟𝑧𝑡𝜔

− − ∑𝑅𝑠𝑧(𝑡+𝐿𝑠𝑧)𝜔
𝑟

𝑠∈𝑆

− ∑ 𝑅𝑤𝑧(𝑡+𝐿𝑤𝑧)𝜔
𝑟

𝑤∈𝑊

    

∀ 𝑟 𝜖 𝑅, 𝑧 𝜖 𝑍, 𝑡 𝜖 𝑇, 𝜔 𝜖 Ω        (3.9) 

 

Equation (3.9) calculates the number of products that retailers 𝑟 fulfills 

customer 𝑧. For each scenario, the shortage that retailer cannot satisfy in a period can 

be backordered in the next periods or directly shipped from its central warehouses or 

suppliers.  

 

𝐼𝑟𝑡𝜔
+  =  𝐼𝑟(𝑡−1)𝜔

+  + ∑ ∑ 𝑅𝑠𝑟𝑡𝜔
𝑤

𝑤∈𝑊𝑠∈𝑆

+ ∑ 𝑅𝑤𝑟𝑡𝜔

𝑤∈𝑊

+ ∑ 𝑅𝑟′𝑟𝑡𝜔

𝑟′∈𝑅∖{𝑟}

− ∑𝑅𝑟𝑧(𝑡+𝐿𝑟𝑧)𝜔

𝑧∈𝑍

 

− ∑ 𝑅𝑟𝑟′(𝑡+𝐿𝑟𝑟′)𝜔

𝑟′∈𝑅∖{𝑟}

 

    ∀ 𝑟 𝜖 𝑅, 𝑡 𝜖 𝑇, 𝜔 𝜖 Ω      (3.10) 

 

𝐼𝑤𝑡𝜔
+  =  𝐼𝑤(𝑡−1)𝜔

+ + ∑𝑅𝑠𝑤𝑡𝜔

𝑠∈𝑆

+ ∑𝐼𝑤𝑟𝑡𝜔
− 

𝑟∈𝑅

− ∑ 𝐼𝑤𝑟(𝑡−1)𝜔
− 

𝑟∈𝑅

− ∑𝑅𝑤𝑟(𝑡+𝐿𝑤𝑟)𝜔

𝑟∈𝑅

 

−∑∑𝑅𝑤𝑧(𝑡+𝐿𝑤𝑧)𝜔
𝑟

𝑧∈𝑍𝑟∈𝑅

 

     ∀ 𝑤 𝜖 𝑊, 𝑡 𝜖 𝑇, 𝜔 𝜖 Ω      (3.11) 

 

𝐼𝑠𝑡𝜔
+  =  𝐼𝑠(𝑡−1)𝜔

+ − ∑ 𝑅𝑠𝑤(𝑡+𝐿𝑠𝑤)𝜔

𝑤∈𝑊

− ∑ ∑𝑅𝑠𝑟(𝑡+𝐿𝑠𝑟)𝜔
𝑤

𝑟∈𝑅𝑤∈𝑊

− ∑∑𝑅𝑠𝑧(𝑡+𝐿𝑠𝑧)𝜔
𝑟

𝑧∈𝑍𝑟∈𝑅

 

∀ 𝑠 𝜖 𝑆, 𝑡 𝜖 𝑇, 𝜔 𝜖 Ω      (3.12) 

 

Equations (3.10), (3.11) and (3.12) determine the on-hand inventory of a 

retailer, a central warehouse, and a supplier at the end of the period, respectively.  

 

∑ 𝑅𝑤𝑟𝑡𝜔

𝑤∈𝑊

+ ∑ 𝑅𝑟′𝑟𝑡𝜔

𝑟′∈𝑅∖{𝑟}

+ ∑ ∑ 𝑅𝑠𝑟𝑡𝜔
𝑤

𝑤∈𝑊𝑠∈𝑆

 ≤  𝑦𝑟𝐶𝐴𝑃𝑟  

∀ 𝑟 𝜖 𝑅, 𝑡 𝜖 𝑇, 𝜔 𝜖 Ω      (3.13) 

 

∑𝑅𝑠𝑤𝑡𝜔

𝑠∈𝑆

 ≤  𝐶𝐴𝑃𝑤                                                                ∀ 𝑤 𝜖 𝑊, 𝑡 𝜖 𝑇, 𝜔 𝜖 Ω      (3.14) 
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Constraints (3.13) and (3.14) indicate the received flows of a stocking point 

(retailer or central warehouse) do not exceed its throughput capacity limit.  

 

𝑅𝑛𝑛′𝑡𝜔  ≤  𝑀. 𝑌𝑛𝑛′𝑡𝜔                                       

𝑛 = {𝑠, 𝑤, 𝑟}, 𝑛′ = {𝑤, 𝑟, 𝑧}, ∀ 𝑠 𝜖 𝑆, 𝑤 𝜖 𝑊, 𝑟 𝜖 𝑅, 𝑧 𝜖 𝑍, 𝑡 𝜖 𝑇, 𝜔 𝜖 Ω      (3.15) 

 

𝑅𝑛𝑛′𝑡𝜔
𝑚  ≤  𝑀. 𝑌𝑛𝑛′𝑡𝜔

𝑚                         

𝑛 = {𝑠, 𝑤}, 𝑛′ = {𝑟, 𝑧},𝑚 = {𝑤, 𝑟}, ∀ 𝑠 𝜖 𝑆, 𝑤 𝜖 𝑊, 𝑟 𝜖 𝑅, 𝑧 𝜖 𝑍, 𝑡 𝜖 𝑇, 𝜔 𝜖 Ω      (3.16) 

 

Constraints (3.15) and (3.16) ensure when stocking point n’ receives products 

from stocking point n, the procurement incurs between two locations. 

 

𝑥𝑟𝑧 , 𝑦𝑟 , 𝑌𝑛𝑛′𝑡𝜔 , 𝑌𝑛𝑛′𝑡𝜔
𝑚  =  {0; 1}     

  𝑛 = {𝑠, 𝑤, 𝑟}, 𝑛′ = {𝑤, 𝑟, 𝑧},𝑚 = {𝑤, 𝑟}, 

∀ 𝑠 𝜖 𝑆, 𝑤 𝜖 𝑊, 𝑟 𝜖 𝑅, 𝑧 𝜖 𝑍, 𝑡 𝜖 𝑇, 𝜔 𝜖 Ω      (3.17) 

 

𝐼𝑛𝑡𝜔
+ , 𝐼𝑛𝑛′𝑡𝜔

− , 𝑅𝑛𝑛′𝑡𝜔, 𝑅𝑛𝑛′𝑡𝜔
𝑚 , 𝐷𝑟𝑧𝑡𝜔  ≥  0                                             

   𝑛 = {𝑠, 𝑤, 𝑟}, 𝑛′ = {𝑤, 𝑟, 𝑧},𝑚 = {𝑤, 𝑟}, 

∀ 𝑠 𝜖 𝑆, 𝑤 𝜖 𝑊, 𝑟 𝜖 𝑅, 𝑧 𝜖 𝑍, 𝑡 𝜖 𝑇, 𝜔 𝜖 Ω      (3.18) 

Constraints (3.17) and (3.18) set binary variables and non-negativity variables.  

 

3.3 Solution approach 

The proposal model can give solutions of distribution planning and inventory 

optimization in multi-echelon supply chain network. However, the problem is 

intractable to solve due to following reasons. Firstly, the model considers 

simultaneously many distribution and inventory alternatives to analyze trade-offs 

between backorder, transshipment, drop shipping or keeping more inventory in multi-

echelon supply chain network. Secondly, to validate the practical implications of the 

research findings, the numerical experiments are conducted with the large number of 

the plausible demand scenarios.  

The combinatorial nature makes the optimization model intractable to solve. To 

tackle this problem, previous research has simplified the model by transferring the 

original stochastic model into the equivalent deterministic MILP following SAA 
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technique. A sample of the independent demand scenarios with the occurrence 

probability p(ω) = 1/N to simplify the original model as follow: 

 

𝑀𝑖𝑛 {𝐴 +  𝐵 + 
1

𝑁
∑ ∑ [  𝐶 +  𝐷 +  𝐸 +  𝐹 +  𝐺 +  𝐻 ]

𝑡∈𝑇𝜔∈Ω𝑁

}                           (3.19) 
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CHAPTER 4 

NUMERICAL EXPERIMENTS 

  

4.1 Experiment plan 

The proposed model integrates the problem of opening or closing facilities into 

supply chain distribution and inventory management in a planning horizon. To validate 

the model, problem cases is designed corresponding to several business contexts.  

Firstly, experiments without integration of network design problem are 

conducted to evaluate the impacts of drop shipping and lateral transshipment strategies. 

This means the component cost B, so called facility costs, and the constraint 3 to 6 are 

excluded out of the model. There are 3 sizes of network, including small network (SN), 

medium network (MN), and large network (LN). For two first type of network, the 

cases are generated from dimensions: capacity levels of central warehouses and retailers 

{Caplow, Caphigh}, backorder cost levels {Blow, Bhigh}, inventory holding cost levels 

{Hlow, Hhigh}, and drop shipping {Dlow, Dwithout}. For the last type of network, 

dimensions are the same, except for drop shipping {Dwithout, Dlow, Dhigh} and the 

augmented factor  𝛾𝑟𝑟′  = {1, 1.2} of lateral transshipment costs. Next, experiments with 

the full proposed model is carried out with large network to choose potential facilities 

from a set of predefined facilities. The setting for parameters is the same as the model 

without network design problem. This study conducts 88 experiments, consisting of 16 

cases for small network (1 – 16), 16 cases for medium network (17 – 32), 48 cases for 

large network without integration of network problem (33 – 80),  and 8 cases of the 

joint location-distribution-inventory model (81 – 88).  

The parameters of network, scenario and capacity are showed in table 3.1 and 

table 3.2. The size of the network impacts on the requirement of computer configuration 

to gain an optimal solution within an acceptable duration and tolerance. Besides, the 

increase of the number of scenarios for each instance is in direct proportion to the 

complexity of calculation. Of course, a higher sample size of scenarios considered can 

increase the accuracy of optimal solution when demand is stochastic non-stationary.  

However, finding the optimality for the entire set of scenarios is intractable because of 

the inherent combinatorial complexity of the proposed model. Therefore, in this 
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research, the sample size of scenarios used for small, medium, and large network is 

100, 20 and 5, respectively. 

Table 4.1 The network parameters and the number of scenarios in the experiments. 

Item Index SN MN LN 

1 No. z 10 60 200 

2 No. r 2 8 12 

3 No. w 1 2 4 

4 No. Ω 100 20 5 

 

Table 4.2 The capacity parameters in the experiments. 

Item Facility 
SN MN LN 

Caplow Caphigh Caplow Caphigh Caplow Caphigh 

1 Retailer 2800 4000 4000 9000 8500 20000 

2 Warehouse 4000 9000 7500 17000 12000 30000 

 

The assumption is that the replenishment ability of the supplier echelons is 

unlimited. The initial inventory of each retailer and each warehouse is the average lead 

time demand of upper demand. For each period, the unit backorder costs (Blow, Bhigh) 

are (1, 4) and the unit holding costs (Hlow, Hhigh) are (0.01, 0.1), respectively. The unit 

transportation flow cost between stocking point n and stocking point 𝑛′ is a linear 

function of the travelled distance 𝜏𝑛𝑛′. For regular shipment, the fixed cost 𝐶𝑛𝑛′
𝑇  is 

0.0432 and the variable cost 𝑐𝑛𝑛′
𝑇  is 0.0035. In comparison to the regular transportation 

flows for the same distance, the augmented factor of unit lateral transshipment cost is 

𝛾𝑟𝑟′ = (1, 1.2) and the augmented factor of unit out-bound transportation cost 𝛾𝑟𝑧 = 1.5. 

For drop shipping, the fixed costs between locations (𝐶𝑠𝑧
𝑇 , 𝐶𝑠𝑟

𝑇 , 𝐶𝑤𝑧
𝑇 ) are set to (2, 8, 4) 

and (3, 8, 5) for Dlow cases and Dhigh cases, respectively. The variable cost is also the 

same as that of regular transportation cost. For the joint location-distribution-inventory 

model, the unit facility cost to open a retailer is 105.  

This study is applied for a stochastic non-stationary demand process. A planning 

horizon includes 90 working days, which is equivalent to 3 season cycles. By following 

the demand function over planning horizon proposed by Zhao and Xie (2002) and 

applied by M. Firoozi (2019), the mean demand of consumption point z at each period 

t is calculated as follows:  
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𝜇𝑧𝑡  =  𝑏𝑛  +  𝑠𝑙𝑜𝑝𝑒 . 𝑠𝑖𝑛 (
2𝜋𝑡

𝑐𝑦𝑐𝑙𝑒
)  +  𝑛𝑜𝑖𝑠𝑒 . 𝑠𝑛𝑜𝑟𝑚𝑎𝑙( )                  𝑛 𝜖 {SN, MN, LN} 

It is assumed that season cycle is monthly (season cycle =30). Slope and noise 

are constant and equal to 40 and 50, respectively. Snormal is a standard normal random 

number.  

These numerical experiments are conducted on a 64-bit operating system server 

with 112 GB of RAM and 2.1 GHz CPU. The model is generated with OPL Studio 

12.10, CPLEX-12.10.  The relative mixed integer programming gap tolerance is set to 

0.05, which means CPLEX will stop as soon as it has found a feasible integer solution 

proved to be within 5% of optimal.  

 

4.2 Numerical results 

Noticeably, for each network size, the problem instances use the same scenario 

samples data. The tables 3.3 to 3.8 detail the results about the expected total costs and 

the component costs for each experiment. The component costs consist of allocation 

cost (AC), facility cost (FC), procurement cost (PC), holding cost (HC), backorder cost 

(BC), regular transportation cost (RTC), drop shipping cost (DSC), and transshipment 

cost (TC). Besides, the relative MIP gap tolerance and the running time of each 

experiment are shown in detail.  

It is necessary to remind that γ means the augmented factor of unit lateral 

transshipment cost to compare to the unit regular transportation flows. Table 3.3 to table 

3.7 represent the experiments without integration of the opening or closing facility 

problem. When γ equals to 1.0 with the low unit drop cost Dlow and without drop 

shipping Dwithout, the numerical results of the experiments in small, medium, and large 

network are presented in table 3.3, 3.4, and 3.5, respectively. In comparison with the 

experiments in table 3.5, table 3.6 shows the cases γ equals to 1.2. Table 3.7 consists of 

the experiments with Dhigh for large network. While the cases from 65 to 72 are 

conducted with γ = 1.0, the others work with γ = 1.2 in this table.  

The most comprehensive experiments are presented in table 3.8 by using the 

full proposed model. Beside the inventory and distribution planning, decisions of 

opening or closing retailer are carried out in large network with Dlow and γ = 1.0. 
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Running 

time 

(hours) 

4.9 

4.1 

3 

2.1 

7.3 

5.1 

4.8 

3 

2.7 

1.7 

2.4 

0.9 

3.8 

2.9 

2.6 

1.1 

Gap 

(%) 

4.99 

3.8 

4.21 

4.02 

4.93 

4.94 

4.94 

4.93 

4.94 

4.77 

4.92 

4.85 

4.95 

4.95 

4.96 

4.95 

Transportation Cost 

TC 

23 

30 

51 

40 

28 

44 

93 

108 

24 

26 

59 

23 

26 

26 

71 

35 

DSC 

1166 

12601 

1173 

12598 

 

12599 

 

12599 

 

 

 

 

 

 

 

  

RTC 

29536 

28719 

29529 

32720 

29723 

28714 

29701 

28694 

29725 

29724 

29712 

29725 

29724 

29724 

29709 

29721 

BC 

6314 

3313 

6308 

3314 

6825 

3314 

6825 

3314 

7346 

29383 

7347 

29383 

6825 

27298 

6825 

27298 

HC 

604 

516 

236 

88 

704 

705 

169 

107 

546 

294 

251 

67 

621 

407 

193 

65 

PC 

3264 

3989 

5320 

5910 

2809 

3554 

5415 

5841 

3178 

4392 

5284 

5597 

2909 

4079 

5377 

5592 

AC 

1450 

1450 

1450 

1450 

1450 

1450 

1450 

1450 

1450 

1450 

1450 

1450 

1450 

1450 

1450 

1450 

Total 

cost 

42358 

50618 

44067 

52120 

41539 

50380 

43653 

52113 

42269 

65270 

44103 

66245 

41556 

62984 

43625 

64161 

Experiment 

1.    SN, CaplowBlowHlowDlow, γ = 1.0 

2.    SN, CaplowBhighHlowDlow, γ = 1.0 

3.    SN, CaplowBlowHhighDlow, γ = 1.0 

4.    SN, CaplowBhighHhighDlow, γ = 1.0 

5.    SN, CaphighBlowHlowDlow, γ = 1.0 

6.    SN, CaphighBhighHlowDlow, γ = 1.0 

7.    SN, CaphighBlowHhighDlow, γ = 1.0 

8.    SN, CaphighBhighHhighDlow, γ = 1.0 

9.    SN, CaplowBlowHlowDwithout, γ = 1.0 

10. SN, CaplowBhighHlowDwithout, γ = 1.0 

11. SN, CaplowBlowHhighDwithout, γ = 1.0 

12. SN, CaplowBhighHhighDwithout, γ = 1.0 

13. SN, CaphighBlowHlowDwithout, γ = 1.0 

14. SN, CaphighBhighHlowDwithout, γ = 1.0 

15. SN, CaphighBlowHhighDwithout, γ = 1.0 

16. SN, CaphighBhighHhighDwithout, γ = 1.0 
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Running 

time 

(hours) 

13.8 

9.5 

12.5 

9.2 

21.5 

12.5 

28.2 

4.9 

13.3 

8.4 

12.1 

4.6 

18.8 

14.3 

13 

5.4 

Gap 

(%) 

3.15 

0 

2.91 

3.02 

4.08 

3.7 

3.56 

3.96 

2.72 

1.67 

2.68 

1.38 

3.89 

3.29 

3.15 

2.58 

Transportation Cost 

TC 

1 

 

1960 

1960 

2 

6 

1960 

1960 

 

 

1879 

1840 

 

 

1866 

1879 

DSC 

36854 

74651 

36854 

73255 

187 

61947 

 

61850 

 

 

 

 

 

 

 

  

RTC 

316793 

314528 

316792 

314585 

322186 

316518 

322197 

316262 

321995 

321995 

321995 

321995 

321995 

321995 

322003 

322088 

BC 

12542 

298 

12542 

  

28839 

51 

28849 

 

77709 

310836 

77709 

310836 

29700 

118800 

29700 

118800 

HC 

209 

210 

 

 

209 

207 

 

 

730 

200 

 

41 

200 

591 

13 

  

PC 

18078 

19118 

18235 

19257 

18034 

19013 

16497 

19189 

17500 

17920 

18120 

15770 

17860 

17760 

14860 

14850 

AC 

9700 

11750 

8700 

9000 

8900 

9600 

9000 

8700 

8950 

8700 

8800 

8800 

8700 

9250 

8800 

9000 

Total 

cost 

394176 

420253 

395084 

418058 

378358 

407315 

378203 

407961 

426884 

659651 

428502 

659282 

378445 

468395 

377243 

466417 

Experiment 

 17. MN, CaplowBlowHlowDlow, γ = 1.0 

 18. MN, CaplowBhighHlowDlow, γ = 1.0 

 19. MN, CaplowBlowHhighDlow, γ = 1.0 

 20. MN, CaplowBhighHhighDlow, γ = 1.0 

 21. MN, CaphighBlowHlowDlow, γ = 1.0 

 22. MN, CaphighBhighHlowDlow, γ = 1.0 

 23. MN, CaphighBlowHhighDlow, γ = 1.0 

 24. MN, CaphighBhighHhighDlow, γ = 1.0 

 25. MN, CaplowBlowHlowDwithout, γ = 1.0 

 26. MN, CaplowBhighHlowDwithout, γ = 1.0 

 27. MN, CaplowBlowHhighDwithout, γ = 1.0 

 28. MN, CaplowBhighHhighDwithout, γ = 1.0 

 29. MN, CaphighBlowHlowDwithout, γ = 1.0 

 30. MN, CaphighBhighHlowDwithout, γ = 1.0 

 31. MN, CaphighBlowHhighDwithout, γ = 1.0 

 32. MN, CaphighBhighHhighDwithout, γ = 1.0 
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Running 

time 

(hours) 

63.5 

30.5 

72.3 

14.1 

64.3 

14.7 

12.6 

10.5 

97.4 

80.8 

120.2 

66.7 

101.9 

11.9 

10 

31.6 

Gap 

(%) 

0.41 

0.59 

0.56 

2.58 

0.95 

1.07 

1.16 

1.11 

0.05 

0.01 

0.06 

0.02 

1.11 

0.69 

1.03 

0.5 

Transportation Cost 

TC 

 

 

128583 

129143 

1 

5 

 

289 

3 

 

 

 

12 

2485 

19 

  

DSC 

496291 

1048152 

542606 

1111146 

232192 

811455 

232192 

812953 

 

 

 

 

 

 

 

  

RTC 

1665218 

1647218 

1658430 

1639730 

1703945 

1682047 

1703945 

1681975 

1666098 

1764924 

1764924 

1666113 

1829827 

1737993 

1829827 

1737993 

BC 

292640 

23544 

292908 

23544 

291440 

19232 

291414 

19652 

15215270 

63813208 

15953302 

60863240 

539513 

2143380 

536126 

2143380 

HC 

23200 

23279 

12322 

12708 

1856 

1400 

6101 

54 

  

 

 

61 

1071 

2174 

917 

  

PC 

27360 

39190 

33700 

47230 

26320 

38270 

26590 

39500 

26070 

27460 

26700 

25960 

29230 

26190 

30650 

27960 

AC 

34150 

31900 

35000 

71250 

30600 

30700 

30850 

29900 

31700 

32650 

34250 

33000 

32000 

36100 

32100 

31450 

Total cost 

2538860 

2813282 

2703549 

3034751 

2286355 

2583109 

2291092 

2584323 

16939141 

65638242 

17779176 

62588374 

2431653 

3948322 

2429639 

3940783 

Experiment 

33. LN, CaplowBlowHlowDlow, γ = 1.0 

34. LN, CaplowBhighHlowDlow, γ = 1.0 

35. LN, CaplowBlowHhighDlow, γ = 1.0 

36. LN, CaplowBhighHhighDlow, γ = 1.0 

37. LN, CaphighBlowHlowDlow, γ = 1.0 

38. LN, CaphighBhighHlowDlow, γ = 1.0 

39. LN, CaphighBlowHhighDlow, γ = 1.0 

40. LN, CaphighBhighHhighDlow, γ = 1.0 

41. LN, CaplowBlowHlowDwithout, γ = 1.0 

42. LN, CaplowBhighHlowDwithout, γ = 1.0 

43. LN, CaplowBlowHhighDwithout, γ = 1.0 

44. LN, CaplowBhighHhighDwithout, γ = 1.0 

45. LN, CaphighBlowHlowDwithout, γ = 1.0 

46. LN, CaphighBhighHlowDwithout, γ = 1.0 

47. LN, CaphighBlowHhighDwithout, γ = 1.0 

48. LN, CaphighBhighHhighDwithout, γ = 1.0 
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Running 

time 

(hours) 

113 

61.9 

51.1 

55.8 

18.2 

20.4 

15.6 

15.2 

60.2 

50.4 

61.4 

18.9 

27.8 

8.8 

13.4 

44.1 

Gap 

(%) 

0.44 

0.67 

1.9 

0.74 

4.26 

3.75 

3.31 

2.73 

0.09 

0.01 

0.04 

0.39 

0.83 

0.55 

1.62 

0.65 

Transportation Cost 

TC 

 

 

5 

858 

  

 

23 

571 

  

 

  

1 

 

 

23 

  

DSC 

327685 

813315 

161913 

815738 

254033 

701367 

272056 

701641 

  

 

  

    

 

 

 

  

RTC 

1681896 

1665210 

1707078 

1664861 

1702739 

1682455 

1701702 

1682414 

1757826 

1764924 

1756428 

1974583 

1829827 

1829827 

1829827 

1829828 

BC 

233284 

30 

281521 

30 

301029 

131 

303335 

34875 

18769302 

63813208 

18769302 

75134644 

535845 

2143380 

545539 

2143484 

HC 

476 

587 

1038 

4352 

227 

68 

2783 

196 

   

 

  

  

11 

1 

160 

1851 

PC 

30515 

42605 

28660 

43490 

26320 

37650 

27410 

39510 

25840 

25820 

26580 

27110 

28600 

30840 

29320 

30900 

AC 

34000 

31850 

31700 

30250 

80850 

99350 

34850 

35750 

42150 

33100 

33150 

45300 

31750 

31550 

39950 

32600 

Total cost 

2307856 

2553597 

2211915 

2559578 

2365198 

2521020 

2342158 

2494957 

20595118 

65637052 

20585460 

77181639 

2426034 

4035599 

2444819 

4038662 

Experiment 

 49. LN, CaplowBlowHlowDlow, γ = 1.2 

 50. LN, CaplowBhighHlowDlow, γ = 1.2 

 51. LN, CaplowBlowHhighDlow, γ = 1.2 

 52. LN, CaplowBhighHhighDlow, γ = 1.2 

 53. LN, CaphighBlowHlowDlow, γ = 1.2 

 54. LN, CaphighBhighHlowDlow, γ = 1.2 

 55. LN, CaphighBlowHhighDlow, γ = 1.2 

 56. LN, CaphighBhighHhighDlow, γ = 1.2 

 57. LN, CaplowBlowHlowDwithout, γ = 1.2 

 58. LN, CaplowBhighHlowDwithout, γ = 1.2 

 59. LN, CaplowBlowHhighDwithout, γ = 1.2 

 60. LN, CaplowBhighHhighDwithout, γ = 1.2 

 61. LN, CaphighBlowHlowDwithout, γ = 1.2 

 62. LN, CaphighBhighHlowDwithout, γ = 1.2 

 63. LN, CaphighBlowHhighDwithout, γ = 1.2 

 64. LN, CaphighBhighHhighDwithout, γ = 1.2 
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Running 

time 

(hours) 

77.4 

67.4 

107.4 

51.6 

12.7 

10.7 

8.5 

9.7 

94.3 

61.5 

82.4 

42.5 

9.1 

8.6 

8.6 

8.8 

Gap 

(%) 

0.82 

1.75 

1.86 

0.84 

1.09 

1.13 

0.97 

1 

2.43 

1.51 

1.39 

0.56 

3.71 

1.21 

0.9 

1.06 

Transportation Cost 

TC 

  

10 

151503 

152787 

 

 

 

278 

 

 

166700 

170315 

  

5 

3 

275 

DSC 

715006 

1047898 

712509 

1050660 

126980 

940012 

126980 

940557 

734745 

1066078 

716633 

1050094 

148622 

940032 

126980 

940602 

RTC 

1665218 

1657343 

1665422 

1657044 

1725085 

1681170 

1725085 

1681256 

1664453 

1656361 

1675619 

1657108 

1724034 

1681164 

1725085 

1681243 

BC 

307103 

191000 

332781 

196976 

423403 

 

418992 

  

293174 

190812 

303295 

189196 

465334 

2048 

419251 

4 

HC 

23070 

23476 

33851 

31575 

362 

76 

 

41 

23236 

23802 

40329 

44610 

773 

254 

983 

57 

PC 

27800 

36380 

33140 

42950 

27740 

39030 

26340 

39710 

27770 

36900 

32440 

41660 

25740 

37990 

26190 

41020 

AC 

33150 

38100 

39100 

34400 

32250 

34450 

34250 

29750 

73650 

44400 

49450 

34950 

33500 

35600 

31500 

30150 

Total 

cost 

2771347 

2994207 

2968306 

3166392 

2335820 

2694737 

2331647 

2691592 

2817027 

3018353 

2984467 

3187934 

2398004 

2697093 

2329992 

2693350 

Experiment 

65. LN, CaplowBlowHlowDhigh, γ = 1.0 

66. LN, CaplowBhighHlowDhigh, γ = 1.0 

67. LN, CaplowBlowHhighDhigh, γ = 1.0 

68. LN, CaplowBhighHhighDhigh, γ = 1.0 

69. LN, CaphighBlowHlowDhigh, γ = 1.0 

70. LN, CaphighBhighHlowDhigh, γ = 1.0 

71. LN, CaphighBlowHhighDhigh, γ = 1.0 

72. LN, CaphighBhighHhighDhigh, γ = 1.0 

73. LN, CaplowBlowHlowDhigh, γ = 1.2 

74. LN, CaplowBhighHlowDhigh, γ = 1.2 

75. LN, CaplowBlowHhighDhigh, γ = 1.2 

76. LN, CaplowBhighHhighDhigh, γ = 1.2 

77. LN, CaphighBlowHlowDhigh, γ = 1.2 

78. LN, CaphighBhighHlowDhigh, γ = 1.2 

79. LN, CaphighBlowHhighDhigh, γ = 1.2 

80. LN, CaphighBhighHhighDhigh, γ = 1.2 
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4.3 Analysis of findings 

4.3.1 The impacts of adopting drop shipping 

Figure 2 shows the expected total costs of the cases with considering drop 

shipping (1 – 9, 17 – 24, and 33 – 40) and without drop shipping (9 – 16, 25 – 32, and 

41 – 48) in small, medium, and large network, respectively. The results provide insights 

on the impact of adopting drop shipping on the expected total cost. Generally, in 

comparison between couple cases with the same parameters, the expected total costs 

increase significantly in most of cases without drop shipping. Allocation cost, 

procurement cost and regular transportation cost are quite similar between these couple 

cases, whereas backorder cost has remarkably change. 

Backorder cost of the cases considering drop shipping is much lower than that 

of the other cases, especially in the experiments with Caplow and Bhigh such as (2, 10), 

(4, 12), (18, 26), (20, 28), (34, 42), and (36, 44). It is notable that all odd cases consider 

low unit backorder cost Blow, and vice versa. In comparison between the Blow cases, the 

difference in backorder cost of the experiments with or without drop shipping is not 

that much. Notably,  the Caphigh and Blow experiments, which are (5, 13), (7, 15), (21, 

29), (23, 31), (37, 45), and (39, 47), backorder cost is quite the same. In summary, it is 

undeniable that a significant improvement was obtained in adopting drop shipping 

strategy to reduce the backorder cost and the expected total cost as well.  

A small but noteworthy thing that the results of each instance in couple instances 

(5, 13) and (7, 15) are quite equivalent. The reason is even though instance 5 and 7 

including drop shipping strategy in model, the detailed results show this strategy is still 

not adopted. In principle, the results of the couple instances should be the same, but 

they have a small difference because we set up MIP relative tolerance of 0.05 in CPLEX 

to make sure the optimal solution can be gained within an acceptable running time. 

 

4.3.2 Sensitivity analysis when changing the unit drop shipping cost 

The experiments are organized into 3 groups to analyse how the total costs or 

the components’ costs change when changing unit drop shipping cost. The first group 

is without drop shipping. Two groups left for Dlow cases and Dhigh cases have the fixed 

costs between locations (𝐶𝑠𝑧
𝑇 , 𝐶𝑠𝑟

𝑇 , 𝐶𝑤𝑧
𝑇  ) set to  (2, 8, 4) and (3, 8, 5), respectively.  
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Figure 4.1 The comparison of the expected total costs with or without drop shipping 

in (a) small network, (b) medium network, (c) large network. 
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Figure 4.2 and figure 4.3 analyze the sensitivity of the unit drop shipping cost 

in case of the augmented factor of unit lateral transshipment γ = 1.0 and γ = 1.2, 

respectively. The total costs in all of experiments without drop shipping (41 – 48 and 

57 – 64) are higher than those in experiments with the high unit drop shipping cost Dhigh 

(33 – 40 and 49 – 56) which are higher than those in experiments with the low unit drop 

shipping cost Dlow (65 – 72 and 73 – 80). It can be seen clearly that the total cost increase 

dramatically in experiments (41 – 44 and 57 – 60). The difference between these 

experiments and the left cases in the same group (45 – 48 and 61 – 64) is at capacity 

parameters. The first ones consider the low capacity Caplow of retailers and warehouses, 

whereas the latter ones work with the high capacity of them.  

In most of cases, the percentages of total drop shipping costs in the total costs 

increase when increasing the unit drop shipping cost, excepting for experiments (37, 

69), (39, 71) in figure 4.4 and (53, 77), (55, 79) in figure 4.5. In the odd cases with Blow, 

the percentages of total backorder shipping costs in the total costs are much bigger than 

those of even cases. This is the main reason why the percentages of total drop shipping 

costs of experiments (37, 69), (39, 71), (53, 77) and (55, 79) decrease although their 

total costs still increase. 

Indeed, the experiments without drop shipping can be considered that their unit 

drop shipping costs are very high. In conclusion, the application of drop shipping 

strategy has positive effects on the total costs. When decreasing unit drop shipping cost, 

the total cost decreases considerably. 

 

4.3.3 Sensitivity analysis when changing the unit lateral transshipment cost 

The experiments are organized to analyze how the total costs and the 

components’ costs change when changing unit lateral transshipment cost. The 

experiments with low unit drop shipping costs Dlow and high unit drop shipping costs 

Dhigh have the fixed costs between locations (𝐶𝑠𝑧
𝑇 , 𝐶𝑠𝑟

𝑇 , 𝐶𝑤𝑧
𝑇  ) set to  (2, 8, 4) and (3, 8, 

5), respectively. 
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Figure 4.2 Sensitivity analysis of the total cost when changing unit drop shipping cost 

in case of γ = 1.0. 

 

 

Figure 4.3 Sensitivity analysis of the total cost when changing unit drop shipping cost 

in case of γ = 1.2. 
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Figure 4.4 Sensitivity analysis of the drop shipping cost and backorder cost when 

changing unit drop shipping cost in case of γ = 1.0.  

 

 
Figure 4.5 Sensitivity analysis of the drop shipping cost and backorder cost when 

changing unit drop shipping cost in case of γ = 1.2. 
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Figure 4.6 Sensitivity analysis of the total cost when changing unit lateral 

transshipment cost in case of Dlow. 

 

 

Figure 4.7 Sensitivity analysis of the total cost when changing unit lateral 

transshipment cost in case of Dhigh. 
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Figure 4.6 and 4.7 show the total costs decrease when the augmented factor for 

unit lateral transshipment cost 𝛾 decreases in cases of Dhigh. However, this is reversed 

in cases of Dlow, especially in Dlow CAPlow cases (33 – 36, 49 – 52). This can be that 

solutions tend to adopt drop shipping when both the unit drop shipping and the 

facilities’ capacity are low. 

 

4.3.4 Decision of opening or closing a facility 

It is apparent from figure 4.8 that the number of facilities decreases when the 

capacity of facilities increases. In the Caplow cases (81 – 84), there are from 6 to 8 

opening facilities, whereas this number goes down to 4 in the Caphigh cases. In similarity 

to previous analysis, the drop shipping costs outperform in the even cases with Bhigh 

and the backorder costs are dominant in the others. 

 

Figure 4.8 The results of experiments in the joint location-distribution-inventory 

model.  
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CHAPTER 5 

CONCLUSIONS AND FUTURE DIRECTIONS 

  

5.1 Conclusion 

This research proposes a multi-echelon pull supply chain incorporating network 

design into distribution planning and inventory optimization problem under demand 

uncertainty by adopting DRP approach. It is intended that the findings enable 

companies’ executives to react to the ever-changing demand through using the flexible 

distribution strategies in addition to the regular distribution strategy. These strategies 

are using simultaneously, including multi-sourcing, drop shipping, and lateral 

transshipments between retailers in supply chain of the same company. The study is 

suggested to apply for enterprises which sell products through both their physical stores 

and online stores on e-commerce platforms or the company's private website. Besides 

providing solutions of distribution and inventory, the proposal model supports 

decisions of opening or closing facilities from a set of predefined facilities to minimize 

the expected total cost of supply chain. The model support companies’ executives in 

decision making of long-term and medium-term supply chain planning through 

conducting various scenarios corresponding to practical supply chain contexts. It 

simulates investment alternatives such as opening, relocating or closing a facility, 

enlarging or shrinking the capacity of stocking point. The numerical results provide 

insights on the impact of adopting drop shipping on the expected total cost and the other 

cost components as well. Generally, without drop shipping, the expected total costs 

increase significantly, which proves the deniable benefits of this strategy. 

 

5.2 Future directions 

Besides aforementioned contributions, the study has some restrictions. Despite 

avoiding sub-optimality solutions with the joint location-distribution-inventory model, 

this integration is worth thinking about its practicality. As mentioned, the model 

generates a time-based inventory replenishment plan, which is normally in date, while 

network design is a strategic decision. Application of the model in long-term planning 

seems infeasible, however, it can be applied when the executives need to adjust strategic 

decisions of location and capacity according to actual situation. Additionally, the long 
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running time may be a motive to improve the model 's performance, such as building 

up a heuristic approach instead of an optimization model. Also, future work should 

conduct a real case study to demonstrate the practical significance of the proposed 

model.  
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