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Abstract

This study examines various coalition structures for a multiproduct assembly sys-
tem with a common component. Under different forms of coalition in the channel,
the common component supplier may form partial or grand coalitions with the other
suppliers to achieve maximum profit and eliminate supply chain inefficiencies. The op-
timal pricing decisions of suppliers are characterized and possible coalition structures
are proposed. Results document that coalition structures, product demand character-
istics, and manufacturing costs profoundly impact optimal wholesale price decisions.
In addition, component suppliers are not always worse off even when the remaining
suppliers form a partial coalition. Conditions under which all suppliers form a grand
coalition are also provided to introduce a fair allocation and a non-empty core. A
numerical experiment is conducted to show the influence of model parameters on the
profit of different coalition structures. Profit allocation between the suppliers under

the multiproduct assembly system is also discussed.
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1 Introduction

Companies today often use common components to satisfy various product categories be-
cause of the global trend of outsourcing and technology advancement. For example, Google
supplies the Android operating system to manufacturers of smart phones and tablets. Dell
Computer provides both cluster servers, which are required by large companies and organi-
zations, and personal computers, which are required by individual customers, with different
types of common components, such as RAMs and hard drives. A123 Systems produces key
components of lithium—ion batteries used in the consumer electronic devices produced by
Black & Decker, electric grid produced by AES Corporation, and electric vehicles produced
by Toyota. The company has been working closely with major tier 1 suppliers in joint product
design and manufacturing for developing batteries and battery systems for HEVS, PHEVs,
and EVs. The sensors supplied by Texas Instruments are used by various manufacturers of
self-driving cars, smart grids, and smartwatches. These different product categories, which
are targeted at diverse market segments with distinct customer demands, are connected in
a unique way because they are manufactured or assembled with common components.

The unique connection enabled by the use of common components has led to an emerg-
ing business model of interfirm coordination and integration in supply chain management
through forming cross-sector horizontal partnership among suppliers in multiple industrial
sectors. For example, Intel, which is the supplier of microprocessors as the common compo-
nents, has been known for taking the price leadership role in the supply chain networks for
different computing devices, such as desktop PCs and ultrabooks (Sutton 1998; Digital Times
2011). Similar forms of cross-sector horizontal coordination among suppliers connected with
common components for various business decisions have existed in Japan for several decades
through the informal structure of Keiretsu-networks of independent Japanese subcontractors
for various products, such as automobiles, lithium batteries, consumer electronics, food, and
pharmaceuticals (Miyashita and Russell 1995).

The recent growing and intensive development of Industry 4.0 technologies, such as In-



ternet of Things (IoT), Big Data Analytics (BDA), Cloud Computing (CC), Edge Com-
puting(EC), and Blockchain (BC), etc., have led to a significant change in information
acquisition for each supply chain member and provided further opportunities of interfirm
collaboration through forming cross-sector horizontal partnerships (Bortolini et al., 2017;
Camarinha-Matos et al., 2017; Manavalan and Jayakrishna, 2019; Lins and Oliveria, 2020;
Yadav et al., 2020). Gartner defines Industry 4.0 as “a business-outcome-driven digital
transformation approach to generate value from the collaboration of multiple partners in
ecosystems across value chains and industries” (Forbes 2018). The Internet Protocol (IP)
communication technologies, which enable rapid information interchanging, tangibly alter
the collaborations within a supply chain. In the conceptual framework for assessing sus-
tainable supply chain management for Industry 4.0 (Manavalan and Jayakrishna, 2019),
“collaboration” is identified as one of the five key enablers with “joint development” and
“supplier collaboration” as two key collaboration criteria. In the framework of “factory of
future in sustainable supply chain ecosystem with Industry 4.0,” IoT not only enables in-
terconnecting the machines, components, devices, and users within an enterprise but also
connects multiple digital lines in different sites of suppliers by leveraging cloud and internet
technologies (Manavalan and Jayakrishna, 2019). There is a tangible need to delineate the
collaboration and coalition of assembly systems under modern architecture.

The emerging business model, which forms cross-sector horizontal partnerships among
suppliers connected by the use of common components, is a new means to create idiosyncratic
interfirm linkages that may become a source of “relational rent” and competitive advantage
(Dyer and Singh 1998). The incentives of the specific supply chain structures caused by
forming cross-sector horizontal partnerships studied in the current work can be attributed to
three sources of relational rent and competitive advantages discussed in the existing literature
of transaction cost economics and strategic management, namely, the relationship-specific
assets, interfirm knowledge sharing, and complementary resources/capabilities (Williamson
1983; Dyer and Singh 1998; Clark and Fujimoto 1991; Dyer 1996). In addition, knowledge

sharing and transfer between and among suppliers on the product and pricing information



may facilitate the design, production, and marketing processes; accordingly, the competitive
positions of members in the supply chain network enhance (Grant 1996). Moreover, the
adoption of the common component requires the suppliers in different sectors to develop
complementary resources and capabilities, such as patents and proprietary technologies,
which may become the key driving factors of returns from partnerships through the current
and future collaboration (Oliver 1997).

As motivated by these issues, this research studies the horizontal efficiency of supply
chains to show the enhancement effect of firms in a coalition on the overall profitability
through price coordination. Specifically, this study analyzes how suppliers can cooperate
and collectively determine the pricing decisions to increase bargaining power and reduce
production costs by forming a cross-sector horizontal partnership among suppliers. We
pose the following research questions: How should the common component supplier form
alliance with the other suppliers? How do the suppliers determine the prices optimally
under different forms of alliance? Is participating in the alliance with the common component
supplier always beneficial? Does any fair profit allocation occur if all suppliers form a grand
coalition? A number of existing works have already studied the significant potential benefits
due to cooperation among suppliers and their applications in various industries, such as
auto parts, railroad, and airlines (see Nagarajan et al. 2019; Yin 2010; Nagarajan and Sosic
2009 and references therein). However, the economic impacts of the horizontal partnership
have not received considerable attention in the existing literature of operations and supply
chain management. Therefore, the current study aims to take a distinct perspective by
considering the coalition structures in a multiproduct assembly system, beginning with a
scenario in which three suppliers exist, one of which produces common components that are
used to assemble two finished products. Cases in which product demands are independent
from one another are discussed. The channel suppliers may form coalitions and formulate
pricing decisions collectively. The common component supplier leads the coalition with other
suppliers to achieve maximum profit and eliminate supply chain inefficiencies. Moreover, the

optimal pricing decisions of suppliers in the channel are characterized and possible coalition
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structures and profit allocation for supply chains are proposed.

This study obtains several interesting results with economic implications. When a com-
mon component supplier forms a partial coalition with one of the remaining suppliers, the
optimal wholesale price of the common component is unaffected by the demand charac-
teristics of the product with components offered by the coalition. Furthermore, the partial
coalition formed without a common component supplier fails to influence the optimal pricing
decisions of all suppliers. Both outcomes are due to the specific role of a common component
supplier; thus, similar observations are not revealed under the traditional assembly model
setup, in which no common component is considered. When the optimal wholesale price
decisions among different forms of coalition are compared, the wholesale price charged by a
common component supplier under a partial coalition with each remaining supplier serves as
the upper and lower bounds on that set without coalitions formed. Under a partial coalition,
a noncooperative supplier with low manufacturing costs can successfully reduce the wholesale
prices of a non-common component supplier and increase the wholesale prices of a common
component supplier. Under the grand coalition, the total wholesale price of components for
each product is lower than that of under other coalition structures. Moreover, the grand
coalition decreases the prices of the two consumer products and identifies the conditions
under which the main analytical results remain valid.

For the stability of a particular form of inter-firm coalition, two conditions are necessary:
(i) all participants receive high profits to maintain a stabilized coalition and (ii) the resulting
consumer surplus is not decreased to maintain the legal stability of the coalition with a
minimum risk of regulatory inference. For the stability of coalition, this study finds that
under a certain condition, a non-cooperative supplier in a two-product assembly system
can even obtain higher profits under a partial coalition, in which the remaining suppliers
still cooperate, than under a model without cooperation. Therefore, an alliance between
any suppliers does not always implicate a negative effect on the remaining suppliers. This
mostly occurs when the demand for the assembled product with a component provided by

one supplier is less dispersed and the manufacturing cost of the component is higher. This



phenomenon significantly affects the profit allocations between suppliers when they form an
alliance, which may result in an unstable alliance. Therefore, for a two-product assembly
system that uses a common component, a grand coalition in which all suppliers cooperate is
not always stable. Results show the conditions in which the core is non-empty in the channel,
which provides the economic incentives and the legal ground for the successful execution of
the grand coalition. A numerical example is given to provide quantitative insights into
profit allocations among suppliers under different conditions. The results guide component
suppliers as they form coalitions with other parties in the supply chain.

The remainder of the paper is organized as follows. Section 2 reviews relevant literature.
Section 3 describes the model. Section 4 focuses on two-product assembly system. A numer-
ical study is conducted in Section 5. Discussions and conclusions are presented in Section 6.
The model with stochastic demand, the analysis of the N-product assembly system, and all

the proofs are provided in the Appendix.

2 Literature Review

Rooted in the relational view of competitive advantages (Dyer and Singh, 1998; Lavie,
2006), the emerging business model, which forms cross-sector horizontal partnerships among
suppliers connected by the use of common components, is a new means to create idiosyncratic
inter-firm linkages that may become a source of “relational rent” and competitive advantage
(Dyer and Singh 1998). The incentives of the specific supply chain structures caused by
forming cross-sector horizontal partnerships studied in the current work can be attributed to
three sources of relational rent and competitive advantages discussed in the existing literature
of transaction cost economics and strategic management, namely, the relationship-specific
assets, inter-firm knowledge sharing, and complementary resources/capabilities (Williamson
1983; Dyer and Singh 1998; Clark and Fujimoto 1991; Dyer 1996). In addition, knowledge
sharing and transfer between and among suppliers on the product and pricing information

may facilitate the design, production, and marketing processes; accordingly, the competitive



positions of members in the supply chain network enhance (Grant 1996). Moreover, the
adoption of the common component requires the suppliers in different sectors to develop
complementary resources and capabilities, such as patents and proprietary technologies,
which may become the key driving factors of returns from partnerships through the current
and future collaboration (Oliver 1997).

Information sharing plays a crucial role in various supply chain strategies. It is shown
that decisions during the negotiation and coalition are relied on the information provided
(Renna, 2010; Raweenwan and Ferrell, 2018). The recent advance of new technologies has
enabled the speedy adoption of horizontal partnerships among suppliers in assembly line
systems (Bortolini et al., 2017). As shown in the conceptual framework in Figure 1, sev-
eral technologies play a key role in enabling cross-sector inter-firm collaboration as the key
building blocks of the new form of cross-sector collaboration. Industry 4.0, through driving
digital transformation to generate value from the collaboration of multiple partners in ecosys-
tems across value chains and industries (Forbes, 2018), has been identified as a key enabler of
supplier collaboration networks (Camarinha-Matos et al., 2017; Manavalan and Jayakrishna,
2019). Industry 4.0 turns the enterprises to concentrate on adapting difficult conditions of
competition. The advanced information sharing technologies enable man-machine interac-
tion to strengthen the manufacturing sustainability and establish collaboration among the
system aligned activities to enlarge the profitability(Fantini et al., 2020; Kiraz et al., 2020).
Increasing operational flexibility with Industry 4.0 enabling technologies in final assembly
also leads to better collaborative work and assembly support (Salunkhe and Fast-Berglund,
2020; Longo et al., 2017). Internet of things (IoT) not only enables interconnecting the
machines, components, devices, and users within an enterprise but also connects multi-
ple digital lines in different sites of suppliers by leveraging cloud and internet technologies
(Manavalan and Jayakrishna, 2019). According to Karnouskos et al. (2019), the interac-
tions and collaboration achieved with cyber-physical production systems can lead to next
generation infrastructure and emerging behaviors in autonomous and sophisticated indus-

trial systems. In the interconnected smart factory, horizontal collaboration and partnership



ensure machinery, IoT devices and engineering processes work together seamlessly (Porter
and Heppelmann, 2014; Yang et al., 2018). In addition, the human-technology symbiosis are
benefited from this cyber-physical systems technologies (Pacaux-Lemoine et al. 2017). As a
distinguishing element of Industry 4.0, lot-size-one production enables collaboration through
a network of facilities in order to manufacture customized orders (with minimal lot sizes) by
managing the division of tasks, transportation between the factories, and resolving depen-
dencies among the participating manufacturers in an assembly line system (Kannengiesser at
al. 2017; Garzon and Alejandro, 2019; Dhungana et al., 2020). Cloud computing is used to
store and analyze the enormous datasets involving Industry 4.0 applications among multiple
suppliers sharing and analyzing big data necessary to support horizontal partnerships in a
supply chain system. Finally, human-centered automation, including computational, visu-
alizational, and information technologies as well as mechatronic systems for digitalization,
robotization, decision-aid, and systems maintenance and integration (Jerman et al., 2020;
Akash et al., 2019a; Akash et al., 2019b), enables human-machine cooperation for designing
and operating effective and socially sustainable assembly line systems (Kovacs et al., 2018;
Romero et al., 2020; Pinzone et al., 2020).

One critical element in assembly 4.0 implementation is the integration of human factors
in designing and operating assembly line systems (Eynard and Cherfi, 2020; Romero et al.,
2020). As discussed in Pacaux-Lemoine et al. (2017), with the adoption of Industry 4.0,
machine capabilities have increased in such a way that human control of the process have
evolved from simple to highly complicated. Today’s intelligent manufacturing systems have
become so autonomous that humans are sometimes unaware of the processes running (Matts-
son et al., 2020), whereas they still need to intervene to update the production plan or to
reconfigure the process when a machine breaks down, or to assist process-intelligent entities
for safety or quality of work (Glock et al., 2017; Cohen et al., 2018; Taylor et al., 2020). As a
result, the implementation of cyber-physical systems requires the integrated capabilities on
controlling machines, assembly lines, factories, and supply chains, as well as on human infor-

mation processing (Waschull et al., 2020). In a transforming process towards cyber-physical
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Figure 1: Conceptual Framework.

systems, new human-centric performance indicators and guidelines need to be developed for
managers and engineers to formulate their strategy for managing human resources, to im-
prove their awareness on the role of workers, and to detect possible misalignment between
the high-level strategies and the operational interventions in assembly line systems (Fantini
et al., 2020; Rauch et al., 2020; Fletcher et al., 2020; Pinzone et al., 2020). Human-centered
automation technologies, such as motion analysis system (Bortolini et al., 2020), intelligent
assistant decision-supporting systems as context aware knowledge-based tools (Belkadi et al.,
2020; El Mouayni et al., 2020), digital assistance in knowledge-based maintenance (Kovacs
et al., 2018), and social collaboration platforms (Lithoxoidou et al., 2020), also play a key
role in facilitating assembly 4.0 implementation. To successfully transform from traditional
to smart factory systems, it is also necessary for today’s organizations to develop human

infrastructure for employees with new job profiles in such areas as mechatronics, robotics,



smart system design, IoT design, systems supervision and maintenance, programming, and
data analytics, as well as with new competencies such as technical skills/literacy, flexibility
adaption, continuous learning, critical and analytical thinking, innovation and creativity,
and other soft skills (Jerman et al., 2020; Ansari et al., 2020).

The implementation of horizontal partnerships in the era of Industry 4.0 also requires
organizations to acquire and/or develop new capabilities. As discussed in Fettig et al. (2018)
and Sony (2020), organization agility is a key enabling capability as the intelligent network
of manufacturing cells, production lines, and other aspects of product manufacturing and
selling within an organization will help to quickly respond to customer demands. The hor-
izontal partnership, as a cross-company and company cross-linking within the value chain,
will make the entire supply chain responsive to meet customer needs. The cross-sector inte-
gration through intelligent technologies and digitalization in different phases of a product’s
life cycle will help to develop innovative products as per the customer needs (Ennis et al.,
2018; Huxtable and Schaefer, 2016). In addition, manufacturing innovation with simultane-
ous persuasion of both exploration and exploitation of orientations for developing innovation
capabilities may reduce the complexities in adopting new technologies (Fischer et al., 2010).
As discussed in Gupta et al. (2020), exploration focuses on the innovation and new technolo-
gies, whereas exploitation focuses on the update of existing resources such as employees and
machines. Furthermore, product and process traceability play a key role as assembly tasks
are monitored with sensorized and connected devices to detect in real-time any possible error
or non-compliance. Worker activity is continuously monitored to track the assembled com-
ponents and the task duration to a complete product traceability during the entire assembly
process (Bortolini et al. 2017). Finally, the capability for human-machine collaboration is
necessary for improving productivity, safety, and engagement in intelligent manufacturing
systems (Kovacs et al., 2018; Eynard et al., 2020). According to Hoyer et al. (2020), the
complexity of Industry 4.0 technologies and their interactions call for the development of
knowledge-based, human-centered approaches to help employees to build and to work in

complex environments with new skills, job profiles and competencies (Kovacs et al., 2018;
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Jerman et al., 2020; Ansari et al., 2020).

A number of works have studied the behavior of the assembly systems. Song and Zipkin
(2003), Bernstein and Decroix (2006), and Atan et al. (2017) provided a detailed survey of
such literature. Notably, cyber-physical architecture transforms the assembly manufacturing
system into Industry 4.0 (Jazdi 2014; Lee et al. 2015; Manavalan and Jayakrishna 2019). The
rapid information sharing among the systems raises new topics in the supply chain. Some
studies assumed that demand is characterized by a linear inverse demand function (e.g.,
Corbett and Karmarkar 2001; Carr and Karmarkar 2005; Majumder and Srinivasan 2008;
Nagarajan and Sosic 2009; Yin 2010; David 2015; Nagarajan et al. 2019). Among these
works, Corbett and Karmarkar (2001) considered entry decisions in a two-echelon supply
chain and Majumder and Srinivasan (2008) focused on network structures in supply chains.
Carr and Karmarkar (2005) discussed the prevailing competition in a multi-tier assembly
system. David (2015) described the competition and coordination in a two-channel supply
chain. Nagarajan et al. (2019) studied the farsighted stable alliance structures between
suppliers in the assembly system.

Another stream of works focused on uncertain demand but price insensitive. Wang and
Gerchak (2003) considered capacity games between the suppliers and the assembler. They
studied the two established contracts according to the manner in which the terms of each
contract are set. Gerchak and Wang (2004) considered two supply chain contracts between
the assembler and the suppliers and showed how supply chain coordination can be achieved.
Bernstein et al. (2007) studied a multi-echelon system in which the assembler moved several
assembly jobs to the sub-assemblers and characterized the optimal pricing and the capacity
decisions. Fang et al. (2008) analyzed the procurement strategies in an assembly-to-order
system when price is a function of delivery lead-time. Zhang et al. (2008) analyzed the
optimal stocking quantity of two product configurations and found the possible contracts to
coordinate the supply chain. Furthermore, Wang (2006) and Jiang and Wang (2010) assumed
that demand is price sensitive and considered joint pricing-production decisions and supplier

competitions in the assembly systems, respectively. More recent studies related to assembly
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systems in the supply chain include Chen and Hall (2007) for supply chain scheduling in
assembly systems, Norde et al. (2016) for the issue of incentives for global planning and
manufacturing, and Zhang and Huang (2010) for configuration of platform products.

New pricing policies, supply chain cooperations, and new frameworks have also been
discussed. Chen and Xiao (2017) described the pricing and replenishment policies under
different retailer behaviors. Radhi and Zhang (2018) studied the pricing policy for a dual-
channel retailer with same- or cross-channel return. Wei et al. (2019) investigated the
manufacturer’s and retailer’s integration strategies with complementary products. Fang and
Cho (2020) studied the effects of different cooperative approaches in managing social respon-
sibility of suppliers. Fu et al. (2020) investigated the pricing and production decisions of the
assembly systems with capacity constraints. Leitao et al. (2016) discussed the collaboration
of the cyber-physical production for the modern assembly systems.

The model of the current paper is mostly relevant to the research that focuses on a
multi-product assembly system with common components (Baker et al. 1986; Gerchak et al.
1988; Cattani 1995; Eynan and Rosenblatt 1996; Eynan 1996; Bernstein et al. 2007; Xiao
et al. 2010). Other works relevant to the current study examined the scenarios in which
component suppliers form a coalition, including the stability of such a coalition structure
in assembly systems. Research by Granot and Sosic (2005) demonstrated the influence of
coalition degrees from three retailers on their profits. Granot and Yin (2008) discussed two
contracting arrangements depending on whether the suppliers are Stackelberg leaders who
provide the wholesale prices of components. Nagarajan and Sosic (2009) studied three forms
of competition in assembly systems and Nagarajan and Bassok (2008) considered the idea
that suppliers may form coalitions and then subsequently negotiate with the assembler on
profit allocation based on Nash bargaining. Yin (2010) analyzed alliance structures in an
assembly system with complementary suppliers and He and Yin (2015) discussed supplier
and retailer competitions in an assembly system. Huang et al. (2016) considered alliance
formations under the setting of one downstream firm and any suppliers when supply risks

exist. Li et al. (2018) described the impacts of power structures in a decentralized assembly
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system. Li and Chen (2020) discussed the coalition of N complementary suppliers scenario.
Nagarajan et al. (2019) studied alliance in assembly systems with competing suppliers. Table

1 summarizes the literature on multi-product assembly system with common components.

Table 1: Comparisons of most related literature.

Authors Year Demand assumption Structure of Supply Chain study focus
demands have multinle suppliers and multiole alliance formations with the
Granot and Sosic 2005  substitutability to other P pp p influences of supplier information
retailers .
demand sharing
Nagarajan and 2008 @ public information to all  multiple suppliers and multiple  the interactions under a negotiation
Bassok supply chain members assemblers framework
Granot and Yin 2008  stochastic demand push and pull assembly system the 1nefﬁ91en;y due to hquzontal
decentralization of suppliers
Nagarajan and 2009 lincar price dependent multlple corpp]ementary dyna}rplc supplier alliances and
Sosic suppliers with one assembler coalitions
L . . the alliance and coalition formation
. deterministic/stochastics multiple complementary .
Yin 2010 . - . strategies for the complementary
price dependent suppliers with one assembler :
suppliers
He and Yin 2015  linear price dependent decentralized assembly system 5;2‘1):::1011 between suppliers and
deterministic price multiple complementary supplier alliance formation strategies
Huang et al. 2016 dependent suppliers to one manufacturer under order default risk
. two suppliers .
Lietal. 2018 rapdom demand with (main/subcontractor) and one impact (.)f power structures to
failure rate production and pricing strategy
manufacturer
. . . . the farsighted stable alliance
Nagarajanetal. 2019 linear price dependent decentralized assembly system structures between suppliers
linear price and qualit multiple complementa the effects of supplier coalitions to
Li and Chen 2020 P quaitty P P Ty whole sale price and quality
dependent suppliers to one manufacturer .
improvement
. deterministic/stochastic multiproduct assembly system horizontal coalitions regarding
This paper common components and profit

price dependent

with one common component

allocations of the suppliers

As shown in Table 1, most related research addresses the alliance or coalition formations
of the complementary goods assembly systems. Our study is the first to respond to calls
for researchers to consider the strategic role of the common component supplier in multi-
product decentralized assembly systems that the final markets are non-complementary. This
study examines the dynamics of horizontal coalition structures with a common component
supplier, and discusses fair profit allocation for each member of the coalition to eliminate
supply chain inefficiencies. Besides, this study investigates the demands in both deterministic

and stochastic setting where most of the prior research emphasize only one demand setting.
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Furthermore, this study characterizes the forms of coalition structures and discusses their

managerial insights.

3 Model Description

This study considers a supply chain structure of a common component supplier (Supplier
0) and the other suppliers (Suppliers 1,..., N) for products manufactured by different man-
ufacturers (Manufacturers 1,..., N) which are sold in different market sectors (Markets 1,...,
N). Component 0 is common to all products whereas Component i, = 1,...N is dedicated
to Product i. Without loss of generality, Product ¢ is assumed to have one unit each of
Components 0 and 7. Each component is offered by one independent component supplier.
Let ¢; be the unit manufacturing cost of Component ¢ faced by Supplier i. Supplier ¢ sells
the component at the wholesale price w; to N independent manufacturers who, in turn,
assemble the products with the associated components and sell to end customers. For a unit
of product j, which is sold, Manufacturer j collects p; that represents the retail price set by
the manufacturer. Considering that the products are sold in different markets, retail price
of one product charged to end customers are assumed to have no impact on the demand of
the other products.

Customer demand for each product is assumed to be deterministic; it decreases linearly
with the retail price, which is commonly used in economics and marketing literature and
in recent studies related to assembly system alliances (e.g., Nagarajan and Sosic 2009; Yin
2010). Let

D;=a; —bjp;, for j=1,...,N (1)

be the demand function for Product j where a; represents the baseline sales and the value of
b;(> 0) shows the price sensitivity of end customers. It should be noted that we consider the
situation of forming horizontal, cross-sector partnerships where the cross-price effect between

products in different market sectors is not significant. Therefore, cross-price elasticity is not
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considered in our analyses.

The sequence of events is as follows. At the beginning of the period, each supplier
simultaneously determines the wholesale price of Component i, w;. Then, each manufacturer
orders the required components from the suppliers, and subsequently assembles and sells the
product to end customers at the retail price, p;,j = 1,..., N. After the selection of retail
prices, end customer demand for each product is determined simultaneously and the period
ends. All cost parameters and demand functions are assumed to be common knowledge to
all parties, who set the prices to maximize their individual profit. This research considers
three different scenarios: (a) model without cooperation, (b) partial coalition, and (c) grand
coalition. In the next section, a two-product assembly system is analyzed to establish the
benchmarks. Figure 2 shows the sequence of events for each scenario under the two-product

assembly system.
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Figure 2: Sequence of events for three scenarios: (a) model without cooperation, (b) partial
coalition, and (c) grand coalition.

4 Two-Product Assembly System

An assembly system that produces two products from the three components (denoted by
0, 1, and 2) is considered. Customer demand for Product j is D; = a; — b;p;,j = 1,2. In

the following subsections, a model in which none of the suppliers in the channel cooperate
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with each other is firstly considered. To ensure that the algebraic verification is amenable to
analysis, some of the subsequent theoretical results will use the following assumption: The
demand for Product 2 is more dispersed than that for Product 1, i.e., % <2

2
by

4.1 Model without Cooperation

In this model, each supplier individually chooses a wholesale price, w;, that maximizes
the profits collected from the components sold to the manufacturers. Given the wholesale
prices, Manufacturer j determines the retail price, p;. The current paper uses the backward
induction to solve the problem. Given the best response of each manufacturer, the optimal
wholesale price of each supplier is obtained, as well as the corresponding profits of both
parties. Given the wholesale price, w;, Manufacturer j sets the retail price, p;, to maximize
profits (p; —wo —w;)D;(p;) for j = 1,2. By solving the manufacturers’ retail price problems,
the optimal retail price of is:
aj + bj(wy + wj)

pi(wo, w;) = 5. , for j =1,2. (2)
j

According to (2), each supplier’s problem is to choose w; to maximize the profit, IIF" (w;):

Hg(wo) = (wo — ¢p)(ar — bipi(wo, wr) + az — bapi(wo, wo)),

I (wy) = (w; —¢;)(a; — bip} (wo, w;)), for i =1,2.

)

Let w! be the optimal wholesale price of Supplier 4. then for i = 1,2,

F a; + ag — b1 (Cl — 200) — bQ(CQ — 200)
Wy = s
3(by + b2)
F (461 — 200)[?12 + (2@1 —+ bgfngfi — 2[)371'00 —+ 3[)3,1'05 — Clgfi)bi -+ 3b3,iai

: 6b;(by + bo)
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Supplier i’s profit, II¥ (wf), is

ki + ka)?
HF F ( 1
0(0) = 186 T b
ki(by + by) — (k1 + ko)b;)?
e (wf) = (3Ki(b1 + ba) — (ki + F2)by) , where k; = a; — b;(co + ¢;). (4)

720;(by + by)?

4.2 Partial Coalition

In certain supply chain environments, the common component supplier may cooperate with
other suppliers by choosing the wholesale price collectively to increase the joint profit; this
case is denoted as partial coalition. This study focuses on the case in which Supplier 0
cooperates with Supplier 4,7 = 1,2 in the channel, and coalition members collectively de-
termine the wholesale prices of the components. On the basis of the derived optimal retail

prices above, the joint profit function of Suppliers 0 and ¢ can be obtained as follows: for

ijef{1,2),i 4

1§, (wo, wi) = (w; 4wy — ¢; — ¢o)(a; — bipj (wo, w;)) + (wo — o)(a; — bypj(wo,w;)).  (5)
Supplier j’s profit function is
0ij (w;) = (w; — ¢;)(a; — bp;(wo, wy)). (6)

Let w(;, and w; ;, j = 1,2 be the optimal wholesale prices of the common component
and Component 7, respectively when partial coalition is formed by Suppliers 0 and i. The

problems in (5) and (6) are solved simultaneously,

wc _ a; + bj<2CO — Cj)
02,0 36] )
3a; — bico + 2bc; + 3bie; aj a; +b;(2¢; — ¢o)
C i 10 A 1“1 J C J J J 0
wOZ,’L 6bZ 3bj7 an wOZ,] 3b] ( )
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Hence, the joint profit of Suppliers 0 and ¢, HOCZ-, and the profit of Supplier j, HOCZ.J.7 are:
c kK o 2
0i = 3, + 18, an 05 = 18, ori,j€{1,2},i#j (8)

Proposition 1. Under a partial coalition between Suppliers 0 and 1, w&o 15 independent

from the demand characteristics of Product i, a; and b;.

When Supplier 0 forms a partial coalition with Supplier ¢, the coalition chooses the
wholesale price of the common component as if two independent assembly systems exist:
one each for Products ¢ and j. The coalition has total control in determining the overall
wholesale price of components for Product ¢, wy + w;; however it only partially controls
the second system, in which Supplier j can likewise influence the wholesale price of the
component for Product j. This crucial finding can be directly patterned from (2) and (5),
indicating that the profit collected from Product i is influenced by wy + w;, rather than
the individual wy or w;. The demand characteristics of Product ¢ only influence wy + w;,
which are collectively determined by the coalition. In this sense, wy is determined when the
coalition competes with Supplier 7. Once wgy has been determined; the coalition balances
the profit margin and demand for Product 7, and then sets w;, accordingly. As a result, the
optimal common component wholesale price, w&o, is irrelevant to Product . The above-
mentioned observation is due to that Supplier 0 forms the coalition with another supplier in

the channel.

Proposition 2. If Suppliers 1 and 2 form a partial coalition, then the optimal wholesale
price of each component and the associated profit of each supplier are identical to those of

the model without cooperation.

The proposition is straightforward provided that neither product is substitutable. Thus,
the demand for and the retail price of each product are only relevant to the wholesale
prices of the assembled components. This finding underscores the advantage of the common

component supplier in the electronics, auto-parts, and service industries. Given the advanced
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technological capabilities and unique components, the common component supplier will not

be negatively affected by whether the other suppliers cooperate.

4.3 Grand Coalition

A scenario in which all suppliers in the assembly system cooperate and determine the whole-
sale prices collectively is considered. Under such a grand coalition, the overall profit of all

the suppliers can be described as follows:

H(C)iz(woa w17w2) = (w1 + wy — 1 — CO)(al - blpi(woyﬂh)

+ (w2 + wo — ¢2 — co)(ag — bapy(wo, wy)).

Let w®,i = 0,1,2 be the optimal wholesale price of Supplier i. Solving the above-

mentioned problem yields:

i b i .
woG"‘wiG:a i 2(b09+c)7 for i =1,2. (9)

Therefore, the resultant overall profit, I1,(w§, wf, wg), is

¢ G, G G _ k% k% 10
012(w07w17w2)—8_b1+8_b2' ( )

4.4 Comparison

On the basis of the discussions in the previous sections, the pricing decisions of the suppliers

in different coalition structures are compared.

Proposition 3. The wholesale price of the common component under each partial coalition
(i.e., Supplier 0 cooperates with Supplier 1 or 2) forms the bounds that under the model

- - F o c c c F c
without cooperation, wy s belween wgy o and wey . If ¢ > o, then wg o < wy < wgy -

Under the model without cooperation, w{" is influenced by the manufacturing costs of
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the two other suppliers and demand characteristics of both products. In determining w(’,

Supplier 0 must simultaneously balance all determining factors, and thus, set a modest
wholesale price. Moreover, in a partial coalition between Suppliers 0 and i, Supplier 0
competes with Supplier 7. Accordingly, only the manufacturing cost of Supplier j and the
demand function of the product assembled with the components provided by Supplier j are
concerned. Given a lower (higher) manufacturing cost of the component provided and a more
(less) dispersed customer demand for the product assembled with the components provided
by Supplier 7, the wholesale price of the common component under the partial coalition with

Supplier i becomes higher (lower) and forms the upper (lower) bound of w/’.

Proposition 4. With a partial coalition between Suppliers 0 and 1, if ¢; > co, then wOCL2 <

F c F
wy and wg) < wy .

Propositions 3 and 4 indicate that the wholesale price of the common component increases
when a partial coalition between the common component and the high-cost component exists
in the system, but the wholesale prices of the remaining two components decrease. This
rationale indicates that Supplier 0 strengthens bargaining power through an alliance with
the supplier with high manufacturing cost. By doing so, Supplier 0 can successfully force
the remaining two suppliers to mark down their respective wholesale prices and raise its
price to significantly increase the profit margin. This phenomenon is more evident when
a manufacturing cost of the non-cooperative supplier, ¢y, is lower and the corresponding
finished product demand is more dispersed (i.e., higher ay/bs). However, the advantage of
partial coalition insignificantly benefit Supplier 1 because the profit margin of Supplier 1
decreases, unlike in the model without cooperation. Therefore, Supplier 0 should at least

allocate a profit of IIf" to Supplier 1 to induce a partial coalition.

Proposition 5. The optimal total wholesale price of components for each product under

a grand coalition is less than that under the other coalition structures. That is, for i,7 €
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{1.2},i# ],
w§ + w < min{w! + w! 7w010+w0”} and w§ —|—w < min{wf —|—w w010+w02]}

The results in Proposition 5 can be attributed to the horizontal decentralization of com-
ponent suppliers. Consider a scenario in which no supplier cooperate or in which only several
suppliers form a partial coalition. The quantity that a supplier sells depends on the retail
prices set by the two manufacturers, and on the chosen wholesale prices by other suppliers.
In this manner, suppliers are prompted to raise the wholesale price to increase the profit
margin considering that any reduction in the wholesale price would decrease profit margin.
Moreover, this scenario does not necessarily result in increased sales because of the unan-
ticipated behavior of the other suppliers. However, in a grand coalition, the uncertainty in
the quantity sold diminishes: each supplier balances the quantity sold and the profit mar-
gin collected from each product, and then sets an appropriate wholesale price. In such a
circumstance, a good horizontal efficiency of the supply chain can be achieved. Notably,
the proposition also has an interesting implication regarding consumer surplus, which shows
that p; will decrease as wy + w; decreases. With the downward-slopping demand function
defined in (1), the consumer surplus in a grand coalition will increase when p; decreases and
D; increases for each of the two products based on Varian (1992). This finding implies that
a grand coalition would lead to not only decreased wholesale prices but also lower consumer
prices and higher demands in the two markets. This condition results in increased levels of

consumer surplus compared with the other coalition structures.

Proposition 6. II/ <TIf ;

if and only if TIF > 10, ,, fori,j € {1,2},i # j.

Proposition 6 indicates that Supplier 1 or 2 can possibly obtain higher benefits when the
remaining suppliers form a partial coalition, compared with the model without cooperation.
Thus, Supplier 1, which serves as non-cooperative supplier, can be better off under a partial

coalition between Suppliers 0 and 2 if and only if Supplier 2 is worse off under a partial

coalition between Suppliers 0 and 1. Furthermore, consider the case in which Supplier 1 is
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better off when no party forms a partial coalition. If Supplier 1 can determine the possible
coalition structure, Supplier 1 prefers the model without cooperation rather than a partial
coalition between Suppliers 0 and 2. Moreover, the coalition formed by Suppliers 0 and 1
benefits Supplier 2. This result is observed given that each supplier’s pricing decision under
the model without cooperation is influenced by the best responses of the two other suppliers.
The profit of each supplier depends on the combination of each party’s cost structure and the
demand characteristics of both products. However, under a partial coalition, the competition
is only between the coalition and the non-cooperative supplier. The coalition competes with
the non-cooperative supplier by setting wy to collect the maximum possible profit, and
then balances the profit margin and the demands to determine the other wholesale price
of the coalition. Considering that the final product consists of one unit of each component
from the coalition and the non-cooperative supplier in competition with the two parties,
the coalition and the non-cooperative supplier possess equal power. Both parties aim to
maximize their total profit and subsequently divide the profit equally. However, the model
without cooperation does not achieve such equal allocation because the goal of each supplier
differs. This inconsistency may benefit Supplier 0 because the said supplier can take a leading
role in the profit allocation of the coalition and manipulate self-importance to receive the

highest profit in the channel.

4.5 Coalition Stability and Profit Allocation

To understand whether a particular form of coalition is stable in practice, this research
studies coalition stability and profit allocation. Previous works (e.g., Nagarajan and Bassok
2008; Granot and Yin 2008; Nagarajan and Sosic 2009; Nagarajan et al. 2019; Gao et
al.  2019) addressed the coalition stability problem under the setting that suppliers are
farsighted, that is, a coalition decision-making is based not on the immediate effect of an
initial deviation but on the “final” outcomes of possible sequences of deviations. This study

applies a more commonly used concept, which is the core (Gillies 1959; Kukushkin 2017),
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to analyze the stability of a grand coalition considering that the notions of the core and the
Nash equilibrium used in our non-cooperative analysis are more consistent given that both
of them are based on myopic deviations by agents.! The concepts of the core and the Nash
equilibrium are widely adopted in economics and operations literature and the analysis is
simplified in our study.

The core consists of profit allocations that cannot be blocked by any coalition of suppliers.
Thus, a core allocation is stable in the sense that no coalition can benefit each of its members
by leaving the grand coalition. However, the notion of the core in our model seems unclear
because the aggregate profit that a coalition of suppliers can make on its own depends on
the coalition structure among the residual suppliers.? To circumvent the problem raised by
externality, the residual suppliers are supposed to be left unaltered when the members of a
coalition decide to leave the grand coalition given that the coalition of the residual suppliers
maximizes the aggregate profits of all coalition structures among the residual suppliers. On

the basis of these settings, the two-product assembly system can be formulated as a coalition

game ¢ : 28012} 5 R defined by

k)2
@) =0, g {07 L, 2}> = 1_[8;12 = 8b11 + 8b2

0}) = 1f = {Lehar

bl (1 9}) = TIF 4 T = Baltt)Gathan? | [l )G !

72b1 (bl+b2)2 72b2(bl+bg)2 ’

( (
( o
g{1) =TS, = 45, g({0,2}) =T1§, = 2 4 1
( (

k3 k3
g({2}) = H001,2 = T8ty 9({0,1}) =1I§, = i + ﬁ’

and the core of g is the set of payoff vectors:
Clg) ={x €RY : Yz, = g(N); Y @ > g(S),¥S C N}.
1EN 1€S

That is, the core is a set of imputations where one cannot find any coalition with a value

greater than the sum of its members’ payoffs. Thus, no coalition will receive a larger payoft

1See Chwe (1994) for more discussions on the myopia of the core and the Nash equilibrium.
2For example, II¥" may not be equal to ng,r
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and leave the grand coalition. In a two-product assembly system, coalition stability is ana-
lyzed based on whether a grand or partial coalition structure is preferred by each supplier
and on the allocation of profit for each member of the coalition. In earlier observations, Sup-
plier 0 plays an essential role in the coalition, given that a partial coalition without Supplier
0 does not provide any extra benefits. As a result, focus was directed on the strategic role
of Supplier 0 in the coalition structure and on the identification of a fair profit allocation to
each supplier that ensures the stability of coalition.

In the following result, an easy-to-check necessary and sufficient condition will be provided
for the existence of a core allocation that involves only the ratios 2—; and % For example,

b1

one can easily derive from condition (c) that the core is non-empty whenever & and % lie

in the closed interval [1,2].

Proposition 7. For the two-product case, the following conditions are equivalent:
(a) The coalition game g has a non-empty core.
(b) §(IG,y + 105, ) =TI + 115,

1

4
(€) BB +1)2>4( - 2)

Proposition 7 shows that the core of such coalition game is non-empty if the total profit of
Suppliers 1 and 2 under the model without cooperation cannot be too high and %(Hg’;,l—i—l_[gm)
serves as the upper bound of such total profit (part (b)). Part (c) reveals that the ratios of
b

™ and % determine whether the core exists. In the following result, the domain of the core

is characterized.

Proposition 8. Assume that the core is non-empty and let x = (xo, x1,x2) be a core alloca-
tion.
(a) In general,

)

7 Mo + TGy ) > T 4TI > TGy, + TG, (11)
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and

9
4(1_[(?21 + 1_101 2) — (HF + HF) > Xy 2 1_102 1+ H01 25
) 5
ZH(?Q,I > Ty 2 max{(Hf + H;) - ZH(%,% 1_1002,1 ) (12)
5 5
ZH‘%Q > Xy 2> maX{(Hf + Hg) - ZIHocz,lv H(C);,Q .

Moreover, 1T + TI¥ = H02 e H01 » if and only if I<:1 — 1'

(b) The point p° = (115, , + 11§, 5, 210G, |, 211G, ,) is an extreme point of the core. In addition,

m case
) )
Hf—l—l‘[g ZmaX{ZH 1+H01 2>H0021+ 4H012 (13)
the core region is a triangle with extreme points p°,
9 9 5) 5
p <4H(%1+ 4H012 Hf_H§7Hf+H§_ZH001,271H001,2)7 and
9 ¢ 9 F F e F F_9nc
p (4H021 + 4H01 o — I — 1y, ZHOQ,le +1I; — ZH02,1)-

(¢) In case Iy, + 3105, 5, > TIf + II5 > 210G, , + 115, ,, or, symmetrically, 2115, , + 115, , >
I + 118 > H02 1+ §HOC1 o, the core region is a quadrilateral.

(d) In case II{ + 11§ < min{ 311§, | + 11§, ,, 115, | + 2115, ,}, the core region is a Pentagon.
(e) In case I + 11§ = 2(II5, , + 11§, ,), the core is a singleton and p° is the only core

allocation.

Proposition 8 shows that the core region is determined by the amount %(HOCZ1 + HOCM) —
(I +T11Z'), which is the difference between the highest and lowest profits for each firm when
the core is employed as the profit allocation rule and (13) holds.

Notably, the core is a set-valued solution. Therefore, a practical question is which core
allocation to choose as the profit allocation rule. To obtain insights into the issue, this
research analyzes the connections among the core and various single-valued profit allocation
methods, including the 7-value (Tijs 1981), the nucleolus (Schmeidler 1969) and the Shapley

value (Shapley 1967) in the following.
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Proposition 9. Assume that the core of g is non-empty.
(a) The T-value T(g) = (10,71, 72) of g lies in the core.
(b) In case (13) holds,

(1) the T-value T(g) is the center of the core region:

11 11 2 2

To = gﬂgz,l + Eﬂgm - ng — gﬂga
5 5 1 1
ﬁ:an&l 12H§12+3HF+3H
-5 5 1 1
T2 = 12 H(%1+6H012+§Hf+§1_[§

(17) the T-value 7(g) is equal to the nucleolus of g.

Proposition 9 shows that the core, if non-empty, always contains the 7-value; when (13)
holds, the 7-value, as well as the nucleolus, lies in the center of the core region. In contrast
to the T-value, the Shapley value ¢(g) of g may lie outside the core. Proposition 10 explicitly
gives the formula for the Shapley value ¢(g) and provide a condition under which the Shapley

value belongs to the core and coincides with the 7-value and the nucleolus.

Proposition 10. The Shapley value of g is the payoff allocation ¢(g) = (¢o, ¢1, ¢2), where

9 1
b0 = 8<H(%1+H012) g(Hg_Hf_Hg)a
9 1
o1 = MG + (T + 115 — 1),
9 1
02 = gl o + (I + 11 — 1),
Moreover, if ’Z—; = 2, then the Shapley value ¢(g) = (3115, + 115, o), 310551, 3115, 5) belongs

to the core and coincides with the T-value and the nucleolus.

5 Numerical Study

On the basis of the aforementioned results, this study conducts several numerical examples to

investigate the influence of cost and demand characteristics on the wholesale price decisions
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and supply chain profits under different coalition structures. According to Bortolini et al.
(2017) and Camarinha-Matos et al. (2017), cost and demand factors are two of the major
considerations in assembly line design; they are also important in the Industry 4.0 era.
The numerical examples thus provide applications scenarios for evaluating different forms of
cross-sector horizontal partnerships among suppliers under different coalition settings and
decision-making environments.

We first examine the effect of cost and demand characteristics on the wholesale prices
and supply chain profits under different coalitions. Without loss of generality, we leverage
different levels of by (e.g., by = 0.75, 1, or 1.25) to represent different demand characteristics
while fixing other demand parameters (e.g., a; = 1, ay = 1, by = 1). Then, by changing
different cost parameters cg, ¢1, and ¢y, the wholesale prices decision and the profit under
different coalitions are obtained based on the closed-form solutions in Section 4.1 ((2) to
(4)), Section 4.2 ((7) and (8)), and Section 4.3 ((9) and (10)), as shown in Tables 2, 3, and
4, respectively.

Table 2: Profit gain of different coalition strategies under different demand characteristics.
Here, a; = 1,a,, = 1,b; = 1,¢; = 0.01, and ¢, = 0.01.

No Cooperation Partial Coalition Grand Coalition % of Grand Coalition Profit
b, Co (Wg, Wy, W5) Profit (Wo, Wy, W5) Profit | (wq,, W(E) Profit | No Cooperation | Partial Coalition
0.0125 | (0.386,0.312,0.3118) | 0.1280 | (0.4494,0.0618,1.0025) | 0.2626 | (0.0716,0.5113) | 0.2805 45.6233% 93.6196%
0.75 0.015 | (0.3876,0.3112,0.311) | 0.1274 | (0.4511,0.0614,1.0017) | 0.2615 | (0.0713,0.5125) | 0.2793 45.6284% 93.6161%
0.0175 | (0.3893,0.3104,0.3103) | 0.1269 | (0.4528,0.061,1.0008) [ 0.2603 | (0.0711,0.5138) | 0.2781 45.6336% 93.6125%
0.0125 | (0.3383,0.3358,0.3358) | 0.1062 | (0.3383,0.1729,1.0025) | 0.2256 | (0.0531,0.5113) | 0.2389 44.4444% 94.4444%

1 0.015 (0.34,0.335,0.335) 0.1056 | (0.34,0.1725,1.0017) | 0.2245 | (0.0528,0.5125) | 0.2377 44.4444% 94.4444%
0.0175 | (0.3417,0.3342,0.3342) | 0.1051 | (0.3417,0.1721,1.0008) | 0.2233 | (0.0525,0.5138) | 0.2364 44.4444% 94.4444%
0.0125 | (0.3013,0.3544,0.3547) | 0.0966 | (0.2717,0.2396,1.0025) | 0.2034 | (0.042,0.5113) | 0.2139 45.1659% 95.0934%

1.25  0.015 | (0.303,0.3535,0.3538) | 0.0961 | (0.2733,0.2392,1.0017) | 0.2022 | (0.0417,0.5125) | 0.2127 45.1701% 95.0970%
0.0175 | (0.3046,0.3527,0.3528) | 0.0955 | (0.275,0.2388,1.0008) | 0.2011 | (0.0414,0.5138) | 0.2115 45.1742% 95.1006%

From the results above, we observe that (i) increasing the demand parameter by or the
cost parameters ¢; (i=0,1,2) results in decreasing the supply chain profit in all kinds of
coalition structures; (ii) the wholesale price of common component, wy, contains a negative
relationship with the price sensitivity of Product 2 for all coalitions; (iii) the wholesale price

of component 1, wy, contains a positive relationship with the price sensitivity of Product
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Table 3: Profit gain of different coalition strategies under different demand characteristics.
Here, a; = 1,a, = 1,0, = 1,¢9 = 0.015, and ¢, = 0.01.

No Cooperation Partial Coalition Grand Coalition % of Grand Coalition Profit
b, [ (Wo, Wy, W3) Profit (Wy, Wy, W) Profit (Wo1, Wo3z) Profit | No Cooperation | Partial Coalition
0.0075 | (0.3881,0.3097,0.3108) | 0.1123 | (0.4511,0.0601,1.0017) | 0.2621 | (0.0713,0.5113) | 0.2799 45.6082% 93.6300%
0.75 0.01 (0.3876,0.3112,0.311) | 0.1122 | (0.4511,0.0614,1.0017) | 0.2615 | (0.0713,0.5125) | 0.2793 45.6284% 93.6161%
0.0125 | (0.3871,0.3127,0.3113) | 0.1121 | (0.4511,0.0626,1.0017) | 0.2609 | (0.0713,0.5138) | 0.2787 45.6489% 93.6021%
0.0075 | (0.3404,0.3335,0.3348) | 0.1057 (0.34,0.1713,1.0017) 0.2251 | (0.0528,0.5113) | 0.2383 44.4445% 94.4587%

1 0.01 (0.34,0.335,0.335) 0.1056 | (0.34,0.1725,1.0017) | 0.2245 | (0.0528,0.5125) | 0.2377 44.4444% 94.4444%
0.0125 | (0.3396,0.3365,0.3352) | 0.1055 (0.34,0.1738,1.0017) | 0.2238 | (0.0528,0.5138) | 0.2370 44.4445% 94.4302%
0.0075 | (0.3033,0.3521,0.3536) | 0.1010 | (0.2733,0.2379,1.0017) | 0.2029 | (0.0417,0.5113) | 0.2133 45.1862% 95.1110%

1.25 0.01 (0.303,0.3535,0.3538) [ 0.1009 | (0.2733,0.2392,1.0017) | 0.2022 | (0.0417,0.5125) | 0.2127 45.1701% 95.0970%
0.0125 | (0.3026,0.355,0.3539) | 0.1008 | (0.2733,0.2404,1.0017) | 0.2016 | (0.0417,0.5138) | 0.2121 45.1541% 95.0829%

Table 4: Profit gain of different coalition strategies under different demand characteristics.
Here, a; = 1,a0, = 1,b; = 1,¢9 = 0.015, and ¢; = 0.01.

No Cooperation Partial Coalition Grand Coalition % of Grand Coalition Profit
b, [ (wo, Wi, Wy) Profit (Wg, Wi, Wp) Profit | (wgq,wg2)  Profit | No Cooperation | Partial Coalition
0.0075 | (0.388,0.311,0.3098) | 0.1278 (0.4519,0.0606,1) 0.2620 | (0.0716,0.5125) | 0.2799 44.6059% 94.1379%
0.75  0.01 (0.3876,0.3112,0.311) | 0.1274 { (0.4511,0.0614,1.0017) | 0.2615 | (0.0713,0.5125) | 0.2793 44.6028% 94.1435%
0.0125 | (0.3873,0.3114,0.3123) [ 0.1271 | (0.4503,0.0622,1.0033) | 0.2609 | (0.0711,0.5125) | 0.2787 44.6090% 94.1322%
0.0075 | (0.3404,0.3348,0.3335) | 0.1059 (0.3408,0.1717,1) 0.2250 | (0.0531,0.5125) [ 0.2383 44.4444% 94.4444%

1 0.01 (0.34,0.335,0.335) 0.1056 | (0.34,0.1725,1.0017) | 0.2245 | (0.0528,0.5125) | 0.2377 44.4445% 94.4501%
0.0125 ] (0.3396,0.3352,0.3365) | 0.1054 | (0.3392,0.1733,1.0033) | 0.2239 | (0.0525,0.5125) | 0.2370 44.4445% 94.4387%
0.0075 | (0.3034,0.3533,0.352) | 0.0963 (0.2742,0.2383.1) 0.2028 | (0.042,0.5125) | 0.2133 44.5773% 94.7232%

1.25  0.01 (0.303,0.3535,0.3538) | 0.0961 [ (0.2733,0.2392,1.0017) | 0.2022 | (0.0417,0.5125) | 0.2127 44.5801% 94.7289%
0.0125 | (0.3025,0.3538,0.3555) [ 0.0958 [ (0.2725,0.24,1.0033) | 0.2017 | (0.0414,0.5125) | 0.2121 44.5745% 94.7175%

2 for all coalitions; (iv) no clear functional relationship of the no-cooperation profit/grand
coalition profit or partial coalition profit/grand coalition profit to cost-demand parameters.

We also investigate the influence of demand characteristics on the profit allocation among
suppliers. Table 5 shows the effect of the demand parameters (i.e., a; and b;, i = 1,2) on
the upper and lower bounds of the profit allocated to each supplier based on Proposition 8.
In particular, (12) in Proposition 8 specifies the upper and lower bounds of each supplier’s
profit allocation where z;,7 = 0,1,2 in (12) represents Supplier i’s profit allocation. As
a; increases, the upper and lower bounds of the profit allocated to Suppliers 0 and 1 (to
Supplier 2) increase (decrease). However, the effect of by is entirely the opposite. That is,

better demand conditions from Product 1 (i.e., high a; and low b;) enable the corresponding
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Table 5: Profit allocated to each supplier under different demand characteristics. Here,
co = 0.015,¢; = 0.01,¢5 = 0.01,a9 = 1,bp = 1 and % change is (Upper-Lower)/Lower.

Supplier 0's profit allocation Supplier 1's profit allocation Supplier 2's profit allocation

a; by Upper Lower % change  Upper Lower % change Upper Lower % change
0.9 0.1254 0.1003 25.00% 0.0594 0.0343 73.08% 0.0660 0.0409 61.29%

0.9 1 0.1188 0.0953 24.64% 0.0532 0.0297 79.15% 0.0660 0.0425 55.24%
11 0.1129 0.0913 23.68% 0.0481 0.0264 81.72% 0.0660 0.0444 48.67%

0.9 0.1393 0.1118 24.64% 0.0737 0.0462 59.64% 0.0660 0.0385 71.59%

1 1 0.1320 0.1056 25.00% 0.0660 0.0396 66.67% 0.0660 0.0396 66.67%

11 0.1254 0.1006 24.70% 0.0597 0.0349 71.26% 0.0660 0.0412 60.34%

0.9 0.1540 0.1245 23.70% 0.0896 0.0601 49.09% 0.0660 0.0365 80.76%

11 1 0.1459 0.1170 24.70% 0.0803 0.0513 56.30% 0.0660 0.0371 77.89%
11 0.1386 0.1109 25.00% 0.0726 0.0449 61.76% 0.0660 0.0383 72.41%

suppliers (i.e., Suppliers 0 and 1) to obtain a higher portion of the profit under grand
coalition. Similar outcomes can be obtained when one adjusts the demand parameter of
Product 2 (i.e., ay and by). Furthermore, the manufacturing cost, ¢1, has similar effect to b,

and this study skips the demonstration of the effect of ¢; to avoid repetition.

6 Discussions and Conclusions

This study mainly analyzes the formation of horizontal partnership among suppliers in mul-
tiple industrial sectors connected using common components as an emerging business model.
Compared to traditional assembly systems in which suppliers individually choose the whole-
sale price, this study discusses how a common component supplier forms a coalition with the
other suppliers to reduce supply chain inefficiencies. Several interesting results are obtained.
Under a partial coalition, the wholesale price of the common component is independent from
the demand characteristics of the product, with the components provided by the coopera-
tive and the common component suppliers. When comparing different forms of coalition, the
common component wholesale prices under a partial coalition are found to form the bounds
of the wholesale prices under the model without cooperation. Moreover, one supplier is not

always worse off when the remaining suppliers form a partial coalition compared with when
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a model without cooperation is formed, which occurs when the other supplier is worse off
as a non-cooperative supplier. To consider coalition stability, this study proposes conditions
under which the core is non-empty, such that no other coalition can make each of its member
better off. A numerical study is conducted to further analyze the effects of model charac-
teristics on the optimal pricing decisions and the associated profits of the suppliers. The
model can be extended to the cases of the stochastic demand and of the N-product assem-
bly system, in which most results and the associated discussions remain valid. This outcome
benefits the further study of a complex framework, and provides insightful recommendations
for decision makers.

A number of managerial and policy insights and implications can be further derived from
our study. For decision makers and managers in the private sector, our study shows the
potential opportunities associated with forming horizontal, cross-sector partnerships beyond
the conventional vertical control models to explore different forms of coalitions initiated by
a common component supplier. While coordinating among partners across multiple sectors
has traditionally been a challenging task, the recent advance of smart manufacturing and
supply-chain technologies for digitalization, robotization, and systems integration, such as
Industry 4.0, IoT, and cloud computing, and mechatronic systems, has enabled today’s
firms to develop better capabilities for information sharing, flexible manufacturing, and, as
a result, better collaborative environments for forming cross-sector partnerships. Enabling
necessary changes in the human-centered aspect of organizations for employees with new
competencies and job profiles is also of increasing importance for today’s organizations in
transforming toward future intelligent factory systems. For policy makers in the public
sector, our study shows the potential to improve supply chain efficiencies through encouraging
or inducing horizontal collaboration among multiple firms in a supply chain. The use of
policy instruments, such as financial incentives and subsidies, could be an interesting topic
that warrants future research to realize the benefits of horizontal partnerships, especially in
the wake of global pandemic and trade wars.

In conclusion, this study not only shows the pricing and the profit impacts of different
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coalition structures but also identifies the conditions under which a horizontal partnership
can be sustained while considering profitability and legality. This study analyzes the ef-
fects of different forms of partnerships under the settings of deterministic and stochastic
demands and explores the arrangements where a formed partnership is viable (stable). Our
analyses demonstrate the potential opportunity for companies that only utilize cross-sector
partnerships for joint design and manufacturing decisions, such as A123 Systems, to enhance
profitability through collaborated pricing decisions. Our analyses prescribe a mechanism for
profit maximization and allocations for companies that also engage in coordinating prices
among suppliers, such as Intel. Such analyses will enrich understanding on the theoretical
and practical aspects of forming cross-sector horizontal partnership connected by the use of
common components as a new form of business model in supply chain management, which
can benefit the participating firms and consumers. This research also has some limitations
which can be further analyzed in the future. First, the demands of both products are as-
sumed not substituted for each other. This assumption can be relaxed when one considers
products are fully or partially substitutes in the same market sector. Besides horizontal
competition, this relaxation may enhance competition between the suppliers that changes
alliance structure. Moreover, we assume there exists only one common component supplier
in the channel. This assumption assists us in analyzing different forms of coalition easily and
obtaining the optimal solutions in the closed forms. Considering more complicated scenarios

can provide additional insights for practical implications.
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A Appendix

All the proofs are put in Section A.1. The case where the demand is stochastic and the case

for N-product assembly system are in Sections A.2 and A.3, respectively.

A.1 Proofs

Proof of Proposition 1
The result is directly from equation (7). O
Proof of Proposition 2
Consider partial coalition that includes Suppliers 1 and 2. The joint profit of Suppliers 1

and 2, I1$, (w1, wy), and Supplier 0’s profit, H%O(wo), are given by

H%(wl, wy) = (wy —c)(ar — bipi(wo, wr)) + (wa — ca)(az — baps(wo, wa)), (A-1)
I o(wo) = (wo — co)(ar — bipi(wo, w1) + as — baph(wo, w2)). (A-2)

Suppliers 1 and 2 set the respective wholesale price based on the first-order conditions of

C C
%ﬁ:’u&) =0 and %ﬁg’w = 0. Since the first term of equation

equation (A-1), namely,
(A-1) is independent of ws and the second term is independent of w; (no substitution),
the results of the first-order condition are equivalent to the results in the model without
cooperation (equation (3)). In addition, Supplier 0’s profit is II{, ,(w{},) = II§ (w{’) and the
joint profit of Suppliers 1 and 2 is I, (w |, wi;,) = Hf (w{') + 11§ (wj) from equation (4).
Thus, when Suppliers 1 and 2 form partial coalition, the optimal wholesale prices and the
resultant profit of each supplier are the same as those of the model without cooperation. [
Proof of Proposition 3

Define d; = a; + b;(2c) — ¢;),i = 1,2. Then from equation (3), wl = (d; + da)/3(b; + by) and

from equation (7), w§) o = d2/3by and w,, = dy/3by, respectively. Now

o e dy  di+dy bydy — dyby

o ditds  di bids—diby
Wo1,0 — Wo = 55— — = ; =
’ 3by 3(b1 + bg) ?)bg(bl + b2)

and wl — w,, =

0207 3(by +by)  3b1 3bi(by + by)’




Observe above that wl < w§ o if and only if wf > wf,, because both by and by are
positive. The same logic can be applied to the case that w§ > w; , if and only if wf <
wey o That is, wf; o and wf,, form the upper and lower bounds of w§. To show that if

c1 > co, then wgzo < wg < wglo, notice that since ‘;—11 < ‘;—j and ¢; > ¢y, it is obtained

C _ do __ az+ba(2co—c2) a1+b1(2co—c1) _ dy _ ,,,C : C C
thatwg, o = 3% = 3o > 30, = 55 = Wgay- Slnce wyy o and wgy o form the

upper and lower bounds of w’, which obtain wf,, < wf < w ;. O

Proof of Proposition 4

F b1ka—boak

: C _ F b1ka—bok ko __
Based on equations (3) and (7), wg; o —wy = AL biko—boky

and w§, ;, —wi =

"~ 6ba(b1+b2) 6ba

w§) 5 — wh — 6{"’72. To show the result, first note that both k; and b; are positive for : = 1, 2.
) 2

Besides, since {+ < §2 and ¢; > ¢, thus, wgm < wi. The result of wgu < wi directly
follows due to the fact that —6% < 0, which completes the proof. O
Proof of Proposition 5

To prove the result, first, it is showed that the optimal wholesale price of each product under
a grand coalition is less than that under the model without cooperation, Note from equations
(3) and (9), then for i = 1,2, (wf +wl) — (w§ + wf) = % > 0.

For the comparison between the grand coalition and the partial coalition, consider Sup-
plier 0 cooperates with Supplier i, then from equations (7) and (9), for i,j = 1,2,i # j,
(whio + ;) — (w§ +w) =0, and (wf; o + wf; ;) — (wW§ + w§) = % > 0. Notice that if
Suppliers 1 and 2 form a partial coalition, based on Proposition 2, the wholesale price deci-
sions are identical to those under the model without cooperation. Thus, the result directly
follows, showing the wholesale price of each product under a grand coalition is less than that

under the other coalition structures. O

Proof of Proposition 6

Note that based on equations (4) and (8), then for i = 1,2 that IIF —II§,, = (biky—byks) (biky —5by i —4biki) |

07,2 72b; (b1+b2)?

To prove the result, it suffices to show that (IT1F — TI§,

§;) I — IS, ) < 0. That is,

0i,j
—(biky — boky)?

S180brby (b + by)1 1Rz Obak = dbil)(bofiy = Sbiky —4bakz) < 0. (A-3)
102(Y1 2




First, it is showed that (bjky — bbok; — 4b1k;) < 0. Notice from equation (3) that the

profit margin of supplier 1 under the model without cooperation is non-negative, that is,

(461 — 260)1)? -+ (2@1 —+ bQCQ — 2[)200 + 3b261 - a2>b1 + 3b26L1
6b1 (b1 + Do)

wf—clz

— (1 Z 0. (A—4)

Since both b; and by are positive, the inequality in equation (A-4) is identical to

—bibycy < 4eb? — 2¢obt + 2a1by — 2b1bycy 4 3bibacy — agby 4 3aiby — 6by(by + by)cy. (A-5)

Thus, byko — 5boky — 4b1 k1 < 2b1byco + 8¢1b? + 2b3cy — 2a1by + 8bybacy — 2a1by — 6bycy (by +
by) < 0, where the first inequality is from equation (A-5) and the second inequality is from
ki =a; —bi(co+c1) > 0. Thus, (biky — 5boky — 4b1k1) < 0. it is followed that the same logic
to prove boky — 5biky — 4boks < 0. The result directly follows from equation (A-3). O
Proof of Proposition 7
Bondareva (1963) and Shapley (1967) independently prove that a coalitional game ¢ has a
non-empty core if and only if g(N) > gy Asg(S) for each system of non-negative weights
{As 1 S C N} satisfying ) gy Asxs = xn, Where X is the characteristic vector defined by
i=0,1,2,

‘ 1, ifies,
xs(i) =
0, otherwise.

In the light of the Bondareva-Shapley Theorem, it follows that C(g) # 0 if and only if the

following inequalities hold:

(1) 9({0.1,2}) > g({0}) + g({1.2})

(ii) 9({0,1,2}) > g({1}) + 9({0,2})

(iii) 9({0,1,2}) > g({2}) + 9({0,1})

(iv) 9({0,1,2}) = g({0}) + g({1}) + 9({2})



(v) 9({0.1,2}) > 3[9({0,1}) + 9({0,2}) + g({1,2})].

First note that inequalities (i), (ii) and (iii) always hold since the members of a coalition can
always act as if they are independent from each other. Moreover, by the arithmetic-geometric

mean inequality, then

BB bokP A bikS  (bok? 4 bik3)(by + ba) _ bibokd + bibokd + 03KE + b3

by by by biba(by + bo) biby(by + by)
o bibok? + bibokd + 2bibokiky  KP+K3 4 2kiky (R + ko)
B blbg(b1 + bg) (b1 + bz) b1 + by ’

which immediately leads to inequality (iv). Hence, C'(g) # 0 if and only if

5k? N 5k3 S [3K1(by + by) — (k1 + k2)b1]?  [3ka(by + bo) — (k1 + ko)bo)?

— : A-6
by by — by (bl + 62)2 bg(bl + bg)z ( )
or equivalently, 2[I1§, ; + II§; ,] > II{" + II". Moreover, since
5ki N 5k3  [3ki(D1 + Do) — (k1 + ko)bi]*  [3ka(br 4 ba) — (K1 + ka)bo]?
by by b1(by + ba)? ba(b1 + bo)?
_ (bRt — by b KR [k R b
b1ba (b1 + bo) b1ba(by + ba) | by ko ky by’ |’
the inequality (equation (A-6)) holds if and only if Z—;(Z—; +1)2 > 4(% — Z—;)Q O

Proof of Proposition 8

The first inequality of (11) follows from Proposition 7, and the second inequality of (11)

follows from the fact that II{ + II§ — IIf,, — II§;, = % > 0, from which one
immediately obtains that I1¥' + 1§ = H(%,l + 11§} , if and only if i—; = Z—; Moreover, it is
straightforward to check (b), (c), (d) and (e). O

Proof of Proposition 9

The 7-value of ¢ is defined as the unique point 7(g) = (79, 71, 72) on the line segment [a, b]



such that 79 + 71 + 72 = ¢({0, 1,2}), where b; = ¢({0,1,2}) — ¢({0,1,2}\{i}) and

a; = max{g(S) — Z beli € S € {0,1,2}} for : = 0,1, 2.
keS\{i}

Hence,

bo = %(Hocm + Hocm) - (Hf + Hg) ag = HOCQ,l + H001,2
by = gﬂ(%’l a; = maX{HOCQJ, e + 118 — 31181,2

—_ 911€C — C F F 511C

One can directly check 7(g) € C(g), or apply Corollary 2.5 of Driessen and Tijs (1985), which
shows that the 7-value of a three-player game is a core allocation if b; > a; for ¢ = 0,1, 2.
Moreover, in case (13) holds, then ay = II{ + I} — 211§, , and ay = IIf 4 11§ — 211, |, and
hence 7(g) = (p° + p' + p?)/3, where p’,i = 0,1,2 are given in Proposition 8. Finally, the
coincidence of 7(g) and the nucleolus follows immediately from Theorem 2.3 (iv) of Driessen
and Tijs (1985). This completes the proof. O]

Proof of Proposition 10

k1

The computation of Shapley value is straightforward. Moreover, assume = %, then it is

not difficult to check the following facts:
1. The core is non-empty.
2. g is super-additive and II{ + I} = II§, |, + IIf ,.
3. g is convex.
4. g({0}) = Hg = H(()JQ,l + H6j1,2-
5. 9({0,1}) + 9({0,2}) + 9({1,2}) = 9({0,1,2}) + 0, 9({i}).

Based on these facts, one can verify that all the conditions of Driessen and Tijs’s (1985)

Theorem 4.9 hold, implying that the 7-value, the nucleolus and the Shapley of g are equal to



one another. Together with the well-known fact that the Shapley value of any convex game

is a core allocation, one obtains the desired result. O

A.2 Stochastic Demand Case

This section extends the setting to the case in which the end customer demand is stochastic.
In this uncertain demand environment, the newsvendor setting is adopted and the end cus-
tomer demand is assumed to be fiercely competitive (e.g. Wang and Gerchak 2003; Gerchak
and Wang 2004; Bernstein and DeCroix 2004; Fang et al. 2008; Zhang et al. 2008). Thus,
the retail price of the product, p;,j = 1,2, is determined only by the market and not a
decision variable of the downstream manufacturer. This setting is common in literature that
considers a common component in assembly systems (e.g., Bernstein et al., 2007). The same
relationship structure as in the deterministic case is followed, in which Component 0 is the
common component and Components 1 and 2 are specific to Products 1 and 2, respectively.
Each supplier sets wholesale price w; to the manufacturer with cost, ¢;,© = 0,1,2. Each
manufacturer then sells the product to end customers at the retail price, p;. End customer
demand, D;, is a random variable for all suppliers and manufacturers, and substitutions do
not exist between the two products. D; is assumed to follow a uniform distribution over the
interval [0,d,;]. Let Fj(-) be the cumulative density function of D; and its density function
is f;(-). Let T; := p; — ¢y — ¢; be the overall channel profit margin of Product j. Without
loss of generality, one has the following assumption: 7} < T5.

The sequence of events is as follows. At the beginning of the period, each supplier
simultaneously decides the wholesale price of the component, w;, to maximize respective
profits. After observing the wholesale prices, Manufacturer j determines an order quantity,
q;, based on the wholesale price of the product and the end customer demand distribution
to maximize the expected profit. Suppliers 0 and j fulfill the order quantity of Manufacturer
j before the beginning of the retail period. Finally, the end customer demand is realized,

and the unfulfilled demand is lost. Excess inventory has no salvage value. Suppose that all



the cost parameters and the demand distributions are common knowledge to all the parties
in the channel.

Following the same structure, backward induction is used to solve the problem by charac-
terizing the manufacturer’s optimal order quantity given the wholesale price of each supplier.
S;(g;) is defined as the expected sales of Product j if the order quantity is ¢;. One obtains®

4a;j

Si(q;) = ¢ — [, Fj(y)dy, for j =1,2. and the expected profit of Manufacturer j is:
I;(g;) = p;S;(¢;) — 4;(wo + w;), for j =1,2. (A-T)

Let ¢j be the optimal order quantity of Manufacturer j, then

_w0+wj):dj<1_on+wj

q; (wo, w;) = F-_l(l
g ’ p; D;

J

), for j =1,2. (A-8)

A.2.1 Model without Cooperation

In the model without cooperation, each supplier chooses wholesale price, w;, to maximize

the supplier’s expected profit. Thus, the suppliers’ expected profit are:

I (wo) = (i (wo, wr) + g5 (wo, wa)) (wo — co),

HF(wi) = q; (wo, w;)(w; — ¢;), fori=1,2.

Let w/',i =0,1,2 be the optimal wholesale price of Supplier i. Define that m; := p;/d;,j =

1,2, then:
WP - my(2co + p1 — 1) +mi(2co + p2 — ¢2)
0 3(my + my) ’
(de; +2p; — 2 (3¢ +3pi — 2c0 — pj + ¢ - L,
wf = Taldet2pi - 2e) bom(BedSp = 20— B G) gy e (19),0 4
6(m1+m2)

3To simplify the model, the salvage value and lost sales costs of the product at the end of the selling
period are not explicitly considered. These unconsidered factors can be taken into account by adjusting the
retail and wholesale prices. As discussed in more details in Cachon (2002), adding more cost parameters to
the model does not yield further managerial insights and only raises computational complexity.



The Supplier 7’s profit, 1T (w}) is

(maTy + myTs)?
9m1m2(m1 + mg) ’
(ma(=3T, + T3) — 2m, T,

36m;(my + ma)?

g (wg)

I (w) , for i, j € {1,2},i # J.

A.2.2 Partial Coalition

Under a partial coalition, Supplier 0 collectively determines the wholesale prices with Sup-
plier i. Given the manufacturer’s best response in equation (A-8), for i,5 € {1,2},i # j, the

joint profit function of Suppliers 0 and i can be derived as follows.
Hoci(wo, w;) = q; (wo, wi)(wo + w; — co — ¢;) + qj (wo, w;)(wo — co). (A-9)

Similarly, Supplier j’s profit function is IIf; ;(wo, w;) = ¢} (wo, w;)(w; — ¢;). Let w; , and
w&w 7 =1, 2 be the optimal wholesale prices of Component 0 and Component j, respectively

under a partial coalition between Suppliers 0 and ¢,

9 .
w(?;,o = CO+§] CJ:

3¢ + 3p; — co — 2pj + 2 2¢; +pj — . .
wG, = Cg P29 and w Oz]:%a for 7,7 € {1,2}, # j.

The joint profit of Suppliers 0 and 4, II§; (w(;, w{’), and the profit of Supplier j, II§; (w§; ;),

2
T

C C gsz +4m] C .
) = —Zemm, — and 10§ (Wi ;) = om; -

are HOZ (wOw Wy, Ky

Proposition 11. Under the stochastic case, the optimal wholesale price of the common

component, woci’o, 15 independent of p;, ¢;, and d; under partial coalition.

Propositions 1 and 11 indicate that under a partial coalition, the common component
supplier should not be concerned about the cost structures of the supplier that it cooper-
ates with and the resultant product demand distribution characteristics. The propositions

identify the intrinsic rationales that a partial coalition formed by Suppliers 0 and ¢ only has



a fractional influence on the wholesale price decision, w&j, which is the main driver, that
wg’;o only depends on the manufacturing cost of the common component and Component j

and the retail price, p; whether or not the demand is uncertain.

A.2.3 Grand Coalition

Similarly, a grand coalition is considered, in which all three suppliers determine the wholesale
prices collectively. Given the manufacturer’s best response in equation (A-8), the joint
profit function of all suppliers under the stochastic model can be derived IS, (wg, w1, wy) =
¢t (wo, w1)(wo + wy — co — ¢1) + @ (wo, wa)(wo + wy — cg — ¢z). Let wf,i = 0,1,2 be the

optimal wholesale price of each supplier under a grand coalition and IS, be the optimal

m2T12 +m1 T22

overall profit, one can observe w§ + wf = 2P and 11§, = T

A.2.4 Comparison

In this subsection, three models are compared when the end customer demand is stochastic.
Based on the following proposition, all results in the deterministic case can be applied to the

stochastic case.
Proposition 12. Under the stochastic case, Propositions 2 to 6 remain valid.

Proposition 12 attests that all main insights from the deterministic case remain valid even
when the end customer demand is stochastic. In the deterministic case and from equations

(1) and (2), the optimal end customer demand can be obtained as follows D}(wp, w;) =

‘”/1)32_/% for 7 = 1,2. Similarly, in the stochastic case, the optimal order quantity can be
written as ¢} (wo, w;) = pj;;”/od;wj = pj*”;‘:;*wj, for j =1,2.

As a consequence, under different forms of coalition, most conclusions and implications
on wholesale prices and social welfare are valid for both deterministic and stochastic cases.
k; = a; — b;(co + ¢;), in the deterministic case, and T; = p; — ¢g — ¢;, in the stochastic case,
play an essential role in deriving results. Note that k; represents the largest demand that a

supply chain can extract, and T; stands for the largest profit margin in the channel in the two



demand environments. Given the cost structure of each component, the relative magnitude
of k;’s and Tj’s in each case leads to a result that benefits the analysis of the coalition
stability of both cases. In addition, under the deterministic case, the retail price set by the
manufacturer determines the demand of each product. Under the stochastic case, however,
the demand is a random variable that follows a probability distribution and the retail price of
the manufacturer is given. These variants between the two cases determine the drivers that
affect the aforementioned results. The assumption of ¢; > ¢y highly influences the results
under the deterministic case but such assumption is unnecessary under the stochastic case.

Similar to the deterministic case, to address the coalition formation problem among
suppliers {0, 1,2} under the stochastic case, consider the corresponding coalition game ¢° :

2{0.12} _ R given by

g5(0) =0 g*({0,1,2}) = 2= + =

gS({0}) = gmalim Bl g5({1,2)) = Bhlmmaistn Teena DL . BTelm meim Tty
*({1)) = g °(0.2)) = 7 + o

P*({2}) = ot g5({0,1}) = 15 + &

Note that ¢9({1,2}) > ¢°({1}) + ¢°({2}):

g*({1.2}) = ¢°({1}) — g°({2})
(Tl - Tg)(5T1m1 + 4T1m2 - T2m1> (T2 - T1)<5T27Tl2 + 4T2m1 — Tlmg)

36(m1 + mo)? 36(m; + ma)?
72
_SM =T
36(my +msg) —

The next proposition provides the sufficient and necessary conditions for the core to be

non-empty.

Proposition 13. The coalition game g° has a non-empty core if and only if%(H&l—l—Hfﬁg) >

I + 117
Proofs of Propositions 11 to 13.

10



Proof of Proposition 11
The result is directly from equation (A-10). O
Proof of Proposition 12
Similar to the deterministic case, to prove Proposition 2, the joint profit of Suppliers 1 and 2,
0§, (wy, w), and Supplier 0’s profit, chzo(wo), under the partial coalition between Suppliers

1 and 2 ave TG (wy, wy) = B0 (1) — ) 4 P2 (u, — ) and TI5 o (wg) = (Rt |

mi mo mi

p1—wo—w2 ) (

= wy — ¢p). Following the same logic and based on the first-order conditions, one

can obtain that the optimal wholesale price under partial coalition are identical to the one
under the model without cooperation. One can obtain that IIf, o(wf, o) = IIf (wf) and
I1%) (w$y 1, wih ) = i (wf') 4+ 11§ (w5'). Proposition 2 is still valid under the stochastic case.

To prove Proposition 3, note that T; = p; — ¢ — ¢; and m; = p;/d; > 0, with the

ma[(pa—c2)—(p1i—c1)] __ ma(To—T1) >0

assumption of Ty > T1, it can be showed that w§; 0~ wl = S0 tma) = Slmr i)

F ¢ _ mil(pe—ca)=(p—c1)] _ mi(To=T1)
and wo - w0270 - : ;(mf-‘er; - 3(17113—7712)

> 0, which mean w02 o S wf < uf, 0

To prove Proposition 4, when Suppliers 0 and 1 form a partial coalition, with the as-

sumption of T, > Ty, it can be showed that w{ — wf;, = mﬂ(m(ﬁlﬁ(fz’; al | p2= =2 =

mo (T2 —T; m —c2)—(p1—c ma (1%
—6(27£llim;)) + 2 >0, and wf —wf), = 2[(P62(mfl"(f;§ Ul _ 6(2n(111m2)) 0. The results directly
follow. To prove Proposition 5 holds under the stochastic case, given that p; — ¢y — ¢; > 0,

then for 4,5 € {1,2},1 # 7,

ma(p1 — co — ¢1) + ma(p2 — co — C2)

F Fy _ G G _ -
(w[) + wz ) (wO + w,l ) 6(m2 + ml) >
(WS o+ wG,) — (W§ +uwf) = 0,
(wg;,ﬂ + wg;',j) - (w[)G + w]G) = W > 0’
(wf +wl) — (u§ +uf) = ma(p1 — o — ¢1) + ma(p2 — co — ¢2) -

6(mg + my)

To prove Proposition 6 holds under the stochastic case, then for i, j € {1,2},7 # j, III' —

HOCJ, (m’g(,gmf;);ni)mm gT—Ti =& _Ti)(mg(é”;ﬁ);;)?(mﬁmz)). To prove the result, it suffices
— (15 =T5)|m; (T; =T, )—4T; (m;+m;)|[m; (T; =T;) —4T; (m;+m
to show that (IT]" —IIf; ;) (IIY —II5; ;) = ( Pl = 129(6(mz+7;)]])[ ( s <.

11



cimj+3ci(mi+mj)+mip;+2p; (mi+mj)—2co(m;+m;)—mspj+mic; _
G(mi +m]‘)

Since w!' —¢; > 0, one can show that w! —c; =
¢; > 0. Therefore, m;(1T; — T;) — 4T;(m; + m;) < 0. Follow the same logic, with the fact
that wf” — ¢; > 0, then m;(T; — T;) — 4T;(m; 4+ m;) < 0. Hence, one can conclude that

(If — g

04,

)(IIF —TIf; ;) < 0 and the results follow. O
Proof of Proposition 13
By the Bondareva-Shapley Theorem recalled in the proof of Proposition 7, it follows that g°

has a non-empty core if and only if the following inequalities hold:
(i) ¢°({0,1,2}) = ¢°({0}) + 9°({1,2})

(ii) ¢°({0,1,2}) > g°({1}) + 9({0,2})

(i) ¢%({0,1,2}) > ¢°({2}) + ¢°({0,1})

(iv) 9°({0.1,2}) = ¢°({0}) + ¢7({1}) + ¢°({2})

(v) 9°({0.1,2}) = 3[g°({0,1}) + ¢°({0.2}) + g° ({1, 2})].

Clearly, inequalities (i), (ii) and (iii) always hold since the members of a coalition can always
act as if they are independent from each other. Moreover, since ¢°({1,2}) > ¢5({1}) +

g°({2}), inequality (iv) holds as well. This implies that the core of ¢g° is non-empty if

. BTE | 5T% [37% (m1+m2)—(m1Ta4+maT1)]? [3T2 (ma +ma)—(m1 To+maT1)]?
and OIlly lf m + Z ml(ml+m2)2 + mz(m1+m2)2

, or equivalently,

(11§, + 11§, ) > 1If + 115, O

A.3 N-Product Assembly System

In this section, the model is extended to a general and realistic case with more than two
(N > 2) products where there exist one common component supplier (denoted by Supplier
0) and N remaining suppliers (denoted by Supplier ¢, ¢ = 1,2, ..., N). Manufacturer j’s profit
function remains to be (p; —wo—w,;)D;,j = 1,2,..., N where D; is defined in (1). Therefore,
the optimal retail price of Manufacturer j, p; (wo, w;), is equivalent to the outcome in (2). In
what follows, three circumstances are considered as well, in which suppliers determine their

individual wholesale price separately, form a partial coalition, and form a grand coalition.

12



A.3.1 Model without Cooperation

Under the model without cooperation, suppliers individually determine the wholesale price.
Supplier #’s profit is I1¥' = (w; —¢;)(a; — bip} (wo, w;)), for i = 1,2, ..., N. Supplier 0’s profit is
15 = (wy — o) Zﬁil(ai — b;pf(wp,w;)). Solving each supplier’s profit function, the optimal

wholesale price of common component supplier, wg', and of Supplier i, w1 =1,2,..., N as

well as the profit of each supplier can be obtained:

P S (a; — bi(e; — 2c9))

325\;1 bi 7
N N
. b3a2+b1 3C¢—|—C'—20 —bi N
wi = ZJ_I i ( ]\? ) ZJ_I J, fori=1,2,..., N,
6b; ijl b;
pro_ L (Ek(a = bl + )’
" 18 Zz]il bi 7
N N 2
= bi(3a; — b;(3¢; +2¢co — i) — b)Y L a;
n’ = (21 il ( NO ) b2 @) fori=1,2,...,N. (A-10)
72bi(3 2521 bj)?

A.3.2 Partial Coalition

Under a partial coalition, part of the suppliers form an alliance and collectively determine
the wholesale prices. Here, use ® to denote the set of partial coalition and the suppliers
in ® form an alliance with Supplier 0 to determine the wholesale prices collectively. For
example, if N = 5 and ©® = {1,2,4}, then the common component supplier forms an
alliance with Suppliers 1, 2, and 4, while Suppliers 3 and 5 formulate pricing decisions
separately. Therefore, the joint profit function of the suppliers in ® is H&i@ = ieo(wi +
wo — ¢; — ¢o)(a; — bipt (wo, w;)) + Zi@ (wo — ¢o)(a; — bip; (wo, w;)) and the supplier who does
not participate in the alliance obtains a profit 17,5 = (w; — ¢;)(a; — bip; (wo, w;)). W
is defined as the optimal wholesale price of Supplier 0. Furthermore, wfieg and w%@ are

the optimal wholesale prices of Supplier ¢, if the supplier is in the alliance and not in the

13



alliance, respectively. We obtain:

W = Y igolai +bi(2c0 — ¢;))
01,0 3 ZZ€© bz Y
uf o = Sz byl bileo ~ 2 —8c)) ~ N g0
| 6b; Ejgziv b
i,igD 6b; > jan bj ;
Hg‘ p = (Zj&@(aj - bj(C() + Cj)))2 N Z (aj . bj(CO + Cj))2
7,1E
182 jgn bi = 8b;
I¢, (3 jgm bi(Bai + bile; — 3¢i — 200)) = bi 3 jg0 04)° A
iigD 0. T . ( _11)
1(23'%@ J)

A.3.3 Grand Coalition

Under a grand coalition, all suppliers collectively make pricing decisions. The overall profit
is T1¢ = Zi]il(wi +wo — ¢; — ¢) (a; — bip; (wo, w;)). After some algebra, the optimal wholesale
price of Supplier i, w¥,i = 0,1,2, ..., N, is equal to that in equation (11). To wit, the number

of suppliers in the assembly system does not impact the optimal wholesale price decisions of

the suppliers in the grand coalition. Then the profit I1¢ = Zfil g
A comparison of the optimal wholesale prices in each circumstance from (A-10) and

(A-11) leads to the following result.
Proposition 14. Propositions 1, 2, and 5 remain valid for the N-product assembly case.

The proposition suggests that the major analytical results and insights previously derived
in the two-product assembly system can be extended to a general case in which N products
are in the system. The next questions to answer are whether the grand coalition is stable

and what fair allocation can be arranged. Note that the corresponding coalition game

14



gV : 201t 4 R for the N-product case is defined by

(

(ki X eobj—bi Sico k)2 .
> iec ?Qbe(z?jecbfﬁCj , ifo¢C,

_ ) Sk K2 :
9(C) SEC + Dogiec B if 0 € C.
0, if C = 0.

\

Note that under the N-product assembly system, the description of the domain of the core
is complex and messy. Hence, in the following proposition, this study shows the condition
under which the stability of grand coalition can be maintained and one profit allocation lies
in such core.

Proof of Proposition 14

Zig@ (ai +bi (QCo—Ci))
32 g bi ’

which clearly shows that the optimal wholesale price of the common component is indepen-

To prove that Proposition 1 is still valid, from equation (A-11) that w&o =

dent from the demand characteristics of product i within the cooperation.

To prove that Proposition 2 can be extended to the general case, first define K as the
set of partial coalition under which the common component supplier is excluded. Therefore,
the joint profit function of the suppliers in K is ITf ;cp = > cp(wi — ¢;)(ai — bip} (wo, w;));
the profit function of the suppliers not in the cooperation are H%MK = (w; — ¢j)(a; —
bip;(wo, w;)),Vj ¢ K; the profit function for common component supplier is Hu(é,o =D reviv j(wo—

co)(ar—brpi(wo, wy)). Accordingly, one can get the optimal whole sale price for each supplier.

o Yoii(ai = bile — 2¢0))
Wgo = N )
3> i1 bi
N N
. b3az+bz 301+C'—2C —bi .1 Qs
wﬂii = 2= i ( J\? 0) 2 L for Vi. (A-12)
6b; ijl b

The above optimal wholesale prices are identical to the ones under the model without co-

operation. To extend Proposition 5 to N-product case, the total profit function is I1¢ =

(wo — o) Z?;(ai — bpf (wo, w;)) + Zf\il(wi — ¢;)(a; — bipf(wo,w;)). By some algebra, one

15



obtains that w§ + w

G = latbileore)) Therefore
2b; : ;

N
—(a; —bj(co+cj
(w +w!) — (w§ + w?) 2= = bileo + ¢5)) >0

N — 9
6 Zj:l bj
(w(?;,o + wfiem) — (w§ +w) =0,
ay — bp(co+ ¢
(WS + uGgp) — (w§ +uf) = el boFa)) (A-13)
o ﬂ Dy
where the inequalities above come from the fact that a; — b;(co + ¢;) > 0 for all 4. O
Proposition 15. The profit allocation (yo, 1, .., yn) = iy %’2, %, . 7% ) lies in the

core of g, and thus can maintain the stability of grand coalition such that every supplier will

be better off compared to any other forms of coalition if fori=1,...,n,

5k? - (Bki > e by = bidjec kj)?
b~ 25105 e ;)

(A-14)

Proof of Proposition 15

k3 > (k1+k2)?

2
In the proof of Proposition 7, ]Z—l b = biihs

. This inequality can be inductively gener-
alized as follows:

B (S h)?

>
ieC bi 2iecbi

It suffices to show that ) . . y; > g(C) for each C' C {0,1,...,n}. Consider two cases.
Case .0 ¢ C C{0,1,...,n}.
5k2 (Bki 3 bi 3 jec ki)?
By (A-14), X icc¥i = 2iec 72, = icc ?zebc(zjecbj)gc =9(C).

Case II. 0 € C € {0,1,...,n}. The inequality (A-15) implies

for all C C {1,...,n}. (A-15)

vie 180, T2 18 o 8b,

ieC i=1 0#jeC

— _ ]¢C ) >0
Z18b 182]%()
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