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This study addresses the problem of the pricing and investment strategy for smart technology under a supply chain with
one manufacturer and one retailer. The models are constructed to investigate the strategic choices of supply chain
members for investing in digital/smart technology under three scenarios: the M—system, wherein only the manufacturer
fully pays for the investment cost; the S—system, wherein the manufacturer and retailer share the investment cost; and the
R—system, wherein the retailer fully pays for the investment cost. We formulate analytical models to determine the
optimal wholesale price, retail price and investment strategy in a Stackelberg game setting. Our findings show that the
S-system is the most appropriate choice for both the manufacturer and retailer. We also suggest the appropriate
investment sharing ratio to achieve Pareto improvement under such an arrangement.
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1. INTRODUCTION

Every industry wants to generate more profits with lower production costs. Cost reduction is the holy grail for all
manufacturing firms (Matalycki et al., 2010). Reducing production costs substantially improves firm performance and
competitiveness, and thus it is common for firms to invest in reducing production costs (Porter, 1998). Many
manufacturing firms, such as those manufacturing home appliances, automobiles, electronics and food, have
implemented lean production systems to enhance process efficiency and reduce marginal costs (Netland and Ferdows,
2014). Indeed, planning to reduce production costs may influence and be influenced by the manufacturer’s decisions.
Cost reduction also helps the manufacturer reduce wholesale prices, which decreases the double marginalization effects
in the supply chain. Consequently, it may benefit the downstream counterparts in the supply chain.

The literature has investigated many ways of reducing variable production costs. Pillai (2015) examined four factors
that may help in reducing solar panel production costs: reduction in raw material cost, increasing the number of solar
panels manufactured in China, technological innovation and increasing industry-level investment. In this study, we
consider the aggregate effect of investment on production cost reduction. Kovéacs and Kot (2017) proposed an adequate
facility layout to minimize production costs. Many firms have implemented continuous process improvements, such as
lean operations, to reduce manufacturing costs. Buer et al. (2021) stated that lean manufacturing considerably improves
operational performance. Tiwari et al. (2020) constructed a sustainable lean production model for manufacturing firms,
which saved $120,142 annually because of higher production efficiency. The Tiwari et al. (2020) study belongs to the
stream of research on lean production improvements, while ours is a study on digital lean improvement.

The next industrial revolution, Industry 4.0, also known as the new digital industrial transformation, is changing the
way firms operate. Smart factories based on Industry 4.0 combine physical and cyber technologies, resulting in more
complex and precise technologies. Industry 4.0 has transformed manufacturing processes, resulting in intelligent
manufacturing that promises self-sufficient production via the use of machines and devices that interact with each other
through digital connections (Xu et al., 2018; Mahmud et al., 2019; Castelo-Branco et al., 2019; Manresa et al., 2021).
Smart technology benefits firms by reducing cycle times and costs, increasing productivity and producing higher-quality
goods. Chen et al. (2020) proposed that smart packaging systems can help reduce food loss and wastage and reduce
production costs. Ardolino et al. (2018) discussed the importance of adopting digital technologies for service
transformation in industrial firms. They concluded that the Internet of Things (loT) is fundamental to any service
transformation. Li (2020) proposed that applying smart technologies to the production process improves operational
efficiency. They found that one tobacco firm in China saved approximately $7 million through labor cost reduction and
inventory utilization after upgrading its enterprise resource planning system with digital technology. In other words, the
system can be collectively considered a digital lean paradigm shift. Manresa et al. (2021) concluded that new technology
and organizational practice have a positive impact on the operational performance of manufacturing firms.

Despite the appeal of reducing production costs and adopting smart technology in manufacturing processes, the
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literature has not explored investment policies for smart technology in manufacturing. Therefore, this study develops a
two-echelon supply chain model, with one manufacturer and one retailer, to investigate the pricing problem under
different scenarios of investment in smart technology. In doing so, we try to achieve digital leanness through investing
in technology.

In addition, with increasing globalization, supply chain coordination is crucial for firms to achieve their goals (Singh
et al., 2018). The literature has intensively considered channel coordination between sellers and buyers in a supply chain.
Cachon (2003) reviewed studies on coordinating a decentralized supply chain using contracting schemes, such as profit-
sharing (Fu et al., 2018; Fu and Ma, 2019; Ventura et al., 2021), revenue-sharing (Zhong et al., 2019; Avinadav, 2020;
Bart et al., 2021), risk-sharing (Adhikari et al., 2020; Andersson et al., 2020) and investment-sharing contracts
(Mohammadi et al., 2019; Liu et al., 2021; Xing et al., 2022). Channel efficiency can be improved by removing the
effects of double marginalization and/or distorted information using properly designed contracts.

Investment sharing is a common practice. For example, the construction firm Caterpillar Inc. and its dealers jointly
invest in improving operations and service quality and building trust through rewards to maintain relationships (Fites,
1996). The firm also invests in advanced technology to innovate and restructure its manufacturing process to make the
firm leaner and more responsive to customers’ needs. In the automobile industry, Toyota and Honda have consistently
increased investment in their suppliers and rely on goodwill and trust in collaborating with many vendors (Aoki and
Lennerfors, 2013). Many original equipment manufacturers invest in their contracted manufacturer’s mastery of the
production process (Arrufiada and Vazquez, 2006). To the best of our knowledge, this study is the first to use an
investment-sharing mechanism to solve the coordination problem in a two-echelon supply chain, wherein the supply
chain profits increase, and all participants benefit (or at least no one is worse off). The knowledge management (KM)
approach is very useful to the adoption of digital technologies (Alvarenga et al., 2020). However, this study focuses on
model formulation and analysis, and the KM approach is beyond its scope. The KM approach causes difficulties in model
formulation and analysis of long-term equilibrium because of the supply-demand dynamic created by an investment-
sharing mechanism. Therefore, this study proposes and analyzes three models under static settings to avoid distractions.

Based on our industry observations, we construct our model under three scenarios to investigate the investment
policies: the M—system, wherein the manufacturer fully pays for the investment cost (& = 1); the S—system, wherein the
manufacturer and retailer share the investment cost (0 < § < 1); and the R—system, wherein the retailer fully pays for
the investment cost (6 = 0). The main purpose behind constructing the models is to determine the optimal wholesale
and retail prices and investment strategy under a Stackelberg leader-follower game setting. In addition, we investigate
how the wholesale price, retail price and channel profits are affected by the choice of investment policy. Our research
findings propose that the S—system is the most appropriate choice for both the manufacturer and retailer. We also suggest
the appropriate investment-sharing ratio so that Pareto improvement can be achieved under such an arrangement, that is,
where one party is better off, and the other is not worse off. As Brandenburger and Nalebuff (2021) proposed, negotiation
focuses on the investment-sharing agreement between the stakeholders, and the value created by such an agreement
should be fairly divided.

Our study answers the following questions.

1)  Should digital/smart technology be adopted to reduce manufacturing costs of the manufacturer? If yes, who

should be responsible for the investment cost?

2)  What are the optimal wholesale and retail prices under different investment scenarios?

3)  What is the best investment strategy for firms under different conditions?

The rest of this paper is organized as follows. Section 2 presents the related literature. Section 3 provides the problem
context, assumptions, notations and benchmark case. Section 4 develops the model under the three investment scenarios
and presents the managerial implications of each. Section 5 presents a numerical study and explains the strategic choice.
Section 6 concludes the paper by summarizing our main contributions and future research directions.

2. LITERATURE REVIEW

This study is related to two streams of research: coordination in the supply chain and digital/smart technology adoption
in the manufacturing process. Next, we examine both literature streams and analyze their differences and similarities.
Many scholars have investigated supply chain coordination (Zhong et al., 2019; Shafig and Luong, 2021; Bart et
al., 2021; Fu et al., 2018; Min et al., 2019; Ventura et al., 2021; Adhikari et al., 2020; Andersson et al., 2020; Hanh et
al., 2022). Zhong et al. (2019) investigated supply chain coordination in the e-commerce industry using the Stackelberg
game theory under a revenue-sharing contract. Shafiq and Luong (2021) determined the optimal order quantity under a
revenue-sharing contract. Bart et al. (2021) reviewed 148 studies and discussed the various aspects of revenue contracts.
Fu et al. (2018) designed a profit-sharing coordination framework using a distributionally resilient Stackelberg game
model under uncertain demand and price distribution scenarios. They found that a profit-sharing contract generates more
earnings for the supply chain participants than wholesale pricing. Min et al. (2019) applied the revenue-sharing contract
to a multiple-echelon supply chain and concluded that a revenue-sharing contract helps the supply chain members achieve
a win-win outcome. Ventura et al. (2021) created a profit-sharing model for allocating order quantity to the chosen
providers in a two-tier supply chain with one buyer and several suppliers. Adhikari et al. (2020) investigated the effect

932



Hanh and Chen Pricing and Investment Strategy for Digital Technology in A Supply Chain

of buyback contracts and options contracts on supply chain performance and the improvement in supply chain
performance with the use of a risk-sharing contract in a textile firm. Andersson et al. (2020) studied a risk-sharing
mechanism as a managed entry agreement in a healthcare system. Hanh et al. (2022) proposed the best coordination
mechanism for a three-echelon supply chain under different scenarios.

Other studies have also considered an investment-sharing mechanism in supply chain coordination (Ribeiro, 2016;
Mohammadi et al., 2019; Xing et al., 2022; Liu et al., 2021). Ribeiro (2016) investigated the competition between three
facility-based firms in the presence of investment-sharing agreements. Mohammadi et al. (2019) considered revenue and
preservation technology investment sharing (RPTIS) in a fresh-product supply chain. They concluded that RPTIS
increases the profits of both the individual firm and the supply chain and reduces product waste. Xing et al. (2022)
examined a two-echelon supply chain with one start-up supplier and one manufacturer wherein the manufacturer supports
quality innovation by the supplier via an investment-sharing contract. The results showed that an investment-sharing
contract helped both entities achieve a win-win outcome. Liu et al. (2021) investigated the impact of investment in
blockchain technology on a port supply chain and identified the most suitable investment strategy.

To the best of our knowledge, this study is the first to apply an investment-sharing mechanism to coordinate between
channel members and determine the optimal profit-sharing ratio for all entities in a supply chain such that they can
achieve Pareto improvement, that is, the supply chain profit increases and all participants are better off or at least no one
is worse off.

This study is also closely related to the application of digital/smart technologies to the manufacturing process, such
as automation, cyber-physical systems, cloud computing, artificial intelligence (Al), 10T, big data, robotics and semi-
autonomous industrial techniques (Kamble et al., 2018). This study focuses on investment in Al technologies that enable
smart scheduling, preventive maintenance and production optimization, assembling, and testing processes. Many studies
have studied the importance of these technologies on operations and supply chain management. For instance, Leng et al.
(2020) reconfigured the manufacturing system in a catering business by automating process planning, which significantly
reduced manufacturing costs. Lu et al. (2020) proposed the future of mass customization via responsive autonomous
manufacturing operations at competitive costs using a smart manufacturing process and system automation. Ma et al.
(2021) investigated the impact of investing in carbon emissions-reducing technology to meet the preferences of green
customers. According to Lim et al. (2021), Industry 4.0 aims to develop efficient and low-cost production with flexible
workflows for producing high-quality personalized products. Avilés-Sacoto et al. (2019) listed smart technologies and
identified their impact on supply chain and manufacturing operations. Big data and Al analytics play an important role
in helping businesses increase supply chain efficiency (Giannakis and Louis, 2016), satisfy consumers, add more
economic value (Zhan and Tan, 2020) and reduce manufacturing costs (Choi et al., 2018). Other technologies, such as
RFID (Biswal et al., 2021), blockchain (Dutta et al., 2020; Shi et al., 2021) and 3D printing (Beltagui et al., 2020), have
been implemented in supply chain management. All of these technologies are considered digital/smart manufacturing
technologies, as they make the manufacturing line “smarter,” which means lower costs, higher efficiency and more
customer value. This study emphasizes one function of digital/smart technology—reducing the manufacturer’s
production cost—and investigates an investment-sharing strategy for the supply chain.

The literature has revealed that reducing production costs is critical to all firms. Jha et al. (2020) stated that
production cost is an important factor in measuring the feasibility of a sintering process. Therefore, they considered
biomass for the sintering process instead of the conventional method to reduce production costs to help firms stay
competitive. Blakey-Milner et al. (2021) concluded that the reduction of production costs and lead times are two of the
fundamental objectives of metal additive manufacturing in aerospace applications. Kaur and Singh (2021) proposed that
additive manufacturing could reduce manufacturing costs to help firms become cost-competitive. Kovacs and Kot (2017)
concluded that to stay in a competitive market, manufacturing firms must produce cost-effective products, that is,
minimize production costs and increase effectiveness. The benefit generated by the firms is determined based on the
following factors: revenue (Pistolesi et al., 2017), manufacturing costs (Fan et al., 2019), energy costs (Gadaleta et al.,
2019; Cheng et al., 2021), maintenance expenses (Vogl et al., 2019), waste treatment fees (Santos et al., 2019) and
inventory costs (Chen and Kuo, 2019; Castellano et al., 2019). Most of the aforementioned studies have concluded that
the performance of firms that implement smart manufacturing systems is much better than that of firms using traditional
manufacturing due to the higher cost-savings (Algahtani et al., 2019; Gadaleta et al., 2019). In 2018, Tesla built a state-
of-the-art smart manufacturing system in Shanghai to reduce its production costs by improving capacity utilization and
localizing parts (Cheng et al., 2022).

Despite the appeal of production cost reduction and the importance of adopting smart technology in manufacturing
processes, the literature has not explored investment policies for improving manufacturing processes through smart
technology. Therefore, this study develops a two-echelon supply chain model with one manufacturer and one retailer to
investigate the pricing problem for investing in smart technology to reduce manufacturing costs under different scenarios.
In addition, this study proposes the best investment strategy and optimal investment-sharing ratio for the entire supply
chain. The reviewed literature is summarized in Table 1.
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Table 1. Summary of the related literature

Authors |Year

Smart
technology
investment

Supply chain
scenario/
structure

Investment
sharing

Pricing
strategy

Coordination
scenarios

Production
cost
reduction

Solution method
used

percentage

Closed-form
optimization
model
Closed-form
game-theoretical
model
Closed-form
game-theoretical
model
Optimization
model
Closed-form
game-theoretical
model and
heuristics
approach
Closed-form
optimization
model
Closed-form
game-theoretical
model

Wang and

Li 2012 X X X v X X

Giri and

v v v
Barhan 2016 X X X

Li 2020 v v X v v X

Liuetal. (2021 4 X X X v 4

Hanh et al. {2022 X 4 X v v X

Xing et al. [2022 v v X X 4 X

Our study v 4 v v v v

Note: v": Yes, X: No

3. THE PROBLEM CONTEXT AND THE BENCHMARK CASE

3.1 Assumptions and Notations

This study considers a manufacturer who sells products to the end consumers through a retailer. In this supply chain, it
is allowed to invest in a specific smart technology to reduce the manufacturer’s unit production cost. For instance,
investing in automating the manufacturing process reduces manpower costs and improves work productivity. K(c,,)
denotes the amount of investment required to implement smart technology to lower the cost from ¢, to c,,, € [0, ¢,]. We
assume that K (¢,,) = A — Bln(c,,), where B and A are given positive constants. This cost formulation has been used in
other studies, such as Porteus (1985, 1986), Billington (1987) and Li (2020). B denotes whether it is economical to invest
in smart technology; a large B signifies that making the production line “smarter” is costly or that it is expensive to
decrease production costs to a target value. The demand function is expressed as linear, @ — Bp, where p denotes the
retailer’s market price, a represents the potential market size, and 8 denotes the sensitivity coefficient of demand.

The supply chain entities interact with each other under a leader-follower Stackelberg game—the manufacturer is
the leader who offers the wholesale price w, and the retailer is the follower who responds by ordering quantity q(p),
where p is the retail price determined by the retailer. Moreover, the manufacturer initiates the investment in digital
technology. However, the investment cost can be fully paid by the manufacturer or the retailer or shared by both. This
assumption aligns with industry observations and has also been used in the supply chain framework of other studies (e.g.,
Li et al., 2016; McGuire and Staelin, 1983).

Hence, we examine our model under the following three scenarios of investment policies.

1)  M-system: The manufacturer fully pays for the investment cost (6 = 1).

2)  S-system: The manufacturer and retailer share the investment cost (0 < § < 1).

3) R-system: The retailer fully pays for the investment cost (§ = 0).

We first study the case with no investment as the benchmark case.

Hereafter, we let subscript i € (m, r) represent the manufacturer (i = m) and the retailer (i = r), and subscript j €
(1,2, 3,4) denote the investment scenarios. Demand is assumed to be price-dependent. The demand function in scenario
jis

qj=a_.8pj- (1)
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The notations used in the study are summarized as follows.
q; Retailer’s demand in scenario j
pj Retailer’s unit selling price in scenario j
w; Manufacturer’s unit wholesale price in scenario j
a Potential market size
B Sensitivity coefficient of demand
Co Manufacturer’s variable manufacturing cost per unit without investment
Cm,j  Manufacturer’s variable manufacturing cost per unit in scenario j (j = 2, 3,4)
Cr Retailer’s unit variable cost
K; Investment cost in scenario j to reduce cy t0 ¢y, j, Ki (1 j) = A — Bln(cyp, )
1) Manufacturer’s investment cost-sharing percentage, 0 < § < 1
e The fractional per unit time opportunity cost of capital
. Profit of manufacturer (i = m), retailer (i = r), or supply chain (i = SC), generated in scenario j, msc ; =
L T[‘m,]' + T[T,]'

We formulate the decision problems of a two-echelon supply chain under no-investment and with-investment
settings. For comparison, we begin with the no-investment scenario as a benchmark case.
3.2 No-Investment Scenario: The Benchmark Case
In this case, the manufacturer first determines the wholesale price w. Next, the retailer determines the retail price p. We

first manage the retailer’s problem using the standard procedure for solving a Stackelberg game. The objective function
of the retailer is as follows:

NL?X T = (pr — w1 — ¢)qs 2

Lemma 1 shows the result of taking the first derivative of Equation (2) with respect to p,, then setting it equal to 0
and solving the first-order necessary condition. Appendix A provides detailed proof for Lemma 1.

Lemma 1. Under the no-investment scenario, the equilibrium selling price of the retailer is as follows:

a+wf+fc
pr(wy) = # 3)
Substituting Equation (3) into Equations (1) and (2) yields the equilibrium demand and retailer’s profit as follows:
01 (wy) = 2 (a — wif — fcy), @)
M (Wy) = =5 (W = c)(—a + w1 B + Bc,). 5)

Given the retailer’s response, the manufacturer aims to find the optimal wholesale price w; to maximize the profit
in Equation (6):

l\eﬁx Tm1 = Wy — co)(@ — Bp1) = (Wi — ¢0)q1(wy). (6)

Note that the retail price presented in Lemma 1 is the function of w,. Substituting Equation (3) into Equation (6)
yields

i (W1) = == Wy — co)(—a + wi§ + Bc,). )

We find the equilibrium wholesale price by obtaining the first derivative of Equation (7) with respect to w; and
then setting it equal to 0. We obtain the equilibrium retail price by substituting the equilibrium wholesale price in Equation
(3). The results are shown in Theorem 1, and the complete proof is presented in Appendix A.
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Theorem 1. The unique optimal solutions for the manufacturer’s wholesale price and retailer’s selling price in the
benchmark case are given as follows.

« _ a+Bco—Ber

S ®
« 3a+fBco+fer
pi = XE, ©)

Substituting w; and p; into Equation (4) yields the optimal selling quantity,
qi == (a—Blco + ). (10)

We obtain the profits of the manufacturer and retailer by substituting the equilibrium solutions into Equations (2)
and (6) as follows.

_ (@=B(co+cr))?

Tmi="""¢g (11)
* ( _:8( + 2
T, = %. (12)

The channel-wide profit is mg., = my, ; + 7 ;. The mathematical attributes of the equilibrium solutions are
presented in Proposition 1. Appendix A provides the complete proof for Proposition 1.

Proposition 1. The relationships between the unique optimal solutions obtained by the benchmark case and the
parameters are shown as follows.

(i) p;7 increases with an increase in ¢, ¢, and a
(if) wy increases with an increase in ¢, and a but decreases with a decrease in c,
(iii) g increases with an increase in « but decreases with a decrease in ¢, and c,.

Proposition 1 shows that higher costs lead to higher prices, which result in lower demand.

4. INVESTMENT SCENARIOS

Next, we investigate the scenarios where it is allowed to invest in a specific smart technology to reduce the manufacturer’s
unit production cost. Let § be the manufacturer’s share of the investment cost. This study investigates three scenarios (M,
S, and R). In the M—system, the manufacturer can fully invest in its own technology without any involvement from the
retailer (5§ = 1). In the S—system, the manufacturer shares the investment cost with the retailer (0 < § < 1). In the R—
system, the retailer fully pays for the investment cost (§ = 0).

4.1 M-system (6 = 1)

Under the M—system, the manufacturer decides to invest in the new technology to reduce the variable manufacturing
cost. By doing so, the firm can attract more customers by offering a lower wholesale price while increasing its profit.
For example, Tesla’s smart manufacturing system in Shanghai invested in production equipment to optimize its
manufacturing lines in 2018 (Cheng et al., 2022). Then in 2020, due to the production cost reduction, Tesla reduced the
car prices by 18%, which helps to attract more consumers.

The decision sequence of this scenario is as follows: i) the manufacturer (the leader) first determines the investment
cost K, (¢, ») and the wholesale price w,, and ii) the retailer (the follower) sets the retail price p,. We first manage the
retailer’s problem using the standard procedure for solving a Stackelberg game. The objective function of the retailer is
given by:

Maxm, , = (p, — W2 — ¢)q2. (13)
p2
The manufacturer’s objective function is given as

Max Ty, = (W2 = Cn2)qz — 0K (Cimy2)- (14a)

w2, K2(Cm,2)
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Substituting K, (Cm,z) = A — Bin(cp,,) into Equation (14a) yields the equivalent Equation:

Max Ty, = (W2 = Cm2)q2 — (A — Bin(cpm,2)). (14b)
W2, Cm,2

Lemma 2 shows the results after generating the first derivative of Equation (13) with respect to p,, setting it equal
to 0 and solving the first-order necessary condition. Appendix B gives the proof for Lemma 2 in detail.

Lemma 2. When the manufacturer fully pays for the investment cost, the retailer’s equilibrium selling price is as
follows:

p2(wy) = szzi‘[;-’-ﬁcr (15)

Given the retailer’s response, the manufacturer finds the optimal wholesale price w, and production cost c,, , to
maximize the profit in Equation (14b). For a given c,, ,, we obtain the equilibrium wholesale price as follows,

+Cm2B—CcrB
W (Cn2) = =25, (16)

Substituting Equation (16) into the manufacturer’s profit function yields
_ 2
Toma(6ma) = =46 + B 1 5o in(cy, ). (17)

We obtain the optimal solution by computing the first derivative of Equation (17) with respect to c,, ,, setting it
acyB-=T6BOB+—arc,B)?
2B
conditions to determine the manufacturer’s optimal variable cost in Lemma 3. Appendix B provides the proof for Lemma

3.

equal to 0 and solving the Equation. Defining ¢, = yields the necessary and sufficient

Lemma 3.
(1) When B < 2@=rb=bc0) 4,0 turer’s optimal variable cost is ¢, , = ¢, <
s , manufacturer’s Op Cma2 = €2 < Cq.

(2) When B > &£~
16

2
L2 , the manufacturer’s optimal variable cost is ¢, , = ¢y.

op
- -_— —_— 2 - - - -
(3) When 2“ 64’6’3 o) < g < (Crli e;) , the manufacturer’s optimal variable cost is given by:
. a ¢ (co—c2)(B(ca+co+2¢r)—2a)
G ifcg>—=——and B < ,
Cha = 28 2 80 ln(ﬁ—g) (18)

Co, Otherwise.

Lemma 3 provides the optimal investment decision for the manufacturer on whether they should invest in smart
technology to reduce production costs from ¢, to the target cost c,, , or do nothing and maintain the original production
cost at ¢,. The decision is determined by three factors: the cost factor of digital technology investment B for making the
manufacturing line smarter, the original production cost c, and the opportunity cost of investing in digital technology 6.

Note that the retail price presented in Lemma 2 is the function of w,. Substituting the given c;, , determined in
Lemma 3 and Equation (15) into Equation (14b) yields

T2 (W2) = —AO + %(Cr*n,z —wp)(—a + (¢ +wy)B) + BOIn(cpm ). (19)
We find the equilibrium wholesale price by generating the first derivative of Equation (19) with respect to w, and
setting it equal to 0. The equilibrium retail price is obtained by substituting the equilibrium wholesale price in Equation

(15). We show the results in Theorem 2 and the exhaustive proof in Appendix B.

Theorem 2. The unique equilibrium solutions for the manufacturer’s wholesale price and the retailer’s selling
price in the M-system are given as follows:
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* “+C;n,zﬁ—crﬁ
j = maal, (20)
* 3tl+(C;n,2+Cr)ﬁ
= 22tCmarenl (21)

Substituting w; and p; into Equation (1) yields the equilibrium selling quantity as
;=545 (—Cmz — c)B- (22)

Substituting the equilibrium solutions into Equations (13) and (14b) yields the profits of the manufacturer and
retailer as follows:

. 2

T, = —AB + w + BOIN(Chs), (23)
. (a=(cmatcr)B)?

g, = e’ (24)

The channel-wide profit is mg., = mp,, + 7y, . Proposition 2 presents the mathematical properties of the
equilibrium solutions. The complete proof is provided in Appendix B.

Proposition 2. The relationships between the equilibrium solutions obtained by the M—system and the parameters
are shown as follows:

(i)  p; increases with an increase in c;, ,, ¢, and a,
(ii) ws increases with an increase in c;, , and a but decreases with a decrease in c,, and
(iii) q; increases with an increase in a but decreases with a decrease in cp, ,, and c;..

Proposition 2 states that higher costs lead to higher prices, which result in lower demand. Moreover, when the
potential market is large, the manufacturer and retailer can increase their selling price and demand.
Corollary 1 provides managerial insights for decision-makers on whether they should invest in smart technology.

Corollary 1.
(1) When B is less than the threshold C"(a%:_ﬁc"), which depends on ¢, and 6, production costs should be reduced.

(crB-a)?

(2) When B is greater than the threshold R

(3) When B lies between the two thresholds, the scenario can be categorized into two subcases:
(i) when ¢, issmall (cy < % - CZ—T), no investment should be undertaken;

the firm should not invest.

(if) otherwise, the decision should be made based on the relationship between ¢, and B presented in Equation (18).
The target production cost ¢, increases with an increase in B, which means that investment will decrease when
digital technology becomes more expensive.

42S-system(0<86<1)

In this scenario, the manufacturer and retailer share the investment cost with ratios of § and 1 — &, respectively. According
to Chakraborty et al. (2019), Walmart is a quality-oriented giant retailer; therefore, it works closely and shares the
investment cost with its suppliers to ensure that the quality of products meets or exceeds Walmart’s standards. According
to the Annual Progress Report of Apple Inc. (2021), Apple invests in its suppliers by providing them with platforms,
tools and resources. The platforms provide online tools for improving supplier operations and refining new processes.
Based on mutually beneficial investments and collaborations, the original equipment manufacturer (Apple) and its
suppliers customize the capability-building program. The manufacturer first determines the investment cost K3 (c,, 3) and
wholesale price w;. Next, the retailer defines the market price p;. We first manage the retailer’s problem using the
standard procedure of solving a Stackelberg game. The objective function of the retailer is as follows:

I\/Lax T3 = (p3 —ws —¢.)q3 — (1 — 6)OK3(cm 3)- (25)
3
The manufacturer’s objective function is given by

Max 1,5 = (W3 - Cm,3)‘13 — 60K3 (¢ 3)- (26a)

w3, K3(cm,3)
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Substituting K (cm’3) = A — Bln(cp,3) into Equation (26a) yields the equivalent Equation

Max 7,3 = (W3 — Cp3)qs — 660(A — Bin(cpm,3)). (26b)

W3, Cm,3

Lemma 4 shows the result after generating the first derivative of Equation (25) with respect to ps, then setting it
equal to 0 and solving the first-order necessary condition. Appendix C provides the proof for Lemma 4 in detail.

Lemma 4. When the manufacturer and retailer share the investment cost, the equilibrium price is as follows.

a+wzB+Lcr

ps(w3) = 28

@7)
Given the retailer’s response, the manufacturer finds the optimal wholesale price w; and production cost c,, 5 to
maximize the profit shown in Equation (26b). For a given c,, 3, we obtain the following equilibrium wholesale price:

+cm,3B—crB
W3 (Cmg) = =5, (28)
Substituting Equation (28) into the manufacturer’s profit function yields

_ 2
s (Cms) = —AOS + W + BOS In(Cpz)- (29)

We obtain the optimal solution after generating the first derivative of Equation (29) with respect to c,,, 3, then setting
a—cyf—/-16BOBS+(—a+cyB)?
2p
conditions to determine the manufacturer’s optimal variable cost in Lemma 5. Appendix C gives detailed proof for

Lemma 5.

it equal to 0 and solving the Equation. Defining c; =

yields the necessary and sufficient

Lemma 5.

(1) WhenB < W, the manufacturer’s optimal variable cost is ¢}, 3 = ¢; < ¢q.

_ 32
(2) When B > (CITfTBO?, the manufacturer’s optimal variable cost is c;, 3 = c.
- -_— —_— 2 - - - -
(3) When 2W=rb=bc) o g o &B-D" oo 1anufacturer’s optimal variable cost is given by
4068 16686
; a  cr (co—c3)(B(cz+cot2cr)—2a)
c3ifcg>—=——and B < ,
Cha = 28 2 86 Sln(z—g) (30)

otherwise, c,.

Lemma 5 provides the optimal investment decision for the manufacturer on whether to invest in smart technology
to reduce the production cost from c, to the target cost c,, ;3 or do nothing and maintain the original production cost at c,.
The decision is determined by three factors: the cost factor for digital technology investment B for making the
manufacturing line smarter, the initial production cost c, and the opportunity cost of investing in digital technology 6.

Note that the retail price presented in Lemma 4 is the function of w;. Substituting c;, ; determined in Lemma 5 and
Equation (27) into Equation (26b) yields

Tmz(W3) = —A66 + %(Cr*ns —w3)(—a + (¢; +w3)B) + BOSIn(cp 3). (1)
We obtain the equilibrium wholesale price in the S-system by obtaining the first derivative of Equation (31) with
respect to w, and setting it equal to 0. Substituting the equilibrium wholesale price in Equation (27) yields the equilibrium

retail price. We show the results in Theorem 3 and the exhaustive proof in Appendix C.

Theorem 3. The unique equilibrium solutions for the manufacturer’s wholesale price and retailer’s selling price
in the S-system are given by

* __ C!+C;n’3ﬁ—crﬁ
;= Sehalool (32)
« _ 3a+(cmztcr)B
j = 22narenl (33)
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Substituting w3 and p3 into Equation (1) yields the equilibrium selling quantity

% a

a3 =545 (—Cma — c)B- (34)

The profits of the manufacturer and retailer are generated by replacing the equilibrium solutions shown in Theorem
3 into Equations (25) and (26b), respectively, as

(a—(cin3+cr)B)”

Ty s = —AOS + v + 6BOIn(cy, 5), (35)
= @ lmst e L g g 4 5y~ BO(=1 + 8)In(c? 36
nip = RN | g1 4+ 5) ~ BO(-1 + 8)Incia) (36)

The channel-wide profit is m5. 5 = mp, 3 + 7, 3. We show the mathematical attributes of the equilibrium solutions
in Proposition 3 and the detailed proof in Appendix C.

Proposition 3. The relationships between the equilibrium solutions obtained by the S-system and the parameters
are shown as follows:

(i)  p;3 increases with an increase in cy, 3, ¢, and a,

(ii) w3 increases with an increase in c;, 3 and «, but decreases with a decrease in c,.,

(iii) g3 increases with an increase in a, but decreases with a decrease in c;, 3, and c,, and
(iv) mp, 5 decreases with a decrease in § while mr; 5 increases with an increase in 6.

Proposition 3 states that both the manufacturer and retailer prefer to undertake the smaller share of the investment
cost because the lower their cost, the higher will be their profits. Corollary 2 presents managerial insights for the decision-
makers for determining when to invest.

Corollary 2.

(1) When B is lower than the threshold C"(“+i_m), which depends on ¢, and 6, production costs should be reduced.

(2) When B is higher than the threshold %, the firm should not invest.

(3) When B lies between the two thresholds, the situation is categorized into two subcases:
(i) when ¢, issmall (cy < % - CZ—T), no investment should be undertaken;

(if) otherwise, the decision should be made depending on the relationship between ¢, and B as shown in Equation
(30). Note that the target production cost c5 increases with an increase in B, which means that when digital
technology is expensive, the investment amount should decrease.

4.3 R-system (& = 0)

In this scenario, the retailer agrees to pay the full amount of the investment cost. This can be demonstrated by the case of
Foxconn and the telecom operator Orange (formerly France Telecom) (Hu et al., 2019). Foxconn manufactures phones
based on the requirements of Orange. The telecom operator is responsible for investing in product research and
development, while Foxconn only focuses on production.

The decision-making sequence in the R—system is as follows: i) the retailer decides the investment cost K, (cp, 4),
ii) the manufacturer decides the wholesale price w, and iii) the retailer determines the retail price p,. We first manage
the retailer’s problem using the standard procedure for solving a Stackelberg game. The objective function of the retailer
is

- Il}/‘{?én,‘;) g = (ps —wy —¢)q4 — OK, (Cm,4-)- (379)

Substituting K4(cm,4) = A — Bln(cp,,) into Equation (37a) yields the equivalent Equation

Max 7,4 = (ps — Wi — ¢;)qs — (A — Bln(cm,a)). (37b)

P4, Cm,a

The manufacturer’s objective function is given as follows:

Max e = (Wy — G a)qa- (38)
Wa
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Lemma 6 gives the results after obtaining the first derivative of Equation (37b) with respect to p,, then setting it
equal to 0 and solving the first-order necessary condition. Appendix D provides the proof for Lemma 6 in detail.

Lemma 6. When the retailer fully pays for the investment cost, the equilibrium price is as follows.

a+wyf+fcr

26 (39)

pa(wy) =

Given the retailer’s response, the manufacturer aims to find the optimal wholesale price w, to maximize profit, as
shown in Equation (38). For a given c,, 4, we have the equilibrium wholesale price

+cmaB—crB
Wy (Cma) = == (40)
Substituting Equation (40) into the retailer’s profit function yields

_ 2
My 4(Ca) = —AO + W + BO In(Cpy o). (41)

We obtain the optimal solution by generating the first derivative of Equation (41) with respect to c,, 4, then setting

- - - - - - T - - - T 2 - - -
it equal to 0 and solving the Equation. Defining ¢, = =<rfY 322‘;‘“( @terB)” vields the necessary and sufficient
conditions to determine the manufacturer’s optimal variable cost in Lemma 7. Appendix D gives the proof for Lemma 7

in detail.

Lemma 7.

co(a—crf—Pco) , . : ik
(1) WhenB < e the manufacturer’s optimal variable cost is c;, 4 = ¢4 < c.

N2
(2) When B > (C;i SZ) , the manufacturer’s optimal variable cost is c;, 4 = cq.
- —_— —_— 2 - - - -

(3) When 2“ Cg’: ) < g < (C;i eg) , the manufacturer’s optimal variable cost is given by

, a ¢ (co—c4)(B(catco+2cr)—2a)

cif co>—=——and B < ,
s = 28 2 160 ln(ﬁ—i) (42)

otherwise, c .

Lemma 7 provides the optimal investment decision for the retailer on whether to invest in smart technology to
reduce the production cost from ¢, to the target cost c,, , or do nothing and maintain the original production cost at c,.
The decision is determined by three factors: the cost factor for digital technology investment B of making the
manufacturing line smarter, the initial production cost c, and the opportunity cost of investing in digital technology 6.

Note that the retail price presented in Lemma 6 is the function of w,. Substituting ¢y, , determined in Lemma 7 and
Equation (39) into Equation (38) yields

Tma(Wa) = 5 (g = Wa) (= + (6 + Wy)B). (43)
We obtain the equilibrium wholesale price by generating the first derivative of Equation (43) with respect to w, and
setting it equal to 0. Substituting the equilibrium wholesale price in Equation (39) yields the equilibrium retail price. We

show the results in Theorem 4 and the exhaustive proof in Appendix D.

Theorem 4. The unique equilibrium solutions for the manufacturer’s wholesale price and retailer’s selling price
in the R—system are given as follows:

* a+c-;‘n_4,8—cr[3
; = Sthabat (44)
. 3a+(cmatcr)B

Ps = —ZL; - (45)

Substituting w; and p; into Equation (1) yields the equilibrium selling quantity

i =347 (=Cina — )P, (46)
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Substituting the equilibrium solutions into Equations (37b) and (38) yields the profits of the manufacturer and
retailer, respectively, as follows:

—(c* 2
S (cm;;cr)ﬁ) ' 47)
—(c* 2
iy = —AQ + Lt B 4 g (e ). (48)

168

The channel-wide profit is 5. , = mp, 4 + 77 4. We show the mathematical attributes of the equilibrium solutions
in Proposition 4. Appendix D provides the complete proof.

Proposition 4. The relationship between the equilibrium solutions obtained by the R—system and the parameters
are given as follows:

(i)  ps increases with an increase in cy, 4, ¢, and a,
(if)  wy increases with an increase in ¢, , and «, but decreases with a decrease in c,, and
(i) gz increases with an increase in a, but decreases with a decrease in cp, 4, and c,..

Proposition 4 states that both retail and wholesale prices increase with an increase in the unit manufacturing cost
because higher costs lead to higher prices.
Corollary 3 presents managerial insights for the decision-makers in determining when to invest under the R—system.

Corollary 3.
(1) When B is lower than the threshold w, which depends on ¢, and 6, production costs should be reduced.
@) VanBismmwrmanmenw%hmd“ﬁ;?fﬂwfnmshmndnmimma

(3) When B lies between the two thresholds, the situation is categorized into two subcases:
(i) when ¢, issmall (cy < % - CZ—T), no investment should be undertaken;
(if) otherwise, the result should be made considering the relationship between c, and B as shown in Equation (42).

The target production cost ¢, increases with an increase in B, which means when digital technology is
expensive, the investment amount should decrease.

4.4 Analysis and Managerial Implications

This section characterizes different qualitative properties of the solutions obtained by the models under the with-
investment and no-investment settings.

Proposition 5. The manufacturer’s wholesale price and retailer’s selling price generated by the models under the
with-investment and no-investment settings have the following properties:

(i) wi<w;< w;<w; and
(i) p3s<p; < pi=<p;.

Appendix E provides the proof for Proposition 5 in detail.

Proposition 5 implies that investment in smart technology leads to a lower wholesale price, which helps reduce the
retailer’s selling price to the end users. This is because an investment in smart technology reduces the production cost of
the manufacturer, which results in a lower wholesale price.

Proposition 6. The manufacturer’s profit generated by the models under the with-investment and no-investment
settings has the following properties.

() T 2T,

- * * : (co—c3)(=2a+(co+c3+2cr)B) A :

> <
(i) mp3 = mpy,q, provided B < ( ) 550 l?(C3) " + e and vice versa,
. . . co—Cz)(—2a+(co+cy+2c, A -

> <
(iii) mp,, =1y, 4, provided B < ( ) pys lrE(Cz) " + e and vice versa,
- * * - ca—c3)(—2a+(c3tcat+2cy .

> <
(iv) mp, 3 = 1y 4, provided B < 596 In(cs) + ey’ and vice versa,
(V) T, = T4, provided B < (C“_CZ)(_;Zj;x?ZJ’ZCrW ) 4 m(AC -, and vice versa, and

2 2
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. . > . 5 ~ (c2—c3)(—2a+(ca+c3+2¢)B) A(6-1) s <
(vi) mp3=my, , provided ¢, <c3 and B = 558 n(ea) sy O ©2 >c§ and B <
(ca—c3)(—2a+(cp+c3+2¢)B) A(6-1) .
860 In(c3) Sin(cz)-In (c3) ' and vice versa.

Appendix E gives the proof for Proposition 6 in detail.
Proposition 6 shows that the manufacturer’s profit is always higher in the R—system than in the no-investment
setting. Proposition 6 also provides the strategic choice for the manufacturer’s investment decision under different

conditions. For instance, property (v) states that when B is less than or equal to the threshold (C“_CZ)(_;Z;EZJ;CZJJ”)B ) 4
2

ﬁ, the manufacturer generates more profits in the M—system than in the R—system.
2

Proposition 7. The retailer’s profit generated by the models under the with-investment and no-investment settings
has the following properties:

(i) o2 s,

(i) s > 7y, provided B < ComeC2at(Cotest2er)f)

A .
+ , and vice versa,

160 (1-6) In(c3) In(c3)
(i) ;4 = 74, provided B < (C"_64)(_1260;+l$f("ci)64+2”)ﬁ ) 4 m?m , and vice versa,
(iv) m}4 =7}, provided B < (CZ_54)(_1260;5:(2;;“2“)[? ) 4 m?m , and vice versa,
* * - - c3—C4)(—2a+(c 2 5A -
T e S e e S
160((6—1) In(c3)+In(cy)) (6-DIn(c3)+In (cy) ' !
(Vi) 7}y = ,, provided B < (CZ_631(6;25fgzlz(23:)2”)ﬁ ) 4 mig) , and vice versa.

Appendix E gives the proof for Proposition 7 in detail.
Proposition 7 states that the retailer’s profit in the M—system is always higher than in the no-investment scenario.
Proposition 7 also provides the strategic choice for the retailer’s investment decision under different conditions.

Proposition 8. The channel-wide profits generated by the models under the with-investment and no-investment
settings have the following properties:

3ocp)(2atlotcrt2e)f) | A and vice versa

. .o ; <
(i) msc, = m5eq, Provided B < T68 ntcy) o

P * X . 3(co—c3)(=2a+(co+c3+2cy)B) A .
(i) mgc3 = mge 4, Provided B < 160 In(ca) + e and vice versa,
3(co—ca)(—2a+(co+ca+2¢)B) A

G e S . < .

(iii) mgc 4 = mge 1, Provided B < 168 (e s and vice versa,

. . 3(cz—c3)(—2a+(c+c3+2

(V) mics>mic, , provided c;<c, and B > @m@arlereried) o 5o and B <
’ ’ 166 In(cy/c3)

3(cy—c3)(—2a+(ca+c3+2cr)B)

1660 In(cy/c3)
. R . 3(cp—ca)(~2 2
(V) Tic.>mic, . provided ¢, <c, and B >J@m@arlepratio)) o o 5o and B <
’ , 166 1In(cy/cy)

, and vice versa,

3(c2—ca)(—2a+(ca+ca+2¢r)B)

166 In(cz/cs)
(Vi) mscq =m5es ,  provided ¢, <cz and
3(c3—cqa)(—2a+(c3+ca+2¢r)B)

166 In(c3/cs)

, and vice versa, and

B> 3(c3—c4)(—2a+(c3+ca+2cr)B)
- 166 In(c3/cy)

or ¢,>c; and B<

, and vice versa.

Appendix E provides the proof for Proposition 8 in detail.
Proposition 8 states the strategic choice for the channel-wide investment decision under different conditions. For

example, property (i) shows that when B is less than or equal to the threshold 222+ Coteat2e)P) | A ypq
166 In(cy) In(cz)

channel-wide profits are higher in the M—system than in the no-investment scenario.

Corollary 4. The investment decisions generated by the models under the with-investment and no-investment
settings are shown in Table 2, which summarizes Corollaries 1, 2 and 3.

Tables 2a, 2b and 2c demonstrate that under the S—system, when the manufacturer and retailer share the investment
cost, the probability of undertaking investment is greater than in the M— and R—systems, while the probability of not
investing is the highest in the R—system.
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Table 2. Strategic investment decision choices under the three scenarios

Table 2a. Under the M—system

B -0 Co(a - Crﬁ - BCO) (Cr.B - a)z +0
40 1608
a C -
— - tment;
) - o <3573 nomv.esme'n, | Not
6=1 Invest | otherwise, the decision is made based on the relationship between c, and B as shown in invest
Equation (18)
Table 2b. Under the S—system
B -0 Co(a - Crﬁ - ﬁco) (Crﬁ - a)z +o0
406 16056
Co < — — <2 no investment;
28 2 Not
0<8<1| Invest | otherwise, the decision is made based on the relationship between c, and B as shown in |jnyest
Equation (30)
Table 2c. Under the R—system
B -0 CO(a - Crﬁ - ﬁco) (Crﬁ - a)z +oo
80 3208
Co < = — <2 no investment;
. L 26 2 — .| Not
6=0 Invest | otherwise, the decision is made based on the relationship between c, and B as shown in [jnyest
Equation (42)

5. NUMERICAL STUDY

We conducted a case study in a paper manufacturing firm based in Thanh Hoa province, Vietham. The firm was
established in 2000 and manufactured paper and paper-based products. It is a small and medium-sized enterprise (SME)
that produces less than 50,000 tons of paper annually. The firm has considered investing in smart technology to reduce
its production cost. However, they have found it difficult to determine whether such investment is worthwhile. As the
investment cost would be substantial for a small firm such as theirs, they had been considering whether sharing the
investment cost with the buyer would be more beneficial. Moreover, the firm was finding it challenging to price its
products. We use the numerical example of this case to demonstrate the pricing strategy and smart technology investment
problem in this study. Our above-mentioned models seem incapable of thoroughly analyzing the pricing decision and
profit functions. Hence, we conducted this exhaustive numerical study to supplement our models. We present the
numerical results to quantify these attributes and provide managerial implications for the pricing decision and strategic
choice associated with the no-investment and with-investment scenarios. We focus on three aspects: the decision
properties and tendencies in the four scenarios, the comparison of supply chain efficiency in the with-investment and no-
investment scenarios and the strategic choices of the manufacturer, retailer and supply chain under the different scenarios.
The numerical case study is organized as follows. We first present the numerical results of the base case under the four
scenarios, then compare the performance when there is an investment in smart technology under the 2% factorial design,
provide the strategic choice for each entity and the entire supply chain and present the Pareto improvement.

5.1 The Base Case

After a series of numerical tests, we verified that the following set of parameters are significant to serve as our base

setting: « = 0.7, 8 = 0.6, ¢, = 0.32,60 = 0.1, A = 0.05, B = 0.1, § = 0.5 and ¢,, = 0.2. This setting allows us to keep

the results as clear as possible while showing the effects of the four scenarios.
Table 3 shows the numerical results. The results obtained under the four scenarios are as follows:

(i) pi>p:>p;>p;,whichleadsto g7 < q; < g5 < q3. Thisis quite straightforward; a higher price leads to lower
demand.

(i) wi <w; <w; <wj;. When investment is undertaken to reduce the manufacturer’s production cost, the
manufacturer can reduce its selling price to the retailer while maintaining its profits.

(iif) The pricing behaviors in (i) and (ii) are consistent with Proposition 5.
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(iv) 7o <mmq <mms < T4 This is because of the effect of the payment responsibility of the investment cost,
which leads to the manufacturer sharing the investment cost with the retailer or convincing the retailer to undertake
the full investment. If the manufacturer has to fully pay for the investment cost, it would prefer not to invest.

(V) mr, <my 3 <my <m,. Thisisbecause of the effect of the payment responsibility of the investment cost, which
leads to the retailer sharing the investment cost with the manufacturer or allowing the manufacturer to undertake
the full investment. If the retailer has to fully pay for the investment cost, it would prefer not to invest.

(Vi) Tgc1 < Tgen < Mg < Mgy
From (iii), (iv) and (v), we find that if the manufacturer and retailer act individually, each has a preference about

investing, as both entities may not always benefit from an investment in smart technology. However, from the supply

chain’s perspective, it is always better to invest in smart technology regardless of who undertakes the investment. In such

a case, profit or cost-sharing (i.e., sharing the risk associated with the business) is a useful tool to distribute the extra

profit of the gainer with the other members. This profit or cost-sharing encourages less profitable participants to join the

firm, thereby benefitting the entire supply chain and potentially increasing the overall earnings of the firm.

Table 3 also shows that the supply chain profit increases by 25.81% when the manufacturer and retailer share the
investment cost, whereas the supply chain profit increases by 24.48% when the manufacturer fully pays the investment
cost. Supply chain efficiency increases by only 4.33% when the retailer fully pays for the investment cost.

Table 3. Pricing, demand and profits generated under the four scenarios

Not invest Invest
Scenario =1 M-system S—system R—system
g (=2) (=3) (=4
d.v. 5=1 0<ds<1 5=0
w; 0.6833 0.5207 0.5012 0.5667
pj 1.0050 0.9437 0.9340 0.9667
T, j 0.0314 0.0287 0.0458 0.0480
T 0.0157 0.0298 0.0133 0.0011
Tsc,j 0.0471 0.0585 0.0591 0.0491
Improvement (%) 24.48 25.81 4.33

5.2 The Factorial Design

Next, we focus on the performance of the supply chain under a 2* factorial design with k = 3, where the low, medium
and high levels of two factors are B = 0.05,0.075 and 0.1, § = 0.3,0.5 and 0.7, respectively. The other parameters that
are selected from the base setting are: « = 0.7, § = 0.6, ¢, = 0.32,0 = 0.1, A = 0.05 and ¢, = 0.2.

Based on the above set of parameters, Table 4 shows the numerical results for the selling prices and profits when
the manufacturer and retailer share the investment cost. The model generates lower prices and higher profits for the
manufacturer but lower profits for the retailer when the manufacturer has a lower share of the investment cost. The model
generates lower prices for the manufacturer but higher profits for both the manufacturer and retailer when it is more
economical to invest in smart technology (cheaper to make the production smarter).

Table 4. Pricing and profits generated when the retailer and manufacturer share investment cost

B 5 Cm w p q Tm Ty Tsc

0.3 0.01046 0.48856 0.92761 0.14343 0.06023 0.01483 0.07506
0.05 05 0.01756 0.49211 0.92939 0.14237 0.05495 0.02117 0.07613
0.7 0.02477 0.49572 0.93119 0.14128 0.05009 0.02622 0.07632
0.3 0.01577 0.49122 0.92894 0.14263 0.05698 0.00862 0.06560
0.075 05 0.02659 0.49663 0.93165 0.14101 0.05018 0.01704 0.06722
0.7 0.03768 0.50217 0.93442 0.13935 0.04401 0.02349 0.06750
0.3 0.02115 0.49391 0.93029 0.14183 0.05398 0.00303 0.05701
0.1 05 0.03581 0.50124 0.93395 0.13963 0.04584 0.01335 0.05919
0.7 0.05096 0.50881 0.93774 0.13736 0.03855 0.02101 0.05957

Figure 1 shows that under different economy levels of investment cost-sharing, the supply chain always obtains the
highest profit when the manufacturer shares 70% of the investment cost. Furthermore, it is cheaper to make the production
line smarter, as the supply chain will benefit (i.e., increase profits), which also matches reality.
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Figure 1. Supply chain profits under three levels of B
5.3 Strategic Choice and Managerial Implications

Next, we focus on comparative performance and strategic choice in the four scenarios. We investigate the effect of the
factorial combination of the parameter pairs by changing the values of each factor from 0.1 to 0.9. We calculate 81 cases
to compare the profits of the manufacturer, retailer and supply chain, which is graphically illustrated in Figures 2-4. The
results show that the strategic decision can be determined by several factors in the scenarios, which means that the values
of the factors influence the investment decision.

As Figures 2 and 3 illustrate, the manufacturer tends not to invest because of a low sensitivity coefficient of demand
. Figure 2 shows that the manufacturer prefers the R—system for a lower economy of investment in smart technology
but prefers the S—system because of the high sensitivity coefficient of demand and economy of investment in smart
technology; in other words, it is more expensive to make the production line smarter.

When the manufacturer has a higher investment share and sensitivity coefficient of demand, the S—system generates
more profit for the supply chain, whereas when the manufacturer has a lower investment share and higher sensitivity
coefficient of demand, the M—system generates more supply chain profits (shown in Figure 3).

Figures 2-4 show that the retailer always prefers the M— or S—system, wherein the manufacturer fully pays for the
investment cost or both parties share the investment cost, respectively, whereas the manufacturer prefers the no
investment scenario, R—system, or S—system, wherein there is no investment, the retailer fully pays for the investment
cost, or they both share the investment cost, respectively. Therefore, sharing the investment cost is the most appropriate
strategy for both the manufacturer and retailer.
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Figure 2. Effect of the economy of investing in smart technology and demand sensitivity on the firm’s choice
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Figure 3. Effect of the cost-sharing ratio and demand sensitivity on the firm’s choice
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Figure 4. Effect of the original production cost and the economy of investing in smart technology on the firm’s choice

We derive the following managerial insights from the results obtained in this study.

(i) The investment decision depends on many factors, such as the sensitivity coefficient of demand, original
manufacturing cost without investment, opportunity cost and the economy of investing in smart technology.
Collaboration between the manufacturer and the retailer in sharing the investment cost benefits the entire supply chain
(Chakraborty et al., 2019). Therefore, the manufacturer should invite the retailer to collaborate by explaining the benefits
rather than bearing the investment cost alone. However, it is challenging to fairly split the benefits across the supply
chain members. In this regard, Brandenburger and Nalebuff (2021) proposed an equal split of the additional value.

(if)  Our results also suggest that investment in smart technology should be undertaken when the sensitivity coefficient
of demand is medium or high. It is important for the manufacturer to consider the original manufacturing cost without
investment and the economy of investing in smart technology. When the original manufacturing cost is high and
investment in smart technology is low, it is always better to invest in smart technology to reduce production costs.

5.4 Pareto Improvement

Part 5.3 shows that the S—system is the most appropriate choice for both the manufacturer and retailer. Therefore, we
further analyze investment cost sharing. The profits of both the manufacturer and retailer are higher under the S—scenario
when the share is between 56% and 92% than under the no-investment scenario (shown in Figure 5).

Figure 6 shows that under the S—system, the supply chain always earns more profits than under the no-investment
scenario.
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This study proposes a model wherein the production cost is considered a decision variable instead of a parameter, and
investing in digital technology is incorporated in a clear formula. We first study a case wherein no investment is
undertaken as the benchmark and then investigate three investment scenarios (i.e., M—, S—and R—systems). Furthermore,
we apply an investment-sharing mechanism to coordinate between the supply chain members such that they achieve
Pareto improvement and determine the optimal sharing ratio for each entity in the supply chain. We also propose the
appropriate cost-sharing range under the S-system, wherein both the manufacturer and retailer achieve Pareto
improvement.

This study makes three important contributions to the literature. First, to the best of our knowledge, this study is the
first to investigate the pricing problem under different scenarios of investing in smart technology. Second, this study
considers an investment-sharing mechanism for supply chain coordination. Third, we suggest an optimal sharing ratio to
help the supply chain members achieve Pareto improvement. Future studies could examine different coordination
contracts, such as trade-ins, revenue sharing, rebates and cooperative advertisement; different types of demand functions
with uncertainty; and a variety of game theoretical model settings. Another promising research direction might involve
conducting an empirical survey on investment sharing in a variety of industries.
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APPENDIX A

Proof of Lemma 1 & Theorem 1:

2
It is easy to see that m,.; = (p, —wy — ¢,)(@ — fSpy) is concave in p;. We have aasz“ = —2B < 0. Taking the first
1
derivative subject to p,, then setting it be equal to 0, we have:

m’%pff’l)za—plﬂ—ﬁ(m—wl—cr)zo, (49)

Solving Equation (49), we have the equilibrium selling price of the retailer p; (w;) shown in Lemma 1.
Substituting p; (wy) from Lemma 1 into Equation (6), we have m,,, 1 (w;). Generating the first derivative of m,, , (w;)
subject to w; and setting the result equal to zero, we have:
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AmmaWs) _ —%ﬁ(w1 — o) + %(a - w8 —Bc.) = 0. (50)

owq

The unique equilibrium wholesale price of the manufacturer in Equation (8) in Theorem 1 is obtained by solving Equation
(50). The unique optimal selling price of the retailer is obtained by substituting Equation (8) into Equation (3).
Checking the values of the second derivatives of Equations (2) and (6) subject to p, and wy, respectively, we can prove
the uniqueness of the equilibrium prices:

0%y
— L= 203 < O
0%py B '
mm,
1-_R<(
02w, 3 !

which is absolutely negative for § > 0, and
Pmra\ (0°Tma [ 0°7ra 2tma\ _ 4 p2
( 0%p, ) ( 92wq ) (6p16w1) (awlapl) =3p">0.

The profit function is jointly concave in w, and p,, respectively. Therefore, we can conclude that the solution of the first-
order necessary condition is the unique optimal solution. O

Proof of Proposition 1:

The proof can be completed by proving the values of the first derivative of the decision variables p;, wy, and g; subject
to the parameter are absolutely negative or positive:

op1 _ 1 op1 _ 1 o1 _ 1

dco 4 O’a,_4 O’aa_4ﬁ>0’

owi _ 1 owy _ 1 owi _ _ 1

6c0_2> ' 6a_2ﬁ>0’6cr_ 2<0,and

g 3 aq; aq;

901 _35021- Bl _Egq

da 4 dco 4 dcy 4
APPENDIX B

Proof of Lemma 2:

2
It is easy to see that m,. ,(p,) is concave in p,. We have 662"—;'2 = —2 < 0. Generating the first derivative of Equation
2
(13) subject to p, and letting the result equal to zero, we have:

0%;:(2172) =q— pzﬁ + (CT — pZ + WZ)B = 0 (51)

Solving Equation (51), we can find p,(w,) in the Lemma 2. O

Proof of Lemma 3:

Obtaining the first-order derivative of Equation (17), we have 222z = 22 +i(—a + (cmz2 + ¢,)B), leading to the

dcm2 Cm,2

following two cases:

_ N2
()  When B = =9 we have 2212 > 0, and thus ¢ , = co.

1660 dcm2
B-a)? e p—|=TOBOF T (—ate B)E ey B TOBOR AT e
(1) When B < (Clieg) . we have two roots, c, = 2= 16izﬁ+( arerB)” or = 2ot 16’2;‘”( @terB)” \which

leads to the two following subcases:

r

(i) When ¢, < %—% we have ¢y < ¢y, and thus m,,, is increasing in ¢, , € [0,c,] and decreasing in
Cmz € [c2,¢5] . It then follows that c , = min(cy,c;). By comparing the value of ¢, and ¢, =

a—crB—/—16BOB+(—a+c,B)? ¢ if B< M,

2 , We have ¢, , = { 46
B cy, Otherwise.
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. a Cr .
(i) When ¢, >ﬁ_?’ with B <

Cm 2 € [0, c;] and decreasing in c,, , € [c,, cp], Which yields ¢y, , = c,; with

- - 1 . . . .
C"(“Crifﬁc'ﬂ, we have ¢, <~ < ¢y < ¢, and thus m,,, is increasing in

—, We

cola—crf-Bco) B < (crB—a)?
46 -7 T 1608

¢, if B< (Co—Cz)(ﬁ(Cz’rC(é:ZCr)—Za)’ .
86 In(;,) after comparing the values
cy, Otherwise,
of mp, 2 (co) and mp, , (c,). Combining the above cases of (1) and (1), we have the result shown in Lemma 3.
O

1 . .
have ¢, < 5S ¢ < ¢g, Which yields ¢, , =

Proof of Theorem 2:

Substituting cy, , from Lemma 3 and p, (w,) from Lemma 2 into Equation (14b), we have m,, ,(w,). Generating the first
derivative of m,, ,(w,) subject to w, and setting the result equal to zero, we have:

Omma2(W2) _

B2VE = (G~ W2)B +5 (@~ (6 + w)B) = 0. (52)

The unique equilibrium wholesale price of the manufacturer in Equation (20) is obtained by solving Equation (52). The
unique equilibrium selling price of the retailer shown in Equation (21) is obtained by substituting Equation (20) into
Equation (15).

Checking the values of the second derivatives of Equations (13) and (14) subject to p, and w,, respectively, we can prove
the uniqueness of the equilibrium prices:

02771’,2

=-28<0,
32p, B
0% 5
2= _R<(
02w, 3 !

which is absolutely negative for g > 0, and
62717«’2 627Tm’2 _ 62717’2 anm,Z _ 2
(szz ) ( 92w, ) (6p20w2) (awzapz) =2p">0.

The profit function is jointly concave in w, and p,, respectively. Hence, we can conclude that the solution of the first-
order necessary condition is the unique optimal solution. o

Proof of Proposition 2:

To complete the proof, we present that the values of the first derivative of the decision variables p;,w;, and g5 subject
to the parameter are absolutely negative or positive.

oz _ 1 9y _ 1 oz _ 3
Bc.;‘n_z_4->0'6cr_4>0' da _4B>0’
owi _ 1 gdwi_ 1 gawi_ 1
Bc.;‘n_z_2>0'6a_2,8>0’6cr_ 2<0’and
942 150,202 = B9 22-_Logq
oa 4 0Cm 2 4 dcy 4
APPENDIX C
Proof of Lemma 4:
. . . 3%m, . . — .
It is easy to see that 7, 5(p3) is concave in p;. We have az"p'3 = —2f < 0. Generating the first derivative of Equation
3

(25) subject to p; and setting the result equal to zero, we have:

ang:ip3) =q— pSﬂ + (CT — D3 + W3)B = 0. (53)

Solving Equation (53), we can find p;(w3) in Lemma 4. o

Proof of Lemma 5:
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6nm3

Taking the first-order derivative of Equation (29), we have = ( a+ (cms +c)pB) + Ieadlng to the
following two cases: "

(1) WhenB > (Crﬁ BO;) we have C’“ > 0, and thus ¢}, 3 = co.
m,3

() When B < <rf=2° (CTB )? _we have two roots, ¢, = __ a—cff—/-16BOBS+(—a+c,f)> o = a—cyrf+/-16BOBS+(—a+crB)?
16685 ' 3 2B -3 2B
leads to the following two subcases.

(i) When ¢, S%—‘;—r, we have ¢y < c3, and thus m,, 3 is increasing in c, 3 €[0,c3] and decreasing in

, which

Cm3 € [c3,c3] . It then follows that cy, 3 = min(cy, c3). By comparing the value of ¢, and ¢; =

¢ if B < Co(a—:;l;—ﬁco),

co, Otherwise.

a—crﬁ—\/—IBBeﬁ‘6+(—a+crﬁ’)
2B

, We have ¢, 3 = {

(i) When ¢, >%—C—r, with B < @B~ o have c, s§< co < c4 and thus m,, is increasing in

2 465
cola—crB—PBco) <B< (crB—a)?
466 — 7 T 160685’

cm3 € [0, c3] and decreasing in c,, 5 € [c3, ¢p], Which yields ¢y, 3 = ¢q; with we
cif B < (Co—Cs)(B(C3+Co:(')2Cr)—2“)’ -
8645In(;; after comparing the values of
cy, Otherwise

T 3(co) and my, 3(c3). We have the result given in Lemma 5 by combining the above cases of (I) and (I1). o

1 - = *
have ¢; < >< c3 < ¢y, Whichyields ¢y, 3 = {

Proof of Theorem 3:

Substituting c,, ; from Lemma 5 and p3(ws) from Lemma 4 into Equation (26b), we have m,,, ;(w3). Generating the first
derivative of m,, ;(w3) subject to w; and setting the result equal to zero, we have:

Omm3(w3)

ows

=~ (ems = W3)B +5 (@ — (¢, + w3)B) = 0. (54)

The unique optimal wholesale price of the manufacturer in Equation (32) is obtained by solving Equation (54). The
unique optimal selling price of the retailer shown in Equation (33) is obtained by substituting Equation (32) into Equation
(27).

To prove the uniqueness of the equilibrium prices, we take the second derivatives of (25) and (26b) subject to p; and wy:

02”1’,3

=28 <0,
0%p3 A
6an3

—_— T — < 0
aZW3 ﬁ !

which is absolutely negative for g > 0, and
627'[7“3 62nml3 _ 627'[7“3 62nm,3 _ 2
( 62p3 ) ( aZW3 ) (61)36W3) (OW3ap3) - zﬁ > 0

The profit function is jointly concave in w; and ps, respectively. Therefore, we can conclude the solution of the first-
order necessary condition is the unique optimal solution. 0

Proof of Proposition 3:

The proof can be completed by proving the results of the first derivative of the decision variables p3, w3, q3 , my, 3, and
T, 3 subject to the parameter are absolutely negative or positive:

dp3 1 ap; _ 1 ap3 3

Bs =250, =2502=21>0,
Ocms 4 dcr 4 da 4p

owz 1 owz 1 ows 1

*3 =-> ,—3=—>O, 3:_—<0,
Ocpms 2 da 2B dcr 2
2q3 1 2q3 q3
9 _ 150, 2% - B %__Ey
da 4 Ocm 3 4 dcr 4
0Tt 3

a’g' = —0(4 — Bin(c;,3)) <0,
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M5 = 0(A— Bln(cj5)) > 0. 0
APPENDIX D

Proof of Lemma 6:

aZ”rA
92py
(37b) subject to p, and setting the result equal to zero, we have:

It is easy to see that mr, ,(p,) is concave in p,. We have = —2 < 0. Generating the first derivative of Equation

oy
%ip‘*)=a—p4ﬁ+(cr—m+w4)ﬁ=0- (55)
Solving Equation (55), we can find p,(w,) in Lemma 6.

Proof of Lemma 7:

Taking the first-order derivative of Equation (41), we have Omra ﬂ+§(—0{ + (cma + ¢)B), leading to the

aCmA- Cma4

following two cases:

—a)2 ]
() When B > (Cgie“) , we have =% > 0, and thus ¢, 4 = ¢o-

ﬁ Cm,a 7 B 32BOBS a+c,-B
_ _\/_— , 2 .
a CT;B 323934’(_“ C‘Iﬁ) ,C — T \/ ( ) y Ieadlng

—_ N2
(I When B < %, we have two roots, ¢, =

to the following two subcases.
(i) When ¢, s%—%, we have ¢y < c,, and thus m, is increasing in c,4€[0,¢;] and decreasing in

Cma € [C4ycq] . 1t then follows that cp,, = min(cy,c,). By comparing the value of ¢, and c, =

a—cyB——32BOB+(—a+c,B)? ¢, if B< M,

86
28 cy, Otherwise.

, we have ¢, 4, = {

(i) When ¢, > %—CZ—’, with B < w, we have ¢, < 2 < ¢y <cj and thus m,, is increasing in
_ A2
Cma € [0, c,] and decreasing in c,, 4 € [c4, ¢o], Which yields ¢y, , = c,; with <B < @b~

cola—crB—Bco) <B< we
86 3208

C4 lf B < (CO_C4)(ﬁ(c4+coc'gzcr)_2a) , .
1661inC) after comparing the values of
cy, Otherwise,
m,,4(Cco) and m, 4(c,). We have the result given in Lemma 7 by combining the above cases of (1) and (I1). o

1 . .
have ¢, < >< ¢y < ¢y, Whichyields ¢, 4 = {

Proof of Theorem 4:

Substituting c,, , from Lemma 7 and p,(w,) from Lemma 6 into Equation (37b), we have m,, ,(w,). Generating the first
derivative of m,, ,(w,) subject to w, and setting the result equal to zero, we have:

Omtm,

Tmatts) = 2 (ema = wa)B + 5 (@ = (e + w)) = 0. (56)
The unique optimal wholesale price of the manufacturer in Equation (44) is obtained by solving Equation (56). The
unique optimal selling price of the retailer shown in Equation (45) is obtained by substituting Equation (44) into Equation
(39).

To prove the uniqueness of the equilibrium prices, we take the second derivatives of (37b) and (38) subject to p, and w:

azﬂ'rA— —

—-2p <0
0%py A
anm4

A - _fB< O
62w4 ﬂ

which is absolutely negative for g > 0, and
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Py (°mma [ 9Pmra ) (PTma) _ 552
(62174 )( 02wy ) (6p46w4) (6w46p4) =2p">0.
The profit function is jointly concave in w, and p,, therefore, the solution of the first-order necessary condition is the
unique optimal solution. O

Proof of Proposition 4:

The proof can be completed by proving the results of the first derivative of the decision variables p3, w;, and q; subject
to the parameter are absolutely negative or positive:

s 1 g%a_1y(0s_3
ac;n_4_4>0'acr_4>0'aa_4ﬁ>0’
owi _ 1 g dwi_ L gowi_ 1
ac;n_4_z>0'aa_zﬁ>0’acr_ 2<O’
aq, 1 aq;, aq;,
s 10, 2 = B2 L
da 4 0Cma 4 dcr 4
APPENDIX E

Proof of Proposition 5:

Comparing cg, €y 21 Ci 3, @Nd ¢y, 4, We have ¢, 3 < ¢ < C g < ¢ From that, comparing wy, w;, ws, wy provided in
(8), (20), (32), and (44), respectively, and comparing pi, p5, P, P4 provided in (9), (21), (33), and (45), respectively, we
have Proposition 5. o

Proof of Proposition 6:

To prove Proposition 6, we compare the profit of the manufacturer under four systems pair by pair.

Comparing (47) and (11), it is straightforward that ;, , = 75, ; since ¢, 4 < co.
Comparing (35) and (11), we have:

Tz — Mmp = —é(c0 —c3)(—2a + (co + ¢c3 + 2¢,)p) — AdO + B66In(c3). (57)

Solve my, 3 — mp, 1 = 0, we have (ii) in Proposition 6.
Similarly, comparing (23) and (11), we have:

Ty = Tmq = —é(co —c)(—2a + (cy + ¢ + 2¢,)B) — A6 + BOIn(c,). (58)

Solve my, , — 1y, 1 = 0, we have (iii) in Proposition 6.
Comparing (35) and (47), we have:

T3 — Mg = é(c3 —c)(—2a + (c3 + ¢4 + 2¢,)B) — A66 + BSOIn(cs3). (59)

Solve my, 5 — 1y, 4 = 0, we have (iv) in Proposition 6.
Comparing (23) and (47), we have:

T2 = Mma = %(c2 —cy)(—2a + (c; + ¢, + 2¢,.)B) — A6 + BOin(c,). (60)

Solve p, , — 14 = 0, we have (V) in Proposition 6.
Comparing (35) and (23), we have:

T3 = Mmoo = —g(c2 —c3)(—2a+ (c; +c3+2c)B) —A(—1 + 8)6 — BOIn(c,) + BsOIn(cs). (61)
Solve my, , — mp, 4 = 0, we have (v) in Proposition 6. 0

The proof of Propositions 7 and 8 are analogous to that of Proposition 6 and thus omitted.
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