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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.

e Development of a comprehensive mathematical programming model that

integrates ND and IP while considering normal demand assumptions.
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e 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).

¢ Extension of a simple GSA-based model proposed to accommodate multiple
products with BOM characteristics, allowing flexible SS placement across the network.

e Optimization of the CSL to minimize total stockout costs as part of the
overall SS cost, leading to lower SS cost.

e 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.

e 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.

e 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.

e 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-Martinez & 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 (R, Q) policy, where
an order of quantity @ is placed whenever the inventory position is at or below a reorder
point R. 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 (R, Q) 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 (R, Q) policy known as
the echelon (R,nQ) 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 (nR, Q) policy. Chen & Li (2015) explore problems presented by Li & Chen
(2012), as well as Li et al. (2013) under various operational scenarios. Although the
(R, Q) 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-Martinezn & 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-Martinezn &
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-Martinezn & 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

Inventory Demand
Papers policy distribution CSL Shortage

Graves & Willems

BS N 1 F (909
(2000) orma (90%)
Graves & Willems Normal distribution with a

BS . . F (95%
(2005) dynamic variance (95%)

imchi-Levi & Zh .

(8211(;:;:5)1 evi & Zhao BS Poisson N v
Kaminsky & Kaya

BS N 1 F (959
(2008) orma (95%)
Jung et al. (2008) BS Normal Y v

N 1 distributi ith
Funaki (2012) s o GITDUHOR WERA B (9504)
dynamic variance

Lietal. (2013) (R,Q) Poisson F
Moncayo-Martinez &

B N 1 F (959
Zhang (2013) 5 orts 5%
Chen & Li (2015) (R, Q) Poisson F
Graves & Schoenmeyr

B N 1 F (97.7°
(2016) S orma (97.7%) v
Aouam & Kumar

B 1 Y
(2019) S Norma v
Ghadimi et al. (2020) BS Normal F (97.5%)

F (95%,

Aouam et al. (2021) BS Normal 97.5%)
This study BS Normal Y v

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; Shietal., 2017; Diabat & Jebali, 2021; Fathollahi-Fard et al., 2020; Ghahremani-
Nabhr, 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 etal. (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 [P (Graves & Willems, 2000; Simchi-Levi & Zhao, 2005; Jung et al., 2008;
Lietal.,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
(Atamtiirk 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 Atamtiitk 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 (R, Q) 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 Atamtiirk 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

Ref. code: 2566632230026 7THQA



16

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 problem’s 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 Priifer 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 Priifer 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 Atamtiirk 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; Atamtiirk 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

L4: Set of nodes on layer 1, component manufacturers

L,: Set of nodes on layer 2, subassembly manufacturers

L: A two-dimensional set, L = L; X L,

K: Set of final assembly manufacturers,

LK: A two-dimensional set, LK = L, X K

N: Set of nodes indexed by i,j,k € N, where N =L, UL, UK,

C: Set of components of set L, indexed by ¢ € C,

SA: Set of subassemblies of set L,, indexed by a € SA,

P: Set of finished products of set K, indexed by p, p € P

T: Set of periods within the planning horizon, t € T,

W: Set of capacity levels, w € W,

BOMC: BOM, showing the number of components ¢ needed to produce one
unit of subassembly a, (c,a) € BOMC,

BOMA: BOM, showing the number of subassembly a needed to produce one
unit of finished product p (a,p) € BOMA,

M: Set of discrete duration of RT indexed by m € M,

3.2 Network design problem
3.2.1 Parameters

D, k. Demand of finished product p € P at the final assembly manufacturer
k € Kinperiodt € T;

BMC, ,: Amount of component ¢ € C used to produce subassembly a € SA;
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BMA,p: Amount of subassembly a € SA used to produce finished product p €

CAPC,,;: Capacity level w € W of component manufacturer i € Lq;

CAPA,, ;: Capacity level w € W of subassembly manufacturer j € L,;

HC_;+: Unit holding cost of component ¢ € C at component manufacturer i €
Lyinperiodt €T;

HAg,j +: Unit holding cost of subassembly a € SA at subassembly manufacturer
JE€L,inperiodt €T;

SCij¢ Unit transportation cost from component manufacturer i € Ly to
subassembly manufacturer j € L, in period t € T

SAj ¢+ Unit transportation cost from subassembly manufacturer j € L, to final
assembly manufacturer k € K in period t € T;

FC;: The fixed opening cost of component manufacturer i € L, in period t €
T;

FA; ;: The fixed opening cost of subassembly manufacturer j € L, in period t €
T;

FIC,, ;+: The fixed cost associated with installing a specific capacity level w €
W at component manufacturer i € L, in period t € T;

FIA,, j.: The fixed cost associated with installing a specific capacity level w €
W at subassembly manufacturer j € L, in period t € T;

PC.;¢: Unit production management cost of component ¢ € C at component
manufacturer i € L, in period t € T;

PAgj;: Unit production management cost of subassembly a € SA at
subassembly manufacturer j € L, in period t € T

U: Minimum utilization rate of an opened production capacity;

CAP,: Initial capacity of facilities;

TRC.;: Inventory turnover rate of component ¢ € C produced by component
manufacturer i € Lq;

TRA,;: Inventory turnover rate of subassembly a € SA produced by

subassembly manufacturer j € L.
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3.2.2 Decision variables

XC¢ j ¢ Flow of component ¢ € C delivered from component manufacturer i €
L, to subassembly manufacturer j € L, in period t € T;

XAgq jke: Flow amount of subassembly a € SA shipped from subassembly
manufacturer j € L, to final assembly manufacturer k € K in period t € T;

YC, ; +: Production quantity of component ¢ € C at component manufacturer i €
Lyinperiodt € T;

YAq ¢ Production quantity of subassembly a € SA at subassembly
manufacturer j € L, in period t € T;

IC. ;;: Cycle imventory of component ¢ € C stored at component manufacturer
[ € Lyinperiodt €T;

[Ag ¢+ Cycle inventory of subassembly a € SA stored at subassembly
manufacturer j € L, in period t € T;

ZC; ¢ Binary variable, 1 if component manufacturer i € L, is opened in period
t €T, 0 otherwise;

ZA; ;: Binary variable, 1 if subassembly manufacturer j € L, is opened in period
t € T, 0 otherwise;

AC; \, +: Binary variable, 1 if an additional capacity of level w € W is installed
at component manufacturer i € L, in period t € T, 0 otherwise;

AA; ¢+ Binary variable, 1 if an additional capacity of level w € W is installed
at subassembly manufacturer j € L, in period t € T, 0 otherwise;

CC,,; j: Binary variable, 1 if component ¢ € C is carried on arc (i,j) € L in
period t € T, 0 otherwise;

CAgj i+ Binary variable, 1 if subassembly a € SA is carried on arc (j, k) €

LK in period t € T, 0 otherwise;

3.2.3 Model assumptions

The problem formulation involves the following assumptions:
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e 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.

e FEach opened facility possesses an initial capacity, which can be increased by
adding additional capacity among specific available levels.

e During each planning period, a facility is permitted to choose only one
capacity level for capacity expansion.

o There's a requirement for a minimum utilization rate for every opened
facility.

e The model allows for a certain level of excess cycle inventory to be held at
each operational facility, which helps meet future demand.

e 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:

Minimize Z, = Z Z z Z SCijt+XCeijit

cecC iELl jELz teT

+ Z Z Z ZSAj,k,tXAa,j,k,t

QESA jEL, kEK tET

+ Z Z Z PCeiYCpiy + Z Z Z PAg;YAq )i (3.1)

CEC (€L, teT A€ESA JEL, tET

Z jEL XC L)t
£ Hey, <Icc,i,t L

CEC iELq tET
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XA
N Z ZZHAaJt<IAa]t+ZkEK Aa]kt)
a

a€SA jEL, teT J

+ z FCi,1ZCi,1 + Z 2 FCi,t(ZCi,t - ZCi,t—l)

i€Ly i€L, teT\{1}
+ Z FA;1ZA; 4 + 2 Z FA; (ZAj; — ZA;—4)
JEL, JEL, teT\{1}
+ z Z FIC;\ tAC; ¢ + z Z FIA; 1 AAj e
iEL, tET JEL, t€T

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

YjeL, XCoyijt
Siee2” ot and

IC;;:, IAyj: and the average inventory in the current period, e
c,i

XAq . ol . . .
LiepXAa )t multiplied by the inventory cost per unit, HC,; ., and HA, ; ;, respectively.

TRAgq j
Subject to

Z XAg e = Z(BMAa,pr,k,t) Va€SA k€K, teT 3.2)

jELZ pEP

Z XCC,i,j,t = z (BMCC,aYAa,j,t) Vc € C,j € Lz,t eET (33)

i€L, a€SA

YCC,i,t - Z XCC,i,j,t = ICC,i,t Yc € C,l € Ll,t =1 (34)
JEL2

YA — Z XAgjne=1Aq;c Va€SAjELyt=1 (3.5)
keD

YCC,i,t + ICC,i,t—l = z XCC,i,j,t = ICc,i,t Vc € C,l € Llr t € T\{l} (36)

JEL3

"YAa,j,t + IAa,j,t—l - Z XAa,j,k,t = IAa,j,t Va € SA,] € L2, t € T\{l} (3.7)

keD
Z YC,ir < CAPYZC;, + Z Z CAPCL-,WACL-_W,T VieL,teT (3.8)
cec wWEW T€{1,...
Z YA, j: < CAPyZA;, + Z Z CAPA;\, AAj,, - Vj €Lyt €T (3.9)
a€esA wew te{l,...t}

Z YC,,, > U| cAPyZC,, + Z Z CAPCLWACL-,WJ VieL,teT (3.10)

ceC wWEW T€{1,...
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Z YAy je 2 U(CAPOZA” + z Z CAPAJ-‘WAA]-,W‘T> VjieL,teT (3.11)

a€eSA wWEW tefl,...,t}
Z ACi it < ZCiy vVielL,teT (3.12)
wew
Z AAj e S ZAj ¢ VjeL,teT (3.13)
WEW
ZCi, = ZCiey Vi€ Lt € T\{1} (3.14)
ZA;, = 7Aj .y VjELyteT\{1} (3.15)
ZCCC,i,j,tzl VCEC,jELZ,tET (316)
ZCAa,j,k,tzl VCIESA, kEK,tET (317)
JELZ
XCeijx <CCoyjtBIG VCEC,i€L,jELYtET (3.18)
XAgjpe < CAqjxeBIG Va€SAjEL k€EKtET (3.19)
XCc,i,j,t'XAa,j,k,t' YCC,i,tl YAa,j,t’ICC,i,t’IAa,j,t 2 0, VYc € C,a (S SA,l (S Ll,j

(3.20)

€L,k€K teT

ZCi,t!ZAj,t’ACi,W,t!AAj,W,tJ CCC,i,j,t' CAa,j,k,t € {0,1}, Yc € C,a € SA,l

(3.21)

€L,jE€EL,kEKtET

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 j € N, 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 S ji“, is necessary for
orders from the upstream stages to reach node j, while an interval P; is required to
produce item j for the customer. Since node j commits to fulfilling customer demands
after an interval of § j"”t periods, it necessitates a RT denoted as m (where m = 0) to
meet the customer order.

Furthermore, aside from maintaining the SS of the output item, each internal
node j has the option to retain a certain level of SS for the input item sourced from an

upstream node i. 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 §P*¢ and the transit
time from node i to node j (O; ;). This leads us to the formulation of the RT for both

scenarios, as expressed by the following equation:

Sin 4 p. — soU  if nodejkeeps output item
_{1 i = Sj f node j keeps outp (3.22)

o sout 4 0;j — Sji" if node j keeps input item

Stage j encounters a demand characterized by a mean of pu, and a standard
deviation (SD) of op. Consequently, over a span of m periods, the cumulative demand
exhibits an average of ppm and an SD of ap\/m.

When considering the normal distribution demand, the base stock level B for an
item, whether it is the output from stage j or an input item from node i—is commonly

defined as follows:
B = upm + ®~1(s)opvVm (3.23)

where ®1(s) is the inverse of the standard normal cumulative distribution
function associated with the CSL of s in a replenishment cycle. Based on the specified
base stock level, on average, a fraction (1 — s) of the demand during the lead time
cannot be fulfilled by the inventory on hand. This amount is assumed to be backlogged,

and its expected value is estimated as:

LS;m = L(s)apym (3.24)

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

Sets and indices:

N: set of nodes i, j, that represent SC nodes, i,j € N = {1,2, ... K}, where K is
the final node closest to the customer;

ARC: set of arcs connecting a predecessor node i and a successor node j, (i,) €
ARC;

M: set of options for the length of RT, M = {1, 2, ..., |M|};

Parameters:

Up: average customer demand D per period;

Ref. code: 2566632230026 7THQA



32

op: SD of demand D per period;

®~1(s): the inverse of standard normal cumulative distribution function
associated with a given CSL of s in a replenishment cycle;

L(s): the standard normal loss function associated with a CSL value of s;

0, j: transportation time from node i to node j, V(i, ) € 4;

Pj: processing time of node j € N;

R: service time that the final node commits to end customers;

Q,: the known amount of SS to cover demand during a given RT of m;

LS,,: the expected amount of shortage within a replenishment cycle when
holding m days of SS.

H;: inventory holding cost per unit per year of the output item of node j € N.

L;: shortage cost per unit at node j € N.

Decision Variables:

S ji”: Incoming service time of node j € N;

S Outgoing service time of node j € N;

NO;: RT of node j € N keeping output item,;

N7T; ;: RT of node j € N which requires input item from node i € N;

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

ij ®1(s)ap fNOj + 2 H; @7 (s)op /Nji,j (3.25)

JEN JEN|(i,j)EARC

Subject to
S AT —8'=NT,; V(i)EA (3.26)
SH—SM 4P =N0O; Viel (3:27)
SFP<R (3.28)
S'<|M| VjeEN (3.29)

SU<|M| VjEN (3.30)
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SPLSTU NI, N0 =20 VijEN (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 K 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 |M|. 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
SCHi 1 cE€EC,IELyJE Lyt €T (or SA 1, a €SA, jE Lk EK, tET).
Additionally, the outgoing service times for facilities located at the final downstream

nodes, denoted as SPI?’%'Q, p € P,k € K,t € T, must not exceed a pre-specified service

time limit, i.e., SPyi < Ry, (Vk € K).

When a downstream node j (or k) necessitates input items from its upstream
node i (or j), 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 § C’C”: je (or Scﬂf{fj’k’t)

for node j (or k) to successfully fulfill the order. After receiving the necessary input
items, it takes node j (or k) a period of PA; (or PPy ) to conduct the manufacturing
process. Moreover, as part of its commitments, node j (or k) pledges to deliver the
output items to its downstream node k (or customers) after SAYY , (or SPpi’)
periods.

Considering the assumptions above, it is plausible that node j (or k) 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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( —SCé’}‘Jtt +PC; if node i keeps output items
SC it — SAY r + PA; if node j keeps output items
m = ! ‘Sc’qg,lj,k,t — SPIUL + PP, if node k keeps output items (3.32)
{ SCAME, —SCM .+ OCy; if node j keeps input items
(SAG: — 504517'1j‘k,t + OAj if node k keeps input items

Itis assumed that the production times PC;, PA;, PPy are non-negative values.

Additionally, the transportation times, OC; ;, OA ; are independent of the production

J?

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., L; = {1,2},L, = {3,4},K =
{5,6,7}, with the flows as illustrated in Figure 3.1 Simple SC with pre-defined

connections.

\ Echelon1 \_/ Echelon 2 /

'~ ’ -

Figure 3.1 Simple SC with pre-defined connections
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The demand SDs for item p at nodes 5, 6, and 7 are given by: 0,5 = 50,0, =
75, and 05, = 100.

Assuming that to manufacture one unit of output item p, it is required a = 1
unit of subassembly a from the location set L,. Due to the single-sourcing strategy,
each downstream node k € K can only receive items from a single upstream node j €

L,. Consequently, the calculation of the demand SD o, ;. for item a between

upstream node j € L, and downstream node k € K is computed as follows:

la262,, if CAgjpr =1
Oajne =N PRt Ylhajir =1 yocsapeprjelykekteT (333)
0 if CAg,pe =0

As an illustration, considering that both nodes k = 5 and k = 6 are supplied
by node j = 3, the calculation of the demand SD for the subassembly at these nodes is

as follows:

Og3s5:= |a%0)s =V502 =50, and

Ga,3,6,t = a20'5‘6 =V 752 — 75.

Likewise, the demand SD for subassembly a at node j = 4 is determined as
Oga7e = |a%0}s =+/100% = 100.

Let us suppose that the manufacture of one unit of output item a necessitates
the use of f = 2 units of input item c. Based on this relationship, the SD of the demand

for item ¢ can be calculated as:

ﬁz a]t O-a]kt lfCAajkt_l
Ocijt = \] VceC,a
(3.34)

if CAgjpe =0
€SA,pEPi€L,jEL,kEK tET

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

subsequently provides item a to nodes 5 and 6, the SD experienced by node 1 can be

Ref. code: 2566632230026 7THQA



36

calculated as 0,13, = \/222,(6{5,6} 0l5) = \/4(0&15 +0%36) =+/4(50% +752) =

180.28.

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

OC; ;: Transit time from component manufacturer i € L, to subassembly

i)
manufacturer j € L,;

OA,: Transit time from subassembly manufacturer j € L, to final assembly
manufacturer k € K;

PC;: Processing time of component manufacturer i € Lq;

PA;: Processing time of subassembly manufacturer j € L,;

PPy Processing time of final assembly manufacturer k € K;

HC,;i¢: SS holding cost per unit-period of component ¢ € C from component
manufacturer i € L, in period t € T

HAgj: SS holding cost per unit-period of subassembly a € SA from
subassembly manufacturer j € L, in period t € T;

HPp k- SS holding cost per unit-period of finished product p € P from final
assembly manufacturer k € K in period t € T;

LC.;.: Shortage cost per unit of component ¢ € C from component
manufacturer i € L, in period t € T;

LA, . Shortage cost per unit of subassembly a € SA from component

manufacturer j € L, in period t € T;
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LPy k- Shortage cost per unit of finished goods p € P from final assembly
manufacturer k € K in period t € T;

Op ke the SD of demand of finished product p € P at final assembly
manufacturer k € K in period t € T;

Oq,j k¢ the SD of subassembly a at upstream node j € L, that is consumed by
a downstream node k € K in period t € T, g, j . can be computed by Equation (3.33);

0Oc,ijt: the SD of component ¢ at upstream node i € L that is consumed by a
downstream node j € L, in period t € T, o, ;  can be computed by Equation (3.34);

Rye: Service time committed to the end customer of final assembly
manufacturer k € K in period t € T

QC;ijm¢ Expected SS of component ¢ € C held between component
manufacturer i € L, and subassembly manufacturer j € L, in period t € T if the RT is
meM,

QA jkme: Expected SS of subassembly a € SA held between subassembly
manufacturer j € L, final assembly manufacturer k € K in period t € T if the RT is
me M,

QP kmt+ Expected SS of finished product p € P at final assembly

manufacturer k € K in period t € T if the RT is m € M;

v OO i Oy =
i jmt 0 if CCeijr =0
ot OV if Chg = 1 e
ajkmt 0 if CAgji:=0

Q?p,k,m,t = q)_l(s)o—p,k,tm

LSC. i jm:: Expected shortage of component ¢ € C held between component

manufacturer i € L, and subassembly manufacturer j € L, in period t € T if the RT is
meM,
LSAq jkme: Expected shortage of subassembly a € SA held between

subassembly manufacturer j € L, final assembly manufacturer k € K in period t € T

ifthe RT ism € M;
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LSPy km,: Expected shortage of finished product p € P at final assembly

manufacturer k € K in period t € T if the RT is m € M;

LSC .. = L(S)O-C’i'j't m if CCC’i’]”t = 1
st 0 if CCopje =0
LSA. : - L($)ogjpevm if CAgjpe =1 (3.36)
a,jkmt 0 if C Aa,j,k,t -0

LEPy mt = L(S)0p VM

M: 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

5) C’C”} j ¢+ Incoming service time committing to deliver component ¢ € C from
component manufacturer i € L, to subassembly manufacturer j € L, in period t € T

5d‘lffj,k,t3 Incoming service time committing to deliver subassembly a € SA
from subassembly manufacturer j € L, to final assembly manufacturer k € K in period
teT;

S Cé’{‘]tt Outgoing service time committing to deliver component ¢ € C from
component manufacturer i € L, to subassembly manufacturer j € L, in period t € T

Sa‘lgfj-fk,t: Outgoing service time committing to deliver subassembly a € SA
from subassembly manufacturer j € L, to final assembly manufacturer k € K in period
teT;

SPl: Outgoing service time to deliver finished product p € P of final
assembly manufacturer k € K in period t € T

XC¢j¢ RT of output component ¢ € C at component manufacturer i € Lq,
indicating a need for SS if positive, serving subassembly manufacturer j € L, in period

teT;

Ref. code: 2566632230026 7THQA



39

XAg,j ikt RT of output subassembly a € SA at subassembly manufacturer j €
L,, indicating a need for SS if positive, serving final assembly manufacturer k € K in
periodt € T;

XPp ¢+ RT of finished product p € P at final assembly manufacturer k € K in
periodt € T;

UC, jm,:: Binary variable, 1if XC;; j; = m in period t € T, or 0 otherwise;

UA g j km,: Binary variable, 1if XA, ;x, = minperiod t € T, or 0 otherwise;

UPyp k,m,¢: Binary variable, 1 if XP, ; , = m in period t € T, or 0 otherwise;

YC,ij ¢ RT of subassembly manufacturer j € L, which requires component
¢ € C from component manufacturer i € L, as input item in period t € T

YAgjke: RT of final assembly manufacturer k € K which requires
subassembly a € SA from subassembly manufacturer j € L, as input item in period t €
T;

VC., jm:: Binary variable, 1if YC.; ;, = minperiod t € T, or 0 otherwise;

VAq jkm,:: Binary variable, 1if YA, = minperiod t € T, or 0 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:

Minimize Z, = 2 z z Z z }[Cc,i,thc,i,j,m,t (ucc,i,j,m,t + 17C’c,i,j,m,t)

ceC i€L, jEL, meM teT

+ Z Z Z Z z }["qa,j,tgc’qa,j,k,m,t(uc’qa,j,k,m,t + v"qc,i,j,m,t)

a€A jEL, kEK meM teT

+ z Z Z Z %?p,k,tQ?p,k,m u“Pp,k,m,t (3.37)

PEP kEK MEM teT

365
A Y Y X0 £ me (U jme + VCopjme)

cec iELl jELz meM teT

365
Y Y Y Y X LA L5 A jrome (Ul jiome + V)

a€A jEL, kEK meM teT
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DNPRAEE I

PEP k€EK meM teT

Subject to
SCH , —SCM i +0C;; <YCpyjr VCEC,i €Ly, jELyt €T
SAY = SAN 1o+ OAj S YAg e VaESAjELy, k€K, tET
—SCM + PC; < XCp jit
VcEC,i€Ly,jEL,tET
SCH i e — SA e + PA; < XAy j o
V(c,a) € BOMC,i € L,jE€E L,k €K, tET
SAL jr — SPI + PPy < XPy iy
V(a,p) € BOMA,j € L,k EK,t €T
SCHi i SM VceC, i€Ly,jELyteT
SAT e <M  Va€eSA jeEL,keK,teT
SCHE, SM Vc€C,i€Ly,jELytET

SAMY <M  Va€SA jEL,kEKtET

SPk <Ryr VDEPkEK,LtET

XC’C,l-’j,t = Z m‘UC"C,i'j'm,t Vc € C, i € Ll,j € Lz,t eT

meM

XAgjke = Z MUAG j km,t Va€eSA, jeL, keK,teT

meM

XPpri = Z MUP ke m ¢ VpeEP, keK,teT

meM

yCC,i,j,t = 2 mVCC,i‘]-‘m,t Vc € C,l € Ll'j (S Lz,t ET

meM

yc’qa,j,k,t = Z mVCﬂa’j’k'm’t Va e SA,] € Lz,k € K, teT

meM

Z UCcijme <1 VCEC,i€L;,jEL,tET

meM

Z u"qa,j,k,m,t <1 VaeSA jeL, keK,teT

meM

40

(3.38)
(3.39)

(3.40)

(3.41)

(3.42)

(3.43)
(3.44)
(3.45)
(3.46)
(3.47)

(3.48)

(3.49)

(3.50)

(3.51)

(3.52)

(3.53)

(3.54)
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Z UPpxme < 1 VpeEP, k€K, teT (3.55)
meM
Z VCeiijme <1 Vce€C,i€Ly,jELy,teT (3.56)
meM
Z VAgjkme <1 Va€SA, jE L,keK,teT (3.57)
meM
SCH 6 SAT 106r SCA 1 SAY e 6 SPIRE, XCl i i 10 XA g jietr XPp ietr YCli it (3.58)

YAqjpr =0, VCECAaESApPEPIEL,jEL,kEKMEMLET
ucc,i,j,m,t: ufﬂa,j,k,m,t: u?p,k,m,tvvcc,i,j,m,t: vc’qa,j,k,m,t € {0'1}

(3.59)
VcEC,a€SApEP,i€L,UL,jEL,UK,mMEMtET

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 L,, it is demonstrated that the

SD of an item a along the arc connecting node j € L, to node k € K can be calculated

as Og ) = fazag,k,Va € SA,p€EP,jEL, kEK.

Ve

7 ¥ L A

\ Echelon 1 ‘\\ } Echelon 2 /

~, e -

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 k, 1, kp 5, Kp 3, representing the demand variance
proportions for product p in scenarios where either node 3 or node 4 serves each of the
demand nodes 5, 6, and 7, respectively. Furthermore, k) 4,k, 5, and K, ¢ denote the
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 k,; 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:

0ls 502

- = = 0.1379
PL Ykepol, 502+ 752+ 1002

K

Ref. code: 2566632230026 7THQA



43

__ O _ 757 —0.3103
P2 S ep0Z, 502+ 752+ 1002
02 1002
p.7 — 0.5517

3 0%, 502 + 752 + 1002
For layer L, = {3, 4} serving layer K = {5,6,7}, the SDs of a on the arc from

node j € L, tonode k € K, g, j i, are computed as

|22 _ 2 2 _
Oajs = [A°0ps = |Kpai Z Opk = 50,
keD
0, = |a?2c%, = |k,,a? Y o2, =75 and
a,j,6 p,6 p,2 vk ’
keD
0,:»= |a2c6?, = |k,.a? o2, =100
aj7 = p7 = |Kp3 k= -
keD

Moving to the upstream layer denoted as L; = {1, 2}, let's consider a scenario
where we require f = 2 units of input item ¢ to manufacture 1 unit of output item a at
downstream node j € L, = {3,4}. In this context, the SD of ¢ along the arc from i to j,
0c,i,j» can be expressed in eight distinct cases as detailed below. It should be noted that

these cases assume that node 1 supplies to node 3 and node 2 supplies to node 4.

Case 1: Case 2:

[ 2 4
Oc13 = \/[’)Zazags = \/[))20'3,3,5 Oc1,3 = Jﬁ2a20§_3 = \/.82(0-;,3,6 + 05,3,7)
= [B%Kp, oﬁ_k =100 = [B?(kpo + Kp,3)2 Uﬁ,k
keD keD

=250

Oc24 = \/320{20‘3’4 = \/32(05,4,6 + 03,4,7)

— |lp2p2,2 — |2 2
Oc24 = \/.3 X044 = \[Ua,a,,s = [Kpa Z Op k
— |p2 2
= |B*(Kp2 t+ Kp3) Z Opk keD

keD =100
= 250
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Case 3:

(1 P 3

L2 ple
Oc13 = \/ﬁzazags = \/[’)20'5,3,6

= |5, > 02, =150

k€D

Oc24 = \/ﬁzazag,z; = \/32(03,4,5 + 0'3,4,7)

k€D

= Jﬁzocp,l ip3) ) 02
= 223.61

Case 5:

Oc13 = \/[320(203_3 = \/[’)203,3,7

= |B?p5 ) 02, =200
kED

Oc24 = \/ﬁzazag"} = \/[’)2(03,4,5 + 0'5,4,6)

= B0 +1p2) ) 0
keD
= 180.28
Case 7:

44

Case 4:

L1 s
(2 P 4

Oc1,3 = \[[;20@0-33 = \[[”2(0'3,3,5 + 03,3,7)

= Jﬁzm,,l +ip3) ) 02

k€D

= 223.61
Oc24 = \/ﬁzazagA = \/3203,4,6

= ,BZKMZ ijk =150
kep

Case 6:

(1 P 3

[2H4

Oc13 = \[.820520'3,3 = \[ﬁz(oﬁ,s,s + 0-3,3,6)

- jﬁ%nm 1p2) ) 02

keD
= 180.28

Oc24 = \/[)’20(203_4 ~ \/ﬁzag,zw

e /32;9,,32 o2, = 200

k€D

Oc1,3 = \/ﬁzazoﬁs = \/:82 (0'3,3,5 + 0'3,3,6 + 0'3,3,7) Oc24 = \/ﬁzazag,z; = \/[’)2(03,4,5 + 0'3,4,6 + Ga2,4-,7)

= \[BZ(Kp‘l + Kp2 + Kp’3)z a;,k = 269.26

k€D

= \[BZ(Kp‘]_ + Kp2 + Kfp,3) Z a;,k = 269.26

k€D

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 €D, ,, which represents the
multiplier o utilized for calculating the SD of demand when an upstream node serves
downstream nodes producing the finished product p. €D, , is expressed as follows.

Table 3.1 Multipliers of layer K

o K'&D,,
L {5} Jrpa
2 {6} Jrpa
34T Vs

The notation K* signifies the collection of all downstream nodes that are
supplied by a particular upstream node. For instance, K* = {5} indicates that an
upstream node exclusively provides sub-assembly to node 5.

Similarly, a multiplier €A, , is introduced for subassembly a from layer L,,
where (a,p) € BOMA. The expression for EA, , is as follows:

Table 3.2 Multipliers of layer L,

o K- EA,,
{5} NE
{6} V2
{7} Kp3

{5, 6} Vip1 tKpa

R N

{6,7} Vipz H i3

{5,6,7} \JKp1t Ko+ Kps3

N N AW

The number of multipliers expands with the augmentation of nodes within the
final downstream layer. Specifically, if the final layer encompasses |K| nodes, then the

potential number of multipliers can be determined using the expression

erk;ll C(IK]|,r) = ZKE% = (2! — 1), as dictated by the binomial theorem.
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Extending this approach to multiple periods, let us denote two binary variables
as ZA g j ko and ZC;; ; , .- These binary variables signify the choice of multiplier o €
OPTA at node j € L, serving node k € K with component a, and the choice of
multiplier o € OPTC at node i € L; serving node j € L, with component c,
respectively.

The equations to compute SDs are derived as follows:

=ZA D 2 2
Og,jkt = a,j,k,o,tg po & E Opk,t?
e (3.60)

V(a,p) € BOMAj € Ly k € K,0 € OPTA,t €T

— 2.2 2
Uc,i,j,t - ch,i,j,o,tgoqa,o\/:g a z Up,k,t ,

keK
V(c,a) € BOMC,(a,p) € BOMA,i € L,,j € L,,0 € OPTC,t €T

(3.61)

When assuming a normal distribution for demand, the SS quantity for an item,
whether it originates as an output from node i or as an input from node j, is typically

defined in the following manner:

:K‘Aa,j,k,m,t (OT g‘/la,j,k,m,t) 5 q)_l(s)o-a,j,k,t‘/m

= ®7(8)ZA g, k,0,:EDp,0 /“2 ;K Tp ke V1M, (3.62)

V(a,p) € BOMA,j € L,,k € K,0 € OPTAme M,t €T
KCeijme (07 GCrijmye) = P ()0 j VM

= q)_l(S)ZCC‘i’j’o’tgdqa‘o\/ﬁzaz Z o-;,k,t \/ﬁ;

k€K

(3.63)

V(c,a) € BOMC,(a,p) € BOMA,i € L,,j € L,,0 € OPTC, mE M,t €T

Let QA jm =P 1(s) /az Ykek Op e VM, and QCcim =

d71(s) \/ B2a? Yiek 051, Vm, the SS amount of an item are re-written as,
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jc‘ﬂa,j,k,m,t (OT g‘ﬂa,j,k,m,t) = qua,j,k,o,tgl)p,oQ‘Aa,j,m,t:
V(a,p) € BOMA,j € L,,k € K,0 € OPTAmeM,teT (3.64)

jccc,i,j,m,t (OT' gcc,i,j,m,t) = ch,i,j,o,tgc’qa,oQcc,i,m,t'
V(c,a) € BOMC,(a,p) € BOMA,i € Li,jE€Lyo0 (3.65)
€E OPTC,meM,teT

In general, the unfulfilled fraction of the demand is assumed to be backlogged.

The backlog expected value is computed through the following equations:

JCeijme (O WCj jme) = L(S)ag; j\Vm

JAqjkme (O WA jjome) = L(8)0g j i evm

Similarly, let LSAg;m: = L(s) / % Ykek Op e Vm, and LSC.im: =

£(5), [B20® Biex 0 Vi, we have,

qua,j,k,m,t (or W"Aa,j,k,m,t) T qua,j,k,o,tgDp,oLSC’qa,j,m,tl
V(a,p) € BOMy,j € L,,k € K,0 € OPTy,m € M,t € T,and (3.66)

JCeijme (or WCC.i.j.m,t) =2Cij0tEAG0LSCoimts

3.67
V(c,a) € BOM(,(a,p) € BOM,,i € L,,j € L,,0 € OPT, me M,t €T (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:

Agjko: 1 1f there exists an arc subassembly a € SA at subassembly
manufacturer j € L, is served to final assembly manufacturer k € K with option o €
OPT, 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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7y = Z Z Z Z Z }[Cc,i,t(%cai,j:mi + gcc,i,j,m,t)

CEC i€L, jEL, MEM tET

+ Z Z Z Z Z }[dqarfrt(jc"qa,j,k,m.t + g"qa.j,k,m,t)

a€A jJEL, KEK meM teT

+ Z Z z Z HPyp it KPp kem ¢

PEP kEK meM teT

365
+ Z Z z z Z — X Lec,i,t(Jcc,i,j,m,t + ch,i,j,m,t) (368)

c€EC i€ELy JEL, meM teT

+Z Z Z Z ZE quaft(‘jdqalkmt-l_qua]kmt)

a€A jEL, KEK meM teT

DM

pPEP kEK meM teT

From the modification of the IP problem, the integrated model is expressed
below.
Minimize TAC = Z, + Z;
Subject to all the constraints from both NDP and IP models. Additionally, some

constraints are added for the linearization purpose.

SCIH, —SCI .+ 0C;;CCopit < YCoijy VCEC, €L, jELYtET  (3.69)

ci,j,t
qug,lj',tk o~ Sc’qa] kt + Odqj,kCAa,j,k,t < ycha,j,k,t Va € SA'] € L2' k€Dt (3 70)
eET .
—SCM  +PC;— (1= CCryje )M < XCqp jt (3.71)

VcEC,i€Ly,jEL,tET
SCH it = SAY  +PA; — (1 —CCoje)M — (1 — CAgj )M
< XAgjnr (3.72)
V(c,a) € BOMC,i € L,,j€E L,k €D, teT
SAL jr — SPLL + PPy — (1= CAg jjor) M < XPy iy

3.73

V(a,p) € BOMA,jE€ L,k €D, t €T (3-73)

z ucc‘i’j’m,t S ZCi,t Vc € C, i € Ll’j € Lz,t eET (374)
mem

Z UAgjjme < ZA;c  Va€SA jELLkEKLET (3.75)
meM

Z VCC‘i’j,m’t < CCC,i,j,t Vc € C,l € Ll,j S Lz,t eT (376)
meM

z VAgjkme < CAgjke Va€ESA jEL k€K, tET (3.77)

meM
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D D AajioZCeijor 2 ) Chaje — (1= CCoy)BIG

0€0PT kek keK (3.78)
V(c,a) € BOMC,i € L;,j EL,t €T

Z u‘la‘j‘k,oZCC’i’j’o,t < CAa,j,k,t V(C, a) € BOMC,l € Ll’j € Lz,k € K, t

0EOPT¢ (3.79)
ET
C’qa,j,k,ozc’qa,j,k,o,t = CAa,j,k,t Ya € SA,j € Lz,k eEK,teT (380)
O0EOPT 4
Z Z AgjkolAajkor <1 Va€eSAjeL,teT (3.81)
KED 0€0PT 4
Z ZCC,i,j,O,t < CCC,i,j,t VYc e C,l € Ll,j € Lz,t eET (382)
0€EOPT ¢
Z qua,j,k,o,t < CAa,j,k,t Ya € SA,j € Lz,k eEK,teT (383)
O0EOPT 4
Z ch,i,j,o,t > Z UC’C,i,j,m,t Vce(,i € Ll,j (S Lz,t eT (384)
0€EOPT¢ meM
Z ZAg kot = Z UA g, kem, e Vae SA,jeL, keK,teT (3.85)
O0EOPT 4 meM
Z ZCC,i,j,O,t > Z VCC,i,j,m,t VceC(C,ie€ Ll,j € Lz,t eT (386)
0€OPT ¢ meM
Z Zc’qa,j,k,o,t > Z Vc’qa,j,k,m,t Ya € SA,j € Lz,k EK,teT (387)
O0EOPT 4 meM
ch,i,j,m,t = Z Qcc,i,mgﬂa,ozec,i,j,o,t = (1 i ucc,i,j,m,t)BlG v(c, a)
0€OPT( (3.88)

€ BOMC,i €Ly,jEL,,mEM,t €T
:K‘Aa,j,k,m,tz z Q‘Aa,j,mgpp,oZ‘Aa,j,k,o,t

0EOPTy (3.89)
— (1 - UAgjxme)BIG V(a,p) € BOMA,j €Ly k € K,m
EMtET
KPyrmi = QPpimUPpime VPEPKEKMEMET (3.90)
Jcc,i,j,m,t2 z L“scc,i,j,m,tgdqa,ozcc,i,j,o,t
0€EO0PT¢ (3.91)
—(1-UC,ijme)BIG  ¥(c,a) € BOMC,i € Ly,j € L,,m
EMteT
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Jc’qa,j,k,m.tz Z L‘g"qa.j.k,m.tgpp,oZ"qa.j.k.o,t

0EOPT 4 (3.92)
—(1=UAgjjme)BIG  V(a,p) € BOMA,jELykEKm =~
EM,teT
IPpsmt = LSPyiemUPy st VpEPkEKMEMtET (3.93)
gcc,i,j,m,t > Z Qcc,i,mgc’qa,oZCc,i,j,o,t - (1 - vcc,i,j,m,t)BIG v (C’ a)
0E€OPT¢ (3.94)
€ BOMC,i €L,,j EL,, mEM,t €T
gdqa,j,k,m,t 2 z Q‘Aa,j,ngp,ozc’qa,j,k,o,t
O0EOPT 4 (3‘95)
—(1=VAgxm:)BIG  V(a,p) € BOMA,j € Ly, k € K,m
EM,teT
WeeijmeZ ). LSCetjmeEAaoZCotjor
0EOPT; (3.96)
—(1-vC,ijm:)BIG  V(c,a) € BOMC,i € Ly,j € L,,m
EM,teT
W‘/qa,j,k,m,t 2 z LS"qa,j,k,m,tgDp,oZ‘Aa,j,k,o,t - (1 - V‘Aa,j,k,m,t)BlG
0€EOPT 4 (3.97)
V(a,p) € BOMA,j€EL, ke KmeM,teT
ZC¢jor €10,1} VceC,i€Ly,j€Lyo0€OPT,teT (3.98)

ZAg kot €10,1} Va€SAjELyk€K,0€OPT),tET

%Cc,i,j,m,v :K"qa,j,k,m,b K:Pp,k,m,t' Jcc,i,j,m,tr qua,j,k,m,t' J?p,k,m,t' gcc,i,j,m,tr g°
WC.;jme WAgjkme =20, VceC,a€eSApeP i€l jE L, k (3.99)
EKmeM,teT

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 i € L, to node j € L, involves a stepwise approach. The initial step
determines the downstream sub-assembly nodes j that i supplies to, as well as
identifying the specific final assembly manufacturers k € K that are served by node j.
For instance, when considering the pair i and j;, the condition
Yoeo 2kep Aaj,k,o02Ceijoe Must be greater than or equal to Yyex CAgj ke —
(1 —CCqj 1’t)BI G = 2. This condition indicates that the SD multiplier for the arc
(i, j1) 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 (i, j;). 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 L.

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, |L;| + |L,|. Within
this array, two segments are present, known as sub-chromosomes SC, denoted as
SCY9,vg = {1,2}. A gene’s position in a sub-chromosome signifies the location and
capacity level, i.e., V(i,w),Vi € L,w € W or V(j,w),Vj € L,,w € W. Each gene,

represented as V (i, w) (or V(j,w)), is assigned a distinct rank value ranging from 1 to
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Tnax> Where T 00 = |L1| X [W]| (or |Ly| X |W]) 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 AC,, ;. and AA,, ;.. 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 V(1,0) represents the rank value associated

with node 1 having the base capacity.

10 20 G0 .. (@71) @81 9,0) (10,0) ... (13,1)
t=1 [ 16 9 8 . 14 101[2 o .. 1 ]

Figure 4.1 An example of a chromosome

4.2 Rank-based decoding

The decoding procedure begins from layer L,, which is the closest to layer K,
and progresses backward towards layer L;. Specifically, the sub-chromosome SC? of
the most downstream echelon is decoded first. The outcome of this first decoding
process provides the values for binary variables AA,, ;. Vj € L,,w € W, t €T.
Following this, the same process is applied to decode the sub-chromosome SC* from
layer L, . This process yields the values for binary variables AC,, ; (, Vi € L;,w € W, t €
T. After obtaining the values of all binary variables AC,,;; and A4, ;., 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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(SM1,0) | (SM2,0) | (SM3,0) | (SM1,1) | (SM2,1) | (SM3,1) | (M1,0) | (M2,0) | (M3,0) | (M1,1) | (M2,1) | (M3,1)
C . 2 4 3 5 6 1 2 6 3 1 5 4
\ : | Y |
scCW sc®
(LCAy 00 = 900 )
LChy ., =2000 | M1
1 Kl Dp1k1,1 = 650
LCY =900
AM2,0,1_ M2
LCy24,1 = 2,100
- K2 Dpl,Kz,l =500
LCA =900
301 * M3
LCiy311 = 2,250
Layer L, decode /
LCfurg0 =900 [ BMAqp =2
LCsCMl_l_1 = 2,100 o ‘
D = 1,300
e e I (¢ | Dp1 k1,1 = 650
LCsz,O,l =900 SM2
LCSy211 = 2,250
[ KZ Dpl,KZ,l = 500
LCy301 = 900 SM3 Daik21 = 1020
LC&y311 = 2,000 . BM Aa1p1=2
AN, Layer Ly decode J

Figure 4.2 Illustration of the decoding procedure

Additional variable:
Fg jw k¢ Real variable, representing the proportion of subassembly a € SA supplied to

final manufacturer k € K from subassembly manufacturer j € L, holding capacity

level w € W in period t € T

Decoding procedure

Setg =2
While g > 0:
Set Tnax = |L2| X [W|
Sett =1
Step 0:
Initialization:

Gjw: Priority value of gene V(j,w),V j € L,,w € W.

LC; ¢+ Possible capacity levels w € W of node j € L, in period t € T.
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Dpi: Demand for finished product p € P at the final assembly
manufacturer k € K in period t € T
TC;;: Total capacity at node j € L, in period t € T,
Agq j ¢ The inventory carry-over of subassembly a € SA atnode j € L, from
the previous period that can be used to fulfill the current demand t € T.
While t < |T|:
Step 1:
If t = 1: rank values of all the genes in sub-chromosome SCY are given.
SetA, ;= 0,Va€ SA,jEL,
SetTCi, =0,Vj€elL,
o~ — { CAPA;,,,Vj € Lz. . if we {0}
Tt CAPA;, + CAPA;,,Vj € L, if w e W\{0}
Go to Step 2.
Else If t > 1:
Set TCj, =TCjr—1 + Xwew LCjw-144j -1,V ] € L,
IfZAj, 1 =1:
Set LC;,, = CAPA; ,,,Vj €E L,,w €W
Else:
Set LG,y = {CAPACAPAJ'W'W € LZ, ' if we {0}
4 ;0 + CAPA;,,,Vj € L, if weW\{0}
Assign rank values for the genes in sub-chromosome SC9 based on the
following conditions:
(1) Count the number of opened nodes from the previous period
ON = ZjELz ZAj,t—l-
(2) Create two sets:
- Set of high rank values HR = {1, ..., (T;,0x — ON X [W|)}
- Set of low rank values LR = {(T;,0x — ON X |[W|) +
1, ., Taxt
(3) Forj € L,:
IfZAj, 4 =1:
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- Randomly assign a rank value in set HR to gene
V(j,w),VweWw.
- Set Gj o = Tpay for genes V(j, 0)
Else:
- Randomly assign a rank value from set LR 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.

Minimize 2 Z GjwAAj (4.1)
JEL, wEW
Multi-sourcing problem
Subject to
There is only one capacity level to be selected for a node.

Z AAj,W,t S 1, V] S LZ (42)

wEeEW

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.

Z TG, + z Z LGt AAj e

JEL, JEL, wEW
(4.3)
2 ), 2, 0 PosiMAay = ) ) Do
a€ESA p€EP kEK a€ SA jEL,

The cumulative supply fraction of each item from all nodes to a customer
must meet the demand of that customer.

Z Z Fojwie =1, Va € SA k€K (4.4)

JEL, WEW

Any opened node is eligible as a supply node.

Fojwie < ZAj:, Va € SA,jeEL,,weW, ke K (4.5)
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The capacity of a node cannot exceed the total amount that it supplies to

downstream customers.

TCj‘t + Z LC]-’W’tAAj'W,t

vy 4.6)

= Z Z Z Z Dp,k,tBMAa,pFa,j,w,k,t - Z Aa,j,t;vj € Lz

a€E SAWEW p€eP keK a€eSA
Z AAjy, =ZA;,  VjEL, ft=1 (47
wew
ZAje 2 ZAj 4 Vj €L, Ift>1 (4.8)
Non-negativity
ZAj., AA; . € {01}, VjeL,,weWwW (4.9)
Fa,j,w,k,t € [0,1],Va € SAI_] € Lz,W € W;k € K (410)

Single-sourcing problem
Fgjwke: binary variable, equals 1 if input item a is supplied by
subassembly manufacturer j € L, to node k € K, 0 otherwise;
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.

Z TCj,t o z z LCj,w,tFa,j,w,k,t

jEL jEL ew
= Ha @.11)
2 z Dp,k,tBMAa,p - z Z At,a’j,va E SA, k E K
pEP a€SA jeL,

Tie up the two variables.

> D Fajure 2 245 Vi €Ly (“.12)

a€SA Wew kek
Non-negativity

Fojwkt €{0,1},Va € SA,j € L,w E W,k €K (4.13)
Go to Step 3.
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Step 3:
Check and update ZA;
it = = min {1 Z Z j,W,T},Vj € Lz (414)
WEW T€{1,...
Set:

Aa']"t= mll’l {y, TC + Z LC WtAA]Wt

wEeEW

- Z Z z Dy tBMAy pFy jwie(,Va € SA,j € L,

PEP WEW kKEK

(4.15)

Where y is a target remaining inventory at the end of the period which is
limited by the storage capacity.
Go to Step 4.
Step 4:
Ift <|T| sett =t+ 1, goto Step 1.
Else: stop the decoding for the current layer. Go to Step 5.
Step 5:
Ifg>1,setg=g—1,goto StepO.

It should be noted that layer L; follows the same decoding procedure as
described above. However, there are changes in the notation of parameters and
decision variables. Specifically, the upstream node j € L, changes to i € L,, the
input item a € SA changes to ¢ € C, and the output item p € P changes to a € SA.

For decoding L,, the demand for finished product a € SA at the final
manufacturer k € K in period ¢ € T, D, , x, is computed as follows.

Dy = Z Dy ¢BMA,,,Va € SA|(a,p) € BOMAk€EK,t €T  (4.16)

pEP

The parameters, including BMA,,, CAPA;, are changed to

ap’
BMC,.,, CAPC;,,. Concurrently, the variables ZA;; AA;,, are changed to

ZCi, ACi ¢

Else: stop the decoding process.
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4.3 Example of rank-based decoding

SM1 M1 \
\\ \
\\ \ Ki D12,p1,1<1 =650
X'/ oiprk1 = 520
SM2 M2 X
\4‘ & Dipse = 500
/ Oip1k2 = 400
SM3 M3 /

Figure 4.3 Rank-based decoding example

Consider a network configuration comprising three layers: L1, L,, and K. Nodes
K1 and K2 € K demand a quantity of finished products p1. On the intermediate layer
L,, the subassembly manufacturing nodes are responsible for producing subassemblies
al. Meanwhile, nodes on layer L, referred to as component manufacturing nodes,
produce and supply the required components c1 to downstream nodes. The production
relationships are such that 2 units of subassembly al are needed to manufacture 1 unit
of finished product p1, and 1 unit of component c1 is required to produce 1 unit of
subassembly al.

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
SM1,5M2, and SM3 can enhance their capacity by 1,200, 1,350, and 1,100 units,
respectively. Similarly, the nodes M1, M2, and M3 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.
sM1 M1 sM1 M1
\\\
\\
K1 \ 4 K
X
K2 / \ K2
//
SM3 M3 4 SM3 M3 /

Multi-sourcing decoding Single-sourcing decoding

Note:

Not selected node

l:lj Selected node with base capacity

Selected node with capacity level 1

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 M3 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 (K1 and K2) 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.
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Satisfied
t V@G,w) j Select?wl,;, TC;; LC;,, ZAj;, AAjy;  demand
amount
ML v 10 0 2,000 1 1 2,000
[27 67 37
1 1.5, 4] M2 - -0 0 - - - -
M3 v 0 0 0 900 1 1 300
M1 - - 0 2,000 1,100 1 - 2,000
[7’ 6’ 7’
M2 - -0 0 - - - -
3,5,1]
M3 -  -100 900 1,350 1 - 700
ML v 1 0 2000 1,100 1 1 3,100
[7’ 57 77
M2 - -0 0 - - - -
1,6,3]
M3 - -100 900 1,350 1 - 200
Table 4.2 Layer L, decoding: Single-sourcing
Satisfied
t V(@G,w) j Select?wl,j, TC;, LCjy,, ZA;; AAjw;: demand
amount
ML v 10 0 2,000 1 1 1,300
[25 6, 37
1 i "8 - 2 - -
1.5, 4] M2 0 0
M3 v 10 0 2,250 1 1 1,000
Ml - -100 2,000 1,100 1 - 1,200
[7, 6, 7’
\Y P - - - -
3,5,1] 0
M3 - -100 2,250 1,350 1 - 1,500
Ml - -100 2,000 1,100 1 - 1,500
[75 5, 77
\Y P - - - -
3 1.6.3] 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.

. ( Evaluation process )
Initialize GA parameters T
Decoding
¥
Solve MCF model
Generate initial population
| Change the
chromosome
Evaluate fitness of Yes

initial population | Record ND solution
l Data pre-processin
Select parents | P p £ |
l | Solve IP model
Appl for th lati
pply crossover for the population | Fitness

Evaluate fitness for offsprings

-
t=1t+1 Apply mutation «-:::‘:

For each chromosome in
crossover population

Record the best solution T
in the current generation

Generate random value p

p < mutation probability?
Yes

Apply mutation and
evaluate fitness

Reach last chromosome?
Ye

(Stop mutation process)
.

Figure 4.5 The process of the proposed genetic algorithm

Go to the next
chromosome

Reach last
generation?

Report the best solution

End

Step 0: GA parameters setup
- Define the mutation probability m,,.
- Set the selection rate %.
- Determine the population size S.
Step 1: Initialization

Set the current iteration © = 1.
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Generate an initial generation comprising C|C > S chromosomes, C =
(€W, c@, ., c©}. The initial population is created randomly.

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 TC (C (”)), where
c=1{1,2,..,C}

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.

‘SMII M]' 'SMlI M11 ¢
YCeismia =300 \Z [YAqipr1 = 2,000 Dyikis = 650 YCorsmia = 1,000\ [YAqiy11 = 1,300 % D, k11 = 650
1Cey,sm1, = 30 1Aq1,m1,1 = 200 ICcq,5m1, = 100 Oo TAq1,m1,1 = 130 K1
=)
S Dprkz1 = 500 s Dy1kzs = 500
LY ~) QQ
>
SM3 ‘ M3 | } SM3 ‘ M3 J
YCe,sm31 = 2,000 YAaimz1 = 300 YCey,sm3,1 = 1,300 YAg1m31 = 1,000
1Cey M3, = 200 1Ag1,m3,1 = 30 1Ce1,5m3,c = 130 1Aq1,m3,1 = 100
(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 p during a given time m at node i can be computed using the formula my,, ; —
Ziap_i\/ﬁ. In this equation, y; represents the mean cumulative demand at the node, oy, ;
represents the SD of the demand distribution of product p at that node, and 3; denotes
the safety factor corresponding to the specified CSL. In the formula, the term ziap,i\/ﬁ
varies based on the value of 0, ;. 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.

e 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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XA, ;
Eajit = e — Va €SAj €Lk €K, LET (4.17)
o ZpeP BMAa,pr,k,t
XC,; ;
e ., = oLt ,VcEC,i€L,jEL,tET (4.18)

cLjt —
ZaESA ZkEK BMCc,aYAa,j,t

To illustrate, consider the flow denoted as XA,; 3 k2,1, Which represents the
movement of subassembly al from node M3 to node K2 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 K2 has a
production requirement of Dy g, 1 = 500 units for product p1, which relies on
subassembly al.

In the multi-sourcing strategy, the supply ratio associated with the arc (M3, K2)

. XAq1M3.K 300 . .
is el By oy ALIEKZL = = 0.3. This indicates that merely 30% of node
T’ ’ Zp BMAa,prl,KZ,l 2X500

K2's demand is fulfilled by the flow originating from node M3.
Conversely, in the single-sourcing strategy, the supply ratio on the arc (M3, K2)

is A _ XAaim3k21 _ 1,000
1,a1,M3,K2 Zp BéprLKz_l z o

= 1. This implies that the complete demand of

node K2 is met through the flow from node M3.
A comprehensive overview of the supply ratios for all arcs within the network

is visually presented in Figure 4.7.

SM1 M1 SM1 M1 g,
K‘
oo
4
K1 K1
K2 2 K2
/’: M"‘%\a'\
o> 1S
SM3 M3 A SM3 M3
(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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e Multiply the SD by the supply ratio €; ; . (or €2 ; ;) to determine the SD of the
specific proportion. For subassembly a, the SD of the proportion s(f, jkt> when

the SD of product p is known, is calculated as follows:

Oujir = BMAg pel ik 1Opi, Va ESA,j ELyk EK,tET (4.19)

e Compute the total SD of subassembly a for a node, denoted as o, ., by

summing up the variances across all receiving nodes:

Z ag’j’k’t,‘v’a €ESA,jEL,tET (4.20)

keK
e Calculate the SD on each arc, o, ; ;, using the following formula:
Ocijt = BMCpo€l; 1046 VCEC, I €Ly, jELytET (4.21)

For instance, considering the previous example of 5&41,1\43,1(2,1 for both single-
sourcing and multi-sourcing strategies, the SD on the arc (M3,K2) is computed as
follows:

- For the multi-sourcing scenario: 2 X 0.3 X 20 = 12.

- For the single-sourcing scenario: 2 X 1 X 20 = 40.

These values are reflected in Figure 4.8.

SM1 M1 SM1 M1 %,
. .
K1 K1
Op1k11 = 228 Opri1a = 22.8
K2 -
SM3 M3 g S SM3 M3 e 2200

(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.

18 318

w

84 - =
SM1 5 M1 SM1 M1
. = sep=0 L _ 5Pgias = 10
SCH smimza =0 SAM y1k11 =8 N Sccnf,.EMl,MzJ =9 SAG M1k = 8
chllfg‘Ml,MS,l =4 SAM 1 kar =8 K1 SCA'smim3n = 4 &Ag’{j\“,,m =13 K1

&AZ]{,tMLKl,l =13
‘Sﬂglf,tMl,Km =13

K2 K2
/ SPpitkza = 10 /5?;;{5(211 =10
SM3 M3

—
'S
(=}

[Td

SM3 M3
scif"’”"‘“'l =/ SAR w321 =8 SCH smamis =7 SAD ya ka1 =17
SCismzmir =4 SAM 3 k21 =6 Se&“,ém&mm =4 S"qg]f,s\/IS,KZ,l =15
(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 S parents for generating offspring in the subsequent step,
two mechanisms are utilized:

Mechanism 1: The top % 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 S — S X r% chromosomes are selected using the

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):
TCrmax = max{TC(C®)},vc =1,2,...,C}
- Calculate the reversed fitness value for each chromosome: F(©) = TC,,,, —
TC(C),ve =1,2,..,C

- Compute the normalized fitness value for every chromosome: &) =

F@©)
SN, F@ 7=

12,..,C

- 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 ¢ from a uniform distribution U(0, 1). Then, select
the chromosome with the cumulative normalized fitness closest to €. Repeat this
process until S 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.

set{2]a3[s5]6]1] 5612/4/3/71
screv 3 [ sTal2]6 1] SC 4|3 ]5]1]6]2
sc2l 1 |3 |s5|ale]2] sc2l 1|35 ]4]6]2

Figure 4.10 One-point crossover

One-point crossover procedure

sc® =6V, 65,..., 6% |

SC® =[69,6,..,62 ]

?  Tmax

Generate a random number x representing the cut point of a segment, where x «

U(l) Tmax)'

All the genes starting from the cut point will be inherited by the new offsprings.
SC(newl)e Gx (neW1)J ey GTmax(neW1) br Gx(l)’ — GTmax(l)

SCmewz) > Gy (newz) GTmax(neWZ) = Gx(z), ey GTmax(Z)

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
SC™ew1) and SC™eW2) are filled by the other parent as follows.
For6 =1,..,x —1:

Forn =1, .., T

2 2
Gg(neW1) — Grg ) If G1§ ) + {Gx (newl)’ . GTmax(neW1)}
GénewZ) — G,gl)lf 6751) # {G, (newz)’ . GTmax(neWZ)}

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.

scti 2 | 4| 3|56 | 1| scty2|4|3]5]|6].1

sctevl 1 | 41 3|5 |62 scmew2l 5 | 3 | 5 4|6 |1

sc?l 1 | 3|5 |4]|6/|2 sC2 1 | 3| 5| 4] 6|2

Figure 4.11 Order crossover

Order crossover procedure

Given

sc® =[6, 6", ... 65" ]

Tmax

SC@ =[62,67,..,62 ]

Generate random numbers x; and x, representing the start point and end point of a
swath, where x; < U(1, Tax), X2 < Uy + 1, Topan)-
All the genes in the selected swath will be inherited by the new children.
scmewd> g, mewn, g, WD) =¢ @ 6, @
scmew > g, (mews) g (ewd = @ 6 @
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 SC ™1 and
SC™ew2) are filled by the other parent as follows.
Fory=1,.., x1—1,x, +1, ..., Thax:

Forn =1, .., Thax:
(newl)}

) = 6P UG # (G, .. G

X2
( ) 1 1
Gynewz — Grg )IfGrg ) + {Gx1 (newz)’ .",ze(newz)}

Otherwise, 1 < 1 + 1. Go to the next iteration.
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After the crossover phase, a population of size 25 individuals is generated
from the initial population size of S.

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 SC® = [01(19)’62(19)'___’6(19)

Tmax] , a random

probability p is generated from a uniform distribution U(0,1). If p < m,,, 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.

sct| 24|35 ]|6]|1

>
3 5

(@)

<

Sc™v | 2 | 4 6 5 3 1

Figure 4.12 Inversion mutation

Inversion mutation procedure
Pick a random segment between x; < U(1,T;,4,) and x, < U(x; + 1, T1p000)-

Reverse the position of all the genes in the segment, where G)E"ew) =

9
Gx1+x2—y( )'VV = {x1, ., X2}
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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.

sct| 2|4 | 3|5 |6]1

scnev | 2 6 3 5 4 1

Figure 4.13 Swap mutation

Swap mutation procedure
Select a random position of a gene to swap x < U(1, Tpax)-

In addition, choose a priority value, i.c., val « U(1,T;,4), to replace the value of
gene G,

Finally, set G)Sﬂ) = G,Enew)lG)Eﬁ) = val and 6" = val.

After the mutation phase, all the chromosomes of the population are evaluated
to identify the current best solution TC (®) and these values of TC™® 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 7. If the
current generation % = T, then report the best solution found TC®et) =
min {TC®|t = {1, ..., T}. Otherwise, we increment £ = # + 1 and return to step 3 for

the next generation.

Genetic algorithm procedure

Initialize a population of a number of R chromosomes; Evaluate all the
chromosomes;

Repeat

Select S offsprings from R parents based on selection rate r% and roulette wheel;

Crossover to create 25 offsprings;
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Evaluate the 2§ offsprings;
Mutate based on m,,;

Evaluate the mutated offsprings;
Until Stopping criteria

Output Best chromosome found.

Ref. code: 2566632230026 7THQA



74

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 L, 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 L,. These subassembly
manufacturers are responsible for producing the subassemblies. Finally, the finished
products are then assembled and dispatched to various market regions by layer K.

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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UFM1
‘ CHAIRM1
UFM2 ;
/
SEATM1 i CHAIRM2
! FinalM1
SEATM2
CHAIRM3 FinalM2
SEATM3 .
prd FinalM3
o CHAIRM4
BACKM2
CHAIRM5
BACKM3

Figﬁre 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
capacities are provided. Reflecting the company’s market share in Thailand, we have
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, i, ;, and SD, o, ;.. Our models are solved across various CSLs
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ranging from 99%, 99.1%, 99.2%,..., 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.

» 443 4.00
E it Optimal from the 1,50
S 439 sequential approach o
s ] 2.50 o
I :
431 1.50
prk 1.00
L % 0.50
425 ]

0.99 0.991 0.992 0.993 0.994 0.995 0.996 0.997 0T998 0.999

CSL Optimal from the

integrated approach
=== Integrated approach W Sequential approach =% Diff.

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

Optimal Total Cost
NDP IP
CSL (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

Model

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

[} g - %] ; - D ; ~—

= (=3 = = (=3 = = (=3 =
Approach 2 F 3 2 : £ % 7 -

E g 5 © z E g B B 7z E g B B =z

(=} (=} =]

= 8 wm w £ 2 w w S = 8 w v ©

< 7)) 7)) = < (7} 7)) = B 7)) 7)) =

Lol - 123 g el - 1425 9 el - 1425 9

2 - 297 9 al - 156l .. 9 al - 1561

g a8l Ls6l - 13 a2 - 33 13 a2 - 323
Seduential a2 299 - 9 al 1239 - .o 9 al - 1239
q 13 al 1347 - o 13 a2 - 295 13 a2 - 295

9 22 - m 9 al 1284 - . 9 al 1284 -

o al 1284 - O 13 a2 203 - 13 a2 293 -

a2 - 280

12 al - 1,180 12 al - 1,180 al - 1,180

TR G A T U R T 7 L R ST VR

12 al - 875 12 al - 875 11 al 758 -
Integrated ~yo= 516 T 1T T T T ee B 12 D e 13

12 al - 823 12 al - 823 al - 824

1 a2 207 L 18 T ey L 16 12 16

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 t = 1, along the arc connecting nodes 1 and 9,
there are SS locations allocated for input items c1 and c2, 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

Ttem Sequential Integrated

approach  approach
cl 4,062 -
c2 297 -
al 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 R and
the coefficient of variation CV of demand on the optimal solutions. This experiment is
performed by varying R and CV within defined ranges: R spans from 6 to 10 periods,
with an interval of 2, while CV ranges from 0.25 to 0.75, with a step size of 0.25.
Consequently, this exploration yields nine different (R,CV) pairings, denoted as
{(6,0.25); (8,0.25); ...; (10,0.75)}.

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 (R, CV)
across a range of ten CSLs, spanning from 99% to 99.9%. From this representation, it
indicates that an increase in R 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 CV 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 CV, elevating
R (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 CV = 0.25. Here, as R 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 R remains constant and CV increases. For instance, when CV = 0.25 and
R 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 CV =
0.5 and CV = 0.75. The percentage of improvement (% Diff.) signifies this expanding
gap in optimal CSL with increasing R, 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 R-CV 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 R-CV. 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

In order to address a more extensive problem, considering a ten-period planning
horizon, we employ the GA introduced in Chapter 4. The GA is developed using Python
3.7. Initially, a comparative analysis is conducted, wherein the GA results are compared
with optimal solutions obtained from CPLEX. This comparative evaluation is
performed on medium-scale single-sourcing problems spanning a three-period
planning horizon. This comparison allows us to evaluate the effectiveness and
efficiency of the GA in tackling more complex and extensive SC optimization
challenges, providing insights into its performance compared to optimal solutions
achieved through the CPLEX solver.

After this, our experimentation extends to both single-sourcing and multi-
sourcing strategies, where the challenges are more substantial, involving a ten-period
planning horizon. The GA is then used to address these larger problem instances. In the
evaluation process, the performance of the GA is evaluated using upper bounds derived

from CPLEX.

5.3.1 Comparison results of the GA

The GA in the initial experiment is configured to incorporate both selection
mechanisms outlined in Chapter 4. In addition, the crossover operation is executed
using the order crossover method, while swap mutation technique is employed in the
mutation process. The GA's population comprises 20 chromosomes, which are
generated randomly. The GA iterates through 200 generations and employs a mutation
rate of p = 0.1. Additionally, for Mechanism 1 of the selection process in Step 3, the

selection rate is set to r = 0.5.
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Figure 5.5 GA results — single-sourcing strategy with three-period planning horizon

Optimal solutions from the sequential and integrated approaches are compared
with the results from GA. Figure 5.5 visually represents the results of various runs of
the GA in comparison with the two approaches in the context of a three-period planning
horizon. It is evident that the solutions generated by the GA exhibit significant
improvement within the initial 100 generations, after which the rate of improvement
slows down during the subsequent generations. All runs of the GA outperform the
solutions from the sequential approach. Moreover, among twenty GA runs, eight of
them managed to achieve the optimal solution from the integrated approach (runs 1, 2,
8,9, 10, 16, 19, and 20). On the contrary, the least favorable GA solution is observed
in run 5. The solution obtained by the GA in run 5 after 200 generations is
441,654,481.71 THB, equivalent to a 1.54% gap compared to the optimal solution
derived from the integrated approach. In addition, in terms of computational time, the

proposed GA also outperforms the performance of the commercial solver. Specifically,
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the GA takes approximately 7,908.91 seconds to finish 200 generations, while CPLEX
obtains the solution after 19,307.72 seconds.

Table 5.8 provides a comprehensive comparison of solutions among the three
approaches. It is evident that the proposed GA effectively captures the trade-off
between ND and IP problems, similar to the integrated approach. When it comes to ND
cost, both the integrated approach and the proposed GA produce the same network
structure, resulting in a higher network cost when compared to the sequential approach.

Comparing the components of IP costs across the three approaches, the
sequential approach exhibits notably higher holding costs for SS but lower costs
associated with SS shortages in comparison to the integrated approach and the GA.
However, both the integrated approach and the GA managed to achieve an overall
reduction in SS holding costs by a substantial amount of 28,786,790 THB. This
substantial reduction in holding costs manages to offset the higher SS shortage costs
incurred by the integrated approach and the GA.

In the context of the solutions provided by the integrated approach and the GA,
even though the network structure remains consistent, there are minor differences in
the total SS costs due to decisions about whether nodes keep input or output items. It
should be noted that the IP model assumes equal unit holding and shortage costs for
both input and output items at a given node. This assumption implies that keeping the
same quantity at a node will yield a constant SS cost, regardless of whether input or
output items are retained. Consequently, although there may be variations in the SS
components between the integrated approach and the GA, the overall total SS cost

remains unaffected.
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In the next section, the problem is extended to encompass a longer planning
horizon that spans ten periods. Multiple runs of the GA using a set of parameter settings
are employed to solve this expanded problem. Through an exploration of various
parameter combinations, our objective is to identify the GA settings that offer the most

promising chances for achieving superior solutions.

5.3.2 GA parameters tunning

The effectiveness of the proposed GA can be influenced by the configuration of
its parameters, including mutation probability, mutation, crossover operators,
population size, selection rate, and number of generations. Different combinations of
parameter values can lead to varying performance regarding solution quality and
convergence speed. The process of determining the most suitable parameter values in
advance is referred to as the parameter tuning problem.

In our study, we address this parameter tuning problem through the utilization
of a design of experiment, specifically employing a full factorial design. This type of
experimental design enables us not only to assess the individual impacts of each
parameter and operator but also to examine the potential interactions among them. To
evaluate and optimize the performance of the GA, we carry out an experiment focused
on the multi-sourcing problem. The full factorial design comprises four key factors,
each tested with a range of settings to analyze their effects thoroughly. The four
considered factors are listed as follows:

- Crossover operator: One-point crossover and order crossover
- Mutation probability: 0.1 and 0.3

- Mutation operator: inversion and swap mutation

- Selection rate: 0.1 and 0.5

Furthermore, we incorporate four center points as intermediate levels for both
mutation probability and selection rate. These center points are utilized across all
combinations of crossover and mutation operators. To enhance the robustness of our
analysis, we perform each run five times, resulting in a total of 100 runs.
Comprehensive details regarding the results of these five replicate runs can be found in

Appendix C.

Ref. code: 2566632230026 7THQA



91

The statistical analysis of the experiment, including relevant tables and a

graphical representation, is presented in Table 5.9, as well as in Figure 5.6. Notably, the

ANOVA table indicates a significant two-factor interaction between crossover operator

and mutation operator and a three-factor interaction involving the crossover operator,

mutation probability, and selection rate.

Table 5.9 Results for analysis of variance

Adj F-
DF Adj SS

P-

MS Value Value

Model

Linear

2-Way Interactions

3-Way Interactions

Error

Crossover Operator
Mutation Probability

Mutation Operator

Selection Rate

Crossover Operator*Mutation Probability
Crossover Operator*Mutation Operator
Crossover Operator*Selection Rate

Mutation Probability*Selection Rate

Crossover Operator*Mutation

Probability*Selection Rate

Curvature

Lack-of-Fit

Total

Pure Error

9 300.6 33.4004 2.26
4 9057 22.64351.53
If S175% 1.5203 0.10
1 073 0.7322 0.05
1 0 0 0

1 88.32 88.32155.99
4 116.05 29.0118 1.97
70.04  70.0358 4.75
44.12 44.1189 2.99
0.0021 0

1 1.89 1.8905 0.13
1 9398 93.9826 6.37
1 9398 93.9826 6.37

—_
e}

90 1,327.8214.7536

1 18.14 18.1417 1.23
9 124.44 13.8269 0.93
80 1185.24 14.8154

99 1628.42

0.025
0.199
0.749
0.824
0.999
0.016
0.106
0.032
0.087
0.991
0.721
0.013
0.013

0.270
0.501
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Figure 5.6 Residual plots for response
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Figure 5.7 Cube plot (fitted means) for response

To visually illustrate the effects of the three-factor interaction, a cube plot is
presented in Figure 5.7. This cube plot effectively showcases the interaction among the
crossover operator, mutation probability, and selection rate, helping us observe their
combined impact on the GA's performance.

Remarkably, the cube plot identifies the optimal configuration for the GA as

utilizing the one-point crossover operator, inversion mutation, a mutation probability
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0f 0.3, and a selection rate of 0.5. This optimal configuration is further supported by the
response optimizer, which is outlined in Table 5.10. It should be noted that multiple
settings are given in the table, collectively yielding an expected total cost of
approximately 1,487 million Baht.

Table 5.10 Response optimizer

Crossover ~ Mutation = Mutation Selection Response Composite

Solution Operator Probability Operator Rate Fit Desirability
1 One-point 0.300 Inversion  0.500 1,486.63  0.706484
2 One-point 0.296 Inversion 0.500 1,486.63  0.706335
3 Order 0.100 Swap 0.500 1,486.75  0.701219
4 Order 0.300 Swap 0.100 1,486.80  0.699050
5 Order 0.295 Swap 0.216 1,486.98  0.690708

The same GA hyperparameter tuning process is employed for optimizing the
single-sourcing strategy. The most effective configuration involves utilizing order
crossover, paired with an inversion mutation probability set at 0.3 of the probability,

and a selection rate of 0.5. Details of the analysis are provided in Appendix D.

5.3.3 GA large-scale instance result

Once the parameters are optimized to their most effective values, the system's
performance is assessed by solving the extended problem for both multi-sourcing and
single-sourcing strategies. This iterative testing ensures the reliability and robustness
of the GA's performance. The outcomes of this evaluation for both the multi-sourcing

and single-sourcing strategies are depicted in Figure 5.8 and Figure 5.9.
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The proposed GA's performance is evaluated against outcomes derived from
three different approaches: optimal solutions from the sequential approach for both
multi-sourcing and single-sourcing strategies and the best solution found via the
integrated approach for the single-sourcing strategy. The best-found solution obtained
through the integrated approach, as shown in Figure 5.9, emerges after a 72-hour run
and exhibits a 22.26% gap from the lower bound. It is noteworthy that, due to the
intricate nature of the multi-sourcing strategy, the mathematical model in linear form
could not be devised for this strategy under the integrated approach. Consequently, the

integrated approach is solely applicable to the single-sourcing strategy.
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Figure 5.9 GA result - single-sourcing strategy — extended planning horizon

It is demonstrated that as the population size increases, solutions improve, with
this trend being more noticeable in the single-sourcing strategy. While improvements
are also observable in the multi-sourcing strategy, they are comparatively more modest.
These observations underscore the consistent performance of the proposed GA as the
planning horizon extends from three periods to ten periods. This implies that the GA
can yield proficient solutions for problems of medium to large scale. In addition, while
CPLEX attains a solution with a 22.26% gap in 259,200 seconds, the GA is possible to
achieve superior solutions in less computational time, 1.e., with the population size of
20, 200 generations take approximately 34,000 seconds and 31,000 seconds for GAs of
single-sourcing strategy and multi-sourcing strategy, respectively. The computational

time doubles when the population size is increased to 40.
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Additionally, Figure 5.10 underscores that, for identical problem instances, the

multi-sourcing strategy (black lines in the graph) outperforms its single-sourcing

counterpart (dark-red lines) in terms of total cost. This is due to the flexibility of the

multi-sourcing strategy that offers diverse options for configuring the network

configuration to lower the overall cost. Conversely, the single-sourcing strategy

features a more confined network configuration, which lessens the potential alternatives

for positioning SS. This underscores a trade-off between the simplicity of managing a

single supply source with additional expenses and the intricacy of multi-sourcing

management with lower costs.
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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 CV, 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.

e Further extension could involve considering multiple modes of transportation
and enabling direct shipments from one site to another.

e [t 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.

e 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.

e 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.

e 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.

An interdisciplinary approach holds immense potential to elevate the depth of
our research. Integrating insights from diverse fields, such as other supply chain
management’s characteristics (considering product deterioration rate in
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.
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, g, ;  ; and o, ; ; ; are not known in advance.
They become decision variables in the MINLP model.

ZN_Zl-l_ZZZZ}[CC”(D (S)Ucut \/xccut‘l'\/ycc,i,j,t)

Cc€EC i€EL4 JEL, tET

+2 2 ZZ}[a‘lmtq’ 1(8)0q,j ke \/x"‘la]kt‘i'\/y"qalkt

a€A jEL, keEK teT

+ Z z z ﬂ?p,k’tq)_l(s)ap,k.t\%

DEP k€K tET

365 365 (1)
4 4 cij, cLj,

CECIEL, JEL, tET

365
+2 Z Z Zﬁﬂa,j,tﬁ(s)aa.j.k,t <chl ¥ /xc/lajkt +yﬂ A, ’y"qajkt>
4 aj, aj,

a€A jEL, kEK teET

365
+ Z z z Py £(5) O e o |XP
p.k,t p.k,t xrpp,k,t p.k,t

DEP k€K tET

Minimize Zy
Subject to
Constraints (3.2)-(3.21), (3.43)-(3.47), (3.58), (3.69)-(3.73),

O-Cl]t CCCl]t\/ﬁ a ZCAa]kt pkt (2)

keD
V(c,a) € BOM.,(a,p) € BOMAi€L,,jE L, t €T

_ |2 2
Oa,jit = \/a z CAgj i tOp ket 3)

keD
V(a,p) € BOMC,i € L,,j € L,,t €T

Constraints (2) and (3) are to determine the SDs of arcs connecting L, with L,
and connecting L, with D, 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 M.

Because the IP model contains non-linear terms, to linearize Z,, in a range from
0 to a predefined maximum value of the RT m, all potential values of m 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 m
by the following model.

Decision variables:

XC;: the processing time of node i € L, if it is selected;

XAj: the processing time of node j € L, if it is selected;

XPy: the processing time of node k € K if it is selected;

YC;:: 1 if an arc from component manufacturer i € L; to subassembly

ij
manufacturer j € L, is selected, 0 otherwise;
YA;,: 1 if an arc from subassembly manufacturer j € L, to final manufacturer

k € D is selected, 0 otherwise;

Maximize LP = Z XCL + z XA] + z XPk + z Z OCL'J'YC",]'

i€L, jeL, kek i€Lq jEL,
4)
+ Z z OA; 1 YAj

jEL, kEK
Subject to
Z YCi,j < 1Viel, (5)
JELZ
€L, keD
Z YA, <1 VkeK e

JEL2
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P, 2 YC,; > XC; Vi€ L @®
JEL;
keD

PPy Z YAj‘k > XP, VkeK (10)
JELz

XCi,XAj,XPk >0, Viel,jeL,keK (11)

YC, ;YA ={01}, Vi€L,j€L,kek (12)

The objective function (4) maximizes the total number of periods on the longest

path which consists of the transit time OC; ;, OA; ; and processing time PC;, PA;, and

g
PP,. Constraints (5) and (7) ensure that the longest path only contains one arc
connecting L, with L, and one arc connecting L, with K. Constraint (6) ensure that the
two selected arcs share the same node in L,. 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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2* FULL FACTORIAL DESIGN WITH CENTER POINTS
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Run Cel}ter Blocks Crossover Mutati.o.n Mutation Selection T(Ol\t/filllg::lﬁ
Order Point Operator  Probability Operator Rate 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 mversion 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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Table C.2 The single-sourcing strategy
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Run Ceqter Blocks Crossover Mutati'o.n Mutation Selection T(Ol\t;illlg:::t
Order Point Operator  Probability Operator Rate 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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APPENDIX D
2* FACTORIAL DESIGN ANALYSIS RESULT
FOR THE SINGLE-SOURCING STRATEGY

Table D.1 Results for analysis of variance
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Source DF Adj SS Ad] F- F-
MS Value Value
Model 12 663.4 55.283 6.07  0.000
Linear 4 2028 50.7 5.57  0.000
Crossover Operator 1 3.1 3.112 034  0.560
Mutation Probability 1 1581 15806 1.74 0.191
Mutation Operator 1 16297 162.971 17.9  0.000
Selection Rate 1 2091 2091 23 0.133
2-Way Interactions 6 368.11 61.352 6.74  0.000
Crossover Operator*Mutation Probability 1 645 6.452 0.71  0.402
Crossover Operator*Mutation Operator 1 9596 95962 10.54 0.002
Crossover Operator*Selection Rate 1 166.29 166.291 18.26 0.000
Mutation Probability*Mutation Operator 1 38.53 38531 423 0.043
Mutation Probability*Selection Rate 1 58.65 58.653 6.44 0.013
Mutation Operator*Selection Rate 1 222 2.224 024  0.622
3-Way Interactions 2 9248 46.241 5.08 0.008
Crossover Operator*Mutation Probability 1 49.24 49235 5.41
*Mutation Operator 0.022
Crossover Operator*Mutation Operator 1 4325 43.247 4.75
*Selection Rate 0.032
Error 87 792.12 9.105
Curvature 1 1042 1042 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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Residual Plots for TC (mil.)
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Figure D.1 Residual plots for response
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Figure D.2 Cube plot (fitted means) for response

Table D.2 Response optimizer

Solution Crossover  Mutation = Mutation Selection Response Composite
Operator Probability Operator Rate Fit Desirability

1 Order 0.300 Inversion 0.500 1,529.65 0.867851

2 Order 0.300 Inversion 0.102 1,530.03  0.847281

3 One-point 0.300 Swap 0.100 1,530.51 0.822160

4 One-point 0.282 Swap 0.102 1,530.84  0.804670

5 Order 0.100 Swap 0.500 1,530.96  0.797877
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