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ABSTRACT 

 

This research presents integrated approaches to address the production network 

design and inventory positioning problem within multi-product and multi-period 

contexts. Our objective is to concurrently determine the network structure, safety stock 

amounts, and their respective locations while accounting for normal demand 

distribution. The study aims to minimize the overall production network cost. This 

approach combines traditional network design formulation with inventory positioning 

concepts utilizing the guaranteed service approach. We apply the proposed model to a 

numerical study involving office furniture manufacturing, considering the bill of 

materials. Our approach's effectiveness is demonstrated through comparison with a 

sequential strategy, where network structure and safety stock decisions are made 

sequentially. Results show the integrated approach outperforms the sequential one, with 

cost savings ranging from 1.7% to 3.7%. Furthermore, the integrated approach yields 

higher optimal cycle service levels. To assess model performance, a sensitivity analysis 

on critical parameters is conducted, revealing insights into the influence of committed 

service time and demand variation coefficient on solutions. Notably, longer committed 

service times result in reduced safety stock costs and higher optimal service levels. This 
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leads to allocating more safety stock to upstream components compared to finished 

goods. Additionally, an innovative genetic algorithm is proposed for dealing with the 

integrated problem to tackle the problem's nonlinearity and complexity with different 

sourcing strategies, where the concept of rank-based decoding within the genetic 

algorithm is introduced. This decoding technique transforms the network design 

component into a simplified minimum-cost flow problem. By leveraging mixed-integer 

linear programming models, we solve the minimum-cost flow and inventory 

positioning problems. We validate our genetic algorithm solution by comparing it with 

a commercial solver's solutions, which are optimal for medium-sized instances, or the 

best found for large ones. Results demonstrate the genetic algorithm's capability to 

attain optimal solutions for medium-sized problems and outperform the best-found 

solutions for large-sized problems. 

 

Keywords� Genetic algorithm, Guaranteed-service approach, Mixed-integer linear 

programming, Inventory positioning, Integrated approach, Network 

design, Rank-based decoding, Sourcing strategies 
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CHAPTER 1 

INTRODUCTION 
 
1.1 Introduction 

Supply chain (SC) management is a vital field encompassing various decisions 

that impact operational efficiency, customer satisfaction, and financial performance. 

Among these decisions, supply chain network design (SCND) and inventory 

positioning (IP) stand out as crucial elements that influence the performance of a supply 

chain. Both these areas involve complex considerations, requiring innovative 

approaches for effective decision-making. 

Network design (ND) is a critical problem of SC management involving 

strategic planning that determines locations, capacities, and material flows within the 

network. These decisions are characterized by their long-term impact and are expensive 

to change, including supplier selection, facility location and capacities decisions, and 

product flow determination to optimize the overall cost while maintaining service levels 

(SLs). When designing a production network, essential factors, such as market demand, 

production capacity, sourcing strategies, lead times, and distribution channels are 

considered. On the contrary, tactical decisions, spanning a medium-term timeframe, 

concern aspects associated with capacity allocation and the placement of safety stock 

(SS). To address these effectively, organizations often establish two distinct SC 

functions: one for strategic planning and the other for tactical planning. 

Strategic and tactical planning within SC management can be handled in various 

ways. One method is utilizing an integrated model, also known as a monolithic model, 

where both strategic and tactical decisions are addressed simultaneously (Weintraub & 

Navon, 1976). Alternatively, a hierarchical model can be adopted, involving sequential 

consideration of the two functions. This can include a single iteration, as outlined by 

Smith (1978), or multiple iterations, as explored by Weintraub & Cholaky (1991). 

Hierarchical models are often favored for their simplified solving process. Nonetheless, 

it's vital for these functions to interact closely, as strategic decisions establish 

constraints for tactical planning, and tactical decisions determine the resources needed 

for higher-level strategic choices (Hax, 1973). 
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When establishing an SC, the placement of SS holds significant impacts on a 

company's financial and operational aspects. Simchi-Levi et al. (2008) emphasize that 

IP involves determining the optimal locations for SSs within a network to minimize the 

overall cost associated with SSs while ensuring a satisfactory level of customer service. 

In essence, SSs act as a buffer against demand uncertainty and lead times, protecting 

the SC from potential stockouts. To achieve an optimal solution, it is crucial to consider 

various factors influencing SS placement thoughtfully. These include desired cycle 

service levels (CSL), the SC network structure, net replenishment times (RT), as well 

as operational considerations and constraints. To this end, a strategic model that 

effectively integrates appropriate SS positioning becomes essential for management. 

However, despite this significance, SCND and IP problems are often tackled in 

isolation due to their apparent simplicity. However, it is essential to recognize that 

decisions concerning facility openings and SS placements are interconnected (Puga et 

al., 2019). Integrating these choices has the potential to yield a more effective SC 

network. Nevertheless, this integration has received limited attention within the 

operations management and SC planning research communities, possibly due to the 

intricate nature of the challenge. 

While various models exist for addressing SCND and IP separately, this study 

focuses on an integrated approach that unifies these decisions. Integrated models 

simultaneously consider strategic and tactical decisions, recognizing their inherent 

interdependencies. This approach is aimed at achieving greater efficiency and 

effectiveness in the operation and performance of SC. 

As businesses increasingly recognize the vital role of sourcing in their long-

term operations, various sourcing strategies come into play. Two primary strategies 

employed are multiple and single sourcing. Single sourcing refers to procuring all 

required items from a single supplier (Treleven & Schweikhart, 1988). This approach 

offers simplicity, potential cost savings through quantity discounts, and the cultivation 

of stronger supplier relationships. Conversely, multiple sourcing involves acquiring 

items from multiple suppliers (Seshadri et al., 1991). In contrast to single sourcing, 

multiple sourcing enhances resilience by mitigating the impact of supply disruptions 

(Treleven & Schweikhart, 1988). Both multiple and single-sourcing strategies are 

considered in our integrated problem study to reflect real-world practices. 
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Addressing such integrated problems using conventional commercial solvers 

often proves ineffective and time-consuming, especially when dealing with large-scale 

instances, often resulting in inefficiencies and suboptimal solutions. Consequently, 

metaheuristics emerge as a viable solution approach. Metaheuristics are potent 

problem-solving methods well-suited for addressing complex and large-scale 

optimization challenges. Their adaptability and effectiveness within the SC domain 

have been proven in various research (Gutierrez et al., 2018; Nezamoddini et al., 2020; 

Robles et al., 2020; Darmawan et al., 2021; Gholizadeh et al., 2022), enabling 

researchers to make informed decisions and optimize systems with enhanced efficiency 

and performance. 

This paper delves into the complexities of the integrated SCND and IP problem, 

proposing novel approaches to enhance decision-making. Through this research, a 

deeper understanding of the relationship between ND and IP is indicated, offering 

valuable insights for enhancing SC operations in a rapidly evolving business landscape. 

 

1.2 Objectives 

Our study introduces an innovative approach to address the complex challenge 

of integrating the NDP with the IP problem. The key objective is to develop an 

integrated model that jointly determines crucial aspects such as facility opening and 

capacity selection decisions, product flows, demand allocations, and SS placements. 

This integrated model considers multi-echelon, multi-product scenarios and 

incorporates the bill of materials (BOM), making it highly relevant to real-world SC. 

To model the IP problem, we employ the guaranteed-service approach (GSA), 

assuming deterministic service times between orders placed at the upstream supplier 

and their releases to the downstream customer. The GSA distinguishes between two 

types of demand uncertainty: bounded and unbounded. SS handles bounded 

uncertainty, while measures such as expedited shipments and outsourcing address 

unbounded uncertainty, ensuring consistent fulfillment time and service. 

Our primary contributions are as follows. 

x Development of a comprehensive mathematical programming model that 

integrates ND and IP while considering normal demand assumptions. 

Ref. code: 25666322300267HQA



 

 
 

 
 
  4 

x Linearization of the non-linear IP problem, involving SS calculations 

through the determination of RTs. Moreover, due to the interdependence between 

network structure and SS placement, determining SS locations becomes challenging if 

the network structure is not known in advance. Our approach addresses this issue by 

reformulating nonlinearities into a mixed-integer linear programming model (MILP). 

x Extension of a simple GSA-based model proposed to accommodate multiple 

products with BOM characteristics, allowing flexible SS placement across the network. 

x Optimization of the CSL to minimize total stockout costs as part of the 

overall SS cost, leading to lower SS cost. 

x A case study involving a chair manufacturing network is presented to 

validate the practical application of the developed model. Comparative analysis against 

separate ND and IP models indicates the superior performance of our proposed 

integrated model regarding cost savings. 

x Introduction of a Genetic Algorithm (GA) for the integrated problem, 

considering both multi-sourcing and single-sourcing strategies, is necessitated by two 

main reasons. Firstly, the complexities in addressing large-scale problems make it 

challenging when solved by commercial solvers. Secondly, the intricate nature of the 

multi-sourcing strategy makes it unfeasible to develop an integrated MILP model for 

this particular sourcing strategy. 

x Proposing a novel rank-based decoding procedure for the GA, enabling the 

use of decoded results for the NDP, resulting in a simplification of the ND model into 

a minimum-cost flow problem. 

x Through extensive numerical experiments, our results highlight the GA's 

ability to obtain optimal solutions for medium-scale problems. Additionally, a fine-

tuned GA demonstrates its capability to come up with effective solutions for large-scale 

problems under different sourcing strategies. 

 

1.3 Dissertation organization 

The subsequent sections of the dissertation are organized as follows. Chapter 2 

provides an overview of relevant literature related to our study. In addition, Chapter 3 

presents the development of the integrated model of ND and IP problems. Chapter 4 

shows the development of our GA for the problem. A numerical example and results 
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comparison are displayed in Chapter 5. Chapter 6 is to conclude our research and offers 

recommendations for potential studies in the future.  
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CHAPTER 2 

REVIEW OF LITERATURE 
 
2.1 Inventory positioning problem 

This research involves determining optimal SS locations and quantities within 

an SC ± often referred to as the IP or SS placement problem. The problem is commonly 

addressed through either the stochastic service approach (SSA) or the guaranteed 

service approach (GSA). SSA and GSA were introduced by Clark & Scarf (1960) and 

Simpson (1958), respectively, with a fundamental distinction in how they manage 

demand uncertainty.  

In SSA, the sole means of dealing with uncertainty is SS (Clark & Scarf, 1960). 

In the event of a shortage, it is backordered and met when inventory becomes available. 

This lack of alternative action during a shortage leads to random demand fulfillment 

timing and results in a stochastic SL. On the other hand, GSA categorizes demand 

uncertainty into bounded and unbounded components. SS covers the bounded demand, 

while the latter is managed using external measures like expediting shipment or 

outsourcing. This approach ensures consistent fulfillment times and SLs. 

Since this research employs the GSA model, the literature review primarily 

focuses on GSA-related studies. For a deeper exploration of SSA and its integration 

with GSA, comprehensive discussions can be found in the works of Wang (2011), 

Simchi-Levi & Zhao (2012), Eruguz et al. (2016), and de Kok et al. (2018). 

Although the GSA model has a decades-long history, recent years have 

witnessed a surge in research on this topic (Eruguz et al., 2016). Originating from 

Kimball's work in 1955 and subsequently published in Kimball (1988), GSA is further 

developed by Simpson (1958) for single-stage inventory systems to identify inventory 

policies within serial SCs. The solution to this model is obtained by a dynamic 

programming algorithm devised by Graves (1988). This model is extended to 

accommodate diverse practical SC scenarios by Graves & Willems (2000, 2005, and 

2008), Humair & Willems (2011), Funaki (2012), Moncayo-0DUWÕQH]�& Zhang (2013), 

Jiang et al. (2016), Aouam & Kumar (2019), Ghadimi et al. (2020), Aouam et al. 

(2021). 
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In the context of GSA, the SS placement problem often employs two common 

inventory policies for each inventory location in an SC. One is the ሺܴǡܳሻ policy, where 

an order of quantity ܳ is placed whenever the inventory position is at or below a reorder 

point ܴ. The second is the base stock policy (order-up-to policy), wherein orders are 

placed at a regular review period to attain a predetermined base stock level. For 

example, Shenas et al. (2009) apply the ሺܴǡ ܳሻ policy to a continuous review of two-

stage serial SC, formulating models to calculate reorder points and determine upstream 

inventory. Similarly, Li & Chen (2012) consider a variant of ሺܴǡ ܳሻ policy known as 

the echelon ሺܴǡ ݊ܳሻ policy for a general serial SC, employing dynamic programming 

to optimize SC inventory. Li et al. (2013) adopt this approach for an assembly network 

with a ሺܴ݊ǡ ܳሻ policy. Chen & Li (2015) explore problems presented by Li & Chen 

(2012), as well as Li et al. (2013) under various operational scenarios. Although the 

ሺܴǡ ܳሻ policy is prevalent in research, it is less common in practical application. In 

inventory systems, like warehouses or DCs, the base stock policy is normally employed 

(Jung et al., 2008), especially for periodic review systems where order consolidation 

can minimize ordering costs. Consequently, many researchers consider the base stock 

policy in addressing IP challenges, such as Graves & Willems (2000), Kaminsky & 

Kaya (2008), Funaki (2012), Moncayo-Martínezn & Zhang (2013), Klosterhalfen et al. 

(2014), Grahl et al. (2016), Graves & Schoenmeyr (2016), Aouam & Kumar (2019), 

Aouam et al. (2021). 

Apart from determining inventory policy, another crucial aspect of the IP 

problem is the demand distribution assumption. To make the problem analysis simpler, 

many research studies adopt the assumption that demand conforms to theoretical 

distributions such as the normal distribution (Graves & Willems, 2000; Humair & 

Willems, 2008; Kaminsky & Kaya, 2008; Jung et al., 2008; Moncayo-Martínezn & 

Zhang, 2013; Klosterhalfen et al., 2014; Grahl et al., 2016; Graves & Schoenmeyr, 

2016; Aouam & Kumar, 2019; Ghadimi et al., 2020; Aouam et al., 2021) or follows a 

stochastic process where demand retains a normal distribution with dynamic variance 

Graves & Willems (2005), Funaki (2012). 

Given a particular demand distribution, the total demand during a replenishment 

cycle within an SC can be categorized into two unequal parts. The larger portion, known 

as bounded demand, is satisfied by available inventory, while the smaller portion, 
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referred to as unbounded demand, is addressed through operational flexibilities, such 

as accelerated production Ghadimi et al. (2020) or subcontracting Aouam and Kumar 

(2019), Aouam et al. (2021). Within this demand-splitting framework, fulfillment 

timing (or RT) is consistently ensured. Moreover, bounded demand, which constitutes 

the portion of total demand met by the inventory system in a replenishment cycle, has 

an implicit influence on the CSL of the SC. As a result, numerous studies focusing on 

GSA establish the magnitude of bounded demand by defining a CSL, exemplified as 

90% (Graves & Willems, 2000), 95% (Funaki, 2012; Moncayo-Martínezn & Zhang, 

2013; Kaminsky & Kaya, 2008), 97.5% (Ghadimi et al., 2020; Aouam et al., 2021), or 

97.7% (Graves & Schoenmeyr, 2016). 

Traditionally, SLs are predefined by customers or managers. Consequently, 

much of GSA research considers CSLs as fixed inputs, focusing on minimizing total 

inventory cost while often overlooking the influence of managing additional 

unbounded demand. However, in practical settings, managers and customers frequently 

set CSLs based on experience and preference rather than comprehensive evaluations of 

trade-offs involving factors like operational flexibility and inventory carrying costs 

(Chen & Li, 2015). In this context, a meticulous evaluation of these factors can result 

in a superior SL that effectively minimizes total inventory costs (Jung et al., 2008). This 

approach is demonstrated by the work of Aouam & Kumar (2019), where they prove 

that optimizing CSLs alongside SS placement decisions and considering supplementary 

measures, such as subcontracting and overtime, leads to decreased overall SS costs 

compared to using a predefined SL. 

Table 2.1 illustrates the advancements of current research as it concurrently 

addresses multiple realistic aspects of the SS placement problem, building upon the 

groundwork of prior studies. 
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Table 2.1 Summary of studies on the inventory positioning problem 

Papers 
Inventory 

policy 
Demand 

distribution CSL Shortage 

Graves & Willems 
(2000) 

BS Normal F (90%)  

Graves & Willems 
(2005) 

BS Normal distribution with a 
dynamic variance 

F (95%)  

Simchi-Levi & Zhao 
(2005) 

BS Poisson N ض 

Kaminsky & Kaya 
(2008) 

BS Normal F (95%)  

Jung et al. (2008) BS Normal Y ض 

Funaki (2012) BS 
Normal distribution with a 

dynamic variance F (95%)  

Li et al. (2013) ሺܴǡܳሻ Poisson F  
Moncayo-Martínez & 
Zhang (2013) 

BS Normal F (95%)  

Chen & Li (2015) ሺܴǡܳሻ Poisson F  
Graves & Schoenmeyr 
(2016) 

BS Normal F (97.7%) ض 

Aouam & Kumar 
(2019) 

BS Normal Y ض 

Ghadimi et al. (2020) BS Normal F (97.5%)  

Aouam et al. (2021) BS Normal F (95%, 
97.5%) 

 

This study BS Normal Y ض 

BS: Base stock; N: No consideration; F: Fixed cycle service level; Y: Flexible cycle 
service level 
 
2.2 Network design problem  

The NDP is classified into three main categories: forward (Gen et al., 2006; 

Kaminsky & Kaya, 2008; You & Grossmann, 2008; Altiparmak et al., 2009; Lin et al., 

2009; Lotfi & Tavakkoli-Moghaddam, 2013; Rahmaniani & Ghaderi, 2013; Zadeh et 

al., 2014; Rodriguez et al., 2014; Taxakis & Papadopoulos, 2016; Gen et al., 2018; 

Savadkoohi et al., 2018; Rohaninejad et al., 2018; Puga et al., 2019; Cortinhal et al., 

2019; Shoja et al., 2019, 2020; Durmaz & Bilgen, 2020; Nezamoddini et al., 2020; 

Robles et al., 2020; Darmawan et al., 2021; Hasani et al., 2021), reverse (Lee et al., 

2009; Alumur, 2012; Alshamsi & Diabat, 2017; John et al., 2018; Gholizadeh et al., 
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2022), and closed-loop SCs (Amin & Zhang, 2013; Zeballos et al., 2014; Cui et al., 

2017; Shi et al., 2017; Diabat & Jebali, 2021; Fathollahi-Fard et al., 2020; Ghahremani-

Nahr, 2019; Gholizadeh & Fazlollahtabar, 2020; Pazhani et al., 2021).  

In this part, we concentrate on reviewing the studies related the forward SC 

domain. Noteworthy studies within this field include those addressing single-product, 

single-period scenarios, such as Gen et al. (2006), Kaminsky & Kaya (2008), Lotfi & 

Tavakkoli-Moghaddam (2013), Gen et al. (2018), Puga et al. (2019), Shoja et al. (2020), 

Darmawan et al. (2021). Expanding on this, different research delves into various 

directions: multi-product, single-period (Kaminsky & Kaya, 2008; Taxakis & 

Papadopoulos, 2016; Cortinhal et al., 2019; Shoja et al., 2019; Durmaz & Bilgen, 2020; 

Robles et al., 2020); single-product, multi-period (Altiparmak et al., 2009; Lin et al., 

2009; Gen et al., 2018; Nezamoddini et al., 2020); and multi-product, multi-period 

(You & Grossmann, 2008; Zadeh et al., 2013; Rodriguez et al., 2014; Taxakis & 

Papadopoulos, 2016; Savadkoohi et al., 2018; Durmaz & Bilgen, 2020). 

Table 2.2 presents an overview of prior studies relevant to our problem, 

encompassing elements such as objective functions, number of products, planning 

horizon, BOM, and other decisions. Among these studies, two standard objective 

functions are observed: total SC profit maximization (You & Grossmann, 2008; 

Durmaz & Bilgen, 2020; Hasani et al., 2021) and system-wide cost minimization (You 

& Grossmann, 2008; Taxakis & Papadopoulos, 2016; Durmaz & Bilgen, 2020). 

Common cost elements, such as opening/fixed, transportation, inventory, and 

production/operation costs, are typically considered. Only a limited number of studies 

delve into uncommon cost components, such as facility expansion capacity (Rodriguez 

et al., 2014; Durmaz & Bilgen, 2020), shortage (Rodriguez et al., 2014; Taxakis & 

Papadopoulos, 2016; Savadkoohi et al., 2018), and procurement costs (You & 

Grossmann, 2008; Taxakis & Papadopoulos, 2016; Durmaz & Bilgen, 2020). 

Environmental concerns are integrated into a few studies as additional objectives 

(Robles et al., 2020; Hasani et al., 2021). For instance, Robles et al. (2020) explore a 

multi-objective model for a hydrogen network. They aim to optimize global warming 

potential, levelized hydrogen cost, and total risk. Hasani et al. (2021) tackle a multi-

objective, multi-period, multi-product SC context. Three objectives are simultaneously 
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optimized, including profit, CO2 emissions, and green facility centralization to mitigate 

disruption risks. 

In terms of the number of products and planning horizon, a majority of studies 

focus on scenarios involving multiple products and multiple periods. This focus is 

rooted in the long-term impact of strategic planning and the common practice of diverse 

product deliveries within SCs. The intricate relationships between products' 

components, manufacturing methods, sourcing constraints, total costs, production 

processes, overall throughput capabilities, and capital decisions are encapsulated in a 

BOM. However, the integration of BOM into SC systems has yet to be widely 

considered due to the BOM's influence on flow balance constraints. Facility location 

models (FLP) require a balance between inflows and outflows at each node, assuming 

homogenous incoming and outgoing flows. However, the incorporation of BOMs into 

FLP necessitates adaptations and modifications to this equilibrium. Given the 

complexity associated with BOMs, most studies tend to overlook this aspect in their 

models (Gen et al., 2006; Lin et al., 2009; Lotfi & Tavakkoli-Moghaddam, 2013; Gen 

et al., 2018; Nezamoddini et al., 2020; Robles et al., 2020; Shoja et al., 2019 and 2020; 

Darmawan et al., 2021).  

In the past, the BOM is primarily considered with regard to the product return 

rate within reverse SCs (Lee et al., 2009; Alshamsi & Diabat, 2017; Gholizadeh et al., 

2022) or in the context of closed-loop SCs (Cui et al., 2017; Shi et al., 2017; Gholizadeh 

& Fazlollahtabar, 2020). When it comes to traditional forward SCs, the incorporation 

of BOM considerations has been explored in just a few studies (Altiparmak et al., 2009; 

Zadeh et al., 2013; Taxakis & Papadopoulos, 2016; Durmaz & Bilgen, 2020; Hasani et 

al., 2021). Notably, Zadeh et al. (2013) explore BOM within a steel-making network. 

Similarly, Durmaz & Bilgen (2020) develop an optimization model that incorporates 

BOM aspects, particularly conversion rates of biogas and biomass, for the production 

of electrical energy and digestion in a sustainable biomass SC network. Hasani et al. 

(2021) investigate BOM in the context of a medical device manufacturing company 

network in Iran. 
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2.3 The integration of network design and inventory positioning problem 

Besides addressing the multi-product, multi-period dimensions of the problem, 

some studies also incorporate the SS structures as a decision, particularly when faced 

with uncertain demand, referred to as the IP problem. As mentioned before, decisions 

regarding IP (Graves & Willems, 2000; Simchi-Levi & Zhao, 2005; Jung et al., 2008; 

Li et al., 2013; Chen & Li, 2015; Graves & Schoenmeyr, 2016; Aouam & Kumar, 2019; 

Ghadimi et al., 2020; Aouam et al., 2021) are made independently with the NDP. It is 

noteworthy that there exists limited research that explicitly integrates these two models 

(Atamtürk et al., 2012; Funaki, 2012; Zadeh et al., 2013; Puga et al., 2019; Rodriguez 

et al., 2014; You & Grossmann, 2008). 

Specifically, the study conducted by Atamtürk et al. (2012) delve into a 

comprehensive examination of the facility location-inventory problem across various 

scenarios. These scenarios encompass situations characterized by limited facility 

capacity, interdependent demands, and multiple commodities. Their primary 

contribution is the development of these intricate models as mixed-integer 

programming, along with conic quadratic constraints. On the other hand, Puga et al. 

(2019) focus on research within a single-echelon SC, with single-sourcing, single-

product, and single-period contexts. Their work is rooted in the ሺܴǡ ܳሻ inventory policy, 

where demand at retailers follows a normal distribution that is uncorrelated, with 

known mean and variance. To tackle this, they formulate a conic quadratic mixed-

integer program (CQMIP), which is suggested by Atamtürk et al. (2012).  

Another study conducted by Funaki (2012) introduces a systematic approach 

characterized by a stepwise process, focusing on both the selection of network options 

and the positioning of SS within the selected option. This approach extends the GSA to 

incorporate a case with due-date-based demand. In addition, dynamic programming is 

employed as a crucial tool for determining the optimal placement of SS while 

concurrently making decisions regarding location selection. 

Other studies explore the integration of NDP and IP in the context of multi-

period, multi-product SC networks in diverse industrial contexts, such as chemical and 

steel industries, such as Zadeh et al. (2013), Rodriguez et al. (2014), and You & 

Grossmann (2008). These studies share a common objective of optimizing the 

configuration of SC networks employing a periodic review inventory policy while 
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accounting for demand uncertainty across extended planning horizons. In particular, 

the challenge of determining the optimal placement of SSs is addressed within their 

optimization models. Despite their common goals, there are differences among these 

studies. For instance, Rodriguez et al. (2014) only consider the impact of lost sales 

resulting from shortages, enhancing the realism of their model. Conversely, Zadeh et 

al. (2013) take into account the BOM, acknowledging the complexity introduced by the 

interdependencies of products and components within a SC. 

These studies collectively contribute to advancing our understanding of the 

intricate interconnection between ND decisions, IP strategies, and demand uncertainty 

management in multi-product, multi-period SC contexts. 

 
2.4 Heuristics approach 

In addressing the NDP, two primary methods are commonly employed: exact 

techniques using commercial optimization solvers (You & Grossmann, 2008; 

Rodriguez et al., 2014; Savadkoohi et al., 2018; Cortinhal et al., 2019; Puga et al., 2019) 

and heuristic approaches (Gen et al., 2006; Altiparmak et al., 2009; Lin et al., 2009; 

Lotfi & Tavakkoli-Moghaddam, 2013; Taxakis & Papadopoulos, 2016; Alshamsi & 

Diabat, 2017; Cui et al., 2017; Shi et al., 2017; Gen et al., 2018; Shoja et al., 2019, 

2020; Gholizadeh & Fazlollahtabar, 2020; Nezamoddini et al., 2020; Robles et al., 

2020; Darmawan et al., 2021; Gholizadeh et al., 2022). While exact methods 

demonstrate effectiveness for smaller to moderate-scale problems, they become 

unfeasible for larger, practical scenarios due to the time-consuming nature and 

complexity of the issues involved (Paithankar & Chatterjee, 2019). To tackle the 

challenges posed by these larger and more intricate problems, the application of 

metaheuristic algorithms has gained prominence across diverse domains. In the context 

of the SCND, which involves the optimization of facility and capacity selection while 

considering customer demand and cost minimization within an SC network structure, 

heuristic strategies have demonstrated their efficacy (Altiparmak et al., 2009). These 

approaches are inspired by natural phenomena, yielding efficient and effective 

problem-solving methodologies. Metaheuristics such as GAs, simulated annealing, 

harmony search, and particle swarm optimization have gained significant attention 

within the optimization community (Kumar et al., 2014). 
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Metaheuristic algorithms exhibit distinct strengths and weaknesses. To evaluate 

the performance of different optimization techniques when employed in various 

combination strategies, El-Beltagy & Keane (1999) conduct a comprehensive 

comparative analysis. The focus of their study is primarily on evaluating the 

effectiveness of a GA based on clustering and sharing (GACS) in contrast to 29 

alternative methods, such as adaptive random search, evolutionary programming, 

simulated annealing. They employ a smooth function with multiple peaks of similar 

heights, referred to as a bump function, as the optimization problem. The outcomes of 

the study highlight that GACS excels when it disperses the population across numerous 

peaks in a dynamically changing fitness environment. Additionally, another research 

introduces a multi-level optimization approach and demonstrates that the GA 

frequently succeeds in locating the region of the search space that contains the global 

optimum, as validated by Erbatur et al. (2000). Furthermore, one of the most appealing 

attributes of the GA is its self-sufficiency throughout the optimization process, without 

necessitating any additional information. This study concludes that within the field of 

discrete optimization methodologies, the GA stands out as a robust and promising 

strategy. 
 
2.5 Genetic algorithm 

The GA approach was initially introduced by Holland (1975) during the early 

1970s, and since then, it has found successful application in diverse combinatorial 

search space problems. GAs are regarded as stochastic search techniques that simulate 

natural procedures such as selection, crossover, mutation, locality, and neighborhood, 

in the metaphor of the concept of natural biological evolution (Thompson, 2016). 

In the context of solving the SCNDP, GAs have demonstrated their 

effectiveness. The GA framework provides a robust means to effectively navigate the 

intricacies and complexities associated with multi-stage logistics and SC operation 

management. 

The application of GAs involves a critical consideration: the encoding process, 

which is referred to as the procedure of representing potential solutions to a problem in 

a form that the algorithm can work with, and the decoding process, which entails 

converting the solution representation into a feasible solution. Researchers have 
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investigated various encoding/decoding methods within GAs, aiming to interpret and 

generate feasible solutions. Each encoding technique presents distinct strengths and 

trade-offs, depending on the specific SUREOHP¶V�attributes and the optimization goals. 

The choice of an appropriate decoding method is significant, as it directly impacts the 

quality and feasibility of the solutions derived from the GA process. 

Alshamsi & Diabat (2017) propose a custom encoding process for their 

optimization problem. Within this approach, the chromosomes embody binary 

variables extracted from the MILP model. Each gene within the chromosome is 

randomly assigned a value of either zero or one, signifying the absence or presence of 

a specific decision in the solution. This encoding process ensures the efficient 

generation of feasible solutions by translating the binary chromosome representation 

into meaningful values for decision variables. 

Similarly, Gholizadeh et al. (2022) adopt an encoding strategy that involves the 

assignment of random values to different segments of the chromosome to address a 

reverse logistics problem. Each segment of the chromosome corresponds to specific 

attributes or aspects relevant to the considered problem. Through the random 

assignment of values to these segments, they can systematically explore and evaluate 

various combinations and configurations within the framework of the GA, enabling the 

finding of good solutions for their reverse logistics problem. 

For the closed-loop SCND, Cui et al. (2017) develop an encoding scheme where 

a chromosome conveys comprehensive details about the allocation of sites to 

intermediate centers, producers, and customer centers. Furthermore, the connections 

between customer centers and intermediate centers, or between intermediate centers 

and producers, are indicated within a chromosome. The initial row of the chromosome 

indicates the allocation of location sites, while the subsequent row signifies the linkages 

between different facilities. A similar approach based on the concept of random value 

assignment is also in the works of Gholizadeh & Fazlollahtabar (2020), Nezamoddini 

et al. (2020), and Robles et al. (2020). 

Priority-based encoding is considered one of the most well-known encoding 

techniques, which is introduced by Gen & Cheng (2000). In this encoding approach, 

priorities are assigned to different elements or variables of the problem. The 

chromosome represents a potential solution, where each gene in the chromosome 
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corresponds to a specific component or variable. The value of the gene indicates the 

priority attributed to the variable. By using priority-based encoding, GAs can 

effectively explore and optimize solutions based on established priorities, potentially 

yielding favorable outcomes. The implementation of the priority-based encoding can 

be found in many NDPs, such as Gen et al. (2006), Altiparmak et al. (2009), Lin et al. 

(2009), Lee et al. (2009), Lotfi et al. (2013), Tari & Hashemi (2016), Taxakis & 

Papadopoulos (2016), Shi et al. (2017), Gen et al. (2018), Shoja et al. (2019, 2020), and 

Darmawan et al. (2021). 

Gen et al. (2006) introduce a novel GA featuring priority-based encoding and 

decoding methods while considering a two-stage transportation problem. Their 

approach effectively applies priority-based encoding to a single-period, single-product 

network problem with known maximum capacity. In contrast to Prüfer number 

encoding, also known as spanning tree-based GA, in transportation problems, the 

priority encoding method proves more suitable for transportation networks due to its 

elimination of the need for repair mechanisms, as required by Prüfer number encoding. 

Altiparmak et al. (2009) extend the priority-based encoding approach to address a 

complex problem involving single-sourcing, multi-product, and multi-echelon 

scenarios. In a comparative study against CPLEX, their experimental results highlight 

that the steady-stage GA outperforms other techniques like Langrangean heuristic and 

simulated annealing in terms of generating superior heuristic solutions with relatively 

minimal computational time. Furthermore, Lotfi & Tavakkoli-Moghaddam (2013) 

apply the priority-based GA method proposed by Gen et al. (2006) to a fixed-charge 

transportation problem. Through numerical analysis, their study demonstrates a clear 

advantage of the proposed priority-based GA over the spanning tree-based GA, 

showcasing better solution quality and computation time. Tari & Hashemi (2016) also 

use the priority-based GA technique to address a heterogeneous fleet transportation 

problem. Their formulation incorporates a nonlinear transportation cost function 

aligned with a vehicle rental discount policy. Similar to previous studies, the results of 

their investigation point out that the proposed technique is capable of providing good 

solutions while requiring less computational effort, as compared to CPLEX-based 

solutions. Taxakis & Papadopoulos (2016) leverage the priority-based encoding GA 

approach to solve mixed-integer linear and nonlinear programming models. Their 
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research considers multi-period, multi-product, and multi-stage SCNDPs, as well as 

production distribution and inventory planning problems. 

Besides the conventional SCNDPs, Lin et al. (2009) and Gen et al. (2018) 

introduce a hybrid evolutionary algorithm (EA) to address a multi-stage SC network 

model integrating the trade-off between indirect and direct distribution. Their study 

employs a priority-based encoding with extensions, a local search strategy, and a novel 

fuzzy logic control for enhancing the EA's search capabilities, particularly due to the 

intricate network structure. Shoja et al. (2019, 2020) utilize a priority-based encoding 

GA to tackle a flexible SCND challenge involving diverse delivery modes, including 

both direct and non-direct shipment and delivery. Their objective is to come up with a 

solution methodology that can handle decision-making complexities associated with 

designing a flexible SC network. By integrating the priority-based encoding technique, 

they aim to optimize the selection and configuration of delivery modes to enhance the 

overall efficiency and performance of the SC network. Darmawan et al. (2021) develop 

a model for designing a single-product SC network with two echelons while 

considering the synchronization of reorder points, i.e., SSs, to minimize the total cost 

while maintaining a high CSL. They devise a heuristic approach based on a GA to 

tackle the problem's intricacies. In contrast to the conventional forward SC problem, 

Lee et al. (2009) devise a priority-based GA for a single-period, single-product reverse 

logistics network challenge. Similarly, Shi et al. (2017) develop a priority-based 

encoding GA to solve a multi-objective, single-product, single-period closed-loop ND 

problem. In this study, a predetermined minimum capacity is set to restrict the use of a 

facility upon opening. 

Table 2.3 provides a concise overview of the problems tackled in various 

studies, along with GA aspects such as hyper-parameters, termination conditions, and 

tuning choices. 
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2.6 Research gap 

It should be noted that the two studies of Atamtürk et al. (2012) and Puga et al. 

(2019), despite their significance, solely explore the problem within a single period and 

single-product context. Furthermore, while both studies incorporate IP, involving the 

determination of SS quantities and placements, the shortage is not considered in their 

analyses. 

On the other hand, the study conducted by Funaki (2012) also has certain 

limitations. Specifically, their research scope is confined to analyzing an assembly SC 

configuration characterized by a single product and the presence of only one final 

assembly node. Although their work provides valuable insights into integrating ND 

decisions and IP using dynamic programming, the broader applicability of their 

findings could be constrained when dealing with more intricate SC configurations that 

involve multiple products or complex network structures. 

In addition, the specific facilities designated for storing SSs are limited to 

certain locations, such as warehouses (Zadeh et al., 2013; Rodriguez et al., 2014) or 

distribution centers (You & Grossmann, 2008). However, it is important to note that 

this approach might not cover all possible strategies for SS placement. In more complex 

SCs or industries, SS might need to be strategically positioned at other points, such as 

manufacturing plants, intermediate nodes, or even retail locations, depending on the 

network structure and operational considerations. 

As far as we can tell, there is one study (Darmawan et al., 2021) that employs a 

heuristic approach, specifically a GA, to address the complexity of the integrated 

problem. However, it should be noted that Darmawan et al. (2021) focus on a SCND 

problem with fill rate as the key service performance metric. In addition, it is crucial to 

highlight that Darmawan et al. (2021) only concentrate on single-period, single-product 

SC.  

In contrast to the mentioned papers, our study takes a distinct approach by 

integrating the strategic decision-making process of multi-echelon production ND with 

the tactical decision of IP. We adopt the GSA to formulate the IP model, ensuring that 

customer demand is met with a specified SL. Furthermore, our model accounts for the 

BOM, a crucial aspect given of a production network. Consequently, the determination 

of SS amounts is based on the product profile. 
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Another key consideration in our study is the incorporation of varying CSLs, 

empowering the model to recommend the optimal CSL that yields the lowest overall 

cost. Moreover, unlike prior research that confines SS placement to specific entities like 

warehouses (Rodriguez et al., 2014) or DCs (You & Grossmann, 2008; Atamtürk et al., 

2012), our model offers the flexibility to position SS at any location within the network. 

Dissimilarly to previous studies that address non-linear integer programming 

models for IP through techniques like linear relaxation (Rodriguez et al., 2014) or 

hierarchical algorithms (You & Grossmann, 2008), our research proposes a unique 

method to linearize non-linear components without relaxation. This innovative 

approach enables us to construct a MILP model that not only delivers the optimal 

solution but also significantly enhances computational efficiency. 

When considering the heuristic approach for addressing large-scale problems, 

our study diverges from Darmawan et al. (2021) in terms of focusing on cost 

optimization rather than fill rate optimization. Our approach to SS management also 

differs significantly. While Darmawan et al. (2021) employ coordinated reorder points 

and fixed batch quantities, we adopt a distinct strategy based on a base stock policy that 

considers normally distributed demand. Through this methodology, we aim to optimize 

SS levels while accounting for demand uncertainty. Additionally, our study expands its 

scope to encompass a more complex multi-period, multi-product scenario. 

Through systematic evaluation and validation via a numerical experiment, we 

comprehensively assess these integrated features. The outcomes of the experiment not 

only offer valuable insights but also demonstrate the practical feasibility and robustness 

of these integrated aspects in addressing challenges within SCNDPs. 
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CHAPTER 3 

A MATHEMATICAL MODEL FOR THE INTEGRATED 

PROBLEM OF PRODUCTION NETWORK DESIGN AND 

INVENTORY POSITIONING 
 
3.1 Problem statement 

In this research, we consider an integrated problem encompassing multi-period, 

multi-echelon ND and IP for a production company. The network configuration 

involves various facilities, each with specific operational characteristics, interconnected 

by arcs representing material flows. To capture the material requirements of finished 

products, we employ BOM. The integrated MILP model is developed based on the 

context of a single-sourcing strategy, where each component or raw material is supplied 

exclusively by a single supplier. Furthermore, our investigation delves into a finite 

planning horizon that is discretely divided into intervals. The scope of the production 

NDP pertains to multiple periods wherein costs, supply capacity, and demand fluctuate. 

Within this framework, the final downstream facility's demand is pre-determined and 

must be satisfied. All cost parameters, consisting of fixed facility opening, fixed 

capacity installation, unit holding, transportation, and production costs across each 

period, are considered deterministic. 

In addressing the IP problem, we adopt the assumption that the RT connecting 

any two nodes is identified by the quoted service time from the upstream nodes and the 

processing time at the current node. Within our model, the processing time at each node 

is deterministic and remains unaffected by the order quantity, as outlined by Duc et al. 

(2022). In addition, if a downstream node necessitates various components sourced 

from multiple upstream nodes, the downstream node must wait until all the required 

components have arrived before initiating processing. Conversely, when a single 

upstream node supplies multiple downstream nodes, we assume that the upstream node 

can provide different service times to respective customers. 

The conventional approach to solving the ND and IP problems normally 

addresses them sequentially and independently. Typically, the ND needs to be solved 

before the inventory positions can be determined. In our research, we refer to this 
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conventional approach as a two-stage approach, also known as the sequential approach. 

This approach entails solving the ND using one model and then employing its outcomes 

as input for the subsequent IP model. It should be noted that the two-stage approach 

might overlook potential interdependencies between these two problems. In response 

to this potential limitation, we propose an integrated approach that addresses both 

problems simultaneously. In our problem formulation, the following notations are 

employed to denote various variables and parameters. 

Sets and Indices 

 ଵ: Set of nodes on layer 1, component manufacturersܮ

 ଶ: Set of nodes on layer 2, subassembly manufacturersܮ

ܮ ǣ A two-dimensional setǡܮ ൌ ଵܮ ൈ  ଶܮ

 ǣ Set of final assembly manufacturersǡܭ

ܭܮ ǣ A two-dimensional setǡܭܮ ൌ ଶܮ ൈ  ܭ

ܰǣ Set of nodes indexed by ݅ǡ ݆ǡ ݇ א ܰ, where ܰ ൌ ଵܮ ׫ ଶܮ ׫  ,ܭ

ܿ ଵǡ�indexed byܮ ǣ Set of components of setܥ א  ,ܥ

ܽ ଶǡ indexed byܮ ǣ�Set of subassemblies of setܣܵ א  ,ܣܵ

ܲǣ Set of finished products of set ܭ, indexed by ݌ǡ ݌  א ܲ 

ܶǣ Set of periods within the planning horizonǡ ݐ א ܶ, 

ܹǣ Set of capacity levels, ݓ א ܹ, 

 ǣ BOM, showing the number of components ܿ needed to produce oneܥܯܱܤ

unit of subassembly ܽǡ ሺܿǡ ܽሻ א  ,ܥܯܱܤ

 ǣ BOM, showing the number of subassembly ܽ needed to produce oneܣܯܱܤ

unit of finished product ݌ ሺܽǡ ሻ݌ א  ,ܣܯܱܤ

݉ Set of discrete duration of RT indexed by :ܯ א  ǡܯ

 
3.2 Network design problem 

3.2.1 Parameters 

݌ ௣ǡ௞ǡ௧ǣ Demand of finished productܦ א ܲ at the final assembly manufacturer 

݇ א ݐ in period ܭ א ܶ; 

ܿ ௖ǡ௔ǣ Amount of componentܥܯܤ א ܽ used to produce subassembly ܥ א  ;ܣܵ
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ܽ ௔ǡ௣ǣ Amount of subassemblyܣܯܤ א ݌ used to produce finished product ܣܵ א

ܲ; 

ݓ ௪ǡ௜ǣ Capacity levelܥܲܣܥ א ܹ of component manufacturer ݅ א  ;ଵܮ

ݓ ௪ǡ௝ǣ Capacity levelܣܲܣܥ א ܹ of subassembly manufacturer ݆ א  ;ଶܮ

ܿ ௖ǡ௜ǡ௧ǣ Unit holding cost of componentܥܪ א ݅ at component manufacturer ܥ א

ݐ ଵ in periodܮ א ܶ; 

ܽ ௔ǡ௝ǡ௧ǣ Unit holding cost of subassemblyܣܪ א  at subassembly manufacturer ܣܵ

݆ א ݐ ଶ in periodܮ א ܶ; 

݅ ௜ǡ௝ǡ௧ǣ Unit transportation cost from component manufacturerܥܵ א  ଵ toܮ

subassembly manufacturer ݆ א ݐ ଶ in periodܮ א ܶ; 

݆ ௝ǡ௞ǡ௧ǣ Unit transportation cost from subassembly manufacturerܣܵ א  ଶ to finalܮ

assembly manufacturer ݇ א ݐ in period ܭ א ܶ; 

݅ ௜ǡ௧ǣ The fixed opening cost of component manufacturerܥܨ א ݐ ଵ in periodܮ א

ܶ; 

݆ ௝ǡ௧ǣ The fixed opening cost of subassembly manufacturerܣܨ א ݐ ଶ in periodܮ א

ܶ; 

ݓ ௪ǡ௜ǡ௧ǣ The fixed cost associated with installing a specific capacity levelܥܫܨ א

ܹ�at component manufacturer ݅ א ݐ ଵ in periodܮ א ܶ; 

ݓ ௪ǡ௝ǡ௧ǣ The fixed cost associated with installing a specific capacity levelܣܫܨ א

ܹ�at subassembly manufacturer ݆ א ݐ ଶ in periodܮ א ܶ; 

ܿ ௖ǡ௜ǡ௧ǣ Unit production management cost of componentܥܲ א  at component ܥ

manufacturer ݅ א ݐ ଵ in periodܮ א ܶ; 

ܽ ௔ǡ௝ǡ௧ǣ Unit production management cost of subassemblyܣܲ א  at ܣܵ

subassembly manufacturer ݆ א ݐ ଶ in periodܮ א ܶ; 

ܷǣ Minimum utilization rate of an opened production capacity; 

ܣܥ ଴ܲǣ Initial capacity of facilities; 

ܿ ௖ǡ௜ǣ Inventory turnover rate of componentܥܴܶ א  produced by component ܥ

manufacturer ݅ א  ;ଵܮ

ܽ ௔ǡ௝ǣ Inventory turnover rate of subassemblyܣܴܶ א  produced by ܣܵ

subassembly manufacturer ݆ א  ଶǤܮ
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3.2.2 Decision variables 

ܿ ௖ǡ௜ǡ௝ǡ௧ǣ Flow of componentܥܺ א ݅ delivered from component manufacturer ܥ א

݆ ଵ�to subassembly manufacturerܮ א ݐ ଶ in periodܮ א ܶǢ 

ܽ ௔ǡ௝ǡ௞ǡ௧ǣ Flow amount of subassemblyܣܺ א  shipped from subassembly ܣܵ

manufacturer ݆ א ݇ ଶ to final assembly manufacturerܮ א ݐ in period ܭ א ܶ; 

ܿ ௖ǡ௜ǡ௧ǣ Production quantity of componentܥܻ א ݅ at component manufacturer ܥ א

ݐ ଵ in periodܮ א ܶǢ 

ܽ ௔ǡ௝ǡ௧ǣ Production quantity of subassemblyܣܻ א  at subassembly ܣܵ

manufacturer ݆ א ݐ ଶ in periodܮ א ܶǢ 

ܿ ௖ǡ௜ǡ௧ǣ Cycle inventory of componentܥܫ א  stored at component manufacturer ܥ

݅ א ݐ ଵ in periodܮ א ܶǢ 

ܽ ௔ǡ௝ǡ௧ǣ Cycle inventory of subassemblyܣܫ א  stored at subassembly ܣܵ

manufacturer ݆ א ݐ ଶ in periodܮ א ܶǢ 

݅ ௜ǡ௧ǣ Binary variable, 1 if component manufacturerܥܼ א  ଵ is opened in periodܮ

ݐ א ܶ, 0 otherwise; 

݆ ௝ǡ௧ǣ Binary variable, 1 if subassembly manufacturerܣܼ א  ଶ is opened in periodܮ

ݐ א ܶ, 0 otherwise; 

ݓ ௜ǡ௪ǡ௧ǣ Binary variable, 1 if an additional capacity of levelܥܣ א ܹ is installed 

at component manufacturer ݅ א ݐ ଵ in periodܮ א ܶ, 0 otherwise; 

ݓ ௝ǡ௪ǡ௧ǣ Binary variable, 1 if an additional capacity of levelܣܣ א ܹ is installed 

at subassembly manufacturer ݆ א ݐ ଶ in periodܮ א ܶ, 0 otherwise; 

ܿ ௖ǡ௜ǡ௝ǡ௧ǣ Binary variable, 1 if componentܥܥ א is carried on arc ሺ݅ǡ �ܥ ݆ሻ א  in ܮ

period ݐ א ܶ, 0 otherwise; 

ܽ ௔ǡ௝ǡ௞ǡ௧ǣ Binary variable, 1 if subassemblyܣܥ א is carried on arc ሺ݆ǡ  �ܣܵ ݇ሻ א

ݐ in period ܭܮ א ܶ, 0 otherwise; 

 

3.2.3 Model assumptions 

The problem formulation involves the following assumptions: 
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x Once a facility is established, it will remain operational for the entire 

planning horizon since the decision to select and set up a facility is strategic and 

resource-intensive, making subsequent changes or closures impractical. 

x Each opened facility possesses an initial capacity, which can be increased by 

adding additional capacity among specific available levels. 

x During each planning period, a facility is permitted to choose only one 

capacity level for capacity expansion. 

x There's a requirement for a minimum utilization rate for every opened 

facility. 

x The model allows for a certain level of excess cycle inventory to be held at 

each operational facility, which helps meet future demand. 

x The demand locations are assumed to be geographically diverse such that the 

correlation among them is neglectable (independent demands). 

To ensure proper network balance and simultaneously minimize the total cost 

related to facilities, transportation, and inventory, the problem incorporates three key 

variables: product flow, production quantity, and inventory quantity. These variables 

contribute to achieving an optimal solution while adhering to the given constraints. 

 

3.2.4 Network design MILP model 

The model includes multiple cost elements that play a role in the ND segment. 

The objective is to minimize a combination of transportation, production management, 

cycle inventory holding, fixed facility opening, and fixed capacity installation costs. 

The total network cost is mathematically formulated as follows: 

 
ǲܼ�݁ݖ݅݉݅݊݅ܯଵ ൌ෍෍ ෍෍ܵܥ௜ǡ௝ǡ௧ܺܥ௖ǡ௜ǡ௝ǡ௧

௧்א௝א௅మ௜א௅భ௖א஼

൅ ෍ ෍ ෍෍ܵܣ௝ǡ௞ǡ௧ܺܣ௔ǡ௝ǡ௞ǡ௧
௧்א௞א௄௝א௅మ௔אௌ஺

ǳ 

ǲ ൅෍෍෍ܲܥ௖ǡ௜ǡ௧ܻܥ௖ǡ௜ǡ௧
௧்א௜א௅భ௖א஼

൅ ෍ ෍෍ܲܣ௔ǡ௝ǡ௧ܻܣ௔ǡ௝ǡ௧
௧்א௝א௅మ௔אௌ஺

ǳ 

ǲ ൅෍෍෍ܥܪ௖ǡ௜ǡ௧ ቆܥܫ௖ǡ௜ǡ௧ ൅
σ ௅మא௖ǡ௜ǡ௝ǡ௧௝ܥܺ

௖ǡ௜ܥܴܶ
ቇ

௧்א௜א௅భ௖א஼

ǳ 

 
(3.1) 
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ǲ ൅ ෍ ෍෍ܣܪ௔ǡ௝ǡ௧ ቆܣܫ௔ǡ௝ǡ௧ ൅
σ ௄א௔ǡ௝ǡ௞ǡ௧௞ܣܺ

௔ǡ௝ܣܴܶ
ቇ

௧்א௝א௅మ௔אௌ஺

ǳ 

ǲ ൅ ෍ ௜ǡଵܥ௜ǡଵܼܥܨ
௜א௅భ

൅ ෍ ෍ ௜ǡ௧ܥ௜ǡ௧൫ܼܥܨ െ ௜ǡ௧ିଵ൯ܥܼ
௧்̳אሼଵሽ௜א௅భ

ǳ 

ǲ ൅ ෍ ௝ǡଵܣ௝ǡଵܼܣܨ
௝א௅మ

൅ ෍ ෍ ௝ǡ௧ܣ௝ǡ௧൫ܼܣܨ െ ௝ǡ௧ିଵ൯ܣܼ
௧்̳אሼଵሽ௝א௅మ

ǳ 

ǲ ൅ ෍෍ܥܫܨ௜ǡ௪ǡ௧ܥܣ௜ǡ௪ǡ௧
௧்א௜א௅భ

൅ ෍෍ܣܫܨ௝ǡ௪ǡ௧ܣܣ௝ǡ௪ǡ௧
௧்א௝א௅మ

ǳ 
 

The total cycle inventory in a period is calculated as the total of inventory, 

 ,௔ǡ௝ǡ௧ and the average inventory in the current periodܣܫ ,௖ǡ௜ǡ௧ܥܫ
σ ௑஼೎ǡ೔ǡೕǡ೟ೕאಽమ

்ோ஼೎ǡ೔
, and 

σ ௑஺ೌǡೕǡೖǡ೟ೖאವ

்ோ஺ೌǡೕ
  multiplied by the inventory cost per unit, ܥܪ௖ǡ௜ǡ௧ǡ and ܣܪ௔ǡ௝ǡ௧, respectively. 

 
Subject to 

ǲ ෍ ௔ǡ௝ǡ௞ǡ௧ܣܺ
௝א௅మ

൒ ෍൫ܣܯܤ௔ǡ௣ܦ௣ǡ௞ǡ௧൯
௣א௉

ܽ׊          א ǡܣܵ ݇ א ǡܭ ݐ א ܶǳ (3.2) 

ǲ෍ ௖ǡ௜ǡ௝ǡ௧ܥܺ
௜א௅భ

ൌ ෍ ൫ܥܯܤ௖ǡ௔ܻܣ௔ǡ௝ǡ௧൯
௔אௌ஺

ܿ׊  א ǡܥ ݆ א ଶǡܮ ݐ א ܶǳ �3.3� 

ǲܻܥ௖ǡ௜ǡ௧ െ ෍ ௖ǡ௜ǡ௝ǡ௧ܥܺ
௝א௅మ

ൌ ܿ׊          ௖ǡ௜ǡ௧ܥܫ א ǡܥ ݅ א ଵǡܮ ݐ ൌ ͳ�ǳ ������3.4� 

ǲܻܣ௔ǡ௝ǡ௧ െ෍ܺܣ௔ǡ௝ǡ௞ǡ௧
௞א஽

ൌ ܽ׊          ௔ǡ௝ǡ௧ܣܫ א ǡܣܵ ݆ א ଶǡܮ ݐ ൌ ͳ�ǳ �3.5� 

ǲܻܥ௖ǡ௜ǡ௧ ൅ ௖ǡ௜ǡ௧ିଵܥܫ െ ෍ ௖ǡ௜ǡ௝ǡ௧ܥܺ
௝א௅మ

ൌ ܿ׊         ௖ǡ௜ǡ௧ܥܫ א ǡܥ ݅ א ଵǡܮ ݐ א ̳ܶሼͳሽǳ �3.6� 

ǲܻܣ௔ǡ௝ǡ௧ ൅ ௔ǡ௝ǡ௧ିଵܣܫ െ෍ܺܣ௔ǡ௝ǡ௞ǡ௧
௞א஽

ൌ ܽ׊         ௔ǡ௝ǡ௧ܣܫ א ǡܣܵ ݆ א ଶǡܮ ݐ א ̳ܶሼͳሽǳ �3.7� 

ǲ෍ܻܥ௖ǡ௜ǡ௧
௖א஼

൑ ܣܥ ଴ܼܲܥ௜ǡ௧ ൅ ෍ ෍ ௜ǡ௪ǡఛܥܣ௜ǡ௪ܥܲܣܥ
ఛאሼଵǡǥǡ௧ሽ௪אௐ

݅׊� א ଵǡܮ ݐ א ܶǳ �3.8� 

ǲ ෍ ௔ǡ௝ǡ௧ܣܻ
௔אௌ஺

൑ ܣܥ ଴ܼܲܣ௝ǡ௧ ൅ ෍ ෍ ௝ǡ௪ǡఛܣܣ௝ǡ௪ܣܲܣܥ
ఛאሼଵǡǥǡ௧ሽ௪אௐ

݆׊� א ଶǡܮ ݐ א ܶǳ �3.9� 

ǲ෍ܻܥ௖ǡ௜ǡ௧
௖א஼

൒ ܷቌܣܥ ଴ܼܲܥ௜ǡ௧ ൅ ෍ ෍ ௜ǡ௪ǡఛܥܣ௜ǡ௪ܥܲܣܥ
ఛאሼଵǡǥǡ௧ሽ௪אௐ

ቍ݅׊� א ଵǡܮ ݐ א ܶǳ �3.10� 
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ǲ ෍ ௔ǡ௝ǡ௧ܣܻ
௔אௌ஺

൒ ܷ൭ܣܥ ଴ܼܲܣ௝ǡ௧ ൅ ෍ ෍ ௝ǡ௪ǡఛܣܣ௝ǡ௪ܣܲܣܥ
ఛאሼଵǡǥǡ௧ሽ௪אௐ

൱ ݆׊     א ଶǡܮ ݐ א ܶ �3.11� 

ǲ ෍ ௜ǡ௪ǡ௧ܥܣ
௪אௐ

൑ ݅׊          ௜ǡ௧ܥܼ א ଵǡܮ ݐ א ܶǳ �3.12� 

ǲ ෍ ௝ǡ௪ǡ௧ܣܣ
௪אௐ

൑ ݆׊          ௝ǡ௧ܣܼ א ଶǡܮ ݐ א ܶǳ �3.13� 

ǲܼܥ௜ǡ௧ ൒ ݅׊         ௜ǡ௧ିଵܥܼ א ଵǡܮ ݐ א ̳ܶሼͳሽǳ �3.14� 

ǲܼܣ௝ǡ௧ ൒ ݆׊         ௝ǡ௧ିଵܣܼ א ଶǡܮ ݐ א ̳ܶሼͳሽǳ �3.15� 

ǲ෍ ௖ǡ௜ǡ௝ǡ௧ܥܥ
௜א௅భ

ൌ ͳܿ׊������ א ǡܥ  ݆ א ଶǡܮ ݐ א ܶǳ �3.16� 

ǲ ෍ ௔ǡ௝ǡ௞ǡ௧ܣܥ
௝א௅మ

ൌ ͳܽ׊������ א ǡܣܵ  ݇ א ǡܭ ݐ א ܶǳ �3.17� 

ǲܺܥ௖ǡ௜ǡ௝ǡ௧ ൑ ܿ׊      ܩܫܤ௖ǡ௜ǡ௝ǡ௧ܥܥ א ǡܥ ݅ א ଵǡܮ ݆ א ଶǡܮ ݐ א ܶǳ �3.18� 

ǲܺܣ௔ǡ௝ǡ௞ǡ௧ ൑ ܽ׊      ܩܫܤ௔ǡ௝ǡ௞ǡ௧ܣܥ א ǡܣܵ ݆ א ଶǡܮ ݇ א ǡܭ ݐ א ܶǳ �3.19� 

ǲܺܥ௖ǡ௜ǡ௝ǡ௧ǡ ௔ǡ௝ǡ௞ǡ௧ǡܣܺ ௖ǡ௜ǡ௧ǡܥܻ ௔ǡ௝ǡ௧ǡܣܻ ௖ǡ௜ǡ௧ǡܥܫ ௔ǡ௝ǡ௧ܣܫ ൒ Ͳǡ ܿ׊  א ǡܥ ܽ א ǡܣܵ ݅ א ଵǡܮ ݆

א ଶǡܮ ݇ א ǡܭ ݐ א ܶǳ 
�3.20� 

ǲܼܥ௜ǡ௧ǡ ௝ǡ௧ǡܣܼ ௜ǡ௪ǡ௧ǡܥܣ ௝ǡ௪ǡ௧ǡܣܣ ௖ǡ௜ǡ௝ǡ௧ǡܥܥ ௔ǡ௝ǡ௞ǡ௧ܣܥ � א ሼͲǡͳሽǡ ܿ׊      א ǡܥ ܽ א ǡܣܵ ݅

א ଵǡܮ ݆ א ଶǡܮ ݇ א ǡܭ ݐ א ܶǳ 
�3.21� 

³ 
Constraints (3.2) ensure that the customer demand must be fulfilled entirely. 

Constraints �3.3� are dedicated to maintaining the balance between the inflow and 

outflow of items, taking into account the consumption within the BOM. In addition, 

Constraints ������3.4� - �3.7� determine the flows and inventories of products/components 

at each facility for the current period. Constraints �3.8� and �3.9� are to enforce a 

production limit at each facility, making sure that the production does not exceed its 

capacity. Facilities are provided with a base capacity when they are opened and can be 

expanded over time or upon initial opening. The minimum utilization rate of the 

capacity at an operational facility is controlled by Constraints �3.10� and �3.11�. 

Constraints �3.12� and �3.13� allow capacity expansion solely for facilities that have 

been opened. Through Constraints �3.14� and �3.15�, continuity of facility operations 

throughout the entire planning horizon is guaranteed after a facility has been opened. 

The single-sourcing strategy is established by Constraints �3.16� - �3.19�, ensuring that 
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a downstream facility is linked to only one upstream facility. Finally, Constraints �3.20� 

and �3.21� represent binary decision variables and non-negativity requirements. 

 

3.3 Inventory positioning problem 

In this section, a MILP model based on GSA is introduced to address an IP 

problem within an SC operating under the base stock inventory policy. We begin by 

outlining a straightforward serial SC configuration, wherein products or materials 

progress sequentially from their source as raw materials to the final consumer node. 

The simple model centers on a single period and an assembly network encompassing 

only one final node responsible for producing a finished product. Subsequently, we 

extend the IP model by involving a production network featuring numerous final 

manufacturing nodes with multiple products and periods. To facilitate our discussion, 

the term "item" is used to refer to components, subassemblies, and final products. 

 

3.3.1 The inventory positioning problem for a serial network 

3.3.1.1 The mechanism of the IP problem of single product, single final node 

Within the SC network, every manufacturing node has the flexibility to maintain 

two possible stocking locations. The initial location serves as storage for input items 

received from an upstream node, facilitating their preparation before entering the 

production process at the given node. Subsequently, the second location serves as 

storage for the output item once manufactured at the node. 

To maintain an appropriate base stock level, at a given stage ݆ א ܰ, it initiates 

orders for the items it requires and dispatches them to preceding stages immediately 

upon receiving a customer order. Typically, a period, denoted as ௝࣭
௜௡, is necessary for 

orders from the upstream stages to reach node ݆, while an interval ௝࣪ is required to 

produce item ݆ for the customer. Since node ݆ commits to fulfilling customer demands 

after an interval of ௝࣭
௢௨௧ periods, it necessitates a RT denoted as ݉ (where ݉ ൒ Ͳ) to 

meet the customer order. 

Furthermore, aside from maintaining the SS of the output item, each internal 

node ݆ has the option to retain a certain level of SS for the input item sourced from an 

upstream node ݅. This inventory acts as a buffer, serving to reduce the overall supply 
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lead time. The decision to maintain this SS depends on the impact of ࣭௜௢௨௧ and the transit 

time from node ݅ to node ݆ (ࣩ௜ǡ௝). This leads us to the formulation of the RT for both 

scenarios, as expressed by the following equation:  

 

݉ ൌ ቊ ௝࣭
௜௡ ൅ ௝࣪ െ ௝࣭

௢௨௧ ݂݅�������������������������
࣭௜௢௨௧ ൅ ࣩ௜ǡ௝ െ ௝࣭

௜௡ ݂݅������������������������
 (3.22) 

 
Stage ݆ encounters a demand characterized by a mean of ߤ஽ and a standard 

deviation (SD) of ߪ஽. Consequently, over a span of ݉ periods, the cumulative demand 

exhibits an average of ߤ஽݉ and an SD of ߪ஽ξ݉. 

When considering the normal distribution demand, the base stock level ܤ for an 

item, whether it is the output from stage ݆ or an input item from node ݅²is commonly 

defined as follows: 

 
ܤ ൌ ஽݉ߤ ൅ Ȱିଵሺݏሻߪ஽ξ݉ (3.23) 

 
where Ȱିଵሺݏሻ is the inverse of the standard normal cumulative distribution 

function associated with the CSL of ݏ in a replenishment cycle. Based on the specified 

base stock level, on average, a fraction ሺͳ െ  ሻ of the demand during the lead timeݏ

cannot be fulfilled by the inventory on hand. This amount is assumed to be backlogged, 

and its expected value is estimated as: 

 
ࣦ ௝࣭ǡ௠ ൌ ࣦሺݏሻߪ஽ξ݉ (3.24) 

 

3.3.1.2 The mathematical model of IP for single product, single final node 

Sets and indices: 

ܰ: set of nodes ݅ǡ ݆ǡ that represent SC nodes, ݅ǡ ݆ א ܰ ൌ ሼͳǡʹǡǥܭሽ, where ܭ is 

the final node closest to the customer; 

݅ ǣ set of arcs connecting a predecessor nodeܥܴܣ  and a successor node ݆ , ሺ݅ǡ ݆ሻ א

 ;ܥܴܣ

ܯ ,set of options for the length of RT :ܯ ൌ ሼͳǡ ʹǡ ǥ ǡ ȁܯȁሽ; 

Parameters: 

 ;per period ܦ ஽ǣ average customer demandߤ
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 ;per period ܦ ஽: SD of demandߪ

Ȱିଵሺݏሻ: the inverse of standard normal cumulative distribution function 

associated with a given CSL of ݏ in a replenishment cycle; 

ࣦሺݏሻ: the standard normal loss function associated with a CSL value of ݏ; 

ࣩ௜ǡ௝ǣ transportation time from node ݅ to node ݆, ׊ሺ݅ǡ ݆ሻ א  ;ܣ

௝࣪ǣ�processing time of node ݆ א ܰ; 

࣬ǣ�service time that the final node commits to end customers; 

࣫௠ǣ the known amount of SS to cover demand during a given RT of ݉; 

ࣦ࣭௠ǣ the expected amount of shortage within a replenishment cycle when 

holding ݉ days of SS. 

࣢௝ǣ�inventory holding cost per unit per year of the output item of node ݆ א ܰ.  

௝ࣦ: shortage cost per unit at node ݆ א ܰǤ 

Decision Variables: 

௝࣭
௜௡ǣ Incoming service time of node ݆ א ܰ; 

௝࣭
௢௨௧ǣ Outgoing service time of node ݆ א ܰ; 

ࣨ ௝ࣩǣ RT of node ݆ א ܰ keeping output item; 

ࣨ ௜ࣣǡ௝ǣ RT of node ݆ א ܰ which requires input item from node ݅ א ܰ; 

An IP problem aims to minimize the overall SS cost for both input and output 

items while achieving a specified CSL. This optimization process involves determining 

the optimal allocation of SS and its quantity across the SC network. The MILP model 

for the IP problem is formulated as follows. 

Minimize  

ǲ෍ܪ௝
௝אே

Ȱିଵሺݏሻߪ஽ටࣨ ௝ࣩ ൅ ෍ ௝ܪ
௝אேȁሺ௜ǡ௝ሻא୅ୖେ

Ȱିଵሺݏሻߪ஽ටࣨ ௜ࣣǡ௝ǳ (3.25) 

Subject to 

ǲ࣭݅ݐݑ݋ ൅ ܶ݅ǡ݆ െ ࣭݆݅݊ ൌ ࣣࣨ݅ǡ݆׊������ሺ݆ǡ ݅ሻ א  ǳ (3.26)ܣ

ǲ࣭݆݅݊ െ ݐݑ݋݆࣭ ൅ ܲ݅ ൌ ݅�׊�����݆ࣩࣨ א  ǳ (3.27)ܫ

ǲ࣭ݐݑ݋ܭ ൑ ࣬ǳ (3.28) 

ǲ࣭݆݅݊ ൑ ȁܯȁ݆�׊����� א ܰǳ (3.29) 

ǲ࣭݆ݐݑ݋ ൑ ȁܯȁ݆�׊��� א ܰǳ (3.30) 
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ǲ࣭݆݅݊ǡ࣭݆ݐݑ݋ǡࣣࣨ݅ǡ݆ǡࣩ݆ࣨ ൒ Ͳ݅�׊������ǡ ݆ א ܰǳ (3.31) 

 
The objective is to minimize the total cost of the SC for both input and output 

items across all nodes. Constraints (3.26) and (3.27) determine the RT for each 

inventory of input and output items, respectively. Constraint (3.28) ensures that the 

outgoing service time at Node ܭ would not exceed the minimum service time 

committed to the end customers. Constraints (3.29) and (3.30) represent the selected 

incoming and outgoing service times bounded by ȁܯȁ. Constraints (3.31) represent the 

non-negativity of the lead time of different SC nodes. 

 

3.3.2 The inventory positioning problem for an extended problem 

3.3.2.1 The mechanism of the extended IP problem 

When a given upstream node is responsible for supplying multiple downstream 

nodes, it can commit different fulfillment times for each downstream node. These 

fulfillment time commitments are referred to as outgoing service times, denoted as 

࣭ࣝ௖ǡ௜ǡ௝ǡ௧௢௨௧ ǡ ܿ א ǡܥ ݅ א ଵǡܮ ݆ א ଶǡܮ ݐ א ܶ�ሺ࣭ࣛ�ݎ݋௔ǡ௝ǡ௞ǡ௧
௢௨௧ ǡ ܽ א ǡܣܵ ݆ א ଶǡܮ ݇ א ǡܭ ݐ א ܶሻ. 

Additionally, the outgoing service times for facilities located at the final downstream 

nodes, denoted as ࣭ ௣࣪ǡ௞ǡ௧
௢௨௧ ǡ ݌ א ܲǡ ݇ א ǡܭ ݐ א ܶ, must not exceed a pre-specified service 

time limit, i.e., ࣭ ௣࣪ǡ௞ǡ௧
௢௨௧ ൑ ࣬௞ǡ௧�ሺ݇׊ א  .ሻܭ

When a downstream node ݆ (or ݇) necessitates input items from its upstream 

node ݅ (or ݆ ), it is compelled to wait until all the required input items are delivered. This 

waiting time is denoted as the incoming service time denoted as ࣭ࣝ௖ǡ௜ǡ௝ǡ௧௜௡  (or ࣭ࣛ௔ǡ௝ǡ௞ǡ௧
௜௡ ) 

for node ݆ (or ݇)  to successfully fulfill the order. After receiving the necessary input 

items, it takes node ݆ (or ݇) a period of ࣪ ௝ࣛ�(or ࣪ ௞࣪) to conduct the manufacturing 

process. Moreover, as part of its commitments, node ݆ (or ݇) pledges to deliver the 

output items to its downstream node ݇�(or customers) after ࣭ࣛ௔ǡ௝ǡ௞ǡ௧
௢௨௧ �ሺ࣭�ݎ݋ ௣࣪ǡ௞ǡ௧

௢௨௧ ሻ 

periods. 

Considering the assumptions above, it is plausible that node ݆ (or ݇)  may need 

to hold an SS of either input or output items. Notably, the need for SS arises when the 

time required to fulfill an order surpasses the outgoing service time. 

Mathematically, this RT is formulated as follows:  
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݉ ൌ

ە
ۖۖ
۔

ۖۖ
ۓ
൞

െ࣭ࣝ௖ǡ௜ǡ௝ǡ௧௢௨௧ ൅ ࣪ࣝ௜��������������
࣭ࣝ௖ǡ௜ǡ௝ǡ௧௜௡ െ ࣭ࣛ௔ǡ௝ǡ௞ǡ௧

௢௨௧ ൅ ࣪ ௝ࣛ

࣭ࣛ௔ǡ௝ǡ௞ǡ௧
௜௡ െ ࣭ ௣࣪ǡ௞ǡ௧

௢௨௧ ൅ ࣪ ௞࣪

��������
ݏ݉݁ݐ݅�ݐݑ݌ݐݑ݋�ݏ݌݁݁݇�݅�݁݀݋݊�݂݅
ݏ݉݁ݐ݅��������ݏ݌݁݁݇�݆�݁݀݋݊�݂݅
ݏ݉݁ݐ݅�ݐݑ݌ݐݑ݋�ݏ݌݁݁݇�݇�݁݀݋݊�݂݅

�

ቊ
࣭ࣝ௖ǡ௜ǡ௝ǡ௧௢௨௧ െ ࣭ࣝ௖ǡ௜ǡ௝ǡ௧௜௡ ൅ ࣩࣝ௜ǡ௝

࣭ࣛ௔ǡ௝ǡ௞ǡ௧
௢௨௧ െ ࣭ࣛ௔ǡ௝ǡ௞ǡ௧

௜௡ ൅ ࣩ ௝ࣛǡ௞

ݏ݉݁ݐ݅�ݐݑ݌݊݅�ݏ݌݁݁݇�݆�݁݀݋݊�݂݅
ݏ݉݁ݐ݅�ݐݑ݌݊݅�ݏ݌݁݁݇�݇�݁݀݋݊�݂݅

 (3.32) 

 
It is assumed that the production times ࣪ࣝ௜ǡ ࣪ ௝ࣛǡ ࣪ ௞࣪ are non-negative values. 

Additionally, the transportation times, ࣩࣝ௜ǡ௝ ǡ ࣩ ௝ࣛǡ௞ are independent of the production 

quantity (Simpson, 1958). 

 

3.3.2.2 Standard deviation computation 

Apart from the RT, another determinant of safety inventory levels is the 

fluctuation in demand for a particular item. This variability is transmitted across the SC 

network, originating from the final downstream nodes, where demand patterns are 

observed. Given a network configuration, the manufacturing nodes encounter varying 

degrees of demand variability, quantified by SDs. Although computing these SDs is 

essential for determining the SS, the process is intricate and complex. To illustrate the 

calculation process, a small example is presented. 

Consider the network including seven nodes, i.e., ܮଵ ൌ ሼͳǡ ʹሽǡ ଶܮ ൌ ሼ͵ǡ Ͷሽǡܭ ൌ

ሼͷǡ ͸ǡ ͹ሽ, with the flows as illustrated in Figure 3.1 Simple SC with pre-defined 

connections.  

 
Figure 3.1 Simple SC with pre-defined connections 
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The demand SDs for item ݌ at nodes 5, 6, and 7 are given by: ߪ௣ǡହ ൌ ͷͲǡ ௣ǡ଺ߪ ൌ

͹ͷ, and ߪ௣ǡ଻ ൌ ͳͲͲ. 

Assuming that to manufacture one unit of output item ݌, it is required ߙ ൌ ͳ 

unit of subassembly ܽ from the location set ܮଶ. Due to the single-sourcing strategy, 

each downstream node ݇ א ݆ can only receive items from a single upstream node ܭ א

 ௔ǡ௝ǡ௞ǡ௧ for item ܽ betweenߪ ଶ. Consequently, the calculation of the demand SDܮ

upstream node ݆ א ݇ ଶ and downstream nodeܮ א  :is computed as follows ܭ

 

௔ǡ௝ǡ௞ǡ௧ߪ ൌ ቐට
௣ǡ௞ǡ௧ଶߪଶߙ ௔ǡ௝ǡ௞ǡ௧ܣܥ�݂݅ ൌ ͳ

Ͳ������������� ௔ǡ௝ǡ௞ǡ௧ܣܥ�݂݅ ൌ Ͳ
ǡܽ׊ א ǡܣܵ ݌ א ܲǡ ݆ א ଶǡܮ ݇ א ǡܭ ݐ א ܶ� (3.33) 

 
As an illustration, considering that both nodes ݇ ൌ ͷ  and ݇ ൌ ͸ are supplied 

by node ݆ ൌ ͵, the calculation of the demand SD for the subassembly at these nodes is 

as follows: 

௔ǡଷǡହǡ௧ߪ ൌ ටߙଶߪ௣ǡହଶ ൌ ξͷͲଶ ൌ ͷͲǡ� and  

௔ǡଷǡ଺ǡ௧ߪ ൌ ටߙଶߪ௣ǡ଺ଶ ൌ ξ͹ͷଶ ൌ ͹ͷ. 

Likewise, the demand SD for subassembly ܽ at node ݆ ൌ Ͷ is determined as 

௔ǡସǡ଻ǡ௧ߪ ൌ ටߙଶߪ௣ǡ଺ଶ ൌ ඥͳͲͲଶ ൌ ͳͲͲǤ 

Let us suppose that the manufacture of one unit of output item ܽ necessitates 

the use of ߚ ൌ ʹ units of input item ܿ. Based on this relationship, the SD of the demand 

for item ܿ can be calculated as: 

 

ǲߪ௖ǡ௜ǡ௝ǡ௧ ൌ

ە
۔

௔ǡ௝ǡ௧ଶߪଶߚටۓ ൌ ඨߚଶ෍ߪ௔ǡ௝ǡ௞ǡ௧ଶ

௞א஽

௔ǡ௝ǡ௞ǡ௧ܣܥ�݂݅ ൌ ͳ

Ͳ ௔ǡ௝ǡ௞ǡ௧ܣܥ�݂݅ ൌ Ͳ

ǡ ܿ׊ א ǡܥ ܽ

א ǡܣܵ ݌ א ܲǡ ݅ א ଵǡܮ ݆ א ଶǡܮ ݇ א ǡܭ ݐ א ܶǳ 

(3.34) 

 
To exemplify, considering that node 1 supplies item ܿ to node 3, which 

subsequently provides item ܽ to nodes 5 and 6, the SD experienced by node 1 can be 
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calculated as ߪ௖ǡଵǡଷǡ௧ ൌ ටʹଶ σ ௔ǡଷǡ௞ଶߪ
௞אሼହǡ଺ሽ ൌ ටͶሺߪ௔ǡଷǡହଶ ൅ ௔ǡଷǡ଺ଶߪ ሻ ൌ ඥͶሺͷͲଶ ൅ ͹ͷଶሻ ൌ

ͳͺͲǤʹͺ. 

The IP problem discussed in this section is developed based on the foundational 

model formulated in Section 3.3.1.1, but it is extended to encompass multiple products 

and multiple periods. Furthermore, our extended model is designed to be adaptable to 

a broader assembly network, accommodating scenarios where there are multiple final 

downstream nodes instead of just one, as previously assumed in the original model. 

One notable distinction is that our extended model computes the expected SS 

and the number of shortages based on the connections between two nodes rather than 

relying on node-level computations. 

 

3.3.2.3 The extended inventory positioning model 

Parameters 

ࣩࣝ௜ǡ௝: Transit time from component manufacturer ݅ א  ଵ�to subassemblyܮ

manufacturer ݆ א  ;ଶܮ

ࣩ ௝ࣛǡ௞: Transit time from subassembly manufacturer ݆ א  ଶ to final assemblyܮ

manufacturer ݇ א  ;ܭ

࣪ࣝ௜: Processing time of component manufacturer ݅ א  ;ଵܮ

࣪ ௝ࣛ: Processing time of subassembly manufacturer ݆ א  ;ଶܮ

࣪ ௞࣪: Processing time of final assembly manufacturer ݇ א  ;ܭ

࣢ࣝ௖ǡ௜ǡ௧: SS holding cost per unit-period of component ܿ א  from component ܥ

manufacturer ݅ א ݐ ଵ�in periodܮ א ܶ; 

࣢ࣛ௔ǡ௝ǡ௧: SS holding cost per unit-period of subassembly ܽ א  from ܣܵ

subassembly manufacturer ݆ א ݐ ଶ in periodܮ א ܶ; 

࣢ ௣࣪ǡ௞ǡ௧: SS holding cost per unit-period of finished product ݌ א ܲ from final 

assembly manufacturer ݇ א ݐ in period ܭ א ܶ; 

ࣦࣝ௖ǡ௜ǡ௧: Shortage cost per unit of component ܿ א  from component ܥ

manufacturer ݅ א ݐ ଵ�in periodܮ א ܶǢ 

ࣦࣛ௔ǡ௝ǡ௧: Shortage cost per unit of subassembly ܽ א  from component ܣܵ

manufacturer ݆ א ݐ ଶ�in periodܮ א ܶǢ 
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ࣦ ௣࣪ǡ௞ǡ௧: Shortage cost per unit of finished goods ݌ א ܲ from final assembly 

manufacturer ݇ א ݐ in period ܭ א ܶ; 

݌ ௣ǡ௞ǡ௧: the SD of demand of finished productߪ א ܲ at final assembly 

manufacturer ݇ א ݐ in period ܭ א ܶ; 

݆ ௔ǡ௝ǡ௞ǡ௧ǣ the SD of subassembly ܽ at upstream nodeߪ א  ଶ that is consumed byܮ

a downstream node ݇ א ݐ in period ܭ א  ;௔ǡ௝ǡ௞ǡ௧ can be computed by Equation (3.33)ߪ ,ܶ

݅ ௖ǡ௜ǡ௝ǡ௧ǣ the SD of component ܿ at upstream nodeߪ א  ଵ that is consumed by aܮ

downstream node ݆ א ݐ ଶ in periodܮ א  ;௖ǡ௜ǡ௝ǡ௧ can be computed by Equation (3.34)ߪ ,ܶ

࣬௞ǡ௧: Service time committed to the end customer of final assembly 

manufacturer ݇ א ݐ in period ܭ א ܶ; 

࣫ࣝ௖ǡ௜ǡ௝ǡ௠ǡ௧ǣ  Expected SS of component ܿ א  held between component ܥ

manufacturer ݅ א ݆ ଵ and subassembly manufacturerܮ א ݐ ଶ in periodܮ א ܶ if the RT is 

݉ א   ,ܯ

࣫ࣛ௔ǡ௝ǡ௞ǡ௠ǡ௧ǣ  Expected SS of subassembly ܽ א  held between subassembly ܣܵ

manufacturer ݆ א ݇ ଶ final assembly manufacturerܮ א ݐ in period ܭ א ܶ if the RT is 

݉ א  ;ܯ

࣫ ௣࣪ǡ௞ǡ௠ǡ௧ǣ  Expected SS of finished product ݌ א ܲ at final assembly 

manufacturer ݇ א ݐ in period ܭ א ܶ if the RT is ݉ א  ;ܯ

 

࣫ࣝ௖ǡ௜ǡ௝ǡ௠ǡ௧ ൌ ቊ
Ȱିଵሺݏሻߪ௖ǡ௜ǡ௝ǡ௧ξ݉ ௖ǡ௜ǡ௝ǡ௧ܥܥ�݂݅ ൌ ͳ

Ͳ ௖ǡ௜ǡ௝ǡ௧ܥܥ�݂݅ ൌ Ͳ
 

࣫ࣛ௔ǡ௝ǡ௞ǡ௠ǡ௧ ൌ ቊ
Ȱିଵሺݏሻߪ௔ǡ௝ǡ௞ǡ௧ξ݉ ௔ǡ௝ǡ௞ǡ௧ܣܥ�݂݅ ൌ ͳ

Ͳ ௔ǡ௝ǡ௞ǡ௧ܣܥ�݂݅ ൌ Ͳ
 

࣫ ௣࣪ǡ௞ǡ௠ǡ௧ ൌ Ȱିଵሺݏሻߪ௣ǡ௞ǡ௧ξ݉ 

(3.35) 

 
ࣦ࣭ࣝ௖ǡ௜ǡ௝ǡ௠ǡ௧ǣ  Expected shortage of component ܿ א  held between component ܥ

manufacturer ݅ א ݆ ଵ and subassembly manufacturerܮ א ݐ ଶ in periodܮ א ܶ if the RT is 

݉ א  ,ܯ

ࣦ࣭ࣛ௔ǡ௝ǡ௞ǡ௠ǡ௧ǣ  Expected shortage of subassembly ܽ א  held between ܣܵ

subassembly manufacturer ݆ א ݇ ଶ final assembly manufacturerܮ א ݐ in period ܭ א ܶ 

if the RT is ݉ א  ;ܯ
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ࣦ࣭ ௣࣪ǡ௞ǡ௠ǡ௧ǣ  Expected shortage of finished product ݌ א ܲ at final assembly 

manufacturer ݇ א ݐ in period ܭ א ܶ if the RT is ݉ א  ;ܯ

 

ࣦ࣭ࣝ௖ǡ௜ǡ௝ǡ௠ǡ௧ ൌ ቊ
ࣦሺݏሻߪ௖ǡ௜ǡ௝ǡ௧ξ݉ ௖ǡ௜ǡ௝ǡ௧ܥܥ�݂݅ ൌ ͳ

Ͳ ௖ǡ௜ǡ௝ǡ௧ܥܥ�݂݅ ൌ Ͳ
 

ࣦ࣭ࣛ௔ǡ௝ǡ௞ǡ௠ǡ௧ ൌ ቊ
ࣦሺݏሻߪ௔ǡ௝ǡ௞ǡ௧ξ݉ ௔ǡ௝ǡ௞ǡ௧ܣܥ�݂݅ ൌ ͳ

Ͳ ௔ǡ௝ǡ௞ǡ௧ܣܥ�݂݅ ൌ Ͳ
 

ࣦ࣭ ௣࣪ǡ௞ǡ௠ǡ௧ ൌ ࣦሺݏሻߪ௣ǡ௞ǡ௧ξ݉ 

(3.36) 

 
ࣧ: Maximum RT. The possible RTs are listed within a range spanning from 

zero to a predetermined upper limit. This upper limit correlates with the total time of 

the longest path within the network. Specifically, it encompasses the time it takes to 

traverse from one of the most upstream nodes to one of the final nodes. The longest 

path is determined by the longest path model, as shown in Appendix B. 

 
Decision variables 

࣭ࣝ௖ǡ௜ǡ௝ǡ௧௜௡ ǣ Incoming service time committing to deliver component ܿ א  from �ܥ

component manufacturer ݅ א ݆ ଵ to subassembly manufacturerܮ א ݐ ଶ in periodܮ א ܶ; 

࣭ࣛ௔ǡ௝ǡ௞ǡ௧
௜௡ ǣ Incoming service time committing to deliver subassembly ܽ א  �ܣܵ

from subassembly manufacturer ݆ א ݇ ଶ to final assembly manufacturerܮ א  in period ܭ

ݐ א ܶ; 

࣭ࣝ௖ǡ௜ǡ௝ǡ௧௢௨௧ ǣ Outgoing service time committing to deliver component ܿ א  from �ܥ

component manufacturer ݅ א ݆ ଵ to subassembly manufacturerܮ א ݐ ଶ in periodܮ א ܶ; 

࣭ࣛ௔ǡ௝ǡ௞ǡ௧
௢௨௧ ǣ Outgoing service time committing to deliver subassembly ܽ א  �ܣܵ

from subassembly manufacturer ݆ א ݇ ଶ to final assembly manufacturerܮ א  in period ܭ

ݐ א ܶ; 

࣭ ௣࣪ǡ௞ǡ௧
௢௨௧ ǣ Outgoing service time to deliver finished product ݌ א ܲ of final 

assembly manufacturer ݇ א ݐ �in periodܭ א ܶ; 

ࣲࣝ௖ǡ௜ǡ௝ǡ௧ǣ  RT of output component ܿ א ݅ at component manufacturer �ܥ א  ,ଵܮ

indicating a need for SS if positive, serving subassembly manufacturer ݆ א  ଶ in periodܮ

ݐ א ܶ; 
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ࣲࣛ௔ǡ௝ǡ௞ǡ௧ǣ  RT of output subassembly ܽ א ݆ at subassembly manufacturer �ܣܵ א

݇ ଶ, indicating a need for SS if positive, serving final assembly manufacturerܮ א  in ܭ

period ݐ א ܶ; 

ࣲ ௣࣪ǡ௞ǡ௧ǣ  RT of finished product ݌ א ܲ at final assembly manufacturer ݇ א  in ܭ

period ݐ א ܶ; 

࣯ࣝ௖ǡ௜ǡ௝ǡ௠ǡ௧ǣ Binary variable, ͳ if ࣲࣝ௖ǡ௜ǡ௝ǡ௧ ൌ ݉ in period ݐ א ܶ, or Ͳ otherwise;  

࣯ࣛ௔ǡ௝ǡ௞ǡ௠ǡ௧ǣ Binary variable, ͳ if ࣲ ࣛ௔ǡ௝ǡ௞ǡ௧ ൌ ݉ in period ݐ א ܶ, or Ͳ otherwise; 

࣯ ௣࣪ǡ௞ǡ௠ǡ௧ǣ Binary variable, ͳ if ࣲ ௣࣪ǡ௞ǡ௧ ൌ ݉ in period ݐ א ܶ, or Ͳ otherwise; 

ࣳࣝ௖ǡ௜ǡ௝ǡ௧: RT of subassembly manufacturer ݆ א  ଶ which requires componentܮ

ܿ א ݅ from component manufacturer ܥ א ݐ ଵ as input item in periodܮ א ܶ; 

ࣳࣛ௔ǡ௝ǡ௞ǡ௧: RT of final assembly manufacturer ݇ א  which requires ܭ

subassembly ܽ א ݆ from subassembly manufacturer ܣܵ א ݐ ଶ as input item in periodܮ א

ܶ; 

ࣰࣝ௖ǡ௜ǡ௝ǡ௠ǡ௧ǣ  Binary variable, ͳ if ࣳࣝ௖ǡ௜ǡ௝ǡ௧ ൌ ݉ in period ݐ א ܶ, or Ͳ otherwise; 

ࣰࣛ௔ǡ௝ǡ௞ǡ௠ǡ௧ǣ  Binary variable, ͳ if ࣳ ࣛ௔ǡ௝ǡ௞ǡ௧ ൌ ݉ in period ݐ א ܶ, or Ͳ otherwise; 

 
The MILP model: 

The aim of the IP problem is to minimize the overall cost associated with SS, 

including both the holding cost and the cost caused by shortages of both output and 

input items. the objective function is expressed as follows: 

 
ଶܼ�݁ݖ݅݉݅݊݅ܯ ൌ෍෍ ෍ ෍ ෍࣢ࣝ௖ǡ௜ǡ௧࣫ࣝ௖ǡ௜ǡ௝ǡ௠ǡ௧

௧்א௠אெ௝א௅మ௜א௅భ௖א஼

ሺ࣯ࣝ௖ǡ௜ǡ௝ǡ௠ǡ௧ ൅ ࣰࣝ௖ǡ௜ǡ௝ǡ௠ǡ௧ሻ 

൅෍෍ ෍ ෍ ෍࣢ࣛ௔ǡ௝ǡ௧࣫ࣛ௔ǡ௝ǡ௞ǡ௠ǡ௧ሺ࣯ࣛ௔ǡ௝ǡ௞ǡ௠ǡ௧ ൅ ࣰࣛ௖ǡ௜ǡ௝ǡ௠ǡ௧ሻ
௧்א௠אெ௞א௄௝א௅మ௔א஺

 

൅෍෍ ෍ ෍࣢ ௣࣪ǡ௞ǡ௧࣫ ௣࣪ǡ௞ǡ௠
௧்א௠אெ

࣯ ௣࣪ǡ௞ǡ௠ǡ௧
௞א௄௣א௉

 

൅෍෍ ෍ ෍ ෍
͵͸ͷ
݉ ൈ ࣦࣝ௖ǡ௜ǡ௧ࣦ࣭ࣝ௖ǡ௜ǡ௝ǡ௠ǡ௧

௧்א௠אெ௝א௅మ௜א௅భ௖א஼

ሺ࣯ࣝ௖ǡ௜ǡ௝ǡ௠ǡ௧ ൅ ࣰࣝ௖ǡ௜ǡ௝ǡ௠ǡ௧ሻ 

൅෍෍ ෍ ෍ ෍
͵͸ͷ
݉

ൈ ࣦࣛ௔ǡ௝ǡ௧ࣦ࣭ࣛ௔ǡ௝ǡ௞ǡ௠ǡ௧ሺ࣯ࣛ௔ǡ௝ǡ௞ǡ௠ǡ௧ ൅ ࣰࣛ௔ǡ௝ǡ௞ǡ௠ǡ௧ሻ
௧்א௠אெ௞א௄௝א௅మ௔א஺

 

(3.37) 
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൅෍෍ ෍ ෍
͵͸ͷ
݉ ൈ ࣦ ௣࣪ǡ௞ǡ௧ࣦ࣭ ௣࣪ǡ௞ǡ௠

௧்א௠אெ௞א௄௣א௉

࣯ ௣࣪ǡ௞ǡ௠ǡ௧ 

 
 
Subject to 

࣭ࣝ௖ǡ௜ǡ௝ǡ௧௢௨௧ െ ࣭ࣝ௖ǡ௜ǡ௝ǡ௧௜௡ ൅ ࣩࣝ௜ǡ௝ ൑ ࣳࣝ௖ǡ௜ǡ௝ǡ௧  ܿ׊ א ǡܥ ݅ א ଵǡܮ  ݆ א ଶǡܮ ݐ א ܶ (3.38) 

࣭ࣛ௔ǡ௝ǡ௞ǡ௧
௢௨௧ െ ࣭ࣛ௔ǡ௝ǡ௞ǡ௧

௜௡ ൅ ࣩ ௝ࣛǡ௞ ൑ ࣳࣛ௔ǡ௝ǡ௞ǡ௧  ܽ׊ א ǡܣܵ ݆ א ଶǡܮ  ݇ א ǡܭ ݐ א ܶ (3.39) 

െ࣭ࣝ௖ǡ௜ǡ௝ǡ௧௢௨௧ ൅ ࣪ࣝ௜ ൑ ࣲࣝ௖ǡ௜ǡ௝ǡ௧ � 

ܿ׊ א ǡܥ ݅ א ଵǡܮ ݆ א ଶǡܮ ݐ א ܶ 
(3.40) 

࣭ࣝ௖ǡ௜ǡ௝ǡ௧௜௡ െ ࣭ࣛ௔ǡ௝ǡ௞ǡ௧
௢௨௧ ൅ ࣪ ௝ࣛ ൑ ࣲࣛ௔ǡ௝ǡ௞ǡ௧  

ሺܿǡ׊ ܽሻ א ǡܥܯܱܤ ݅ א ଵǡܮ ݆ א ଶǡܮ ݇ א ǡܭ ݐ א ܶ 
(3.41) 

࣭ࣛ௔ǡ௝ǡ௞ǡ௧
௜௡ െ ࣭ ௣࣪ǡ௞ǡ௧

௢௨௧ ൅ ࣪ ௞࣪ ൑ ࣲ ௣࣪ǡ௞ǡ௧ � 

ሺܽǡ׊ ሻ݌ א ǡܣܯܱܤ ݆ א ଶǡܮ ݇ א ǡܭ ݐ א ܶ 
(3.42) 

࣭ࣝ௖ǡ௜ǡ௝ǡ௧௜௡ ൑ ܿ׊       ࣧ א ǡܥ  ݅ א ଵǡܮ ݆ א ଶǡܮ ݐ א ܶ (3.43) 

࣭ࣛ௔ǡ௝ǡ௞ǡ௧
௜௡ ൑ ܽ׊       ࣧ א ǡܣܵ  ݆ א ଶǡܮ ݇ א ǡܭ ݐ א ܶ (3.44) 

࣭ࣝ௖ǡ௜ǡ௝ǡ௧௢௨௧ ൑ ܿ׊     ࣧ א ǡܥ  ݅ א ଵǡܮ ݆ א ଶǡܮ ݐ א ܶ (3.45) 

࣭ࣛ௔ǡ௝ǡ௞ǡ௧
௢௨௧ ൑ ܽ׊       ࣧ א ǡܣܵ  ݆ א ଶǡܮ ݇ א ǡܭ ݐ א ܶ (3.46) 

࣭ ௣࣪ǡ௞ǡ௧
௢௨௧ ൑ ࣬௞ǡ௧ � ݌׊ א ܲǡ ݇ א ǡܭ ݐ א ܶ (3.47) 

ࣲࣝ௖ǡ௜ǡ௝ǡ௧ � ൌ ෍ ࣯݉ࣝ௖ǡ௜ǡ௝ǡ௠ǡ௧
௠אெ

ܿ׊        א ǡܥ  ݅ א ଵǡܮ ݆ א ଶǡܮ ݐ א ܶ (3.48) 

ࣲࣛ௔ǡ௝ǡ௞ǡ௧ � ൌ ෍ ࣯݉ࣛ௔ǡ௝ǡ௞ǡ௠ǡ௧
௠אெ

ܽ׊        א ǡܣܵ  ݆ א ଶǡܮ ݇ א ǡܭ ݐ א ܶ (3.49) 

ࣲ ௣࣪ǡ௞ǡ௧ ൌ ෍ ࣯݉ ௣࣪ǡ௞ǡ௠ǡ௧
௠אெ

݌׊        א ܲǡ  ݇ א ǡܭ ݐ א ܶ (3.50) 

ࣳࣝ௖ǡ௜ǡ௝ǡ௧ ൌ ෍ ࣰ݉ࣝ௖ǡ௜ǡ௝ǡ௠ǡ௧
௠אெ

ܿ׊       א ǡܥ ݅ א ଵǡܮ ݆ א ଶǡܮ ݐ א ܶ (3.51) 

ࣳࣛ௔ǡ௝ǡ௞ǡ௧ ൌ ෍ ࣰ݉ࣛ௔ǡ௝ǡ௞ǡ௠ǡ௧
௠אெ

ܽ׊       א ǡܣܵ ݆ א ଶǡܮ ݇ א ǡܭ ݐ א ܶ (3.52) 

෍ ࣯ࣝ௖ǡ௜ǡ௝ǡ௠ǡ௧
௠אெ

൑ ͳ         ܿ׊ א ǡܥ  ݅ א ଵǡܮ ݆ א ଶǡܮ ݐ א ܶ (3.53) 

෍ ࣯ࣛ௔ǡ௝ǡ௞ǡ௠ǡ௧
௠אெ

൑ ͳ         ܽ׊ א ǡܣܵ  ݆ א ଶǡܮ ݇ א ǡܭ ݐ א ܶ (3.54) 
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෍ ࣯ ௣࣪ǡ௞ǡ௠ǡ௧
௠אெ

൑ ͳ         ݌׊ א ܲǡ  ݇ א ǡܭ ݐ א ܶ (3.55) 

෍ ࣰࣝ௖ǡ௜ǡ௝ǡ௠ǡ௧
௠אெ

൑ ͳ      ܿ׊ א ǡܥ ݅ א ଵǡܮ ݆ א ଶǡܮ ݐ א ܶ (3.56) 

෍ ࣰࣛ௔ǡ௝ǡ௞ǡ௠ǡ௧
௠אெ

൑ ͳ      ܽ׊ א ǡܣܵ  ݆ א ଶǡܮ ݇ א ǡܭ ݐ א ܶ (3.57) 

࣭ࣝ௖ǡ௜ǡ௝ǡ௧௜௡ ǡ ࣭ࣛ௔ǡ௝ǡ௞ǡ௧
௜௡ ǡ ࣭ࣝ௖ǡ௜ǡ௝ǡ௧௢௨௧ ǡ ࣭ࣛ௔ǡ௝ǡ௞ǡ௧

௢௨௧ ǡ ࣭ ௣࣪ǡ௞ǡ௧
௢௨௧ ǡ ࣲࣝ௖ǡ௜ǡ௝ǡ௧ǡࣲࣛ௔ǡ௝ǡ௞ǡ௧ǡ ࣲ ௣࣪ǡ௞ǡ௧ǡ ࣳࣝ௖ǡ௜ǡ௝ǡ௧ǡ 

ࣳࣛ௔ǡ௝ǡ௞ǡ௧ ൒ Ͳǡ ܿ׊      א ǡܥ ܽ א ǡܣܵ ݌ א ܲǡ ݅ א ଵǡܮ ݆ א ଶǡܮ ݇ א ǡ݉ܭ א ǡܯ ݐ א ܶ 
(3.58) 

࣯ࣝ௖ǡ௜ǡ௝ǡ௠ǡ௧ǡ ࣯ࣛ௔ǡ௝ǡ௞ǡ௠ǡ௧ǡ ࣯ ௣࣪ǡ௞ǡ௠ǡ௧ǡ ࣰࣝ௖ǡ௜ǡ௝ǡ௠ǡ௧ǡ ࣰࣛ௔ǡ௝ǡ௞ǡ௠ǡ௧ � א ሼͲǡͳሽ 

ܿ׊ א ǡܥ ܽ א ǡܣܵ ݌ א ܲǡ ݅ א ଵܮ ଶǡܮ�׫ ݆ א ଶܮ ׫ ǡ݉ܭ א ǡܯ ݐ א ܶ 
(3.59) 

 
Constraints (3.38) and (3.39) are to define the RT for different input items, 

whereas Constraints (3.40) to (3.41) are dedicated to output items. These constraints 

are derived from Equation (3.32) to capture the timing relationships within the system. 

In addition, Constraints (3.43) - (3.46) are to enforce that the incoming and outgoing 

service times must not exceed the maximum RT. To prevent the violation of service 

commitments, Constraints (3.47) enforce that the outgoing service times at the final 

nodes remain within the bounds of the service times committed to the customers. 

Constraints (3.48) - (3.52) are responsible for identifying the values of the RTs times 

by the selected option of the RT for both output and input items. Constraints (3.53) - 

(3.57) ensure that each arc, during each period, is aligned with a single selected option 

for the RT. Lastly, Constraints (3.58) and (3.59) are binary and non-negativity 

constraints. 

 
3.4 The integrated model 

3.4.1 An alternative approach for SS computation 

When integrating the NDP and IP, it is essential to note that the network 

structure is initially unknown. Additionally, the SD along an arc connecting two nodes 

depends on whether a flow traverses that arc. Consequently, the approach outlined in 

the previous section is not suitable for computing the SD in this context. This section 

presents an alternative approach to deal with this issue. 
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Specifically, given a set of product flows within the network, the variance 

associated with each arc can be computed using proportions derived from the total 

demand variance through that specific arc. 

In the integrated model, the determination of flows and the specification of 

variance on the arcs are intertwined. This interdependence complicates the computation 

of SDs. To tackle this complexity, we rely on a set of binary variables that cover all 

combinations of demand variance between two layers. These combinations serve to 

define the chosen proportions, which in turn specify the calculation of SD values. 

Consider the case of single period, within layer ܮଶ, it is demonstrated that the 

SD of an item ܽ along the arc connecting node ݆ א ݇ ଶ to nodeܮ א  can be calculated ܭ

as ߪ௔ǡ௝ǡ௞ ൌ ටߙଶߪ௣ǡ௞ଶ ǡ ܽ׊ א ǡܣܵ ݌ א ܲǡ ݆ א ଶǡܮ ݇ א  .ܭ

 
Figure 3.2 Simple supply chain with all possible connections 

 
Considering the network illustrated in Figure 3.2, there are a total of seven 

possible combinations of demand variance proportions. These combinations are 

interpreted through the parameters ߢ௣ǡଵǡ ߢ௣ǡଶǡ  ௣ǡଷ, representing the demand varianceߢ

proportions for product ݌ in scenarios where either node 3 or node 4 serves each of the 

demand nodes 5, 6, and 7, respectively. Furthermore, ߢ௣ǡସǡ  ௣ǡ଺ denote theߢ ௣ǡହǡ�andߢ

demand variance proportions in instances where either node 3 or node 4 serves two out 

of the three nodes, namely nodes 5 and 6, nodes 5 and 7, and nodes 6 and 7. 

Additionally, variable ߢ௣ǡ଻ corresponds to situations where either node 3 or node 4 

serves all three demand nodes. 

The computation of these variance proportions is outlined as follows: 

௣ǡଵߢ ൌ
௣ǡହଶߪ

σ ஽א௣ǡ௞ଶ௞ߪ
ൌ

ͷͲଶ

ͷͲଶ ൅ ͹ͷଶ ൅ ͳͲͲଶ ൌ ͲǤͳ͵͹ͻ 
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௣ǡଶߢ ൌ
௣ǡ଺ଶߪ

σ ஽א௣ǡ௞ଶ௞ߪ
ൌ

͹ͷଶ

ͷͲଶ ൅ ͹ͷଶ ൅ ͳͲͲଶ ൌ ͲǤ͵ͳͲ͵ 

௣ǡଷߢ ൌ
௣ǡ଻ଶߪ

σ ஽א௣ǡ௞ଶ௞ߪ
ൌ

ͳͲͲଶ

ͷͲଶ ൅ ͹ͷଶ ൅ ͳͲͲଶ ൌ ͲǤͷͷͳ͹� 

For layer ܮଶ ൌ ሼ͵ǡ Ͷሽ serving layer ܭ ൌ ሼͷǡ͸ǡ͹ሽ, the SDs of ܽ on the arc from 

node ݆ א ݇ ଶ to nodeܮ א  ௔ǡ௝ǡ௞, are computed asߪ ,ܭ

௔ǡ௝ǡହߪ ൌ ටߙଶߪ௣ǡହଶ ൌ ඨߢ௣ǡଵߙଶ෍ߪ௣ǡ௞ଶ
௞א஽

ൌ ͷͲǡ 

௔ǡ௝ǡ଺ߪ ൌ ටߙଶߪ௣ǡ଺ଶ ൌ ඨߢ௣ǡଶߙଶ෍ߪ௣ǡ௞ଶ
௞א஽

ൌ ͹ͷǡ ��� 

௔ǡ௝ǡ଻ߪ ൌ ටߙଶߪ௣ǡ଻ଶ ൌ ඨߢ௣ǡଷߙଶ෍ߪ௣ǡ௞ଶ
௞א஽

ൌ ͳͲͲǤ 

Moving to the upstream layer denoted as ܮଵ ൌ ሼͳǡ ʹሽ, let's consider a scenario 

where we require ߚ ൌ ʹ units of input item ܿ to manufacture 1 unit of output item ܽ at 

downstream node ݆ א ଶܮ ൌ ሼ͵ǡ Ͷሽ. In this context, the SD of ܿ along the arc from ݅ to ݆, 

 ௖ǡ௜ǡ௝, can be expressed in eight distinct cases as detailed below. It should be noted thatߪ

these cases assume that node 1 supplies to node 3 and node 2 supplies to node 4. 

 
Case 1: 

 
௖ǡଵǡଷߪ ൌ ටߚଶߪʹߙ௔ǡଷଶ ൌ ටߚଶߪ௔ǡଷǡହଶ

ൌ ඨߚଶߢ௣ǡଵ෍ߪ௣ǡ௞ଶ
௞א஽

ൌ ͳͲͲ 

௖ǡଶǡସߪ ൌ ටߚଶߪʹߙ௔ǡସଶ ൌ ටߚଶሺߪ௔ǡସǡ଺ଶ ൅ ௔ǡସǡ଻ଶߪ ሻ

ൌ ඨߚଶሺߢ௣ǡଶ ൅ ௣ǡ௞ଶߪ௣ǡଷሻ෍ߢ
௞א஽

ൌ ʹͷͲ 
 
 

Case 2: 

 

௖ǡଵǡଷߪ ൌ ටߚଶߪʹߙ௔ǡଷଶ ൌ ටߚଶሺߪ௔ǡଷǡ଺ଶ ൅ ௔ǡଷǡ଻ଶߪ ሻ

ൌ ඨߚଶሺߢ௣ǡଶ ൅ ௣ǡ௞ଶߪ௣ǡଷሻ෍ߢ
௞א஽

ൌ ʹͷͲ 

௖ǡଶǡସߪ ൌ ටߚଶߪʹߙ௔ǡସଶ ൌ ටߪ௔ǡସǡହଶ ൌ ඨߢ௣ǡଵ෍ ௣ǡ௞ଶߪ
௞א஽

ൌ ͳͲͲ 

Ref. code: 25666322300267HQA



44 

 

Case 3: 

 

௖ǡଵǡଷߪ ൌ ටߚଶߪʹߙ௔ǡଷଶ ൌ ටߚଶߪ௔ǡଷǡ଺ଶ

ൌ ඨߚଶߢ௣ǡଶ෍ߪ௣ǡ௞ଶ
௞א஽

ൌ ͳͷͲ 

௖ǡଶǡସߪ ൌ ටߚଶߪʹߙ௔ǡସଶ ൌ ටߚଶሺߪ௔ǡସǡହଶ ൅ ௔ǡସǡ଻ଶߪ ሻ

ൌ ඨߚଶሺߢ௣ǡଵ ൅ ௣ǡ௞ଶߪ௣ǡଷሻ෍ߢ
௞א஽

ൌ ʹʹ͵Ǥ͸ͳ 
 

Case 4: 

 
௖ǡଵǡଷߪ ൌ ටߚଶߪʹߙ௔ǡଷଶ ൌ ටߚଶሺߪ௔ǡଷǡହଶ ൅ ௔ǡଷǡ଻ଶߪ ሻ

ൌ ඨߚଶሺߢ௣ǡଵ ൅ ௣ǡ௞ଶߪ௣ǡଷሻ෍ߢ
௞א஽

ൌ ʹʹ͵Ǥ͸ͳ 

௖ǡଶǡସߪ ൌ ටߚଶߪʹߙ௔ǡସଶ ൌ ටߚଶߪ௔ǡସǡ଺ଶ

ൌ ඨߚଶߢ௣ǡଶ෍ߪ௣ǡ௞ଶ
௞א஽

ൌ ͳͷͲ 

Case 5: 

 

௖ǡଵǡଷߪ ൌ ටߚଶߪʹߙ௔ǡଷଶ ൌ ටߚଶߪ௔ǡଷǡ଻ଶ

ൌ ඨߚଶߢ௣ǡଷ෍ߪ௣ǡ௞ଶ
௞א஽

ൌ ʹͲͲ 

௖ǡଶǡସߪ ൌ ටߚଶߪʹߙ௔ǡସଶ ൌ ටߚଶሺߪ௔ǡସǡହଶ ൅ ௔ǡସǡ଺ଶߪ ሻ

ൌ ඨߚଶሺߢ௣ǡଵ ൅ ௣ǡ௞ଶߪ௣ǡଶሻ෍ߢ
௞א஽

ൌ ͳͺͲǤʹͺ 

Case 6: 

 
௖ǡଵǡଷߪ ൌ ටߚଶߪʹߙ௔ǡଷଶ ൌ ටߚଶሺߪ௔ǡଷǡହଶ ൅ ௔ǡଷǡ଺ଶߪ ሻ

ൌ ඨߚଶሺߢ௣ǡଵ ൅ ௣ǡ௞ଶߪ௣ǡଶሻ෍ߢ
௞א஽

ൌ ͳͺͲǤʹͺ 

௖ǡଶǡସߪ ൌ ටߚଶߪʹߙ௔ǡସଶ ൌ ටߚଶߪ௔ǡସǡ଻ଶ

ൌ ඨߚଶߢ௣ǡଷ෍ߪ௣ǡ௞ଶ
௞א஽

ൌ ʹͲͲ 

Case 7: 

 
௖ǡଵǡଷߪ ൌ ටߚଶߪʹߙ௔ǡଷଶ ൌ ටߚଶሺߪ௔ǡଷǡହଶ ൅ ௔ǡଷǡ଺ଶߪ ൅ ௔ǡଷǡ଻ଶߪ ሻ

ൌ ඨߚଶሺߢ௣ǡଵ ൅ ௣ǡଶߢ ൅ ௣ǡଷሻ෍ߢ ௣ǡ௞ଶߪ
௞א஽

ൌ ʹ͸ͻǤʹ͸ 

Case 8: 

 

௖ǡଶǡସߪ ൌ ටߚଶߪʹߙ௔ǡସଶ ൌ ටߚଶሺߪ௔ǡସǡହଶ ൅ ௔ǡସǡ଺ଶߪ ൅ ௔ǡସǡ଻ଶߪ ሻ

ൌ ඨߚଶሺߢ௣ǡଵ ൅ ௣ǡଶߢ ൅ ௣ǡଷሻ෍ߢ ௣ǡ௞ଶߪ
௞א஽

ൌ ʹ͸ͻǤʹ͸ 

Figure 3.3 Eight cases of SD computation 
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When the configuration is such that node 1 supplies to node 4 and node 2 

supplies to node 3, a similar set of eight cases is generated, as detailed above. 

For a given network, we introduce the notation ࣟࣞ௣ǡ௢, which represents the 

multiplier ݋ utilized for calculating the SD of demand when an upstream node serves 

downstream nodes producing the finished product ݌. ࣟࣞ௣ǡ௢ is expressed as follows.  

Table 3.1 Multipliers of layer ܭ 

 ࢕ǡ࢖एऎ כࡷ ࢕

1 {5} ඥߢ௣ǡଵ 

2 {6} ඥߢ௣ǡଶ 

3 {7} ඥߢ௣ǡଷ 

 

The notation כܭ signifies the collection of all downstream nodes that are 

supplied by a particular upstream node. For instance, כܭ ൌ ሼͷሽ indicates that an 

upstream node exclusively provides sub-assembly to node 5. 

Similarly, a multiplier ࣟࣛ௔ǡ௢ is introduced for subassembly ܽ from layer ܮଶ, 

where ሺܽǡ ሻ݌ א  :The expression for ࣟࣛ௔ǡ௢ is as follows .ܣܯܱܤ

Table 3.2 Multipliers of layer ܮଶ 

 ࢕ǡࢇएऋ כࡷ ࢕

1 {5} ඥߢ௣ǡଵ 

2 {6} ඥߢ௣ǡଶ 

3 {7} ඥߢ௣ǡଷ 

4 {5, 6} ඥߢ௣ǡଵ ൅  ௣ǡଶߢ

5 {5, 7} ඥߢ௣ǡଵ ൅  ௣ǡଷߢ

6 {6, 7} ඥߢ௣ǡଶ ൅  ௣ǡଷߢ

7 {5, 6, 7} ඥߢ௣ǡଵ ൅ ௣ǡଶߢ ൅  ௣ǡଷߢ
 

The number of multipliers expands with the augmentation of nodes within the 

final downstream layer. Specifically, if the final layer encompasses ȁܭȁ nodes, then the 

potential number of multipliers can be determined using the expression 

σ ȁǡܭሺȁܥ ሻȁ௄ȁݎ
௥ୀଵ ൌ σ ȁ௄ȁǨ

ሺȁ௄ȁି௥ሻǨ௥Ǩ
ȁ௄ȁ
௥ୀଵ ൌ ሺʹȁ௄ȁ െ ͳሻ, as dictated by the binomial theorem. 
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Extending this approach to multiple periods, let us denote two binary variables 

as ࣴࣛ௔ǡ௝ǡ௞ǡ௢ǡ௧ and ࣴࣝ௖ǡ௜ǡ௝ǡ௢ǡ௧. These binary variables signify the choice of multiplier ݋ א

݆ at node ܣܱܶܲ א ݇ ଶ serving nodeܮ א  with component ܽ, and the choice of ܭ

multiplier ݋ א ݅ at node ܥܱܶܲ א ݆ ଵ serving nodeܮ א  ,ܿ ଶ with componentܮ

respectively. 

The equations to compute SDs are derived as follows: 

 

௔ǡ௝ǡ௞ǡ௧ߪ ൌ ࣴࣛ௔ǡ௝ǡ௞ǡ௢ǡ௧ࣟࣞ௣ǡ௢ඨߙଶ෍ߪ௣ǡ௞ǡ௧ଶ

௞א௄

ǡ

ሺܽǡ׊ ሻ݌ א ݆�ܣܯܱܤ א ଶǡܮ ݇ א ǡܭ ݋ א ǡܣܱܶܲ ݐ א ܶ 

(3.60) 

௖ǡ௜ǡ௝ǡ௧ߪ ൌ ࣴࣝ௖ǡ௜ǡ௝ǡ௢ǡ௧ࣟࣛ௔ǡ௢ඨߚଶߙଶ෍ߪ௣ǡ௞ǡ௧ଶ

௞א௄

�ǡ�� 

ሺܿǡ׊ ܽሻ א ǡܥܯܱܤ ሺܽǡ ሻ݌ א ǡܣܯܱܤ ݅ א ଵǡܮ ݆ א ଶǡܮ ݋ א ǡܥܱܶܲ ݐ א ܶ 

(3.61) 

 
 
When assuming a normal distribution for demand, the SS quantity for an item, 

whether it originates as an output from node ݅ or as an input from node ݆, is typically 

defined in the following manner: 

 
ࣥࣛ௔ǡ௝ǡ௞ǡ௠ǡ௧�ሺࣛ࣡�ݎ݋௔ǡ௝ǡ௞ǡ௠ǡ௧ሻ ൌ Ȱିଵሺݏሻߪ௔ǡ௝ǡ௞ǡ௧ξ݉ 

ൌ Ȱିଵሺݏሻࣴࣛ௔ǡ௝ǡ௞ǡ௢ǡ௧ࣟࣞ௣ǡ௢ඨߙଶ෍ߪ௣ǡ௞ǡ௧ଶ

௞א௄

ξ݉ǡ�� 

ሺܽǡ׊ ሻ݌ א ǡܣܯܱܤ ݆ א ଶǡܮ ݇ א ǡܭ ݋ א ǡ݉ܣܱܶܲ א ǡܯ ݐ א ܶ� 
 

(3.62) 

ࣥࣝ௖ǡ௜ǡ௝ǡ௠ǡ௧�ሺࣝ࣡�ݎ݋௖ǡ௜ǡ௝ǡ௠ǡ௧ሻ �ൌ Ȱିଵሺݏሻߪ௖ǡ௜ǡ௝ǡ௧ξ݉ 

ൌ Ȱିଵሺݏሻࣴࣝ௖ǡ௜ǡ௝ǡ௢ǡ௧ࣟࣛ௔ǡ௢ඨߚଶߙଶ෍ߪ௣ǡ௞ǡ௧ଶ

௞א௄

ξ݉ǡ�� 

ሺܿǡ׊ ܽሻ א ǡܥܯܱܤ ሺܽǡ ሻ݌ א ǡܣܯܱܤ ݅ א ଵǡܮ ݆ א ଶǡܮ ݋ א ǡ݉ܥܱܶܲ א ǡܯ ݐ א ܶ 
 

(3.63) 

Let ࣫ࣛ௔ǡ௝ǡ௠ ൌ Ȱିଵሺݏሻටߙଶ σ ௣ǡ௞ǡ௧ଶߪ
௞א௄ ξ݉, and ࣫ࣝ௖ǡ௜ǡ௠ ൌ

Ȱିଵሺݏሻටߚଶߙଶ σ ௣ǡ௞ǡ௧ଶߪ
௞א௄ ξ݉, the SS amount of an item are re-written as,  
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ࣥࣛ௔ǡ௝ǡ௞ǡ௠ǡ௧�൫ࣛ࣡�ݎ݋௔ǡ௝ǡ௞ǡ௠ǡ௧൯ ൌ ࣴࣛ௔ǡ௝ǡ௞ǡ௢ǡ௧ࣟࣞ௣ǡ௢࣫ࣛ௔ǡ௝ǡ௠ǡ௧ǡ
ሺܽǡ׊ ሻ݌ א ǡܣܯܱܤ ݆ א ଶǡܮ ݇ א ǡܭ ݋ א ǡ݉ܣܱܶܲ א ǡܯ ݐ א ܶ 

 
(3.64) 

ࣥࣝ௖ǡ௜ǡ௝ǡ௠ǡ௧�൫ࣝ࣡�ݎ݋௖ǡ௜ǡ௝ǡ௠ǡ௧൯ ൌ ࣴࣝ௖ǡ௜ǡ௝ǡ௢ǡ௧ࣟࣛ௔ǡ௢࣫ࣝ௖ǡ௜ǡ௠ǡ௧ǡ
ሺܿǡ׊ ܽሻ א ǡܥܯܱܤ ሺܽǡ ሻ݌ א ǡܣܯܱܤ ݅ א ଵǡܮ ݆ א ଶǡܮ ݋
א ǡ݉ܥܱܶܲ א ǡܯ ݐ א ܶ 

(3.65) 

 

In general, the unfulfilled fraction of the demand is assumed to be backlogged. 

The backlog expected value is computed through the following equations:  

 

ࣤࣝ௖ǡ௜ǡ௝ǡ௠ǡ௧�ሺࣱࣝ�ݎ݋௖ǡ௜ǡ௝ǡ௠ǡ௧ሻ ൌ ࣦሺݏሻߪ௖ǡ௜ǡ௝ǡ௧ξ݉ 

ࣤࣛ௔ǡ௝ǡ௞ǡ௠ǡ௧�ሺࣱࣛ�ݎ݋௔ǡ௝ǡ௞ǡ௠ǡ௧ሻ ൌ ࣦሺݏሻߪ௔ǡ௝ǡ௞ǡ௧ξ݉ 
 

Similarly, let ࣦ࣭ࣛ௔ǡ௝ǡ௠ǡ௧ ൌ ࣦሺݏሻටߙଶ σ ௣ǡ௞ǡ௧ଶߪ
௞א௄ ξ݉, and ࣦ࣭ࣝ௖ǡ௜ǡ௠ǡ௧ ൌ

ࣦሺݏሻටߚଶߙଶ σ ௣ǡ௞ǡ௧ଶߪ
௞א௄ ξ݉, we have, 

 
ࣤࣛ௔ǡ௝ǡ௞ǡ௠ǡ௧�ሺࣱࣛ�ݎ݋௔ǡ௝ǡ௞ǡ௠ǡ௧ሻ ൌ ࣴࣛ௔ǡ௝ǡ௞ǡ௢ǡ௧ࣟࣞ௣ǡ௢ࣦ࣭ࣛ௔ǡ௝ǡ௠ǡ௧ǡ

ሺܽǡ׊ ሻ݌ א ஺ǡܯܱܤ ݆ א ଶǡܮ ݇ א ǡܭ ݋ א ܱܲ ஺ܶǡ݉ א ǡܯ ݐ א ܶǡ ��� 
 

(3.66) 

ࣤࣝ௖ǡ௜ǡ௝ǡ௠ǡ௧�൫ࣱࣝ�ݎ݋௖ǡ௜ǡ௝ǡ௠ǡ௧൯ ൌ ࣴࣝ௖ǡ௜ǡ௝ǡ௢ǡ௧ࣟࣛ௔ǡ௢ࣦ࣭ࣝ௖ǡ௜ǡ௠ǡ௧ǡ�� 
ሺܿǡ׊ ܽሻ א ஼ǡܯܱܤ ሺܽǡ ሻ݌ א ஺ǡܯܱܤ ݅ א ଵǡܮ ݆ א ଶǡܮ ݋ א ܱܲ ஼ܶǡ݉ א ǡܯ ݐ א ܶ 

(3.67) 

 
3.4.2 The MILP of the integrated model:  

The two models can be integrated by using additional parameters and decision 

variables. It should be noted that the proposed preprocessing approach in the previous 

section is for linearizing the integrated model. The original mixed-integer nonlinear 

programming model is presented in Appendix A. 

Parameters: 

ࣛ௔ǡ௝ǡ௞ǡ௢ǣ 1 if there exists an arc subassembly ܽ א  at subassembly ܣܵ

manufacturer ݆ א ݇ ଶ is served to final assembly manufacturerܮ א ݋ with option ܭ א

ܱܲܶ, or 0 otherwise; 

With SS and shortage expressions as presented above, the objective function of 

the IP model is described as follows: 
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ܼଷ ൌ ෍෍ ෍ ෍ ෍࣢ࣝ௖ǡ௜ǡ௧൫ࣥࣝ௖ǡ௜ǡ௝ǡ௠ǡ௧ ൅ ࣡ࣝ௖ǡ௜ǡ௝ǡ௠ǡ௧൯
௧்א௠אெ௝א௅మ௜א௅భ௖א஼

൅෍෍ ෍ ෍ ෍࣢ࣛ௔ǡ௝ǡ௧൫ࣥࣛ௔ǡ௝ǡ௞ǡ௠ǡ௧ ൅ ࣡ࣛ௔ǡ௝ǡ௞ǡ௠ǡ௧൯
௧்א௠אெ௞א௄௝א௅మ௔א஺

൅෍෍ ෍ ෍࣢ ௣࣪ǡ௞ǡ௧ࣥ ௣࣪ǡ௞ǡ௠ǡ௧
௧்א௠אெ௞א௄௣א௉

൅෍෍ ෍ ෍ ෍
͵͸ͷ
݉

ൈ ࣦࣝ௖ǡ௜ǡ௧൫ࣤࣝ௖ǡ௜ǡ௝ǡ௠ǡ௧ ൅ࣱࣝ௖ǡ௜ǡ௝ǡ௠ǡ௧൯
௧்א௠אெ௝א௅మ௜א௅భ௖א஼

൅෍෍ ෍ ෍ ෍
͵͸ͷ
݉

ൈ ࣦࣛ௔ǡ௝ǡ௧൫ࣤࣛ௔ǡ௝ǡ௞ǡ௠ǡ௧ ൅ࣱࣛ௔ǡ௝ǡ௞ǡ௠ǡ௧൯
௧்א௠אெ௞א௄௝א௅మ௔א஺

൅෍෍ ෍ ෍
͵͸ͷ
݉

ൈ ࣦ ௣࣪ǡ௞ǡ௧ࣤ ௣࣪ǡ௞ǡ௠ǡ௧
௧்א௠אெ௞א௄௣א௉

 

 
(3.68) 

 
From the modification of the IP problem, the integrated model is expressed 

below. 

ܥܣܶ�݁ݖ݅݉݅݊݅ܯ ൌ ܼଵ ൅ ܼଷ 

Subject to all the constraints from both NDP and IP models. Additionally, some 

constraints are added for the linearization purpose.  

 
࣭ࣝ௖ǡ௜ǡ௝ǡ௧௢௨௧ െ ࣭ࣝ௖ǡ௜ǡ௝ǡ௧௜௡ ൅ ࣩࣝ௜ǡ௝ܥܥ௖ǡ௜ǡ௝ǡ௧ ൑ ࣳࣝ௖ǡ௜ǡ௝ǡ௧  ܿ׊ א ǡܥ ݅ א ଵǡܮ  ݆ א ଶǡܮ ݐ א ܶ �3.69� 

࣭ࣛ௔ǡ௝ǡ௞ǡ௧
௢௨௧ െ ࣭ࣛ௔ǡ௝ǡ௞ǡ௧

௜௡ ൅ ࣩ ௝ࣛǡ௞ܣܥ௔ǡ௝ǡ௞ǡ௧ ൑ ࣳࣛ௔ǡ௝ǡ௞ǡ௧  ܽ׊ א ǡܣܵ ݆ א ଶǡܮ  ݇ א ǡܦ ݐ
א ܶ 

�3.70� 

െ࣭ࣝ௖ǡ௜ǡ௝ǡ௧௢௨௧ ൅ ࣪ࣝ௜ െ ൫ͳ െ ௖ǡ௜ǡ௝ǡ௧൯ࣧܥܥ ൑ ࣲࣝ௖ǡ௜ǡ௝ǡ௧ � 
ܿ׊ א ǡܥ ݅ א ଵǡܮ ݆ א ଶǡܮ ݐ א ܶ 

�3.71� 

࣭ࣝ௖ǡ௜ǡ௝ǡ௧௜௡ െ ࣭ࣛ௔ǡ௝ǡ௞ǡ௧
௢௨௧ ൅ ࣪ ௝ࣛ െ ൫ͳ െ ௖ǡ௜ǡ௝ǡ௧൯ࣧܥܥ െ ൫ͳ െ ௔ǡ௝ǡ௞ǡ௧൯ࣧܣܥ
൑ ࣲࣛ௔ǡ௝ǡ௞ǡ௧ � 
ሺܿǡ׊ ܽሻ א ǡܥܯܱܤ ݅ א ଵǡܮ ݆ א ଶǡܮ ݇ א ǡܦ ݐ א ܶ 

�3.72� 

࣭ࣛ௔ǡ௝ǡ௞ǡ௧
௜௡ െ ࣭ ௣࣪ǡ௞ǡ௧

௢௨௧ ൅ ࣪ ௞࣪ െ ൫ͳ െ ௔ǡ௝ǡ௞ǡ௧൯ࣧܣܥ ൑ ࣲ ௣࣪ǡ௞ǡ௧ � 
ሺܽǡ׊ ሻ݌ א ǡܣܯܱܤ ݆ א ଶǡܮ ݇ א ǡܦ ݐ א ܶ 

�3.73� 

෍ ࣯ࣝ௖ǡ௜ǡ௝ǡ௠ǡ௧
௠אெ

൑ ܿ׊         ௜ǡ௧ܥܼ א ǡܥ  ݅ א ଵǡܮ ݆ א ଶǡܮ ݐ א ܶ �3.74� 

෍ ࣯ࣛ௔ǡ௝ǡ௞ǡ௠ǡ௧
௠אெ

൑ ܽ׊         ௝ǡ௧ܣܼ א ǡܣܵ  ݆ א ଶǡܮ ݇ א ǡܭ ݐ א ܶ �3.75� 

෍ ࣰࣝ௖ǡ௜ǡ௝ǡ௠ǡ௧
௠אெ

൑ ܿ׊      ௖ǡ௜ǡ௝ǡ௧ܥܥ א ǡܥ ݅ א ଵǡܮ ݆ א ଶǡܮ ݐ א ܶ �3.76� 

෍ ࣰࣛ௔ǡ௝ǡ௞ǡ௠ǡ௧
௠אெ

൑ ܽ׊      ௔ǡ௝ǡ௞ǡ௧ܣܥ א ǡܣܵ  ݆ א ଶǡܮ ݇ א ǡܭ ݐ א ܶ �3.77� 
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෍ ෍ࣛ௔ǡ௝ǡ௞ǡ௢ࣴࣝ௖ǡ௜ǡ௝ǡ௢ǡ௧
௞א௄௢אை௉்಴

൒ ෍ܣܥ௔ǡ௝ǡ௞ǡ௧
௞א௄

െ ൫ͳ െ  ܩܫܤ௖ǡ௜ǡ௝ǡ௧൯ܥܥ

ሺܿǡ׊ ܽሻ א ǡܥܯܱܤ ݅ א ଵǡܮ ݆ א ଶǡܮ ݐ א ܶ 
�3.78� 

෍ ࣛ௔ǡ௝ǡ௞ǡ௢ࣴࣝ௖ǡ௜ǡ௝ǡ௢ǡ௧
௢אை௉்಴

൑ ሺܿǡ׊     ௔ǡ௝ǡ௞ǡ௧ܣܥ ܽሻ א ǡܥܯܱܤ ݅ א ଵǡܮ ݆ א ଶǡܮ ݇ א ǡܭ ݐ

א ܶ 
�3.79� 

෍ ࣛ௔ǡ௝ǡ௞ǡ௢ࣴࣛ௔ǡ௝ǡ௞ǡ௢ǡ௧
௢אை௉்ಲ

൒ ܽ׊      ௔ǡ௝ǡ௞ǡ௧ܣܥ א ǡܣܵ ݆ א ଶǡܮ ݇ א ǡܭ ݐ א ܶ �3.80� 

෍ ෍ ࣛ௔ǡ௝ǡ௞ǡ௢ࣴࣛ௔ǡ௝ǡ௞ǡ௢ǡ௧
௢אை௉்ಲ௞א஽

൑ ͳ      ܽ׊ א ǡܣܵ ݆ א ଶǡܮ ݐ א ܶ �3.81� 

෍ ࣴࣝ௖ǡ௜ǡ௝ǡ௢ǡ௧
௢אை௉்಴

൑ ܿ׊          ௖ǡ௜ǡ௝ǡ௧ܥܥ א ǡܥ ݅ א ଵǡܮ ݆ א ଶǡܮ ݐ א ܶ �3.82� 

෍ ࣴࣛ௔ǡ௝ǡ௞ǡ௢ǡ௧
௢אை௉்ಲ

൑ ܽ׊           ௔ǡ௝ǡ௞ǡ௧ܣܥ א ǡܣܵ ݆ א ଶǡܮ ݇ א ǡܭ ݐ א ܶ �3.83� 

෍ ࣴࣝ௖ǡ௜ǡ௝ǡ௢ǡ௧
௢אை௉்಴

൒ ෍ ࣯ࣝ௖ǡ௜ǡ௝ǡ௠ǡ௧
௠אெ

�׊          א ǡܥ ݅ א ଵǡܮ ݆ א ଶǡܮ ݐ א ܶ �3.84� 

෍ ࣴࣛ௔ǡ௝ǡ௞ǡ௢ǡ௧
௢אை௉்ಲ

൒ ෍ ࣯ࣛ௔ǡ௝ǡ௞ǡ௠ǡ௧
௠אெ

ܽ׊          א ǡܣܵ ݆ א ଶǡܮ ݇ א ǡܭ ݐ א ܶ �3.85� 

෍ ࣴࣝ௖ǡ௜ǡ௝ǡ௢ǡ௧
௢אை௉்಴

൒ ෍ ࣰࣝ௖ǡ௜ǡ௝ǡ௠ǡ௧
௠אெ

ܿ׊          א ǡܥ ݅ א ଵǡܮ ݆ א ଶǡܮ ݐ א ܶ �3.86� 

෍ ࣴࣛ௔ǡ௝ǡ௞ǡ௢ǡ௧
௢אை௉்ಲ

൒ ෍ ࣰࣛ௔ǡ௝ǡ௞ǡ௠ǡ௧
௠אெ

ܽ׊          א ǡܣܵ ݆ א ଶǡܮ ݇ א ǡܭ ݐ א ܶ �3.87� 

ࣥࣝ௖ǡ௜ǡ௝ǡ௠ǡ௧ ൒ ෍ ࣫ࣝ௖ǡ௜ǡ௠ࣟࣛ௔ǡ௢ࣴࣝ௖ǡ௜ǡ௝ǡ௢ǡ௧
௢אை௉்಴

െ ൫ͳ െ ࣯ࣝ௖ǡ௜ǡ௝ǡ௠ǡ௧൯׊        ܩܫܤሺܿǡ ܽሻ

א ǡܥܯܱܤ ݅ א ଵǡܮ ݆ א ଶǡ݉ܮ א ǡܯ ݐ א ܶ 
�3.88� 

ࣥࣛ௔ǡ௝ǡ௞ǡ௠ǡ௧ ൒ ෍ ࣫ࣛ௔ǡ௝ǡ௠ࣟࣞ௣ǡ௢ࣴࣛ௔ǡ௝ǡ௞ǡ௢ǡ௧
௢אை௉்ಲ

െ ൫ͳ െ ࣯ࣛ௔ǡ௝ǡ௞ǡ௠ǡ௧൯׊       ܩܫܤሺܽǡ ሻ݌ א ǡܣܯܱܤ ݆ א ଶǡܮ ݇ א ǡ݉ܭ
א ǡܯ ݐ א ܶ 

�3.89� 

ࣥ ௣࣪ǡ௞ǡ௠ǡ௧ ൒ ࣫ ௣࣪ǡ௞ǡ௠࣯ ௣࣪ǡ௞ǡ௠ǡ௧        ݌ ׊ א ܲǡ ݇ א ǡ݉ܭ א ǡܯ ݐ א ܶ �3.90� 

ࣤࣝ௖ǡ௜ǡ௝ǡ௠ǡ௧ ൒ ෍ ࣦ࣭ࣝ௖ǡ௜ǡ௝ǡ௠ǡ௧ࣟࣛ௔ǡ௢ࣴࣝ௖ǡ௜ǡ௝ǡ௢ǡ௧
௢אை௉்಴

െ ൫ͳ െ ࣯ࣝ௖ǡ௜ǡ௝ǡ௠ǡ௧൯׊        ܩܫܤሺܿǡ ܽሻ א ǡܥܯܱܤ ݅ א ଵǡܮ ݆ א ଶǡ݉ܮ
א ǡܯ ݐ א ܶ 

�3.91� 
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ࣤࣛ௔ǡ௝ǡ௞ǡ௠ǡ௧ ൒ ෍ ࣦ࣭ࣛ௔ǡ௝ǡ௞ǡ௠ǡ௧ࣟࣞ௣ǡ௢ࣴࣛ௔ǡ௝ǡ௞ǡ௢ǡ௧
௢אை௉்ಲ

െ ൫ͳ െ ࣯ࣛ௔ǡ௝ǡ௞ǡ௠ǡ௧൯׊        ܩܫܤሺܽǡ ሻ݌ א ǡܣܯܱܤ ݆ א ଶǡܮ ݇ א ǡ݉ܭ
א ǡܯ ݐ א ܶ 

�3.92� 

ࣤ ௣࣪ǡ௞ǡ௠ǡ௧ ൒ ࣦ࣭ ௣࣪ǡ௞ǡ௠࣯ ௣࣪ǡ௞ǡ௠ǡ௧            ݌ ׊ א ܲǡ ݇ א ǡ݉ܭ א ǡܯ ݐ א ܶ �3.93� 

࣡ࣝ௖ǡ௜ǡ௝ǡ௠ǡ௧ ൒ ෍ ࣫ࣝ௖ǡ௜ǡ௠ࣟࣛ௔ǡ௢ࣴࣝ௖ǡ௜ǡ௝ǡ௢ǡ௧
௢אை௉்಴

െ ൫ͳ െ ࣰࣝ௖ǡ௜ǡ௝ǡ௠ǡ௧൯׊        ܩܫܤ ሺܿǡ ܽሻ

א ǡܥܯܱܤ ݅ א ଵǡܮ ݆ א ଶǡ݉ܮ א ǡܯ ݐ א ܶ 
�3.94� 

࣡ࣛ௔ǡ௝ǡ௞ǡ௠ǡ௧ ൒ ෍ ࣫ࣛ௔ǡ௝ǡ௠ࣟࣞ௣ǡ௢ࣴࣛ௔ǡ௝ǡ௞ǡ௢ǡ௧
௢אை௉்ಲ

െ ൫ͳ െ ࣰࣛ௔ǡ௝ǡ௞ǡ௠ǡ௧൯׊        ܩܫܤሺܽǡ ሻ݌ א ǡܣܯܱܤ ݆ א ଶǡܮ ݇ א ǡ݉ܭ
א ǡܯ ݐ א ܶ 

�3.95� 

ࣱࣝ௖ǡ௜ǡ௝ǡ௠ǡ௧ ൒ ෍ ࣦ࣭ࣝ௖ǡ௜ǡ௝ǡ௠ǡ௧ࣟࣛ௔ǡ௢ࣴࣝ௖ǡ௜ǡ௝ǡ௢ǡ௧
௢אை௉்಴

െ ൫ͳ െ ࣰࣝ௖ǡ௜ǡ௝ǡ௠ǡ௧൯׊        ܩܫܤሺܿǡ ܽሻ א ǡܥܯܱܤ ݅ א ଵǡܮ ݆ א ଶǡ݉ܮ
א ǡܯ ݐ א ܶ 

�3.96� 

ࣱࣛ௔ǡ௝ǡ௞ǡ௠ǡ௧ ൒ ෍ ࣦ࣭ࣛ௔ǡ௝ǡ௞ǡ௠ǡ௧ࣟࣞ௣ǡ௢ࣴࣛ௔ǡ௝ǡ௞ǡ௢ǡ௧
௢אை௉்ಲ

െ ൫ͳ െ ࣰࣛ௔ǡ௝ǡ௞ǡ௠ǡ௧൯ܩܫܤ   

ሺܽǡ׊ ሻ݌ א ǡܣܯܱܤ ݆ א ଶǡܮ ݇ א ǡ݉ܭ א ǡܯ ݐ א ܶ 
�3.97� 

ࣴࣝ௖ǡ௜ǡ௝ǡ௢ǡ௧ א ሼͲǡͳሽ          ܿ׊ א ǡܥ ݅ א ଵǡܮ ݆ א ଶǡܮ ݋ א ܱܲ ஼ܶǡ ݐ א ܶ 
ࣴࣛ௔ǡ௝ǡ௞ǡ௢ǡ௧ א ሼͲǡͳሽ ܽ׊������ א ǡܣܵ ݆ א ଶǡܮ ݇ א ǡܭ ݋ א ܱܲ ஺ܶǡ ݐ א ܶ 

�3.98� 

ࣥࣝ௖ǡ௜ǡ௝ǡ௠ǡ௧ǡ ࣥࣛ௔ǡ௝ǡ௞ǡ௠ǡ௧ǡ ࣥ ௣࣪ǡ௞ǡ௠ǡ௧ǡ ࣤࣝ௖ǡ௜ǡ௝ǡ௠ǡ௧ǡ ࣤࣛ௔ǡ௝ǡ௞ǡ௠ǡ௧ǡ ࣤ ௣࣪ǡ௞ǡ௠ǡ௧ǡ ࣡ࣝ௖ǡ௜ǡ௝ǡ௠ǡ௧ǡ ࣡ࣛ௔ǡ௝ǡ௞ǡ௠ǡ௧ǡ 
�ࣱࣝ௖ǡ௜ǡ௝ǡ௠ǡ௧ǡࣱࣛ௔ǡ௝ǡ௞ǡ௠ǡ௧ ൒ Ͳǡ ܿ׊      א ǡܥ ܽ א ǡܣܵ ݌ א ܲǡ ݅ א ଵǡܮ ݆ א ଶǡܮ ݇

א ǡ݉ܭ א ǡܯ ݐ א ܶ 
�3.99� 

 

Constraints (3.38)-(3.42) are replaced by Constraints �3.69�-�3.73�. In addition, 

Constraints (3.53), (3.54), (3.56), and (3.57) are replaced by Constraints �3.74� - �3.77�, 

serving as a linkage between the two models. Subsequently, Constraints �3.78� and 

�3.79� are applied within the context of the first layer. Specifically, Constraints �3.78� 

are designed to determine the number of downstream nodes an upstream node supplies.  
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Figure 3.4 Illustration of Constraint �3.78� 

 
Consider Figure 3.4, the process of establishing a valid SS multiplier along an 

arc that links node ݅ א ݆ ଵ to nodeܮ א  ଶ involves a stepwise approach. The initial stepܮ

determines the downstream sub-assembly nodes ݆ that ݅ supplies to, as well as 

identifying the specific final assembly manufacturers ݇ א  .݆ that are served by node ܭ

For instance, when considering the pair ݅ and ଵ݆, the condition 

σ σ ࣛ௔ǡ௝భǡ௞ǡ௢ࣴࣝ௖ǡ௜ǡ௝ǡ௢ǡ௧௞א஽௢אை  must be greater than or equal to σ ௄א௔ǡ௝భǡ௞ǡ௧௞ܣܥ െ

൫ͳ െ ൌ ܩܫܤ௖ǡ௜ǡ௝భǡ௧൯ܥܥ ʹ. This condition indicates that the SD multiplier for the arc 

ሺ݅ǡ ଵ݆ሻ must be chosen from the pool of multipliers that correspond to a total of two arcs. 

It is important to note that multiple multipliers could satisfy this condition. Therefore, 

Constraint �3.79� is introduced to deduce the correct SD multiplier for the arc ሺ݅ǡ ଵ݆ሻ. A 

similar logic is extended to Constraints �3.80� and �3.81�, which are to determine the 

appropriate multipliers for arcs within the second layer ܮଶ.  

Constraints �3.82� - �3.87� impose limitations such that if an arc is designated 

for holding SS, only a single multiplier can be selected for that particular arc. This 

constraint structure ensures consistency in the assignment of multipliers. Next, 

Constraints �3.88� - �3.97� are to compute the expected SS and shortage quantities for 

every arc connecting an upstream node to a downstream node. Finally, Constraints 

�3.98� and �3.99� pertain to binary variables and non-negativity, respectively. 
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CHAPTER 4 

GENETIC ALGORITHM WITH RANK-BASED DECODING 

 FOR THE INTEGRATED PROBLEM  

UNDER DIFFERENT SOURCING STRATEGIES 
 

Integrating the IP with the NDP substantially increases complexity, mainly 

when dealing with multiple periods. Therefore, it is computationally impractical when 

attempting to solve large-scale instances through conventional commercial solvers. To 

tackle this challenge, this Chapter is to introduce a heuristic approach that handles the 

problem. 

We opt for a GA as our solution approach, considering its suitability for 

addressing intricate problems, as established by Gen and Cheng (2000). The GA 

efficiently navigates the solution space of a problem, balancing exploration and 

exploitation to yield high-quality solutions within reasonable computational limits. Our 

proposed GA is developed for a three-layer network and is specifically designed to 

address two different product supply strategies: single-sourcing and multi-sourcing. 

 

4.1 Chromosome 

The selection of a chromosome design plays a critical role in determining the 

computational requirement of the GA. Our problem is composed of two distinct sub-

problems: designing the structure of the network and establishing the locations and 

quantities of SS. In our method, the chromosome is responsible for encoding decisions 

related to both the opening of facilities and their respective capacity levels. Upon 

decoding, the chromosome facilitates the optimization of network flows and IP. 

A chromosome consists of genes that are organized within an array. The array's 

size is determined by the number of nodes of the decoding layers, ȁܮଵȁ ൅ ȁܮଶȁ. Within 

this array, two segments are present, known as sub-chromosomes ܵܥ, denoted as 

௚ǡܥܵ ݃׊ ൌ ሼͳǡ ʹሽ. $�JHQH¶V position in a sub-chromosome signifies the location and 

capacity level, i.e., ܸሺ݅ǡ ሻǡݓ ݅׊ א ݓଵǡܮ א ܹ� or ܸሺ݆ǡ ሻǡݓ ݆׊ א ݓଶǡܮ א ܹ. Each gene, 

represented as ܸሺ݅ǡ  is assigned a distinct rank value ranging from 1 to ,(ሻݓor ܸሺ݆ǡ) ሻݓ
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௠࣮௔௫, where ௠࣮௔௫ ൌ ȁܮଵȁ ൈ ȁܹȁ (or ȁܮଶȁ ൈ ȁܹȁ) is the smallest rank to be selected. It 

should be noted that a chromosome represents the ND choices for the initial period. 

The process of decoding involves managing binary variables within the NDP 

model, which includes variables such as ܥܣ௪ǡ௜ǡ௧�and ܣܣ௪ǡ௝ǡ௧. Specifically, the values 

attributed to these variables are determined by the rank values assigned to genes in a 

chromosome. By employing this approach, the NDP model is simplified into a 

conventional minimum cost flow problem. 

To illustrate how the NDP can be encoded using a chromosome, consider a 

three-stage network consisting of eight potential component manufacturers, five 

potential subassembly manufacturers, and three predetermined final assembly 

manufacturers. In this context, the gene ܸሺͳǡͲሻ represents the rank value associated 

with node 1 having the base capacity. 

 
Figure 4.1 An example of a chromosome 

 

4.2 Rank-based decoding 

The decoding procedure begins from layer ܮଶ, which is the closest to layer ܭ, 

and progresses backward towards layer ܮଵ. Specifically, the sub-chromosome ܵܥଶ of 

the most downstream echelon is decoded first. The outcome of this first decoding 

process provides the values for binary variables ܣܣ௪ǡ௝ǡ௧ǡ ݆׊ א ݓଶǡܮ א ܹǡ ݐ א ܶ. 

Following this, the same process is applied to decode the sub-chromosome ܵܥଵ from 

layer ܮଵ. This process yields the values for binary variables ܥܣ௪ǡ௜ǡ௧ǡ ݅׊ א ݓଵǡܮ א ܹǡ ݐ א

ܶ. After obtaining the values of all binary variables ܥܣ௪ǡ௜ǡ௧ and ܣܣ௪ǡ௝ǡ௧, these values 

are input into the MILP ND to define the network structure. For a visual representation 

of these concepts, refer to Figure 4.2, which presents an example of a three-layer 

network. The figure also shows the chromosome layout and provides information about 

the demand for a given period. 
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Figure 4.2 Illustration of the decoding procedure 

 
Additional variable: 

ܽ ௔ǡ௝ǡ௪ǡ௞ǡ௧ǣ Real variable, representing the proportion of subassemblyܨ א  supplied to ܣܵ

final manufacturer ݇ א ݆ from subassembly manufacturer ܭ א  ଶ holding capacityܮ

level ݓ א ܹ in period ݐ א ܶ; 

Decoding procedure 

Set ݃ ൌ ʹ 

While ݃ ൐ Ͳ: 

Set ௠࣮௔௫ ൌ ȁܮଶȁ ൈ ȁܹȁ 

Set ݐ ൌ ͳ 

Step 0: 

Initialization: 

௝ǡ௪ǣ Priority value of gene ܸሺ݆ǡܩ ሻǡݓ ݆�׊ א ݓଶǡܮ א ܹǤ 

ݓ ௝ǡ௪ǡ௧ǣ Possible capacity levelsܥܮ א ܹ of node ݆ א ݐ ଶ in periodܮ א ܶ. 
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݌ ௣ǡ௞ǡ௧ǣ Demand for finished productܦ א ܲ at the final assembly 

manufacturer ݇ א ݐ in period ܭ א ܶ; 

݆ ௝ǡ௧ǣ Total capacity at nodeܥܶ א ݐ ଶ in periodܮ א ܶ; 

ο௔ǡ௝ǡ௧ : The inventory carry-over of subassembly ܽ א ݆ at node ܣܵ א  ଶ fromܮ

the previous period that can be used to fulfill the current demand ݐ א ܶ.  

While ݐ ൑ ȁܶȁ: 

Step 1: 

If ݐ ൌ ͳǣ rank values of all the genes in sub-chromosome ܵܥ௚ are given. 

Set ο௔ǡ௝ǡ௧ൌ Ͳǡܽ׊ א ǡܣܵ� ݆ א  ଶܮ

Set ܶܥ௝ǡ௧ ൌ Ͳǡ݆�׊ א  ଶܮ

Set ܥܮ௝ǡ௪ǡ௧ ൌ ቊ
௝ǡ௪ǡܣܲܣܥ ݆׊ א ଶܮ ݓ�݂݅ א ሼͲሽ

௝ǡ଴ܣܲܣܥ ൅ ௝ǡ௪ǡܣܲܣܥ ݆׊ א ଶܮ ݓ�݂݅ א ܹ̳ሼͲሽ 

Go to Step 2. 

Else If ݐ ൐ ͳ:  

Set ܶܥ௝ǡ௧ ൌ ௝ǡ௧ିଵܥܶ ൅ σ ௐא௝ǡ௪ǡ௧ିଵ௪ܣܣ௝ǡ௪ǡ௧ିଵܥܮ ǡ݆�׊ א   ଶܮ

If ܼܣ௝ǡ௧ିଵ ൌ ͳ: 

Set ܥܮ௝ǡ௪ǡ௧ ൌ ௝ǡ௪ǡܣܲܣܥ ݆׊ א ݓଶǡܮ א ܹ  

Else: 

Set ܥܮ௝ǡ௪ǡ௧ ൌ ቊ
௝ǡ௪ǡܣܲܣܥ ݆׊ א ଶܮ ݓ�݂݅ א ሼͲሽ

௝ǡ଴ܣܲܣܥ ൅ ௝ǡ௪ǡܣܲܣܥ ݆׊ א ଶܮ ݓ�݂݅ א ܹ̳ሼͲሽ 

Assign rank values for the genes in sub-chromosome ܵܥ௚ based on the 

following conditions: 

(1) Count the number of opened nodes from the previous period 

ܱܰ ൌ σ ௅మא௝ǡ௧ିଵ௝ܣܼ . 

(2) Create two sets: 

- Set of high rank values ܴܪ ൌ ሼͳǡǥ ǡ ሺ ௠࣮௔௫ െ ܱܰ ൈ ȁܹȁሻሽ 

- Set of low rank values ܴܮ ൌ ሼሺ ௠࣮௔௫ െ ܱܰ ൈ ȁܹȁሻ ൅

ͳǡǥ ǡ ௠࣮௔௫ሽ 

(3) For ݆ א  :ଶܮ

If ܼܣ௝ǡ௧ିଵ ൌ ͳ: 
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- Randomly assign a rank value in set ܴܪ to gene 

ܸሺ݆ǡ ሻǡݓ ݓ�׊ א ܹ.  

- Set ܩ௝ǡ଴ ൌ ௠࣮௔௫ for genes ܸሺ݆ǡ Ͳሻ 

Else: 

- Randomly assign a rank value from set ܴܮ to the remaining 

genes.  

Go to Step 2. 

Step 2: The proposed decoding procedure is formulated as an assignment 

problem, which focuses on allocating capacity levels to chosen facilities. The 

objective is to find an assignment to minimize the total rank. The formulation of our 

assignment problem is as follows. 

݁ݖ݅݉݅݊݅ܯ ෍ ෍ ௝ǡ௪ǡ௧ܣܣ௝ǡ௪ܩ
௪אௐ௝א௅మ

 (4.1) 

Multi-sourcing problem 

Subject to 

There is only one capacity level to be selected for a node. 

෍ ௝ǡ௪ǡ௧ܣܣ
௪אௐ

൑ ͳǡ ݆׊ א  ଶ (4.2)ܮ

The total capacity of all the nodes must be sufficient to fully satisfy the total 

demand of all customers, taking into account the tolerance of demand satisfaction. 

෍ ௝ǡ௧ܥܶ
௝א௅మ

൅ ෍ ෍ ௝ǡ௪ǡ௧ܣܣ௝ǡ௪ǡ௧ܥܮ
௪אௐ௝א௅మ

൒ ෍ ෍෍ܦ௣ǡ௞ǡ௧ܣܯܤ௔ǡ௣
௞א௄௣א௉௔אௌ஺

െ ෍ ෍ ο௔ǡ௝ǡ௧
௝א௅మ௔א�ௌ஺

 
(4.3) 

The cumulative supply fraction of each item from all nodes to a customer 

must meet the demand of that customer. 

෍ ෍ ௔ǡ௝ǡ௪ǡ௞ǡ௧ܨ
௪אௐ௝א௅మ

ൌ ͳǡ ܽ׊ א ǡܣܵ ݇ א  (4.4) ܭ

Any opened node is eligible as a supply node. 

௔ǡ௝ǡ௪ǡ௞ǡ௧ܨ ൑ ௝ǡ௧ǡܣܼ ܽ׊ א ǡܣܵ ݆ א ݓଶǡܮ א ܹǡ ݇ א  (4.5) ܭ
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The capacity of a node cannot exceed the total amount that it supplies to 

downstream customers. 

௝ǡ௧ܥܶ ൅ ෍ ௝ǡ௪ǡ௧ܣܣ௝ǡ௪ǡ௧ܥܮ
௪אௐ

 

൒ ෍ ෍ ෍෍ܦ௣ǡ௞ǡ௧ܣܯܤ௔ǡ௣ܨ௔ǡ௝ǡ௪ǡ௞ǡ௧
௞א௄௣א௉௪אௐ௔א�ௌ஺

െ ෍ ο௔ǡ௝ǡ௧
௔אௌ஺

ǡ ݆׊ א  ଶܮ
(4.6) 

෍ ௝ǡ௪ǡ௧ܣܣ
௪אௐ

ൌ ݆׊          ௝ǡ௧ܣܼ א  ଶܮ

௝ǡ௧ܣܼ ൒ ݆׊          ௝ǡ௧ିଵܣܼ א  ଶܮ

If ݐ ൌ ͳ 

 

If ݐ ൐ ͳ  

(4.7) 

 

(4.8) 

Non-negativity 

௝ǡ௧ǡܣܼ ௝ǡ௪ǡ௧ܣܣ א ሼͲǡͳሽǡ ݆׊ א ݓଶǡܮ א ܹ (4.9) 

௔ǡ௝ǡ௪ǡ௞ǡ௧ܨ א ሾͲǡͳሿǡ ܽ׊ א ǡܣܵ ݆ א ݓଶǡܮ א ܹǡ ݇ א  (4.10) ܭ

 

Single-sourcing problem 

 ௔ǡ௝ǡ௪ǡ௞ǡ௧ǣ binary variable, equals 1 if input item ܽ is supplied byܨ

subassembly manufacturer ݆ א ݇ ଶ to nodeܮ א  ;otherwise 0 ,ܭ

Subject to 

Constraints (4.2), (4.4) - (4.9) 

The capacity of a node must not exceed demand for each item of a customer, 

taking into account the tolerance of the item satisfaction. 

෍ ௝ǡ௧ܥܶ
௝א௅మ

൅ ෍ ෍ ௔ǡ௝ǡ௪ǡ௞ǡ௧ܨ௝ǡ௪ǡ௧ܥܮ
௪אௐ௝א௅మ

 

൒ ෍ܦ௣ǡ௞ǡ௧ܣܯܤ௔ǡ௣
௣א௉

െ ෍ ෍ ο௧ǡ௔ǡ௝
௝א௅మ௔אௌ஺

ǡ ܽ׊ א ǡܣܵ ݇ א  ܭ
(4.11) 

Tie up the two variables. 

෍ ෍ ෍ ௔ǡ௝ǡ௪ǡ௞ǡ௧ܨ
�௞א௄�௪אௐ௔אௌ஺

൒ ௝ǡ௧ǡܣܼ ݆׊ א  ଶ (4.12)ܮ

Non-negativity 

௔ǡ௝ǡ௪ǡ௞ǡ௧ܨ א ሼͲǡͳሽǡܽ׊ א ǡܣܵ ݆ א ݓଶǡܮ א ܹǡ ݇ א  (4.13) ܭ

Go to Step 3. 
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Step 3:  

Check and update ܼܣ௝ǡ௧ 

௝ǡ௧ܣܼ ൌ ݉݅݊�ሼͳǡ ෍ ෍ ௝ǡ௪ǡఛܣܣ
ఛאሼଵǡǥǡ௧ሽ௪אௐ

ሽǡ ݆ ׊ א  ଶ (4.14)ܮ

Set: 

ο௔ǡ௝ǡ௧ൌ ���� ൝ߛǡ ௝ǡ௧ܥܶ ൅ ෍ ௝ǡ௪ǡ௧ܣܣ௝ǡ௪ǡ௧ܥܮ
௪אௐ

െ෍ ෍ ෍ܦ௣ǡ௞ǡ௧ܣܯܤ௔ǡ௣ܨ௔ǡ௝ǡ௪ǡ௞ǡ௧
௞א௄௪אௐ௣א௉

ൡ ǡ ܽ׊ א ǡܣܵ ݆ א ଶܮ  

(4.15) 

Where ߛ is a target remaining inventory at the end of the period which is 

limited by the storage capacity.  

Go to Step 4. 

Step 4: 

If ݐ ൏ ȁܶȁǡ set ݐ ൌ ݐ ൅ ͳ, go to Step 1.  

Else: stop the decoding for the current layer. Go to Step 5. 

Step 5: 

If ݃ ൐ ͳǡ set ݃ ൌ ݃ െ ͳ, go to Step 0. 

It should be noted that layer ܮଵ follows the same decoding procedure as 

described above. However, there are changes in the notation of parameters and 

decision variables. Specifically, the upstream node ݆ א ݅ ଶ changes toܮ א  ଵ, theܮ

input item ܽ א ܿ changes to ܣܵ א ݌ and the output item ,ܥ א ܲ changes to ܽ א   .ܣܵ

For decoding ܮଵ, the demand for finished product ܽ א  at the final ܣܵ

manufacturer ݇ א ݐ in period ܭ א  .௧ǡ௔ǡ௞ǡ is computed as followsܦ ,ܶ

௔ǡ௞ǡ௧ܦ ൌ ෍ܦ௣ǡ௞ǡ௧ܣܯܤ௔ǡ௣
௣א௉

ǡ ܽ׊ א ȁሺܽǡܣܵ ሻ݌ א ǡܣܯܱܤ ݇ א ǡܭ ݐ א ܶ (4.16) 

The parameters, including ܣܯܤ௔ǡ௣ǡ  ௝ǡ௪ are changed toܣܲܣܥ

௖ǡ௔ǡܥܯܤ ௝ǡ௧ǡܣܼ ௜ǡ௪. Concurrently, the variablesܥܲܣܥ  ௝ǡ୵ǡ௧ are changed toܣܣ

௜ǡ௧ǡܥܼ  .௜ǡ୵ǡ௧ܥܣ

Else: stop the decoding process. 
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4.3 Example of rank-based decoding 

 
Figure 4.3 Rank-based decoding example 

 
Consider a network configuration comprising three layers: ܮଵǡ  Nodes .ܭ ଶǡ andܮ

ʹܭ ͳ andܭ א  ͳ. On the intermediate layer݌ demand a quantity of finished products ܭ

 ଶ, the subassembly manufacturing nodes are responsible for producing subassembliesܮ

ܽͳǤ Meanwhile, nodes on layer ܮଵ, referred to as component manufacturing nodes, 

produce and supply the required components ܿͳ to downstream nodes. The production 

relationships are such that 2 units of subassembly ܽͳ are needed to manufacture 1 unit 

of finished product ݌ͳ, and 1 unit of component ܿͳ is required to produce 1 unit of 

subassembly ܽͳǤ 

In the decoding process, the goal is to specify the number of operational 

facilities and their corresponding capacity levels. Facilities have the choice between 

two capacity levels: a base capacity (900 units upon initial opening) and an additional 

capacity for future expansion. Specific nodes within each layer possess the option to 

increase their capacities with different expansion limits. Specifically, the nodes 

ͳǡܯܵ  ,can enhance their capacity by 1,200, 1,350, and 1,100 units ͵ܯܵ ǡ andʹܯܵ

respectively. Similarly, the nodes ܯͳǡܯʹǡ and ܯ͵ are possible to elevate their capacity 

levels by 1,100, 1,200, and 1,350 units, respectively. 

Given the nature of single-sourcing and multi-sourcing strategies, the example 

is divided into two distinct scenarios. The decoding procedure initiates from the layer 

closest to the final manufacturing nodes, which are the nodes that receive customer 

demand. After completing the decoding for the current layer, the process proceeds 

backward to decode the upstream layer. This iterative decoding pattern continues until 

all layers within the network have undergone decoding. 
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Comparing the outcomes of single-sourcing and multi-sourcing decoding, 

Figure 4.4 Multi-sourcing and single-sourcing example provides a visual 

representation.  

 
Figure 4.4 Multi-sourcing and single-sourcing example 

 
Additionally, Tables 4.1 and 4.2 exhibit the results derived from the decoding 

process for both multi-sourcing and single-sourcing strategies across three planning 

periods. Let us focus on the second stage of decoding. In that case, it is evident that the 

two sourcing strategies yield different capacity level suggestions for the opened 

facilities despite using the same chromosome. Specifically, when node ܯ͵ is opened, 

under the multi-sourcing strategy, we can opt for the base capacity to partially fulfill a 

fraction of the demand. In contrast, under the single-sourcing strategy and with a base 

capacity of 900 units, it is unfeasible to entirely meet the requirements of certain 

customers (ܭͳ and ܭʹ) during the initial period, thus failing to satisfy the restrictions 

of the single-sourcing. Consequently, this necessitates the installation of additional 

capacity to meet these demands. The same procedure of decoding can be similarly 

extended to the first stage of decoding. 

 

 

 

SM1

SM2

SM3

M1

M2

M3

K1

K2

SM1

SM2

SM3

M1

M2

M3

K1

K2

Multi-sourcing decoding Single-sourcing decoding

Selected node with capacity level 1

Not selected node

Selected node with base capacity

Note:
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Table 4.1 Layer ܮଶ decoding: Multi-sourcing 

࢝ ?Select ࢐ ሺ࢐ǡ࢝ሻࢂ ࢚  οࢇǡ࢐ǡ࢚ ࢐࡯ࢀǡ࢚ ࢐࡯ࡸǡ࢝ǡ࢚ ࢐࡭ࢆǡ࢚ ࢐࡭࡭ǡܟǡ࢚ 
Satisfied 
demand 
amount 

1 [2, 6, 3, 
1, 5, 4] 

M1 9 1 0 0 2,000 1 1 2,000 

M2 - - 0 0 - - - - 

M3 9 0 0 0 900 1 1 300 

2 
[7, 6, 7, 
3, 5, 1] 

M1 - - 0 2,000 1,100 1 - 2,000 

M2 - - 0 0 - - - - 

M3 - - 100 900 1,350 1 - 700 

3 
[7, 5, 7, 
1, 6, 3] 

M1 9 1 0 2,000 1,100 1 1 3,100 

M2 - - 0 0 - - - - 

M3 - - 100 900 1,350 1 - 200 

 

Table 4.2 Layer ܮଶ decoding: Single-sourcing 

࢝ ?Select ࢐ ሺ࢐ǡ࢝ሻࢂ ࢚  οࢇǡ࢐ǡ࢚ ࢐࡯ࢀǡ࢚ ࢐࡯ࡸǡ࢝ǡ࢚ ࢐࡭ࢆǡ࢚ ࢐࡭࡭ǡܟǡ࢚ 
Satisfied 
demand 
amount 

1 
[2, 6, 3, 
1, 5, 4] 

M1 9 1 0 0 2,000 1 1 1,300 

M2 - - 0 0 - - - - 

M3 9 1 0 0 2,250 1 1 1,000 

2 
[7, 6, 7, 
3, 5, 1] 

M1 - - 100 2,000 1,100 1 - 1,200 

M2 - - 0 0 - - - - 

M3 - - 100 2,250 1,350 1 - 1,500 

3 
[7, 5, 7, 
1, 6, 3] 

M1 - - 100 2,000 1,100 1 - 1,500 

M2 - - 0 0 - - - - 

M3 - - 100 2,250 1,350 1 - 1,800 
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4.4 The proposed genetic algorithm 

The GA process consists of six main steps for each generation as outlined 

below. 

 
Figure 4.5 The process of the proposed genetic algorithm 

 
Step 0: GA parameters setup 

- Define the mutation probability ݉௣. 

- Set the selection rate ݎΨ. 

- Determine the population size ܵ. 

Step 1: Initialization 

Set the current iteration ऄ ൌ ͳ.  
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Generate an initial generation comprising ࣝȁࣝ ൐ ܵ chromosomes, ࣝ ൌ

ሼܥሺଵሻǡ ሺଶሻǡǥܥ ǡ  .ሺࣝሻሽǤ�The initial population is created randomlyܥ

Step 2: Fitness evaluation 

The fitness of a chromosome in the population is evaluated by identifying the 

value of the two objectives, including the ND and IP costs, denoted as ܶܥ൫ܥሺࣷሻ൯, where 

ࣷ ൌ ሼͳǡ ʹǡǥ ǡ ࣝሽ. 

Decode each chromosome using the rank-based decoding mechanism, as 

expressed in the section above. 

Record the total ND cost of the feasible solution obtained after decoding. If the 

decoded result is infeasible, modify the chromosome until a feasible solution is 

achieved. 

Once a feasible ND solution is achieved, preprocess essential parameters for the 

IP problem. 

Calculate the expected SS amount and shortage for each arc during possible 

RTs based on the minimum-cost flow model (MCF). 

Solve the IP model to determine optimal SS locations and amounts within the 

network. Concurrently, record the total SS cost. 

Combine the total ND and total SS costs to determine the fitness of the 

chromosome. 

An example is presented to demonstrate the calculation of the fitness function. 

This example builds upon the decoding process outlined in the previous section. The 

subsequent expression outlines the steps from decoding to the final stage of computing 

the fitness. 

A. Minimum cost flow model (MCF): 

To achieve a balanced flow throughout the network and to minimize ND cost, 

three key variables are introduced: product flow, production quantity, and overall 

inventory amount. The assigned values to these variables play a critical role in 

maintaining equilibrium and optimizing the system cost. Figure 4.6 depicts the network 

structures along with the associated values of these three variables for two sourcing 

strategies, which are the results of solving the problems using the MCF model. 
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Additionally, the total costs of the NDP are calculated as 605,243.81 THB for 

the single-sourcing strategy and 523,077.23 THB for the multi-sourcing strategy. These 

total costs represent a cost component of the fitness function. 

 
(a) Multi-sourcing decoding 

 
(b) Single-sourcing decoding 

Figure 4.6 Minimum-cost flow result 

 
B. Safety stock amount pre-processing 

As discussed in the previous section, the upper limit of demand for a particular 

product ݌ during a given time ݉ at node ݅ can be computed using the formula ݉ߤ௣ǡ௜ െ

ऊ௜ߪ௣ǡ௜ξ݉. In this equation, ߤ௜ represents the mean cumulative demand at the node, ߪ௣ǡ௜ 

represents the SD of the demand distribution of product ݌ at that node, and ऊ௜ denotes 

the safety factor corresponding to the specified CSL. In the formula, the term ऊ௜ߪ௣ǡ௜ξ݉ 

varies based on the value of ߪ௣ǡ௜. This variation is propagated across the SC network, 

originating from the final downstream nodes where the demand is directly observed. 

As this variability propagates throughout the network, different manufacturing nodes 

encounter differing degrees of variability. We introduce an approach to ascertain this 

variability across the network once the network structure is established. 

x Supply ratio 

Consider the results derived from the MCF model for both single-sourcing and 

multi-sourcing strategies. Each arc within the network indicates the quantity of products 

moving from an upstream node to a downstream node. Utilizing this quantity and the 

overall demand, a parameter referred to as the "supply ratio" can be computed. This 

supply ratio signifies the proportion of the downstream node's demand that is fulfilled 

by an upstream node through the corresponding arc. The computation of this supply 

ratio is as follows: 
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௔ǡ௝ǡ௞ǡ௧஺ߝ ൌ
௔ǡ௝ǡ௞ǡ௧ܣܺ

σ ௉א௣ǡ௞ǡ௧௣ܦ௔ǡ௣ܣܯܤ
ǡ ܽ׊ א ǡܣܵ ݆ א ଶǡܮ ݇ א ǡܭ ݐ א ܶ (4.17) 

௖ǡ௜ǡ௝ǡ௧஼ߝ ൌ
௖ǡ௜ǡ௝ǡ௧ܥܺ

σ σ ௌ஺א௄௔א௔ǡ௝ǡ௧௞ܣ௖ǡ௔ܻܥܯܤ
ǡ ܿ׊ א ǡܥ ݅ א ଵǡܮ ݆ א ଶǡܮ ݐ א ܶ (4.18) 

 

To illustrate, consider the flow denoted as ܺܣ௔ଵǡெଷǡ௄ଶǡଵ, which represents the 

movement of subassembly ܽͳ from node ܯ͵ to node ܭʹ during period 1. This flow 

exhibits different quantities in the context of single-sourcing and multi-sourcing 

strategies. Specifically, in the single-sourcing strategy, it delivers 1,000 units, whereas 

in the multi-sourcing context, it carries 300 units. Additionally, node ܭʹ has a 

production requirement of ܦ௣ଵǡ௄ଶǡଵ ൌ ͷͲͲ units for product ݌ͳ, which relies on 

subassembly ܽͳ. 

In the multi-sourcing strategy, the supply ratio associated with the arc ሺܯ͵ǡܭʹሻ 

is ߝଵǡ௔ଵǡெଷǡ௄ଶ஺ ൌ ௑஺ೌభǡಾయǡ಼మǡభ
σ ஻ெ஺ೌǡ೛஽೛భǡ಼మǡభ೛

ൌ ଷ଴଴
ଶൈହ଴଴

ൌ ͲǤ͵. This indicates that merely 30% of node 

 .͵ܯ s demand is fulfilled by the flow originating from node'ʹܭ

Conversely, in the single-sourcing strategy, the supply ratio on the arc ሺܯ͵ǡ  ሻʹܭ

is ߝଵǡ௔ଵǡெଷǡ௄ଶ஺ ൌ ௑஺ೌభǡಾయǡ಼మǡభ
σ ஻ೌǡ೛ಲ ஽೛భǡ಼మǡభ೛

ൌ ଵǡ଴଴଴
ଶൈହ଴଴

ൌ ͳ. This implies that the complete demand of 

node ܭʹ is met through the flow from node ܯ͵. 

A comprehensive overview of the supply ratios for all arcs within the network 

is visually presented in Figure 4.7. 

 
(a) Multi-sourcing decoding 

 
(b) Single-sourcing decoding 

Figure 4.7 Supply ratios of both strategies 

 
Once the proportion of the demand is obtained, the next step is to calculate the 

SD of that specific proportion. This can be achieved through the following procedures: 
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x Multiply the SD by the supply ratio ߝ௖ǡ௜ǡ௝ǡ௧஼  (or ߝ௔ǡ௝ǡ௞ǡ௧஺ ) to determine the SD of the 

specific proportion. For subassembly ܽ, the SD of the proportion ߝ௔ǡ௝ǡ௞ǡ௧஺ , when 

the SD of product ݌ is known, is calculated as follows: 

 
௔ǡ௝ǡ௞ǡ௧ߪ ൌ ௔ǡ௝ǡ௞ǡ௧஺ߝ௔ǡ௣ܣܯܤ ௣ǡ௞ǡߪ ܽ׊ א ǡܣܵ ݆ א ଶǡܮ ݇ א ǡܭ ݐ א ܶ (4.19) 

 
x Compute the total SD of subassembly ܽ for a node, denoted as ߪ௔ǡ௝ǡ௧, by 

summing up the variances across all receiving nodes: 

 

௔ǡ௝ǡ௧ߪ ൌ ඨ෍ߪ௔ǡ௝ǡ௞ǡ௧ଶ

௞א௄

ǡ ܽ׊ א ǡܣܵ ݆ א ଶǡܮ ݐ א ܶ (4.20) 

 
x Calculate the SD on each arc, ߪ௖ǡ௜ǡ௝ǡ௧, using the following formula: 

 
௖ǡ௜ǡ௝ǡ௧ߪ ൌ ௖ǡ௜ǡ௝ǡ௧஼ߝ௖ǡ௔ܥܯܤ ௔ǡ௝ǡ௧ǡߪ ܿ׊ א ǡܥ ݅ א ଵǡܮ ݆ א ଶǡܮ ݐ א ܶ (4.21) 

 
For instance, considering the previous example of ߝ௔ଵǡெଷǡ௄ଶǡଵ஺  for both single-

sourcing and multi-sourcing strategies, the SD on the arc ሺܯ͵ǡܭʹሻ is computed as 

follows: 

- For the multi-sourcing scenario: ʹ ൈ ͲǤ͵ ൈ ʹͲ ൌ ͳʹ. 

- For the single-sourcing scenario: ʹ ൈ ͳ ൈ ʹͲ ൌ ͶͲ. 

These values are reflected in Figure 4.8. 

 
(a) Multi-sourcing decoding 

 
(b) Single-sourcing decoding 

Figure 4.8 SD result of both strategies 

 
C. IP Model 

SS amount computation: By using Equations (3.35) ± (3.36), the expected SS 

amount and shortage can be obtained. 
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Once all the necessary information is collected, the IP model can be solved to 

determine the optimal SS positions. The arcs that accommodate SS reflect a make-to-

stock strategy, while the remaining arcs follow a make-to-order approach. As illustrated 

in Figure 4.9, the single-sourcing strategy suggests two SS positions, whereas the multi-

sourcing strategy recommends three positions. 

 
(a) Multi-sourcing decoding 

 
(b) Single-sourcing decoding 

Figure 4.9 IP results for both sourcing strategies 

 
After solving the IP model, the second cost component of the fitness function 

can be obtained. Specifically, the total safety stock costs are 150,475.60 THB and 

184,097.16 THB for the multi-sourcing and single-sourcing scenarios, respectively. 

D. Fitness Function: 

Through the combination of the total ND cost computed in Part A and the IP 

cost obtained in Part C, the fitness values for both the multi-sourcing and single-

sourcing strategies are achieved. Specifically, the fitness value for the multi-sourcing 

strategy stands at 673,552.83 THB, while for the single-sourcing strategy, the fitness is 

789,340.97 THB. These fitness values represent the results achieved for the specific 

chromosome. 

Step 3: Selection 

In order to identify ܵ parents for generating offspring in the subsequent step, 

two mechanisms are utilized: 

Mechanism 1: The top ݎΨ best-performing chromosomes from the entire 

population are initially chosen based on their fitness. These selected chromosomes then 

become participants in the crossover process. 

Mechanism 2: The remaining ܵ െ ܵ ൈ  Ψ  chromosomes are selected using theݎ

roulette wheel selection method. This method determines the chromosomes that will 
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advance to the next step based on a probability value proportional to their fitness 

compared to the cumulative fitness of the entire population. This approach gives higher-

fitness chromosomes a greater chance of being selected. The process for roulette wheel 

selection is outlined as follows: 

- Determine the highest objective function value (highest fitness function): 

௠௔௫ܥܶ ൌ ���൛ܶܥ൫ܥሺࣷሻ൯ሽǡ ࣷ׊ ൌ ͳǡ ʹǡ ǥ ǡ ࣝൟ 

- Calculate the reversed fitness value for each chromosome: ܨሺࣷሻ ൌ ௠௔௫ܥܶ െ

ሺࣷሻ൯ǡܥ൫ܥܶ ࣷ׊ ൌ ͳǡ ʹǡ ǥ ǡ ࣝ 

- Compute the normalized fitness value for every chromosome: ߜሺࣷሻ ൌ
ிሺࣷሻ

σ ிሺ೔ሻಿ
೔సభ

ǡ ࣷ׊ ൌ ͳǡ ʹǡǥ ǡ ࣝ 

- Calculate the cumulative normalized fitness value by accumulating the 

normalized fitness values of each chromosome along with the fitness values of 

all previous chromosomes. 

- Randomly generate a value ߝ from a uniform distribution ܷሺͲǡ ͳሻ. Then, select 

the chromosome with the cumulative normalized fitness closest to ߝ. Repeat this 

process until ܵ parents are selected. 

By employing roulette wheel selection, chromosomes with lower fitness have a 

smaller portion of the roulette wheel allocated to them. Consequently, chromosomes with 

higher probabilities on the roulette wheel are more likely to be chosen for selection.  

Through the combination of these two mechanisms, we achieve a balanced 

approach to selecting parents for the crossover process. This ensures the retention of 

the fittest chromosomes while also accommodating other chromosomes based on their 

fitness probabilities, thus promoting genetic diversity within the selected parents. 

Step 4: Crossover  

Crossover, in conjunction with selection, constitutes one of the fundamental 

operators of GA. These operators play an important role in the GA's functioning by 

enabling the generation of new offspring from parent chromosomes. Crossover entails 

the recombination of genetic material from two parent chromosomes and facilitates the 

exchange of high-quality gene segments. Various crossover operators have been 

developed, but this study focuses on two fundamental ones: one-point crossover and 

order crossover. These crossover operations are applied to each sub-chromosome. 
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One-point crossover, as depicted in Figure 4.10, is a straightforward technique 

widely employed in crossover methods. It involves randomly selecting a crossover 

point for each pair of sub-chromosomes, cutting them at that point, and exchanging the 

segments after the cut to create two new individuals. 

  
Figure 4.10 One-point crossover 

One-point crossover procedure 

ሺଵሻܥܵ ൌ ቂܩଵ
ሺଵሻǡ ଶܩ

ሺଵሻǡ ǥ ǡ ܩ
೘࣮ೌೣ
ሺଵሻ ቃ 

ሺଶሻܥܵ ൌ ሾܩଵ
ሺଶሻǡ ଶܩ

ሺଶሻǡ ǥ ǡ ܩ
೘࣮ೌೣ
ሺଶሻ ሿ 

Generate a random number ݔ representing the cut point of a segment, where ݔ ՚

ܷሺͳǡ ௠࣮௔௫ሻǤ 

All the genes starting from the cut point will be inherited by the new offsprings.  

௫�ሺ௡௘௪భሻǡܩ ሺ௡௘௪భሻÆܥܵ ǥ ǡ ܩ ೘࣮ೌೣ
ሺ௡௘௪భሻ ൌ ௫ሺଵሻǡǥܩ ǡ ܩ ೘࣮ೌೣ

ሺଵሻ 

௫�ሺ௡௘௪మሻǡܩ ሺ௡௘௪మሻÆܥܵ ǥ ǡ ܩ ೘࣮ೌೣ
ሺ௡௘௪మሻ ൌ ௫ሺଶሻǡǥܩ ǡ ܩ ೘࣮ೌೣ

ሺଶሻ 

The priority values after selected will be removed to avoid the same priority 

appeared in the sub-chromosome. In addition, all the remaining gene positions of 

 .ሺ௡௘௪ଶሻ are filled by the other parent as followsܥܵ ሺ௡௘௪ଵሻ�andܥܵ

For ߠ ൌ ͳǡǥ ǡ ݔ െ ͳ: 

 For ߟ ൌ ͳǡǥ ǡ ௠࣮௔௫: 

ఏܩ
ሺ௡௘௪భሻ ൌ ఎܩ

ሺଶሻ�If ܩఎ
ሺଶሻ ് ሼܩ௫�ሺ௡௘௪భሻǡ ǥ ǡ ܩ ೘࣮ೌೣ

ሺ௡௘௪భሻሽ� 

ఏܩ
ሺ௡௘௪మሻ ൌ ఎܩ

ሺଵሻIf ܩఎ
ሺଵሻ ് ሼܩ௫�ሺ௡௘௪మሻǡ ǥ ǡ ܩ ೘࣮ೌೣ

ሺ௡௘௪మሻሽ 

 

The order crossover, introduced by Davis (1991), serves as a fundamental 

permutation operator. In this operation, a consecutive segment of genes from the first 
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parent is transferred to the offspring, and the remaining values of the child are placed 

in the same sequence as they appear in the second parent. The process of order 

crossover is visually represented in Figure 4.11. 

  
Figure 4.11 Order crossover 

 
Order crossover procedure 

Given 

ሺଵሻܥܵ ൌ ቂܩଵ
ሺଵሻǡ ଶܩ

ሺଵሻǡ ǥ ǡ ܩ
೘࣮ೌೣ
ሺଵሻ ቃ 

ሺଶሻܥܵ ൌ ሾܩଵ
ሺଶሻǡ ଶܩ

ሺଶሻǡ ǥ ǡ ܩ
೘࣮ೌೣ
ሺଶሻ ሿ 

Generate random numbers ݔଵ and ݔଶ�representing the start point and end point of a 

swath, where ݔଵ ՚ ܷሺͳǡ ௠࣮௔௫ሻǡ ଶݔ ՚ ܷሺݔଵ ൅ ͳǡ ௠࣮௔௫ሻ.  

All the genes in the selected swath will be inherited by the new children.  

�௫భܩ ሺ௡௘௪భሻÆܥܵ
ሺ௡௘௪భሻǡ ǥ ǡ ௫మܩ

ሺ௡௘௪భሻ ൌ ௫భܩ
ሺଵሻǡ ǥ ǡ ௫మܩ

ሺଵሻ 

�௫భܩ ሺ௡௘௪మሻÆܥܵ
ሺ௡௘௪మሻǡ ǥ ǡ ௫మܩ

ሺ௡௘௪మሻ ൌ ௫భܩ
ሺଶሻǡ ǥ ǡ ௫మܩ

ሺଶሻ 

The priority values after selected will be removed to avoid the same priority appeared 

in the sub-chromosome. In addition, all the remaining gene positions of ܵܥሺ௡௘௪ଵሻ�and 

 .ሺ௡௘௪ଶሻ are filled by the other parent as followsܥܵ

For ߛ ൌ ͳǡǥ ǡ ଵݔ െ ͳǡ ଶݔ ൅ ͳǡǥ ǡ ௠࣮௔௫: 

 For ߟ ൌ ͳǡǥ ǡ ௠࣮௔௫: 

ఊܩ
ሺ௡௘௪భሻ ൌ ఎܩ

ሺଶሻ�If ܩఎ
ሺଶሻ ് ሼܩ௫భ�

ሺ௡௘௪భሻǡ ǥ ǡ ௫మܩ
ሺ௡௘௪భሻሽ� 

ఊܩ
ሺ௡௘௪మሻ ൌ ఎܩ

ሺଵሻ�If ܩఎ
ሺଵሻ ് ሼܩ௫భ�

ሺ௡௘௪మሻǡ ǥ ǡ ௫మܩ
ሺ௡௘௪మሻሽ 

Otherwise, ߟ ՚ ߟ ൅ ͳǤ�Go to the next iteration. 
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After the crossover phase, a population of size ʹܵ individuals is generated 

from the initial population size of ܵ. 

Step 5: Mutation 

GAs have to strike a balance between improving current solutions (through 

crossover) and exploring the solution space (via mutation) to increase the chances of 

discovering the optimal solution (Wong et al., 2003). As a result, mutation serves as an 

essential operator to maintain population diversity. 

Mutation acts as an operator that introduces random alterations to different 

chromosomes, promoting diversity within the population. Unlike crossover, which 

involves mixing genes between chromosomes, mutation generally involves modifying 

genes within a single chromosome. 

In the proposed GA, we utilize inversion and swap mutations to make changes 

to a chromosome.  

For each sub-chromosome ܵܥሺణሻ ൌ ቂܩଵ
ሺణሻǡ ଶܩ

ሺణሻǡ ǥ ǡ ܩ
೘࣮ೌೣ
ሺణሻ ቃ, a random 

probability ߩ is generated from a uniform distribution ܷሺͲǡͳሻ. If ߩ ൑ ݉௣, a mutation is 

performed using the following process. Otherwise, no mutation takes place. 

Inversion mutation refers to a genetic anomaly in which a segment of the 

chromosome becomes detached and then attaches itself in the opposite orientation. An 

example of inversion mutation is provided below. 

 
Figure 4.12 Inversion mutation 

 
Inversion mutation procedure 

Pick a random segment between ݔଵ ՚ ܷሺͳǡ ௠࣮௔௫ሻ and ݔଶ ՚ ܷሺݔଵ ൅ ͳǡ ௠࣮௔௫ሻǤ  

Reverse the position of all the genes in the segment, where ܩఊ
ሺ௡௘௪ሻ ൌ

௫భା௫మିఊܩ
ሺణሻǡ ߛ׊ ൌ ሼݔଵǡǥ ǡ  .ଶሽݔ
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Swap mutation is another type of mutation employed in the proposed GA. This 

mutation involves selecting two genes of a chromosome and swapping their positions. 

An example of the swap mutation, where two genes located at randomly chosen 

positions are exchanged with each other, is presented as follows. 

 
Figure 4.13 Swap mutation 

 
Swap mutation procedure 

Select a random position of a gene to swap ݔ ՚ ܷሺͳǡ ௠࣮௔௫ሻǤ  

In addition, choose a priority value, i.e., ݈ܽݒ ՚ ܷሺͳǡ ௠࣮௔௫ሻ, to replace the value of 

gene ܩ௫
ሺ௡௘௪ሻǤ  

Finally, set ܩఊ
ሺణሻ ൌ ௫ܩ

ሺ௡௘௪ሻȁܩఊ
ሺణሻ ൌ ௫ܩ and ݈ܽݒ

ሺ௡௘௪ሻ ൌ  Ǥ݈ܽݒ

 
After the mutation phase, all the chromosomes of the population are evaluated 

to identify the current best solution ܶܥሺऄሻǡ�and these values of ܶܥሺऄሻ are then stored in 

an array. 

Step 6: Following step 5, we proceed to evaluate the termination condition for 

the GA. Our stopping criterion is based on a prespecified maximum iteration ࣮. If the 

current generation ऄ ൌ ࣮ǡ then report the best solution found ܶܥሺ௕௘௦௧ሻ ൌ

����ሼܶܥሺऄሻȁऄ ൌ ሼͳǡǥ ǡ࣮ሽ. Otherwise, we increment ऄ ൌ ऄ ൅ ͳ and return to step 3 for 

the next generation. 

Genetic algorithm procedure 

Initialize a population of a number of ࣬ chromosomes; Evaluate all the 

chromosomes; 

Repeat 

Select ܵ offsprings from ࣬  parents based on selection rate ݎΨ and roulette wheel; 

Crossover to create ʹܵ offspringsǢ 
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Evaluate the ʹܵ offsprings; 

Mutate based on ݉௣Ǣ 

Evaluate the mutated offsprings; 

Until Stopping criteria 

Output Best chromosome found. 
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CHAPTER 5 

NUMERICAL EXAMPLE 
 
5.1 Data description 

This case study delves into a production network that specializes in 

manufacturing office furniture, specifically desk chairs and side chairs. The furniture 

pieces consist of three components: underframe, seat, and back. The network includes 

a total of sixteen nodes that span three layers. The first two layers comprise nodes 

engaged in the manufacturing process, while the third layer accommodates market 

nodes responsible for product distribution. 

Specifically, the first layer ܮଵ encompasses two nodes dedicated to underframe 

manufacturing, three nodes for seat production, and another three nodes for back 

manufacturing. After completing the production phase in this layer, the components are 

forwarded to subassembly manufacturers located in layer ܮଶ. These subassembly 

manufacturers are responsible for producing the subassemblies. Finally, the finished 

products are then assembled and dispatched to various market regions by layer ܭ. 

A key consideration is that to ensure consistent component quality, nodes 

engaged in finished goods manufacturing follow a single-sourcing strategy, wherein a 

single component manufacturer exclusively supplies each component. However, in 

scenarios where a multi-sourcing strategy is employed, this assumption can be relaxed, 

potentially allowing for more diverse sourcing options. 

A visual representation of the network, along with its structure, is illustrated in 

Figure 5.1.  
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Figure 5.1 Network structure for the chair manufacturing process 

 
5.2 Result of the first approach: The integrated model 

In this numerical example, we are considering a three-year planning horizon for 

our integrated MILP model. The relevant cost parameters, demand, and supply 

FDSDFLWLHV�DUH�SURYLGHG��5HIOHFWLQJ�WKH�FRPSDQ\¶V�PDUNHW�VKDUH�LQ�7KDLODQG��ZH�KDYH�

estimated the demand for two specific types of chairs. Our objective is to demonstrate 

the effectiveness of our proposed model. Therefore, a comparison between two distinct 

approaches is conducted. 

The first approach, known as the sequential approach, involves solving the ND 

and IP problems separately. The second approach, called the integrated approach, 

utilizes the integrated model outlined in Section 3 to address both ND and IP problems 

simultaneously. To derive results for both approaches, we employ the CPLEX 21.1 

Solver. The three-period planning horizon problem instance in our case study contains 

a total of 60,822 decision variables. Among these, 39,810 are real variables, and 21,012 

are binary variables. It takes approximately 222,934.55 seconds to obtain the optimal 

solution from CPLEX. 

The customer demand is assumed to be normally distributed with specified 

average daily demand, ߤ௣ǡ௞, and SD, ߪ௣ǡ௞. Our models are solved across various CSLs 

UFM1

UFM2

SEATM1

SEATM2

SEATM3

BACKM1

BACKM2

BACKM3

CHAIRM1

CHAIRM2

CHAIRM3

CHAIRM4

CHAIRM5

FinalM1

FinalM2

FinalM3

Ref. code: 25666322300267HQA



76 

 

ranging from ����� ������� ������«�� to 99.9%. The expected SS and shortage 

quantities are pre-computed based on Equations (3.64) - (3.67) for each individual 

product and corresponding CSL. 

Additionally, the critical path, which signifies the longest route within the 

network, is determined. This critical path, established using the model outlined in 

Appendix B, provides the maximum feasible service time that a node in the network 

can commit to. 

 

5.2.1 Comparison results of the MILP model 

Figure 5.2 visually represents the total costs obtained from the two approaches 

across the specified range of CSLs. 

 
Figure 5.2 Total costs of different CSLs between the two approaches 

 
It is evident that the optimal CSLs recommended by these two approaches 

diverge. The proposed integrated approach designates the optimal CSL as 99.8%, which 

yields the lowest total cost across the considered range of CSLs. Conversely, the 

sequential approach identifies the optimal solution at a CSL of 99.3%. Notably, as the 

CSL increases beyond the optimal point determined by the sequential approach, the 

total cost experiences an escalation. In contrast, in the integrated approach, the total 

cost continually diminishes from 99% to 99.8% CSL until it reaches the optimal point. 

Beyond this point, at a CSL of 99.9%, the cost embarks on an ascent once again. Thus, 
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the cost trends followed by these two approaches result in a substantial difference in 

percentage, as illustrated in the figure. 

Table 5.1 The optimal solution between the sequential approach and the integrated 

approach 

Model 
Optimal 

CSL 
NDP IP 

Total Cost 
(TC) 

The sequential approach 0.993 389,535,083.44 47,581,853.20 437,116,936.64 

The integrated approach 0.998 396,560,213.94 29,247,466.39 425,807,680.33 

Table 5.1 shows the optimal solutions achieved through our proposed integrated 

approach, compared with those derived from the sequential approach.  The optimal 

CSLs lead to total costs of 425,807,680.33 THB and 437,116,936.64 THB for the 

integrated and sequential approaches, respectively. Although the difference is not 

substantial, there exists a slight variation in the ND costs of the two approaches due to 

the differing proposed network structures. Specifically, the integrated approach incurs 

a slightly higher ND cost but leads to a lower SS cost. Conversely, the sequential 

approach exhibits a lower ND cost, yet its total SS cost surpasses that of the integrated 

approach. The ND costs of the two approaches can be found in Table 5.2 The total 

network design cost between the integrated approach and the sequential approach. 

Specifically, at 99.8% CSL, the integrated approach experiences a total SS cost 

of 29,247,466.39 THB, while the sequential approach's cost rises to 47,581,853.20 

THB at 99.3% CSL. A comprehensive breakdown of the SS cost components can be 

found in Table 5.3. Despite incurring an additional 7,025,130.50 THB for ND, the 

integrated approach results in savings of 18,334,386.81 THB in SS positioning costs 

compared to the sequential approach. Consequently, the integrated approach achieves 

an overall lower total network cost, showcasing the advantage of solving the integrated 

model in comparison to the sequential approach. 

In summary, the sequential approach attempts to optimize network 

configuration and subsequently locate SS results in a sub-optimal solution. In contrast, 

the proposed integrated model effectively balances the costs between ND and IP 

problems, leading to an optimal solution that outperforms the sequential approach. 
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Among the five cost components, the main differences come from the 

production management and the cycle inventory holding costs. Specifically, the 

production cost from the sequential approach is 23,887,337 THB lower than that of the 

integrated approach. This saving is enough to offset the increase of 12,597,565 THB in 

the cycle inventory holding cost. In total, these two cost components mainly contribute 

to the lower total ND cost from the sequential approach. Particularly, the saving occurs 

in the third period in the network. 

Among the five cost components considered, the most significant differences 

arise from the production and cycle inventory holding costs. Precisely, the production 

cost incurred by the sequential approach is remarkably lower by 23,887,337 THB 

compared to the integrated approach. This cost reduction effectively counterbalances 

the concurrent increase of 12,597,565 THB in cycle inventory holding costs. In 

summary, these two primary cost components primarily drive the lower total ND cost 

observed in the sequential approach. Notably, this cost-saving becomes particularly 

evident in the third period of the network. 

Referring to Table 5.3, a comprehensive examination of the IP cost components 

between the two strategies reveals noteworthy distinctions. In the sequential approach, 

the holding cost attributed to the SS of output items exceeds that of the integrated 

approach, while concurrently, the SS cost for input items is lower. Nevertheless, the 

overall SS holding cost within the integrated approach is mitigated by a considerable 

14,835,929 THB. 

Moreover, it is significant to note that the sequential approach advocates for a 

lower optimal CSL of 99.3%, indicating a high probability of encountering shortages 

and more expenses associated with unmet demand. Additionally, the sequential 

approach incurs elevated expenses in both SS holding and shortages, leading to a 

notably augmented total IP cost in contrast to the integrated approach. 
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Table 5.4 Amount of SS in the network proposed by sequential and integrated 

approaches 

Approach 

࢚ ൌ ૚  ࢚ ൌ ૛  ࢚ ൌ ૜ 
Fr

om
 N

od
e 

It
em

 

SS
 o

f o
ut

pu
t 

SS
 o

f i
np

ut
 

To
 N

od
e 

 Fr
om

 N
od

e 

It
em

 

SS
 o

f o
ut

pu
t 

SS
 o

f i
np

ut
 

To
 N

od
e 

 Fr
om

 N
od

e 

It
em

 

SS
 o

f o
ut

pu
t 

SS
 o

f i
np

ut
 

To
 N

od
e 

Sequential  

1 c1 - 1,213 9 
 1 c1 - 1,425 9  1 c1 - 1,425 9 

c2 - 297  9 a1 - 1,561 14  9 a1 - 1,561 14 
9 a1 1,561 - 14 

 13 a2 - 323  13 a2 - 323 
a2 299 -  9 a1 1,239 - 15  9 a1 - 1,239 15 13 a1 1,347 - 15 

 13 a2 - 295  13 a2 - 295 
9 a2 - 272  9 a1 1,284 - 16  9 a1 1,284 - 16 
9 a1 1,284 - 16 

 13 a2 293 -  13 a2 293 - 
a2 - 280                               

Integrated  

12 a1 - 1,180 14 
 12 a1 - 1,180 14  12 a1 - 1,180 14 11 a2 - 175  11 a2 - 175  a2 - 226 

12 a1 - 875 15 
 12 a1 - 875 15  11 a1 758 - 15 11 a2 166 -  11 a2 - 166  12 a2 - 192 

12 a1 - 823 16 
 12 a1 - 823 16  12 a1 - 824 16 11 a2 207 -  11 a2 207 -  a2 179 - 

 

Table 5.4 presents the SS quantities and their corresponding positions within 

the network. Each item in the network can potentially have two SS positions on an arc, 

including SS for output items retained post-processing by an upstream node and SS for 

input items prior to their processing by a downstream node. To demonstrate, consider 

the sequential approach's network when ݐ ൌ ͳ, along the arc connecting nodes 1 and 9, 

there are SS locations allocated for input items ܿͳ and ܿʹ, constituting quantities of 

1,213 and 297 units, respectively. Similarly, this logic extends to other nodes 

throughout the network. 

Table 5.5 Summary of total SS amounts of the two approaches 

Item Sequential 
approach 

Integrated 
approach 

c1 4,062 - 
c2 297 - 
a1 12,359 8,518 
a2 2,674 1,695 
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The results also demonstrate that, during each period, the integrated approach's 

SS positions have shorter RTs when compared with the sequential approach. 

Additionally, the sequential approach proposes eight SS positions for the first period 

and seven for the subsequent periods, inclusive of additional positions interlinking 

nodes within the first and second layers. These shorter RTs and more rationalized SS 

sites result in diminished SS quantities. This reduction, in turn, leads to a decreased SS 

cost from the integrated approach. A summary of the cumulative SS quantities yielded 

by both approaches is presented in Table 5.5. 

 

5.2.2 Sensitivity analysis  

We conduct a sensitivity analysis to measure the impact of service time ܴ and 

the coefficient of variation ܸܥ of demand on the optimal solutions. This experiment is 

performed by varying ܴ and ܸܥ within defined ranges: ܴ spans from 6 to 10 periods, 

with an interval of 2, while ܸܥ ranges from 0.25 to 0.75, with a step size of 0.25. 

Consequently, this exploration yields nine different ሺܴǡ  ሻ pairings, denoted asܸܥ

ሼሺ͸ǡ ͲǤʹͷሻǢ ሺͺǡ ͲǤʹͷሻǢǥ Ǣ ሺͳͲǡ ͲǤ͹ͷሻሽ. 

The outcome of this analytical exploration is visually illustrated in Figures 5.3 

and 5.4. 
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Figure 5.3 graphically presents the impact of the nine combinations of ሺܴǡ  ሻܸܥ

across a range of ten CSLs, spanning from 99% to 99.9%. From this representation, it 

indicates that an increase in ܴ corresponds to a reduction in the required SSs, 

consequently resulting in diminished total SS costs. The positive proportional 

relationship between the total annual SS cost and ܸܥ becomes apparent, indicating that 

an increase in the SD results in escalated total SS costs due to higher demand 

uncertainty. This relationship is visually demonstrated in Figure 5.4. 

Within this interaction, the CSL operates as a critical factor, representing a 

trade-off between SS holding and shortage costs. When holding the same ܸܥ, elevating 

ܴ (thus extending customer tolerance) gives a dual advantage: it reduces the overall SS 

cost and elevates the optimal CSL. An example of this phenomenon is noted when 

examining ܸܥ ൌ ͲǤʹͷ. Here, as ܴ escalates from 6 to 8 within the sequential approach, 

the optimal CSL shifts from 99.2% to 99.4%, while the integrated approach proposes a 

shift from 99.5% to 99.9%. 

Figure 5.4 underscores the broad gap in optimal CSL between the two 

approaches as ܴ remains constant and ܸܥ increases. For instance, when ܸܥ ൌ ͲǤʹͷ and 

ܴ transitions from 6 to 8, the gap expands from 0.3% (99.5% - 99.2%) to 0.4% (99.7% 

- 99.3%) and further to 0.5% (99.9% - 99.4%). Similar trends are observed for ܸܥ ൌ

ͲǤͷ and ܸܥ ൌ ͲǤ͹ͷ. The percentage of improvement (% Diff.) signifies this expanding 

gap in optimal CSL with increasing ܴ, resulting in more substantial savings in the total 

SS cost. 

The sensitivity analysis result also reveals that there is an influence of safety 

stock decisions on the network structure. It is demonstrated that varying ܴ-ܸܥ values 

lead to distinct safety stock placement decisions, subsequently influencing choices 

regarding the network structure with the goal of minimizing the overall network cost. 

The changes in network structure can be seen in Table 5.6 and Table 5.7 by looking 

into the fixed opening and transportation cost components. Specifically, with the same 

CSL, i.e., 99% and 99.5%, the facility-opening decision and network flows may change 

across different values of ܴ-ܸܥǤ This finding reveals the relationship among committed 

service time, demand variability, safety stock, and network design decisions. 
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5.3 Result of the second approach: Genetic algorithm 

,Q�RUGHU�WR�DGGUHVV�D�PRUH�H[WHQVLYH�SUREOHP��FRQVLGHULQJ�D�WHQ�SHULRG�SODQQLQJ�

KRUL]RQ��ZH�HPSOR\�WKH�*$�LQWURGXFHG�LQ�&KDSWHU����7KH�*$�LV�GHYHORSHG�XVLQJ�3\WKRQ�

�����,QLWLDOO\��D�FRPSDUDWLYH�DQDO\VLV�LV�FRQGXFWHG��ZKHUHLQ�WKH�*$�UHVXOWV�DUH�FRPSDUHG�

ZLWK� RSWLPDO� VROXWLRQV� REWDLQHG� IURP� &3/(;�� 7KLV� FRPSDUDWLYH� HYDOXDWLRQ� LV�

SHUIRUPHG� RQ� PHGLXP�VFDOH� VLQJOH�VRXUFLQJ� SUREOHPV� VSDQQLQJ� D� WKUHH�SHULRG�

SODQQLQJ� KRUL]RQ�� 7KLV� FRPSDULVRQ� DOORZV� XV� WR� HYDOXDWH� WKH� HIIHFWLYHQHVV� DQG�

HIILFLHQF\� RI� WKH� *$� LQ� WDFNOLQJ� PRUH� FRPSOH[� DQG� H[WHQVLYH� 6&� RSWLPL]DWLRQ�

FKDOOHQJHV�� SURYLGLQJ� LQVLJKWV� LQWR� LWV� SHUIRUPDQFH� FRPSDUHG� WR� RSWLPDO� VROXWLRQV�

DFKLHYHG�WKURXJK�WKH�&3/(;�VROYHU� 

$IWHU� WKLV�� RXU� H[SHULPHQWDWLRQ� H[WHQGV� WR� ERWK� VLQJOH�VRXUFLQJ� DQG� PXOWL�

VRXUFLQJ�VWUDWHJLHV��ZKHUH�WKH�FKDOOHQJHV�DUH�PRUH�VXEVWDQWLDO��LQYROYLQJ�D�WHQ�SHULRG�

SODQQLQJ�KRUL]RQ��7KH�*$�LV�WKHQ�XVHG�WR�DGGUHVV�WKHVH�ODUJHU�SUREOHP�LQVWDQFHV��,Q�WKH�

HYDOXDWLRQ�SURFHVV��WKH�SHUIRUPDQFH�RI�WKH�*$�LV�HYDOXDWHG�XVLQJ�XSSHU�ERXQGV�GHULYHG�

IURP�&3/(;� 

 

5.3.1 Comparison results of the GA 

7KH�*$� LQ� WKH� LQLWLDO� H[SHULPHQW� LV� FRQILJXUHG� WR� LQFRUSRUDWH� ERWK� VHOHFWLRQ�

PHFKDQLVPV� RXWOLQHG� LQ� &KDSWHU� ��� ,Q� DGGLWLRQ�� WKH� FURVVRYHU� RSHUDWLRQ� LV� H[HFXWHG�

XVLQJ�WKH�RUGHU�FURVVRYHU�PHWKRG��ZKLOH�VZDS�PXWDWLRQ�WHFKQLTXH�LV�HPSOR\HG�LQ�WKH�

PXWDWLRQ� SURFHVV�� 7KH� *$
V� SRSXODWLRQ� FRPSULVHV� ��� FKURPRVRPHV�� ZKLFK� DUH�

JHQHUDWHG�UDQGRPO\��7KH�*$�LWHUDWHV�WKURXJK�����JHQHUDWLRQV�DQG�HPSOR\V�D�PXWDWLRQ�

UDWH�RIߩ� ൌ ͲǤͳ��$GGLWLRQDOO\��IRU�0HFKDQLVP���RI�WKH�VHOHFWLRQ�SURFHVV�LQ�6WHS����WKH�

VHOHFWLRQ�UDWH�LV�VHW�WRݎ� ൌ ͲǤͷ� 
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Figure 5.5 GA results ± single-sourcing strategy with three-period planning horizon 

 
2SWLPDO�VROXWLRQV�IURP�WKH�VHTXHQWLDO�DQG�LQWHJUDWHG�DSSURDFKHV�DUH�FRPSDUHG�

ZLWK�WKH�UHVXOWV�IURP�*$��Figure 5.5�YLVXDOO\�UHSUHVHQWV�WKH�UHVXOWV�RI�YDULRXV�UXQV�RI�

WKH�*$�LQ�FRPSDULVRQ�ZLWK�WKH�WZR�DSSURDFKHV�LQ�WKH�FRQWH[W�RI�D�WKUHH�SHULRG�SODQQLQJ�

KRUL]RQ�� ,W� LV� HYLGHQW� WKDW� WKH� VROXWLRQV� JHQHUDWHG� E\� WKH� *$� H[KLELW� VLJQLILFDQW�

LPSURYHPHQW�ZLWKLQ� WKH�LQLWLDO�����JHQHUDWLRQV��DIWHU�ZKLFK�WKH�UDWH�RI�LPSURYHPHQW�

VORZV� GRZQ� GXULQJ� WKH� VXEVHTXHQW� JHQHUDWLRQV��$OO� UXQV� RI� WKH�*$� RXWSHUIRUP� WKH�

VROXWLRQV� IURP� WKH� VHTXHQWLDO� DSSURDFK��0RUHRYHU�� DPRQJ� WZHQW\�*$� UXQV�� HLJKW� RI�

WKHP�PDQDJHG�WR�DFKLHYH�WKH�RSWLPDO�VROXWLRQ�IURP�WKH�LQWHJUDWHG�DSSURDFK��UXQV�������

������������������DQG������2Q�WKH�FRQWUDU\��WKH�OHDVW�IDYRUDEOH�*$�VROXWLRQ�LV�REVHUYHG�

LQ� UXQ� ��� 7KH� VROXWLRQ� REWDLQHG� E\� WKH� *$� LQ� UXQ� �� DIWHU� ���� JHQHUDWLRQV� LV�

���������������7+%�� HTXLYDOHQW� WR� D� ������ JDS� FRPSDUHG� WR� WKH� RSWLPDO� VROXWLRQ�

GHULYHG�IURP�WKH�LQWHJUDWHG�DSSURDFK��,Q�DGGLWLRQ��LQ�WHUPV�RI�FRPSXWDWLRQDO�WLPH��WKH�

SURSRVHG�*$�DOVR�RXWSHUIRUPV�WKH�SHUIRUPDQFH�RI�WKH�FRPPHUFLDO�VROYHU��6SHFLILFDOO\��
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WKH�*$�WDNHV�DSSUR[LPDWHO\����������VHFRQGV�WR�ILQLVK�����JHQHUDWLRQV��ZKLOH�&3/(;�

REWDLQV�WKH�VROXWLRQ�DIWHU�����������VHFRQGV� 

Table 5.8�SURYLGHV�D�FRPSUHKHQVLYH�FRPSDULVRQ�RI�VROXWLRQV�DPRQJ�WKH�WKUHH�

DSSURDFKHV�� ,W� LV� HYLGHQW� WKDW� WKH� SURSRVHG� *$� HIIHFWLYHO\� FDSWXUHV� WKH� WUDGH�RII�

EHWZHHQ�1'�DQG�,3�SUREOHPV��VLPLODU�WR�WKH�LQWHJUDWHG�DSSURDFK��:KHQ�LW�FRPHV�WR�1'�

FRVW�� ERWK� WKH� LQWHJUDWHG� DSSURDFK� DQG� WKH�SURSRVHG�*$�SURGXFH� WKH� VDPH�QHWZRUN�

VWUXFWXUH��UHVXOWLQJ�LQ�D�KLJKHU�QHWZRUN�FRVW�ZKHQ�FRPSDUHG�WR�WKH�VHTXHQWLDO�DSSURDFK�� 

&RPSDULQJ� WKH� FRPSRQHQWV� RI� ,3� FRVWV� DFURVV� WKH� WKUHH� DSSURDFKHV�� WKH�

VHTXHQWLDO� DSSURDFK� H[KLELWV� QRWDEO\� KLJKHU� KROGLQJ� FRVWV� IRU� 66� EXW� ORZHU� FRVWV�

DVVRFLDWHG�ZLWK�66�VKRUWDJHV� LQ� FRPSDULVRQ� WR� WKH� LQWHJUDWHG� DSSURDFK�DQG� WKH�*$��

+RZHYHU�� ERWK� WKH� LQWHJUDWHG� DSSURDFK� DQG� WKH�*$�PDQDJHG� WR� DFKLHYH� DQ� RYHUDOO�

UHGXFWLRQ� LQ� 66� KROGLQJ� FRVWV� E\� D� VXEVWDQWLDO� DPRXQW� RI� ����������� 7+%�� 7KLV�

VXEVWDQWLDO�UHGXFWLRQ�LQ�KROGLQJ�FRVWV�PDQDJHV�WR�RIIVHW�WKH�KLJKHU�66�VKRUWDJH�FRVWV�

LQFXUUHG�E\�WKH�LQWHJUDWHG�DSSURDFK�DQG�WKH�*$� 

,Q�WKH�FRQWH[W�RI�WKH�VROXWLRQV�SURYLGHG�E\�WKH�LQWHJUDWHG�DSSURDFK�DQG�WKH�*$��

HYHQ�WKRXJK� WKH�QHWZRUN�VWUXFWXUH�UHPDLQV�FRQVLVWHQW��WKHUH�DUH�PLQRU�GLIIHUHQFHV�LQ�

WKH�WRWDO�66�FRVWV�GXH�WR�GHFLVLRQV�DERXW�ZKHWKHU�QRGHV�NHHS�LQSXW�RU�RXWSXW�LWHPV��,W�

VKRXOG�EH�QRWHG�WKDW�WKH�,3�PRGHO�DVVXPHV�HTXDO�XQLW�KROGLQJ�DQG�VKRUWDJH�FRVWV�IRU�

ERWK�LQSXW�DQG�RXWSXW�LWHPV�DW�D�JLYHQ�QRGH��7KLV�DVVXPSWLRQ�LPSOLHV�WKDW�NHHSLQJ�WKH�

VDPH�TXDQWLW\�DW�D�QRGH�ZLOO�\LHOG�D�FRQVWDQW�66�FRVW��UHJDUGOHVV�RI�ZKHWKHU�LQSXW�RU�

RXWSXW� LWHPV�DUH� UHWDLQHG��&RQVHTXHQWO\�� DOWKRXJK� WKHUH�PD\�EH�YDULDWLRQV� LQ� WKH�66�

FRPSRQHQWV� EHWZHHQ� WKH� LQWHJUDWHG� DSSURDFK� DQG� WKH�*$�� WKH� RYHUDOO� WRWDO� 66� FRVW�

UHPDLQV�XQDIIHFWHG� 
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,Q� WKH�QH[W� VHFWLRQ�� WKH�SUREOHP�LV�H[WHQGHG� WR�HQFRPSDVV�D� ORQJHU�SODQQLQJ�

KRUL]RQ�WKDW�VSDQV�WHQ�SHULRGV��0XOWLSOH�UXQV�RI�WKH�*$�XVLQJ�D�VHW�RI�SDUDPHWHU�VHWWLQJV�

DUH� HPSOR\HG� WR� VROYH� WKLV� H[SDQGHG� SUREOHP�� 7KURXJK� DQ� H[SORUDWLRQ� RI� YDULRXV�

SDUDPHWHU�FRPELQDWLRQV��RXU�REMHFWLYH�LV�WR�LGHQWLI\�WKH�*$�VHWWLQJV�WKDW�RIIHU�WKH�PRVW�

SURPLVLQJ�FKDQFHV�IRU�DFKLHYLQJ�VXSHULRU�VROXWLRQV� 

 

5.3.2 GA parameters tunning 

7KH�HIIHFWLYHQHVV�RI�WKH�SURSRVHG�*$�FDQ�EH�LQIOXHQFHG�E\�WKH�FRQILJXUDWLRQ�RI�

LWV� SDUDPHWHUV�� LQFOXGLQJ� PXWDWLRQ� SUREDELOLW\�� PXWDWLRQ�� FURVVRYHU� RSHUDWRUV��

SRSXODWLRQ�VL]H��VHOHFWLRQ�UDWH��DQG�QXPEHU�RI�JHQHUDWLRQV��'LIIHUHQW�FRPELQDWLRQV�RI�

SDUDPHWHU� YDOXHV� FDQ� OHDG� WR� YDU\LQJ� SHUIRUPDQFH� UHJDUGLQJ� VROXWLRQ� TXDOLW\� DQG�

FRQYHUJHQFH�VSHHG��7KH�SURFHVV�RI�GHWHUPLQLQJ�WKH�PRVW�VXLWDEOH�SDUDPHWHU�YDOXHV�LQ�

DGYDQFH�LV�UHIHUUHG�WR�DV�WKH�SDUDPHWHU�WXQLQJ�SUREOHP� 

,Q�RXU�VWXG\��ZH�DGGUHVV�WKLV�SDUDPHWHU�WXQLQJ�SUREOHP�WKURXJK�WKH�XWLOL]DWLRQ�

RI�D�GHVLJQ�RI�H[SHULPHQW��VSHFLILFDOO\�HPSOR\LQJ�D�IXOO�IDFWRULDO�GHVLJQ��7KLV�W\SH�RI�

H[SHULPHQWDO� GHVLJQ� HQDEOHV� XV� QRW� RQO\� WR� DVVHVV� WKH� LQGLYLGXDO� LPSDFWV� RI� HDFK�

SDUDPHWHU�DQG�RSHUDWRU�EXW�DOVR�WR�H[DPLQH�WKH�SRWHQWLDO�LQWHUDFWLRQV�DPRQJ�WKHP��7R�

HYDOXDWH�DQG�RSWLPL]H�WKH�SHUIRUPDQFH�RI�WKH�*$��ZH�FDUU\�RXW�DQ�H[SHULPHQW�IRFXVHG�

RQ� WKH�PXOWL�VRXUFLQJ�SUREOHP��7KH�IXOO� IDFWRULDO�GHVLJQ�FRPSULVHV� IRXU�NH\�IDFWRUV��

HDFK� WHVWHG� ZLWK� D� UDQJH� RI� VHWWLQJV� WR� DQDO\]H� WKHLU� HIIHFWV� WKRURXJKO\�� 7KH� IRXU�

FRQVLGHUHG�IDFWRUV�DUH�OLVWHG�DV�IROORZV� 

- &URVVRYHU�RSHUDWRU��2QH�SRLQW�FURVVRYHU�DQG�RUGHU�FURVVRYHU 

- 0XWDWLRQ�SUREDELOLW\������DQG���� 

- 0XWDWLRQ�RSHUDWRU��LQYHUVLRQ�DQG�VZDS�PXWDWLRQ 

- 6HOHFWLRQ�UDWH������DQG���� 

)XUWKHUPRUH��ZH�LQFRUSRUDWH�IRXU�FHQWHU�SRLQWV�DV�LQWHUPHGLDWH�OHYHOV�IRU�ERWK�

PXWDWLRQ� SUREDELOLW\� DQG� VHOHFWLRQ� UDWH�� 7KHVH� FHQWHU� SRLQWV� DUH� XWLOL]HG� DFURVV� DOO�

FRPELQDWLRQV�RI�FURVVRYHU�DQG�PXWDWLRQ�RSHUDWRUV��7R�HQKDQFH� WKH�UREXVWQHVV�RI�RXU�

DQDO\VLV�� ZH� SHUIRUP� HDFK� UXQ� ILYH� WLPHV�� UHVXOWLQJ� LQ� D� WRWDO� RI� ���� UXQV��

&RPSUHKHQVLYH�GHWDLOV�UHJDUGLQJ�WKH�UHVXOWV�RI�WKHVH�ILYH�UHSOLFDWH�UXQV�FDQ�EH�IRXQG�LQ�

$SSHQGL[�&� 
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7KH� VWDWLVWLFDO� DQDO\VLV� RI� WKH� H[SHULPHQW�� LQFOXGLQJ� UHOHYDQW� WDEOHV� DQG� D�

JUDSKLFDO�UHSUHVHQWDWLRQ��LV�SUHVHQWHG�LQ�Table 5.9��DV�ZHOO�DV�LQ�Figure 5.6��1RWDEO\��WKH�

$129$�WDEOH�LQGLFDWHV�D�VLJQLILFDQW�WZR�IDFWRU�LQWHUDFWLRQ�EHWZHHQ�FURVVRYHU�RSHUDWRU�

DQG�PXWDWLRQ�RSHUDWRU�DQG�D�WKUHH�IDFWRU�LQWHUDFWLRQ�LQYROYLQJ�WKH�FURVVRYHU�RSHUDWRU��

PXWDWLRQ�SUREDELOLW\��DQG�VHOHFWLRQ�UDWH� 

Table 5.9 5HVXOWV�IRU�DQDO\VLV�RI�YDULDQFH 

6RXUFH ') $GM�66 
$GM�

06 

)�

9DOXH 

3�

9DOXH 

0RGHO � ����� ������� ���� ����� 

/LQHDU � ����� ������� ���� ����� 

&URVVRYHU�2SHUDWRU � ���� ������ ���� ����� 

0XWDWLRQ�3UREDELOLW\ � ���� ������ ���� ����� 

0XWDWLRQ�2SHUDWRU � � � � ����� 

6HOHFWLRQ�5DWH � ����� ������� ���� ����� 

��:D\�,QWHUDFWLRQV � ������ ������� ���� ����� 

&URVVRYHU�2SHUDWRU
0XWDWLRQ�3UREDELOLW\ � ����� ������� ���� ����� 

&URVVRYHU�2SHUDWRU
0XWDWLRQ�2SHUDWRU � ����� ������� ���� ����� 

&URVVRYHU�2SHUDWRU
6HOHFWLRQ�5DWH � � ������ � ����� 

0XWDWLRQ�3UREDELOLW\
6HOHFWLRQ�5DWH � ���� ������ ���� ����� 

��:D\�,QWHUDFWLRQV � ����� ������� ���� ����� 

&URVVRYHU�2SHUDWRU
0XWDWLRQ�

3UREDELOLW\
6HOHFWLRQ�5DWH 

� ����� ������� ���� ����� 

(UURU �� �������� �������   

&XUYDWXUH � ����� ������� ���� ����� 

/DFN�RI�)LW � ������ ������� ���� ����� 

3XUH�(UURU �� ������� �������   

7RWDO �� �������    
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Figure 5.6 5HVLGXDO�SORWV�IRU�UHVSRQVH 

 
 

 
Figure 5.7 &XEH�SORW��ILWWHG�PHDQV��IRU�UHVSRQVH 

 
7R�YLVXDOO\� LOOXVWUDWH� WKH� HIIHFWV�RI� WKH� WKUHH�IDFWRU� LQWHUDFWLRQ��D� FXEH�SORW� LV�

SUHVHQWHG�LQ�Figure 5.7��7KLV�FXEH�SORW�HIIHFWLYHO\�VKRZFDVHV�WKH�LQWHUDFWLRQ�DPRQJ�WKH�

FURVVRYHU�RSHUDWRU��PXWDWLRQ�SUREDELOLW\��DQG�VHOHFWLRQ� UDWH��KHOSLQJ�XV� REVHUYH� WKHLU�

FRPELQHG�LPSDFW�RQ�WKH�*$
V�SHUIRUPDQFH� 

5HPDUNDEO\�� WKH�FXEH�SORW� LGHQWLILHV� WKH�RSWLPDO�FRQILJXUDWLRQ� IRU� WKH�*$�DV�

XWLOL]LQJ�WKH�RQH�SRLQW�FURVVRYHU�RSHUDWRU�� LQYHUVLRQ�PXWDWLRQ��D�PXWDWLRQ�SUREDELOLW\�

1,491.91 1,486.80

1,491.33

1,492.661,487.04

1,488.37

1,490.58 1,488.13

Crossover OperatorOne-point Order

Mutation
Probability

0.3

0.1

Mutation Operator

Inversion

Swap

1,487.96 1,487.16

1,486.75

1,488.061,486.81

1,488.14

1,486.63 1,488.49

Crossover OperatorOne-point Order

Mutation
Probability

0.3

0.1

Mutation Operator

Inversion

Swap

Selection Rate
0.1 0.5
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RI������DQG�D�VHOHFWLRQ�UDWH�RI������7KLV�RSWLPDO�FRQILJXUDWLRQ�LV�IXUWKHU�VXSSRUWHG�E\�WKH�

UHVSRQVH�RSWLPL]HU��ZKLFK� LV�RXWOLQHG�LQ�Table 5.10��,W�VKRXOG�EH�QRWHG�WKDW�PXOWLSOH�

VHWWLQJV� DUH� JLYHQ� LQ� WKH� WDEOH�� FROOHFWLYHO\� \LHOGLQJ� DQ� H[SHFWHG� WRWDO� FRVW� RI�

DSSUR[LPDWHO\�������PLOOLRQ�%DKW� 

Table 5.10 5HVSRQVH�RSWLPL]HU 

Solution Crossover 
Operator 

Mutation 
Probability 

Mutation 
Operator 

Selection 
Rate 

Response 
Fit 

Composite 
Desirability 

� 2QH�SRLQW ����� ,QYHUVLRQ ����� �������� �������� 
� 2QH�SRLQW ����� ,QYHUVLRQ ����� �������� �������� 
� 2UGHU ����� 6ZDS ����� �������� �������� 
� 2UGHU ����� 6ZDS ����� �������� �������� 
� 2UGHU ����� 6ZDS ����� �������� �������� 

 

7KH�VDPH�*$�K\SHUSDUDPHWHU� WXQLQJ�SURFHVV� LV�HPSOR\HG�IRU�RSWLPL]LQJ� WKH�

VLQJOH�VRXUFLQJ� VWUDWHJ\�� 7KH� PRVW� HIIHFWLYH� FRQILJXUDWLRQ� LQYROYHV� XWLOL]LQJ� RUGHU�

FURVVRYHU��SDLUHG�ZLWK�DQ�LQYHUVLRQ�PXWDWLRQ�SUREDELOLW\�VHW�DW�����RI�WKH�SUREDELOLW\��

DQG�D�VHOHFWLRQ�UDWH�RI������'HWDLOV�RI�WKH�DQDO\VLV�DUH�SURYLGHG�LQ�$SSHQGL[�'� 

 

5.3.3 GA large-scale instance result 

2QFH�WKH�SDUDPHWHUV�DUH�RSWLPL]HG�WR�WKHLU�PRVW�HIIHFWLYH�YDOXHV��WKH�V\VWHP
V�

SHUIRUPDQFH�LV�DVVHVVHG�E\�VROYLQJ�WKH�H[WHQGHG�SUREOHP�IRU�ERWK�PXOWL�VRXUFLQJ�DQG�

VLQJOH�VRXUFLQJ�VWUDWHJLHV��7KLV�LWHUDWLYH�WHVWLQJ�HQVXUHV�WKH�UHOLDELOLW\�DQG�UREXVWQHVV�

RI�WKH�*$
V�SHUIRUPDQFH��7KH�RXWFRPHV�RI�WKLV�HYDOXDWLRQ�IRU�ERWK�WKH�PXOWL�VRXUFLQJ�

DQG�VLQJOH�VRXUFLQJ�VWUDWHJLHV�DUH�GHSLFWHG�LQ�Figure 5.8�DQG�Figure 5.9�� 
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Figure 5.8 GA result - multi-sourcing strategy ± extended planning horizon 

 
7KH�SURSRVHG�*$
V�SHUIRUPDQFH� LV�HYDOXDWHG�DJDLQVW�RXWFRPHV�GHULYHG�IURP�

WKUHH� GLIIHUHQW� DSSURDFKHV�� RSWLPDO� VROXWLRQV� IURP� WKH� VHTXHQWLDO� DSSURDFK� IRU� ERWK�

PXOWL�VRXUFLQJ� DQG� VLQJOH�VRXUFLQJ� VWUDWHJLHV� DQG� WKH� EHVW� VROXWLRQ� IRXQG� YLD� WKH�

LQWHJUDWHG�DSSURDFK�IRU�WKH�VLQJOH�VRXUFLQJ�VWUDWHJ\��7KH�EHVW�IRXQG�VROXWLRQ�REWDLQHG�

WKURXJK�WKH�LQWHJUDWHG�DSSURDFK��DV�VKRZQ�LQ�Figure 5.9��HPHUJHV�DIWHU�D����KRXU�UXQ�

DQG� H[KLELWV� D� ������� JDS� IURP� WKH� ORZHU� ERXQG�� ,W� LV� QRWHZRUWK\� WKDW�� GXH� WR� WKH�

LQWULFDWH�QDWXUH�RI�WKH�PXOWL�VRXUFLQJ�VWUDWHJ\��WKH�PDWKHPDWLFDO�PRGHO�LQ�OLQHDU�IRUP�

FRXOG�QRW�EH�GHYLVHG�IRU�WKLV�VWUDWHJ\�XQGHU�WKH�LQWHJUDWHG�DSSURDFK��&RQVHTXHQWO\��WKH�

LQWHJUDWHG�DSSURDFK�LV�VROHO\�DSSOLFDEOH�WR�WKH�VLQJOH�VRXUFLQJ�VWUDWHJ\� 
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Figure 5.9 GA result - single-sourcing strategy ± extended planning horizon 

 
,W�LV�GHPRQVWUDWHG�WKDW�DV�WKH�SRSXODWLRQ�VL]H�LQFUHDVHV��VROXWLRQV�LPSURYH��ZLWK�

WKLV�WUHQG�EHLQJ�PRUH�QRWLFHDEOH�LQ�WKH�VLQJOH�VRXUFLQJ�VWUDWHJ\��:KLOH�LPSURYHPHQWV�

DUH�DOVR�REVHUYDEOH�LQ�WKH�PXOWL�VRXUFLQJ�VWUDWHJ\��WKH\�DUH�FRPSDUDWLYHO\�PRUH�PRGHVW��

7KHVH�REVHUYDWLRQV�XQGHUVFRUH�WKH�FRQVLVWHQW�SHUIRUPDQFH�RI�WKH�SURSRVHG�*$�DV�WKH�

SODQQLQJ�KRUL]RQ�H[WHQGV�IURP�WKUHH�SHULRGV�WR�WHQ�SHULRGV��7KLV�LPSOLHV�WKDW�WKH�*$�

FDQ�\LHOG�SURILFLHQW�VROXWLRQV�IRU�SUREOHPV�RI�PHGLXP�WR�ODUJH�VFDOH��,Q�DGGLWLRQ��ZKLOH�

&3/(;�DWWDLQV�D�VROXWLRQ�ZLWK�D��������JDS�LQ���������VHFRQGV��WKH�*$�LV�SRVVLEOH�WR�

DFKLHYH�VXSHULRU�VROXWLRQV�LQ�OHVV�FRPSXWDWLRQDO�WLPH��L�H���ZLWK�WKH�SRSXODWLRQ�VL]H�RI�

��������JHQHUDWLRQV�WDNH�DSSUR[LPDWHO\��������VHFRQGV�DQG��������VHFRQGV�IRU�*$V�RI�

VLQJOH�VRXUFLQJ�VWUDWHJ\�DQG�PXOWL�VRXUFLQJ�VWUDWHJ\��UHVSHFWLYHO\��7KH�FRPSXWDWLRQDO�

WLPH�GRXEOHV�ZKHQ�WKH�SRSXODWLRQ�VL]H�LV�LQFUHDVHG�WR���� 
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Figure 5.10 GA result ± both strategies ± extended planning horizon 

 
$GGLWLRQDOO\��Figure 5.10�XQGHUVFRUHV�WKDW��IRU�LGHQWLFDO�SUREOHP�LQVWDQFHV��WKH�

PXOWL�VRXUFLQJ� VWUDWHJ\� �EODFN� OLQHV� LQ� WKH� JUDSK�� RXWSHUIRUPV� LWV� VLQJOH�VRXUFLQJ�

FRXQWHUSDUW��GDUN�UHG�OLQHV��LQ�WHUPV�RI�WRWDO�FRVW��7KLV�LV�GXH�WR�WKH�IOH[LELOLW\�RI�WKH�

PXOWL�VRXUFLQJ� VWUDWHJ\� WKDW� RIIHUV� GLYHUVH� RSWLRQV� IRU� FRQILJXULQJ� WKH� QHWZRUN�

FRQILJXUDWLRQ� WR� ORZHU� WKH� RYHUDOO� FRVW�� &RQYHUVHO\�� WKH� VLQJOH�VRXUFLQJ� VWUDWHJ\�

IHDWXUHV�D�PRUH�FRQILQHG�QHWZRUN�FRQILJXUDWLRQ��ZKLFK�OHVVHQV�WKH�SRWHQWLDO�DOWHUQDWLYHV�

IRU�SRVLWLRQLQJ�66��7KLV�XQGHUVFRUHV�D�WUDGH�RII�EHWZHHQ�WKH�VLPSOLFLW\�RI�PDQDJLQJ�D�

VLQJOH� VXSSO\� VRXUFH� ZLWK� DGGLWLRQDO� H[SHQVHV� DQG� WKH� LQWULFDF\� RI� PXOWL�VRXUFLQJ�

PDQDJHPHQW�ZLWK�ORZHU�FRVWV�
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CHAPTER 6 

CONCLUSION AND FUTURE DIRECTIONS 
 
6.1 Conclusion 

This study introduces two innovative approaches that tackle the integration of 

ND and IP problems. The research framework addresses the complexities of multi-

period, multi-echelon supply networks, incorporating bill of materials for diverse 

products and cost fluctuation across the planning horizon. Given specific cost 

parameters and final downstream facility demands, the demand uncertainty necessitates 

the establishment of SS at certain nodes to fulfill demand at a defined CSL. The 

advantages of these approaches are demonstrated through a numerical study applied to 

a chair manufacturing network. 

A MILP model that integrates both production ND and IP concerns, specifically 

for the single-sourcing strategy, is formulated in Chapter 3. This MILP model not only 

determines an optimal network structure but simultaneously identifies the most suitable 

SS quantities and positions, resulting in a reduction in the total cost. A thorough 

comparison of the two approaches, including sequential and integrated approaches, 

reveals noteworthy cost benefits. The integrated approach consistently achieves cost 

savings between 1.7% and 3.7% compared to the conventional sequential approach, 

while CSLs range from 99% to 99.9%. Additionally, this integrated model maintains 

consistently high CSLs, indicating its ability to balance inventory holding and shortage 

costs while ensuring a high level of customer satisfaction. 

In-depth sensitivity analysis is conducted to analyze the impact of distinct 

parameters ± namely, service time and coefficient of variation ± on the SC network 

structure and SS positions. The findings demonstrate the intricate interaction between 

these factors and costs. Specifically, higher demand variability, as indicated by an 

elevated ܸܥ, directly influences a rise in total SS costs, which consequently contributes 

to an overall escalation in the total cost. Additionally, increased committed service time 

correlates with a decline in total SS amount, leading to a corresponding decrease in total 

costs. Moreover, the selection of an optimal CSL is closely related to changes in SS 

costs, with higher CSLs favored when total SS costs decline and vice versa. This 
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correlation between IP and CSL choice underscores the fundamental nature of the IP 

problem. 

Chapter 4, on the other hand, introduces a GA to tackle the integration of ND 

and IP within the broader SC context, particularly focusing on large-scale scenarios. 

This versatile GA accommodates various sourcing strategies, including both single-

sourcing and multi-sourcing scenarios. The proposed GA is developed to determine 

network structures, followed by optimizing flows via a minimum-cost flow problem 

and determining SS positioning through a MILP model. The GA's effectiveness is 

demonstrated through experiments conducted on a medium-scale problem, showing its 

capacity to achieve optimal solutions within reasonable computational time. 

For large-scale challenges, a parameter tuning procedure is undertaken via a full 

factorial design. Four key parameters, including crossover operator, mutation 

probability, mutation operator, and selection rate, are considered. Using the optimal 

parameter setting, the GA is deployed on an extended planning horizon large-scale 

problem. The outcomes reveal the GA's superiority, surpassing optimal results derived 

from the sequential approach by 7.72% for the multi-sourcing strategy. Furthermore, 

the GA outperforms the best-found solution derived from the integrated approach by 

7.04% for the single-sourcing problem. 

In terms of total cost, the multi-sourcing strategy outperforms the single-

sourcing strategy. However, the decision between these strategies necessitates a careful 

balance. Organizations need to weigh the advantages of simplicity against the need for 

resilience and cost optimization. Assessing factors such as supply chain robustness, 

cost-effectiveness, and risk mitigation becomes important in determining the most 

suitable sourcing strategy for a particular context or scenario within a supply chain. 

Specifically, a single supply source simplifies logistics, communication, and 

coordination activities. However, this simplicity often comes with additional expenses, 

primarily due to higher dependence on a singular source, potentially leading to 

increased vulnerability to supply disruptions. On the other hand, multi-sourcing 

strategies introduce complexity by managing multiple suppliers. Despite the intricacies 

involved, this approach significantly enhances supply chain resilience. By spreading 

the sourcing across various suppliers or locations, it mitigates the impact of potential 
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disruptions. This diversified approach tends to result in lower costs in the long run, as 

it reduces the risk associated with relying solely on a single source. 

 

6.2 Future directions 

This study builds upon the foundations of Puga et al. (2019) and You and 

Grossmann (2008), extending their contributions by incorporating various 

enhancements. Our extensions encompass integrating multiple products with BOM, 

accommodating more diverse customer classes, expanding the supply chain network to 

a three-stage structure, introducing safety stocks for raw materials, and penalties for 

unmet demands through shortage cost of safety stock. 

There are several directions for extending our research.  

x Further extension could involve considering multiple modes of transportation 

and enabling direct shipments from one site to another.  

x It is also imperative to incorporate uncertainty into the model's parameters, 

which could make it more realistic and robust. Stochastic optimization 

techniques could be employed to address demand and cost uncertainties, 

providing more reliable solutions. 

x Due to the intricate nature of the problem, certain aspects from previous 

research, such as demand correlation and the selection between regular and 

express services, have not been thoroughly examined in this study. Future 

studies should aim to integrate these aspects. The incorporation of demand 

correlation significantly impacts safety stock management and can notably 

enhance decision-making concerning location-based inventory challenges. 

x Involving the integration of risk pooling strategies into the design of responsive 

supply chains. This integration holds promise for further reductions in overall 

safety stock levels. However, it is important to note that such an extension may 

lead to a highly complex model. The computational challenges associated with 

this approach may make it intractable, particularly when dealing with intricate, 

multi-sourcing supply chain networks, even in small-scale instances. 

x Extending the scope of the study to include closed-loop SCs, which involve 

product returns and recycling processes, along with adding environmental 
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considerations to the model. This could provide insights into sustainable SC 

design. 

x An interdisciplinary approach holds immense potential to elevate the depth of 

our research. Integrating insights from diverse fields, such as other supply chain 

PDQDJHPHQW¶V� FKDUDFWHULVWLFV� �FRQVLGHULQJ� SURGXFW� GHWHULRUDWLRQ� UDWH� LQ�

agriculture, consumer, radio-active materials industry, etc.), economics (by 

examining pricing strategies, market behaviors, and the impact of supply chain 

decisions on economic systems), and environmental studies (by considering 

eco-friendly practices, reducing carbon footprints) can offer invaluable 

perspectives that may unlock novel dimensions of the integrated problem. 

x Exploring alternative metaheuristics techniques and conducting a comparative 

analysis can provide valuable insights and enhance the robustness of the 

research.
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APPENDIX A 

THE ORIGINAL MIXED-INTEGER NONLINEAR 

PROGRAMMING MODEL OF THE INTEGRATED PROBLEM 
 
When integrating the two problems, ߪ௔ǡ௝ǡ௞ǡ௧ and ߪ௖ǡ௜ǡ௝ǡ௧ are not known in advance. 

They become decision variables in the MINLP model. 
 

�ܼே ൌ ܼଵ ൅෍෍ ෍෍࣢ࣝ௖ǡ௜ǡ௧
௧்א

Ȱିଵሺݏሻߪ௖ǡ௜ǡ௝ǡ௧ ൬ටࣲࣝ௖ǡ௜ǡ௝ǡ௧ ൅ ටࣳࣝ௖ǡ௜ǡ௝ǡ௧൰
௝א௅మ௜א௅భ௖א஼

 

൅෍ ෍ ෍෍࣢ࣛ௔ǡ௝ǡ௧Ȱିଵሺݏሻߪ௔ǡ௝ǡ௞ǡ௧ ൬ටࣲࣛ௔ǡ௝ǡ௞ǡ௧ ൅ ටࣳࣛ௔ǡ௝ǡ௞ǡ௧൰
௧்א௞א௄௝א௅మ௔א஺

 

൅෍෍෍࣢ ௣࣪ǡ௞ǡ௧Ȱିଵሺݏሻߪ௣ǡ௞ǡ௧ටࣲ ௣࣪ǡ௞ǡ௧
௧்א௞א௄௣א௉

 

൅෍෍ ෍෍ࣦࣝ௖ǡ௜ǡ௧
௧்א

ࣦሺݏሻߪ௖ǡ௜ǡ௝ǡ௧ ቆ
͵͸ͷ

ࣲࣝ௖ǡ௜ǡ௝ǡ௧
ටࣲࣝ௖ǡ௜ǡ௝ǡ௧ ൅

͵͸ͷ
ࣳࣝ௖ǡ௜ǡ௝ǡ௧

ටࣳࣝ௖ǡ௜ǡ௝ǡ௧ቇ
௝א௅మ௜א௅భ௖א஼

 

൅෍ ෍ ෍෍ࣦࣛ௔ǡ௝ǡ௧ࣦሺݏሻߪ௔ǡ௝ǡ௞ǡ௧ ቆ
͵͸ͷ

ࣲࣛ௔ǡ௝ǡ௞ǡ௧
ටࣲࣛ௔ǡ௝ǡ௞ǡ௧ ൅

͵͸ͷ
ࣳࣛ௔ǡ௝ǡ௞ǡ௧

ටࣳࣛ௔ǡ௝ǡ௞ǡ௧ቇ
௧்א௞א௄௝א௅మ௔א஺

 

൅෍෍෍ࣦ ௣࣪ǡ௞ǡ௧ࣦሺݏሻߪ௣ǡ௞ǡ௧
௧்א௞א௄௣א௉

͵͸ͷ
ࣲ ௣࣪ǡ௞ǡ௧

ටࣲ ௣࣪ǡ௞ǡ௧ 

 

(1) 

 ேܼ�݁ݖ݅݉݅݊݅ܯ
Subject to 
Constraints (3.2)-�3.21�, (3.43)-(3.47), (3.58), �3.69�-�3.73�, 

௖ǡ௜ǡ௝ǡ௧ߪ ൌ ௣ǡ௞ǡ௧ଶߪ௔ǡ௝ǡ௞ǡ௧ܣܥଶ෍ߙଶߚ௖ǡ௜ǡ௝ǡ௧ඨܥܥ

௞א஽

        

ሺܿǡ׊ ܽሻ א ஼ǡܯܱܤ ሺܽǡ ሻ݌ א ݅�ܣܯܱܤ א ଵǡܮ ݆ א ଶǡܮ ݐ א ܶ 

(2) 

௔ǡ௝ǡ௞ǡ௧ߪ ൌ ඨߙଶ෍ܣܥ௔ǡ௝ǡ௞ǡ௧ߪ௣ǡ௞ǡ௧ଶ

௞א஽

        

ሺܽǡ׊ ሻ݌ א ǡܥܯܱܤ ݅ א ଵǡܮ ݆ א ଶǡܮ ݐ א ܶ 

(3) 

 
Constraints (2) and (3) are to determine the SDs of arcs connecting ܮଵ with ܮଶ 

and connecting ܮଶ with ܦ, respectively. 
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APPENDIX B 

LONGEST PATH MODEL 

 
This is the MILP model to find the longest path in the network. Solution to this 

problem is used the maximum index for the RT ࣧǤ 

Because the IP model contains non-linear terms, to linearize ܼଶ, in a range from 

0 to a predefined maximum value of the RT ݉, all potential values of ݉ are listed. The 

longest path from one of the most upstream component manufacturers to the last 

downstream manufacturers in the network is determined as the maximum value of ݉ 

by the following model. 

Decision variables: 

݅ ௜ǣ the processing time of nodeܥܺ א  ;ଵ if it is selectedܮ

݆ ௝ǣ the processing time of nodeܣܺ א  ;ଶ if it is selectedܮ

ܺ ௞ܲǣ the processing time of node ݇ א  ;if it is selected ܭ

݅ ௜ǡ௝ǣ 1 if an arc from component manufacturerܥܻ א  ଵ to subassemblyܮ

manufacturer ݆ א  ;ଶ is selected, 0 otherwiseܮ

݆ ௝ǡ௞ǣ 1 if an arc from subassembly manufacturerܣܻ א  ଶ to final manufacturerܮ

݇ א  ;is selected, 0 otherwise ܦ

 

ܲܮ�݁ݖ݅݉݅ݔܽܯ ൌ ෍ ௜ܥܺ
௜א௅భ

൅ ෍ ௝ܣܺ
௝א௅మ

൅෍ܺ ௞ܲ
௞א௄

൅ ෍ ෍ ࣩࣝ௜ǡ௝ܻܥ௜ǡ௝
௝א௅మ௜א௅భ

൅ ෍ ෍ࣩ ௝ࣛǡ௞ܻܣ௝ǡ௞
௞א௄௝א௅మ

 
(4) 

Subject to 

෍ ௜ǡ௝ܥܻ
௝א௅మ

൑ ��ͳ݅׊�� א  ଵ (5)ܮ

෍ܻܥ௜ǡ௝
௜א௅భ

െ෍ܻܣ௝ǡ௞
௞א஽

ൌ Ͳ݆׊�� א  ଶ (6)ܮ

෍ ௝ǡ௞ܣܻ
௝א௅మ

൑ ͳ݇׊�� א  (7) ܭ
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࣪ࣝ௜ ෍ ௜ǡ௝ܥܻ
௝א௅మ

൒ ݅׊���௜ܥܺ א  ଵ (8)ܮ

࣪ ௝ࣛ෍ܻܣ௝ǡ௞
௞א஽

൒ ݆׊���௝ܣܺ א  ଶ (9)ܮ

࣪ ௞࣪ ෍ ௝ǡ௞ܣܻ
௝א௅మ

൒ ܺ ௞ܲ݇׊��� א  (10) ܭ

௜ǡܥܺ ௝ǡܣܺ ܺ ௞ܲ ൒ Ͳǡ�   ݅׊ א ଵǡܮ ݆ א ଶǡܮ ݇ א  (11) ܭ

௜ǡ௝ǡܥܻ ௝ǡ௞ܣܻ ൌ ሼͲǡͳሽǡ ݅׊       א ଵǡܮ ݆ א ଶǡܮ ݇ א  (12) ܭ

 

The objective function (4) maximizes the total number of periods on the longest 

path which consists of the transit time ࣩࣝ௜ǡ௝ , ࣩ ௝ࣛǡ௞ and processing time ࣪ࣝ௜ǡ ࣪ ௝ࣛǡ�and 

࣪ ௞࣪. Constraints (5) and (7) ensure that the longest path only contains one arc 

connecting ܮଵ with ܮଶ and one arc connecting ܮଶ with ܭ. Constraint (6) ensure that the 

two selected arcs share the same node in ܮଶ. Constraints (8) - (10) determine the 

processing time of a node on the longest path. Constraints (11) and (12) represent binary 

variables. 
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APPENDIX C 

૛૝ FULL FACTORIAL DESIGN WITH CENTER POINTS 

 
Table C.1 The multi-sourcing strategy 

Run 
Order 

Center 
Point Blocks Crossover 

Operator 
Mutation 

Probability 
Mutation 
Operator 

Selection 
Rate 

Total Cost 
(Million 
BHT) 

1 1 1 1-point 0.1 inversion 0.1  1,480.00  
2 1 1 order 0.1 inversion 0.1  1,492.15  
3 1 1 1-point 0.3 inversion 0.1  1,487.20  
4 1 1 order 0.3 inversion 0.1  1,484.56  
5 1 1 1-point 0.1 swap 0.1  1,494.51  
6 1 1 order 0.1 swap 0.1  1,486.60  
7 1 1 1-point 0.3 swap 0.1  1,486.60  
8 1 1 order 0.3 swap 0.1  1,486.65  
9 1 1 1-point 0.1 inversion 0.5  1,487.56  
10 1 1 order 0.1 inversion 0.5  1,485.37  
11 1 1 1-point 0.3 inversion 0.5  1,486.77  
12 1 1 order 0.3 inversion 0.5  1,486.29  
13 1 1 1-point 0.1 swap 0.5  1,484.13  
14 1 1 order 0.1 swap 0.5  1,486.64  
15 1 1 1-point 0.3 swap 0.5  1,486.60  
16 1 1 order 0.3 swap 0.5  1,487.27  
17 1 1 1-point 0.1 inversion 0.1  1,485.01  
18 1 1 order 0.1 inversion 0.1  1,484.56  
19 1 1 1-point 0.3 inversion 0.1  1,486.77  
20 1 1 order 0.3 inversion 0.1  1,488.99  
21 1 1 1-point 0.1 swap 0.1  1,480.79  
22 1 1 order 0.1 swap 0.1  1,489.15  
23 1 1 1-point 0.3 swap 0.1  1,493.62  
24 1 1 order 0.3 swap 0.1  1,486.77  
25 1 1 1-point 0.1 inversion 0.5  1,487.20  
26 1 1 order 0.1 inversion 0.5  1,488.72  
27 1 1 1-point 0.3 inversion 0.5  1,487.20  
28 1 1 order 0.3 inversion 0.5  1,490.69  
29 1 1 1-point 0.1 swap 0.5  1,486.64  
30 1 1 order 0.1 swap 0.5  1,486.77  
31 1 1 1-point 0.3 swap 0.5  1,487.27  
32 1 1 order 0.3 swap 0.5  1,486.60  
33 1 1 1-point 0.1 inversion 0.1  1,488.99  
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34 1 1 order 0.1 inversion 0.1  1,492.21  
35 1 1 1-point 0.3 inversion 0.1  1,487.27  
36 1 1 order 0.3 inversion 0.1  1,487.20  
37 1 1 1-point 0.1 swap 0.1  1,489.51  
38 1 1 order 0.1 swap 0.1  1,491.91  
39 1 1 1-point 0.3 swap 0.1  1,493.39  
40 1 1 order 0.3 swap 0.1  1,486.29  
41 1 1 1-point 0.1 inversion 0.5  1,486.60  
42 1 1 order 0.1 inversion 0.5  1,487.20  
43 1 1 1-point 0.3 inversion 0.5  1,485.11  
44 1 1 order 0.3 inversion 0.5  1,487.27  
45 1 1 1-point 0.1 swap 0.5  1,484.56  
46 1 1 order 0.1 swap 0.5  1,490.42  
47 1 1 1-point 0.3 swap 0.5  1,489.39  
48 1 1 order 0.3 swap 0.5  1,487.20  
49 1 1 1-point 0.1 inversion 0.1  1,487.58  
50 1 1 order 0.1 inversion 0.1  1,494.42  
51 1 1 1-point 0.3 inversion 0.1  1,494.51  
52 1 1 order 0.3 inversion 0.1  1,488.99  
53 1 1 1-point 0.1 swap 0.1  1,487.20  
54 1 1 order 0.1 swap 0.1  1,493.62  
55 1 1 1-point 0.3 swap 0.1  1,494.42  
56 1 1 order 0.3 swap 0.1  1,487.20  
57 1 1 1-point 0.1 inversion 0.5  1,495.54  
58 1 1 order 0.1 inversion 0.5  1,489.13  
59 1 1 1-point 0.3 inversion 0.5  1,486.77  
60 1 1 order 0.3 inversion 0.5  1,486.64  
61 1 1 1-point 0.1 swap 0.5  1,486.65  
62 1 1 order 0.1 swap 0.5  1,487.27  
63 1 1 1-point 0.3 swap 0.5  1,490.00  
64 1 1 order 0.3 swap 0.5  1,488.01  
65 1 1 1-point 0.1 inversion 0.1  1,492.21  
66 1 1 order 0.1 inversion 0.1  1,501.30  
67 1 1 1-point 0.3 inversion 0.1  1,493.32  
68 1 1 order 0.3 inversion 0.1  1,490.69  
69 1 1 1-point 0.1 swap 0.1  1,489.13  
70 1 1 order 0.1 swap 0.1  1,491.91  
71 1 1 1-point 0.3 swap 0.1  1,493.22  
72 1 1 order 0.3 swap 0.1  1,485.11  
73 1 1 1-point 0.1 inversion 0.5  1,488.72  
74 1 1 order 0.1 inversion 0.5  1,484.13  
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75 1 1 1-point 0.3 inversion 0.5  1,485.11  
76 1 1 order 0.3 inversion 0.5  1,486.60  
77 1 1 1-point 0.1 swap 0.5  1,485.01  
78 1 1 order 0.1 swap 0.5  1,486.29  
79 1 1 1-point 0.3 swap 0.5  1,486.60  
80 1 1 order 0.3 swap 0.5  1,489.51  
81 0 1 1-point 0.2 inversion 0.3  1,492.16  
82 0 1 order 0.2 inversion 0.3  1,487.27  
83 0 1 1-point 0.2 swap 0.3  1,487.63  
84 0 1 order 0.2 swap 0.3  1,484.13  
85 0 1 1-point 0.2 inversion 0.3  1,480.00  
86 0 1 order 0.2 inversion 0.3  1,492.08  
87 0 1 1-point 0.2 swap 0.3  1,492.35  
88 0 1 order 0.2 swap 0.3  1,487.52  
89 0 1 1-point 0.2 inversion 0.3  1,480.00  
90 0 1 order 0.2 inversion 0.3  1,485.01  
91 0 1 1-point 0.2 swap 0.3  1,487.27  
92 0 1 order 0.2 swap 0.3  1,485.01  
93 0 1 1-point 0.2 inversion 0.3  1,488.01  
94 0 1 order 0.2 inversion 0.3  1,502.59  
95 0 1 1-point 0.2 swap 0.3  1,488.99  
96 0 1 order 0.2 swap 0.3  1,494.77  
97 0 1 1-point 0.2 inversion 0.3  1,494.51  
98 0 1 order 0.2 inversion 0.3  1,489.39  
99 0 1 1-point 0.2 swap 0.3  1,501.79  
100 0 1 order 0.2 swap 0.3  1,487.58  
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Table C.2 The single-sourcing strategy 

Run 
Order 

Center 
Point Blocks Crossover 

Operator 
Mutation 

Probability 
Mutation 
Operator 

Selection 
Rate 

Total Cost 
(Million 
BHT) 

1 1 1 1-point 0.1 inversion 0.1  1,531.73  
2 1 1 order 0.1 inversion 0.1  1,539.10  
3 1 1 1-point 0.3 inversion 0.1  1,536.94  
4 1 1 order 0.3 inversion 0.1  1,536.27  
5 1 1 1-point 0.1 swap 0.1  1,535.11  
6 1 1 order 0.1 swap 0.1  1,545.98  
7 1 1 1-point 0.3 swap 0.1  1,531.73  
8 1 1 order 0.3 swap 0.1  1,539.17  
9 1 1 1-point 0.1 inversion 0.5  1,536.27  
10 1 1 order 0.1 inversion 0.5  1,532.37  
11 1 1 1-point 0.3 inversion 0.5  1,531.73  
12 1 1 order 0.3 inversion 0.5  1,527.16  
13 1 1 1-point 0.1 swap 0.5  1,535.11  
14 1 1 order 0.1 swap 0.5  1,527.16  
15 1 1 1-point 0.3 swap 0.5  1,535.11  
16 1 1 order 0.3 swap 0.5  1,536.27  
17 1 1 1-point 0.1 inversion 0.1  1,532.37  
18 1 1 order 0.1 inversion 0.1  1,532.37  
19 1 1 1-point 0.3 inversion 0.1  1,531.73  
20 1 1 order 0.3 inversion 0.1  1,527.16  
21 1 1 1-point 0.1 swap 0.1  1,535.04  
22 1 1 order 0.1 swap 0.1  1,539.10  
23 1 1 1-point 0.3 swap 0.1  1,532.37  
24 1 1 order 0.3 swap 0.1  1,536.27  
25 1 1 1-point 0.1 inversion 0.5  1,535.11  
26 1 1 order 0.1 inversion 0.5  1,527.16  
27 1 1 1-point 0.3 inversion 0.5  1,532.37  
28 1 1 order 0.3 inversion 0.5  1,531.73  
29 1 1 1-point 0.1 swap 0.5  1,536.27  
30 1 1 order 0.1 swap 0.5  1,531.73  
31 1 1 1-point 0.3 swap 0.5  1,539.17  
32 1 1 order 0.3 swap 0.5  1,536.27  
33 1 1 1-point 0.1 inversion 0.1  1,535.04  
34 1 1 order 0.1 inversion 0.1  1,531.73  
35 1 1 1-point 0.3 inversion 0.1  1,527.16  
36 1 1 order 0.3 inversion 0.1  1,527.16  
37 1 1 1-point 0.1 swap 0.1  1,532.37  
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38 1 1 order 0.1 swap 0.1  1,535.04  
39 1 1 1-point 0.3 swap 0.1  1,527.16  
40 1 1 order 0.3 swap 0.1  1,539.17  
41 1 1 1-point 0.1 inversion 0.5  1,535.04  
42 1 1 order 0.1 inversion 0.5  1,531.73  
43 1 1 1-point 0.3 inversion 0.5  1,535.11  
44 1 1 order 0.3 inversion 0.5  1,527.16  
45 1 1 1-point 0.1 swap 0.5  1,535.11  
46 1 1 order 0.1 swap 0.5  1,535.04  
47 1 1 1-point 0.3 swap 0.5  1,532.37  
48 1 1 order 0.3 swap 0.5  1,535.04  
49 1 1 1-point 0.1 inversion 0.1  1,535.11  
50 1 1 order 0.1 inversion 0.1  1,532.37  
51 1 1 1-point 0.3 inversion 0.1  1,531.73  
52 1 1 order 0.3 inversion 0.1  1,531.73  
53 1 1 1-point 0.1 swap 0.1  1,532.37  
54 1 1 order 0.1 swap 0.1  1,539.10  
55 1 1 1-point 0.3 swap 0.1  1,531.73  
56 1 1 order 0.3 swap 0.1  1,544.31  
57 1 1 1-point 0.1 inversion 0.5  1,532.37  
58 1 1 order 0.1 inversion 0.5  1,532.37  
59 1 1 1-point 0.3 inversion 0.5  1,535.11  
60 1 1 order 0.3 inversion 0.5  1,531.73  
61 1 1 1-point 0.1 swap 0.5  1,531.73  
62 1 1 order 0.1 swap 0.5  1,532.37  
63 1 1 1-point 0.3 swap 0.5  1,536.27  
64 1 1 order 0.3 swap 0.5  1,536.27  
65 1 1 1-point 0.1 inversion 0.1  1,539.10  
66 1 1 order 0.1 inversion 0.1  1,536.27  
67 1 1 1-point 0.3 inversion 0.1  1,536.27  
68 1 1 order 0.3 inversion 0.1  1,527.16  
69 1 1 1-point 0.1 swap 0.1  1,536.27  
70 1 1 order 0.1 swap 0.1  1,535.11  
71 1 1 1-point 0.3 swap 0.1  1,527.16  
72 1 1 order 0.3 swap 0.1  1,536.27  
73 1 1 1-point 0.1 inversion 0.5  1,535.04  
74 1 1 order 0.1 inversion 0.5  1,531.73  
75 1 1 1-point 0.3 inversion 0.5  1,536.27  
76 1 1 order 0.3 inversion 0.5  1,527.16  
77 1 1 1-point 0.1 swap 0.5  1,535.11  
78 1 1 order 0.1 swap 0.5  1,527.16  
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79 1 1 1-point 0.3 swap 0.5  1,535.04  
80 1 1 order 0.3 swap 0.5  1,535.11  
81 0 1 1-point 0.2 inversion 0.3  1,527.16  
82 0 1 order 0.2 inversion 0.3  1,532.37  
83 0 1 1-point 0.2 swap 0.3  1,535.11  
84 0 1 order 0.2 swap 0.3  1,535.11  
85 0 1 1-point 0.2 inversion 0.3  1,527.16  
86 0 1 order 0.2 inversion 0.3  1,527.16  
87 0 1 1-point 0.2 swap 0.3  1,531.73  
88 0 1 order 0.2 swap 0.3  1,535.04  
89 0 1 1-point 0.2 inversion 0.3  1,527.16  
90 0 1 order 0.2 inversion 0.3  1,531.73  
91 0 1 1-point 0.2 swap 0.3  1,532.37  
92 0 1 order 0.2 swap 0.3  1,532.37  
93 0 1 1-point 0.2 inversion 0.3  1,531.73  
94 0 1 order 0.2 inversion 0.3  1,535.04  
95 0 1 1-point 0.2 swap 0.3  1,535.11  
96 0 1 order 0.2 swap 0.3  1,536.27  
97 0 1 1-point 0.2 inversion 0.3  1,532.37  
98 0 1 order 0.2 inversion 0.3  1,539.10  
99 0 1 1-point 0.2 swap 0.3  1,535.11  
100 0 1 order 0.2 swap 0.3  1,539.10  
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APPENDIX D 

૛૝ FACTORIAL DESIGN ANALYSIS RESULT  

FOR THE SINGLE-SOURCING STRATEGY  

 
7DEOH�'���5HVXOWV�IRU�DQDO\VLV�RI�YDULDQFH 

Source DF Adj SS 
Adj 

MS 

F-

Value 

P-

Value 

Model 12 663.4 55.283 6.07 0.000 

  Linear 4 202.8 50.7 5.57 0.000 

    Crossover Operator 1 3.11 3.112 0.34 0.560 

    Mutation Probability 1 15.81 15.806 1.74 0.191 

    Mutation Operator 1 162.97 162.971 17.9 0.000 

    Selection Rate 1 20.91 20.91 2.3 0.133 

  2-Way Interactions 6 368.11 61.352 6.74 0.000 

    Crossover Operator*Mutation Probability 1 6.45 6.452 0.71 0.402 

    Crossover Operator*Mutation Operator 1 95.96 95.962 10.54 0.002 

    Crossover Operator*Selection Rate 1 166.29 166.291 18.26 0.000 

    Mutation Probability*Mutation Operator 1 38.53 38.531 4.23 0.043 

    Mutation Probability*Selection Rate 1 58.65 58.653 6.44 0.013 

    Mutation Operator*Selection Rate 1 2.22 2.224 0.24 0.622 

  3-Way Interactions 2 92.48 46.241 5.08 0.008 

 Crossover Operator*Mutation Probability 

*Mutation Operator 

1 49.24 49.235 5.41 

0.022 

 Crossover Operator*Mutation Operator 

*Selection Rate 

1 43.25 43.247 4.75 

0.032 

Error 87 792.12 9.105   

  Curvature 1 10.42 10.42 1.15 0.287 

  Lack-of-Fit 6 119.14 19.857 2.4 0.035 

    Pure Error 80 662.56 8.282   

Total 99 1455.52    
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)LJXUH�'���5HVLGXDO�SORWV�IRU�UHVSRQVH 

 
 

 
)LJXUH�'���&XEH�SORW��ILWWHG�PHDQV��IRU�UHVSRQVH 

 
 
Table D.2 Response optimizer 

Solution Crossover 
Operator 

Mutation 
Probability 

Mutation 
Operator 

Selection 
Rate 

Response 
Fit 

Composite 
Desirability 

� 2UGHU ����� ,QYHUVLRQ ����� �������� �������� 
� 2UGHU ����� ,QYHUVLRQ ����� �������� �������� 
� 2QH�SRLQW ����� 6ZDS ����� �������� �������� 
� 2QH�SRLQW ����� 6ZDS ����� �������� �������� 
� 2UGHU ����� 6ZDS ����� �������� �������� 

1,530.51 1,539.31

1,538.39

1,535.031,534.22

1,533.86

1,531.23 1,530.04

Crossover OperatorOne-point Order

Mutation
Probability

0.3

0.1

Mutation Operator

Inversion

Swap

1,535.22 1,535.31

1,530.96

1,531.211,533.23

1,535.14

1,533.67 1,529.65

Crossover OperatorOne-point Order

Mutation
Probability

0.3

0.1

Mutation Operator

Inversion

Swap

Selection Rate
0.1 0.5
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