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Abstract

This study explores the impact of government subsidy on blockchain traceability lead-
ership (manufacturer vs. retailer) in a technology-supported supply chain including a
manufacturer, a retailer, and a technical service firm. Methodology: We built Stackelberg
game models for different scenarios (non-blockchain, manufacturer/retailer-led blockchain,
and subsidized blockchain) to derive equilibria. Results: First, blockchain adoption is not
always optimal unless consumers exhibit low acceptance of non-blockchain products and
construction costs are low. Second, a party (manufacturer/retailer) tends to lead blockchain
construction if the technical service firm shares more of its costs than the other party. Fi-
nally, government subsidies benefit the manufacturer and the retailer, but the technical
service firm does not always benefit from subsidies. With suitable rates and lower costs, the
manufacturer or the retailer prefers to lead the construction, potentially creating a win-win
scenario in the supply chain. Novelty: We quantified leadership-switching conditions via
the technical service firm’s cost sharing and took its decision-making licensing fees into
account, addressing gaps in multi-stakeholder blockchain adoption research.

Keywords: blockchain technology; pricing; traceability; supply chain management;
government subsidy

1. Introduction

In recent years, there have been global public concerns about the safety, quality,
and authenticity of products including fresh foods, pharmaceuticals, and luxury goods.
Originating from investigation and research, the lack of reliable and trustworthy product
information undermines consumers’ trust in products and reduces their willingness to
purchase [1]. Responsively, many manufacturers have adopted different traditional tech-
nologies such as barcodes, RFID (radio frequency identification) tags, QR (quick response)
codes, etc., to provide consumers with product information. However, these technologies
rely solely on a single database for information storage; unfortunately, the information
therein can be readily tampered with [2]. Thus, these traditional technologies do not meet
consumers’ needs for reliable product information traceability, nor do they resolve the
dilemma of the trust crisis concerning manufacturers’ products.

With the rapid development and maturity of information technology, the blockchain
has been widely used in the field of traceability and has provided opportunities to solve
the above-mentioned problems. Originating from Bitcoin, the blockchain is a ledger
of accounts and transactions written and stored by all participants. It offers two core
advantages over other traditional technologies, namely decentralization and data tamper
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resistance, which ensure that data recorded on the blockchain remain reliable, addressing
issues of distrust [3]. The blockchain-based product traceability system provides more
product information, alleviating consumers” concerns about the product source and thus
enabling consumers to obtain more utility.

The blockchain-technology-supported supply chain involves a manufacturer, a retailer,
and a technical service firm. The manufacturer produces products and sells to consumers
through the retailer. The operational process of this supply chain commences with the
manufacturer or retailer collaborating with a technical service firm to jointly develop a
blockchain-based technology system for tracing product information. This approach is
often adopted because the technical service firm specializes in technology development and
system construction. On the one hand, the technical service firm needs to jointly bear the
system construction cost with the leading enterprises, namely the manufacturer or retailer.
The former is responsible for the early-stage technological research and development as
well as the purchase of hardware, while the latter undertakes the expenses for Internet
of Things (IoT) data collection devices. The level of traceability depends on the quality
of data. Collection devices with higher precision can improve the accuracy and real-time
performance of data, thereby enhancing consumer utility [4,5]. However, the use of such
high-precision collection devices also increases the cost of system construction [6]. On
the other hand, the technical service firm achieves profitability by charging fees to the
manufacturer that accesses the blockchain network no matter who leads the construction
of system. In practice, many manufacturers have joined in blockchain construction, such as
Louis Vuitton and Christian Dior. They have cooperated with the technical service firm,
that is, Microsoft, to develop a blockchain system called Aura. Aura allows consumers to
verify whether luxury products are counterfeit and charge these manufacturers to obtain
profits. In this supply chain, either the manufacturer or the retailer may become the leader
in blockchain construction, and we herein introduce these two situations.

Retailer-led blockchain: Some leading retailers have spearheaded the implementation
of a blockchain-based traceability system to enhance consumer trust in products [7,8]. These
initiatives have effectively attracted the participation of numerous manufacturers. For
example, the Food Trust project was jointly developed by Walmart and IBM [9]. The project
licenses its blockchain technology to manufacturers like Dole and Nestlé, offering various
traceability modules, including raw material procurement and logistics. Manufacturers
that use these different traceability modules at certain levels are required to pay licensing
fees to IBM. Under such circumstances, retailers determine the product traceability level
based on the system construction costs they bear. For retailers, setting a higher traceability
level not only entails bearing more costs but also requires setting a higher retail price
due to the increased wholesale price (resulting from higher technical fees), which may
reduce consumer demand. Therefore, retailers need to make reasonable decisions on the
traceability level.

Manufacturer-led blockchain: Some manufacturers opt to collaborate with technical
service firms to construct their own traceability systems. For example, Nestlé has recently
disengaged from the Food Trust’s blockchain traceability system and cooperated with
OpenSC, a third-party technical service firm [10]. Nestlé anticipates that this system will
enable it to disclose more comprehensive information about its supply chain to the mar-
ket, thereby enhancing transparency for consumers. Moreover, the organic manufacturer
Oatman Farms uses the technical support provided by Vechain to carry out blockchain
traceability for organic products. Unlike retailers, manufacturers not only face the con-
struction costs of the blockchain system but also have to pay the technical service firm
for the unit licensing fee according to the level of product traceability. Therefore, when
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manufacturers take the lead in the construction of the blockchain, they have to consider the
costs they will incur.

The government promotes the application of blockchain technology in actual produc-
tion and operation processes by providing subsidies [11,12]. For example, the European
Union invests in blockchain through Horizon program. This program would subsidize
about EUR 1-2 billion in blockchain until 2027 [13]. Moreover, the UK government has
committed a six-figure grant via Innovate UK to finance blockchain-related enterprises [14].
In China, the 14th Five-Year Plan and Vision 2035 designates blockchain as one of the seven
pivotal industries within the digital economy framework [15]. Additionally, several Chinese
cities, such as Shanghai, Fuzhou, and Nanjing, have rolled out innovation subsidy policies
for blockchain applications [16]. For instance, the Fuzhou government actively encourages
and supports companies in undertaking blockchain applications and offers a 20% subsidy
for construction funds. Through these government subsidies, the costs associated with
blockchain-based traceability systems for enterprises have been significantly mitigated [17].
When the subsidy rate is high and the blockchain construction cost lower, they would
prefer to lead the blockchain because the cost of building the system is relatively low.

Evidently, in order to guarantee product safety, quality, and authenticity, governments
have attached significant importance to the adoption of blockchain technology in product
information traceability. The product traceability level will affect the blockchain licensing
fee as well as the product price (wholesale price and retail price). When the manufacturer
has the dominant power over the level of traceability, it can control the unit blockchain
licensing fee. When the retailer has the dominant power, it can influence the wholesale price
of the product and thus control the retail price of the product. The dominant one needs
to jointly bear the cost of building the blockchain with the technical service firm. When
any entity intends to become the leader, it has to consider the construction cost that needs
to be paid, and this is also the case even when there are government subsidies. Therefore,
it is deemed crucial to explore the differences between retailer-led and manufacturer-led
blockchain constructions as well as the impacts brought by the government subsidy. This
study endeavors to address the following three research questions:

(1) What factors determine whether the manufacturer and retailer should adopt blockchain?

(2) When the blockchain is adopted, how do the prices and profits change, and who
should lead the blockchain construction?

(3) When the government utilizes the technology subsidy, what are the corresponding
impacts on the manufacturer, retailer, and technical service firm?

To answer the above questions, this study considers a technology-supported supply
chain comprising a manufacturer, a retailer, and a technical service firm. The blockchain
system leader (either the manufacturer or retailer) determines the product traceability
level and shares the construction cost, the blockchain company sets the unit licensing fee,
the manufacturer decides the wholesale price, and the retailer sets the selling price. We
herein delineate three supply chain scenarios: (a) Scenario N: without blockchain adop-
tion; (b) Scenario MB: the manufacturer is the leader; and (c) Scenario RB: the retailer
is the leader. Moreover, this study incorporates the effect of government subsidy and
considers (d) Scenario MBS: government subsidizes the manufacturer and (e) Scenario
RBS: government subsidizes the retailer to analyze how the preferences of various supply
chain members for blockchain system leadership shift before and after subsidy implemen-
tation. This supply chain structure aligns with industry practices; for instance, Nestlé
collaborates with OpenSC and Walmart with IBM to build blockchain systems, with only
a single manufacturer in each collaboration. Moreover, this structure is very common in
the literature on blockchain research [18-20]. It is herein adopted to focus on the impacts
of factors such as the proportion of costs borne by BTC and government subsidies on the
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manufacturer/retailer leading blockchain construction. Additionally, the decision sequence
of the entire supply chain is consistent with that of the Stackelberg game, as the leader
makes decisions first, followed by the follower. Therefore, we constructed such a supply
chain structure and solved it using the Stackelberg game model.

Our main findings can be summarized as follows. First, the decision to adopt
blockchain technology by manufacturers and retailers is not inherently optimal; it hinges on
two factors: consumers’ acceptance of non-blockchain products and the construction costs.
The entity taking the lead in blockchain adoption—either the manufacturer or retailer—is
determined by the proportion of blockchain costs when collaborating with the technical
service firm. Second, government subsidies for blockchain implementation consistently
yield positive outcomes for both the manufacturer and retailer. Under scenarios with an
appropriate subsidy rate and reduced blockchain costs, each party may prefer to spearhead
the adoption. Notably, under specific circumstances, there may be a win-win situation in
the supply chain.

This research contributes to the novel field of blockchain in supply chain management
from the following perspectives. First, we compare the profits when the manufacturer
or the retailer acts as the leader in blockchain construction and analyze the impact of
the cost-sharing ratio of the blockchain technology firm on the dominance of the leader.
Second, different from the existing literature—where blockchain adoption costs are treated
merely as exogenous variables—this study sets the unit licensing fee (determined by
the blockchain technology firm) based on the traceability level specified by the leader.
Third, while previous studies mostly focus on the impact of government subsidies on the
manufacturer, we explore the changes in the preferences of different supply chain members
for the leadership of the blockchain system before and after government subsidies.

The remainder of this paper is structured as follows. We review the relevant literature
in Section 2. In Sections 3 and 4, we focus on model development, and we derive and
discuss optimal solutions using game-theoretic methods in Sections 5 and 6. Finally, we
summarize the research results regarding blockchain adoption, pricing, profit changes, and
the impact of government subsidies in Section 7.

2. Literature Review

We mainly review two streams of literature: one is the application of blockchain in
supply chain, and the other is government subsidy policy.

2.1. The Blockchain Adoption in the Supply Chain

Owing to blockchain’s immutability, reliability, and other attributes, it has been ap-
plied in fields like counterfeit combat, information asymmetry elimination, and product
traceability—with its impact on consumer behavior and market issues gaining academic
focus. For example, Lu et al. [21] noted consumers have heterogeneous willingness-to-pay
due to differing perceived product value, which may be shaped by factors like brand repu-
tation and applied technologies (e.g., blockchain). In blockchain’s key application of coun-
terfeit combat, Pun et al. [18] divided counterfeits into two types, namely non-deceptive
and deceptive ones, and explored using blockchain to tackle deceptive counterfeiting, a
major issue causing post-purchase regret. Some scholars [22,23] focused on the application
in eliminating information asymmetry. Zhang et al. [24] explored the optimal strategy
for high-quality manufacturers using price signaling and blockchain technology (BCT) to
resolve information asymmetry. Franke et al. [25] investigated the potential and limits of
privacy-preserving corporate blockchain applications for information provision. From the
perspective of traceability via blockchain, Fan et al. [26] considered consumers’ traceability
awareness and explored the conditions for the supply chain to adopt blockchain technology
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as well as the coordination issues after its adoption. Yang et al. [27] studied the impact
of the traceability brought about by blockchain technology on a producer’s decision of
whether to outsource the delivery to a third-party logistics company. Tan et al. [28] studied
the potential risk of information falsification in the blockchain-based traceability system for
agricultural products by using an evolutionary game model.

Additionally, many scholars have paid attention to the investor in the blockchain
system. Several previous studies have considered the manufacturer as the blockchain
investor. For example, when the quality of counterfeit products or the degree of consumers’
distrust is at a moderate level, it is appropriate to adopt blockchain technology. Naoum-
Sawaya et al. [29] explored the strategic significance of blockchain technology in curbing
counterfeiters; manufacturers need to strike a balance between product quality and invest-
ment in blockchain technology to combat counterfeiting. Iyengar et al. [30] considered a
supply chain consisting of a single risk-averse manufacturer, suppliers, and consumers and
explored the two major driving factors of manufacturer risk aversion and consumer infor-
mation asymmetry for the manufacturer to adopt blockchain technology. Some scholars
may focus on the impact of the retailer investing in blockchain on supply chain members.
Shen et al. [19] found that numerous brand enterprises sell genuine products through retail-
ers utilizing permissioned blockchain technology. They only separately analyzed scenarios
where blockchains are built under manufacturer or retailer leadership, with the comparison
between the two remaining unclear. Fang et al. [20] explored whether manufacturers or re-
tailers should invest in blockchain technology, focusing on the interaction between retailers’
pricing model choices and supply chain members’ blockchain investor choices. Similar to
them, we also investigate who should lead blockchain development; by contrast, we focus
on how the technology service firms’ blockchain adoption cost-sharing ratio between the
two (manufacturer/retailer) impacts blockchain implementation leadership.

2.2. Government Subsidy Policy

As a lever to regulate or guide the market, government subsidy is often applied to
achieve better supply chain performance and social welfare. Government subsidies are
usually used in production [31,32]. For example, Fan et al. [33] proposed four types of
agricultural subsidies: planting, harvesting, combined, and selective; they found that
harvesting subsidies lead to the most efficient resource usage and highest social welfare.
Some scholars [34,35] explored the role of government subsidies in green development,
such as encouraging firm’s environmental and technological innovation, increasing imple-
mentation of green products [36], and enhancing green level [37]. Zolfagharinia et al. [38]
studied the impact of government subsidies on the choice between mass marketing and
market segmentation for green products. Jin et al. [39] investigated how government
support affects the manufacturing output and green investment initiatives of a firm that
has financing needs.

Government subsidies are also used to promote and develop emerging technologies. In
the emission-reducing field, Bai et al. [40] explored the design of trade-in subsidy programs,
specifically optimal budget allocation among multiple products and effective utilization
of the budget to incentivize trade-ins. In the electric vehicle field, some scholars [41,42]
have explored the impact of government subsidies on the pricing of new energy vehicle
manufacturers. As for blockchain technology, Rimba et al. [43] demonstrated the inherent
high cost of blockchain’s cost structure through empirical data comparison. Due to high
costs, the use of government subsidies is relatively common, and some scholars have
also focused on blockchain adoption under subsidies. Pun et al. [18] considered that the
government acts as a decision maker to subsidize the unit cost incurred by manufacturers
for blockchain adoption. Zhong et al. [44] considered that the government subsidizes
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manufacturers through two approaches—quantity subsidy and innovation subsidy. Zhang
et al. [45] noted that governments mainly use two subsidy modes—one-off subsidy and
output subsidy—to support manufacturers and lower their blockchain adoption costs. All
these studies only focus on the scenarios where the government subsidizes manufacturers.
However, Xu and Duan [46] considered three subsidy scenarios, where the government
provides subsidies to manufacturers, retailers, and consumers, respectively. They found that
when the government subsidizes manufacturers or consumers, manufacturers are always
willing to adopt blockchain. However, when the government subsidizes retailers, whether
manufacturers adopt blockchain depends on the degree of uncertainty in consumers’
valuations. They only consider the unit licensing fee of blockchain as an exogenous
variable, whereas we treat the unit licensing fee as an endogenous variable determined by
the technology firm.

Thus, the contributions of our study lie in two aspects: first, we consider and compare
scenarios where the government subsidizes the manufacturer or retailer; second, unlike
previous studies where blockchain technology firms do not participate in decision making,
we treat technology firms as decision-making entities that determine the unit usage fee
of blockchains.

3. Model

Consider a supply chain consisting of a manufacturer (denoted by M) and a retailer
(denoted by R) and a third-party blockchain technical service firm called BTC (denoted
by B). Such a supply chain structure is very common in the literature on blockchain
research [18,20]. This single-manufacturer structure is also adopted to focus on the impacts
of factors such as the proportion of costs borne by BTC and government subsidies on the
manufacturer/retailer leading blockchain construction. The manufacturer sells products
through the retailer. The former sets the unit wholesale price w;, and then, the latter sets
the unit selling price p;. As this study does not focus on production costs, we assume that
the production cost is zero. This assumption is also commonly used in the mainstream
model-building literature [2,18,46]. However, later, we consider the scenario where unit
production cost ¢ is non-zero and use numerical simulations to demonstrate the robustness
of the results.

We consider that consumers are heterogeneous in product valuation, denoted as
v, which follows a uniform distribution on [0, 1] [47]. Without blockchain traceability,
consumers lack access to authentic product information (e.g., origin, quality, etc.), which
in turn reduces their perceived value of the product. Hence, coefficient 6 is introduced to
capture discounted acceptance [6,18]. The linear form aligns with the mainstream supply
chain literature [19] for simplifying demand derivation while capturing the core trade-
off between perceived value, acceptance, and price. Blockchain’s decentralization and
tamper resistance eliminate product authenticity doubts, so 6 will change to 1. Higher-
traceability level | discloses more information (e.g., raw material sources, logistics, etc.),
which enhances consumer utility. The linear term a/ (where a > 0 is utility sensitivity to
traceability) is justified by two aspects: (1) empirical studies have shown a positive linear
relationship between traceability information quantity and consumer willingness to pay [5];
(2) it maintains model tractability for deriving equilibrium decisions while capturing the
core value of blockchain traceability.

The manufacturer can cooperate with the technical service firm to construct the
blockchain trace system and take a leading position in this system, which means he needs
to determine the level of product traceability I. In particular, the product traceability level
can also influence consumer utility, as the adoption of blockchain technology can disclose
more information to enhance the probability of product purchase. Generally, the higher the
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product traceability level, the greater the utility obtained. We assume the cost of construct-
ing blockchain system is 1kI2, where k is the cost coefficient for blockchain construction.
The quadratic cost function is commonly employed in the literature [20,45,47,48]. Yeni-
pazarli [47] pointed out that the quadratic cost function is attributed to diminishing returns
from blockchain technology investment or diseconomies of scale for innovation. This
function indicates that blockchain development costs increase non-linearly with improved
traceability levels, consistent with the law of diminishing returns to investment. However,
a linear function cannot characterize these properties. Similar to the above studies, we also
chose the quadratic function form to depict the cost function. The system authentically
records the unique product information, which can be provided to consumers during
product purchase and eliminates their doubts regarding product authenticity. Here, we
assume that the BTC bears a portion 7 of the construction cost.

Additionally, the manufacturer may adopt the blockchain service provided by the
retailer, which is constructed through collaboration between the retailer and the BTC. In
this partnership, the retailer plays a leading role in determining the product traceability
level, with the BTC bearing a proportion 7, of the construction cost. Regardless of who
constructs the blockchain, the manufacturer needs to pay a unit licensing fee, denoted
as b, to the technical service firm. The amount of this fee is determined by the technical
service firm.

The summary of parameters and notions mentioned in this paper is presented in
the following Table 1. We assume i € {N, MB, RB}, which represents the scenarios of no
blockchain use, manufacturer-led blockchain, and retailer-led blockchain, respectively.

Table 1. Main notations and description.

Main Notations

Descriptions

Superscripts for different scenarios, i € {N, MB, RB, MBS, RBS}
Manufacturer’s unit product production cost, c € (0,1)
The perceived value of consumers; it follows uniform distribution in [0, 1]
Consumers’ acceptance degree for products, 6 € [0, 1]
The consumer’s sensitivity of product’s blockchain traceability level, & > 0
The product’s blockchain traceability level (decision variable)
The cost coefficient of blockchain construction, k > 0
The unit licensing fee of adopting of blockchain technology (decision variable)
The proportion of blockchain construction costs undertaken by BTC, 1, € [0,1]
Government subsidy ratio for blockchain technology
The retail price of products (decision variable)
The wholesale price of products (decision variable)
The utility of consumers when purchasing the products
The demand of products
The profit of supply chain members

The sequence of events is as follows. (a) Retailer-led blockchain: The retailer decides
the product traceability level, and then, the BTC determines the unit licensing fee in stage 2.
In stage 3, the manufacturer determines the unit wholesale price, and the retailer sets the
unit selling price in stage 4. (b) Manufacturer-led blockchain: The manufacturer decides
the product traceability level, and the remaining stages are the same as those above. When
blockchain is not adopted, the manufacturer sets the wholesale price in stage 1, and then,
the retailer sets the retail price in stage 2.

We delineate three supply chain scenarios: non-blockchain (N), manufacturer-led
blockchain (MB), and retailer-led blockchain (RB). These scenarios, respectively, repre-
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sent the non-adoption of blockchain technology, blockchain implementation led by the
manufacturer, and blockchain implementation led by the retailer.

3.1. Benchmark: Without Blockchain

Without blockchain traceability, consumers are concerned about the authenticity of
products, which means consumers have an acceptance degree 6 for products. The utility
function of consumers is as follows:

uN = 6o —pN, (1)

Consumers will purchase products only if UN > 0. Therefore, the demand under the

benchmark scenario is given by
N
N_q1_F
DY =1 0

The expected profit functions of the retailer and manufacturer in the benchmark

)

scenario are as follows:

PN
iy = (1= ), (3)
N (1 PN N
R = (1= ) (pN —wh), )

3.2. The Manufacturer-Led Blockchain

In this scenario, BTC shares the cost of building the blockchain system with the
manufacturer and bears a cost proportion of ;. The manufacturer, in turn, pays BTC a
unit blockchain licensing fee of b? (set by BTC) and then sells products to the retailer at
wMB per unit. Finally, consumers buy these products from the retailer at p™8. Figure 1
illustrates the supply chain structure under this scenario.

Manufacturer BTC

wMB L

Retailer

MB

PR —

Consumer — fund flow

----- » information flow

Figure 1. The supply chain structure of MB.

With blockchain-recorded traceability information embedded in products, consumers
develop full trust in product authenticity. As the traceability level increases, consumers
can access more product-related information, such as raw materials, production processes,
and logistics, from which they derive additional utility. The consumers’ utility function is
shown as follows:

uMB =y — pMB 4 o MB, (5)
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When consumers’ utility is positive, they will purchase products. Therefore, the
demand under Scenario MB is given by

DMB —1— pMB + DCZMB, (6)

According to the formula and parameters mentioned above, we obtain the profit
functions of the manufacturer, the retailer, and the BTC.

1 2
P = (1= pMB 4 M) (M pME) _ LgME2 () ), )
= (1 pMP 4 M) (pMP - WP, )
P = (1—pMP + a™MP)pMP — %klMBZ'h/ ©)

In Equation (7), the first term represents the profit obtained from wholesaling products,
while the second term is the blockchain construction cost the manufacturer needs to bear.
In Equation (9), the first term is profit derived from the licensing fee, and the second term
is the blockchain construction cost the technical firm needs to bear. We summarize the
equilibrium solutions, demand, and profits, respectively, in Lemma 1.

3.3. The Retailer-Led Blockchain

Similar to Scenario MB, the blockchain technology adopted by the retailer eliminates
consumers’ doubts regarding product authenticity. At this point, BTC shares the construc-
tion costs with the retailer, bearing a proportion of 7,. The manufacturer still needs to pay
a licensing fee to BTC. Figure 2 depicts the supply chain structure under this scenario.

— fund flow

Manufacturer ~ = ~""°° » information flow

RB

Retailer BTC

RE

P

Consumer

Figure 2. The supply chain structure of RB.

Thus, the consumers’ utility function is specified as follows:
URP = o — pRP - al®P, (10)
We can easily obtain the demand function:

DRF =1 — pRP 4 aIRF, (11)
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Because the retailer takes the leading role in the blockchain system construction, the
profit functions of the manufacturer, the retailer, and the BTC are as follows:

kB — (1 — pRB 4 leRB> (wRB ~ b), (12)
kB _ (1 _pRB MRB) (pRB _ wRB) _ %klRBz(l — ), (13)
kB = (1 — pRB 4 oclRB)bRB - %klRBz')/z, (14)

In Equation (13), the first term represents the profit obtained from retailing products,
while the second term is the blockchain construction cost that the retailer needs to bear.
Equation (14) is similar to Equation (9). We summarize the equilibrium solutions, demand,
and profits, respectively, in Lemma 1.

Lemma 1. We present the equilibrium decisions (i.e., wholesale price, selling price, product
traceability level, and unit licensing fee of blockchain) under different scenarios in Table 2. We
summarize the equilibrium profits of the manufacturer, retailer, and BTC and the product demand
under different scenarios in Table 3. The equilibrium conditions are identical to those in Table 2.

Table 2. The equilibrium decisions of Scenarios N, MB, and RB.

. . . . Product Traceability Licensing Fee
Scenario Wholesale Price Selling Price Level of Blockchain
N 0/2 360/4
B 12k(1-71) 14k(1—71) ___a 8k(1—71)
M 16k(1—771) —a? 16k(1—77) —a? 16k(1—71) —a? 16k(1—77)—a?
24k(1—75) 28k(1—7,) ____a 16k(1—7,)
RB k(1—75) k(1—73) B2k(1—72) k(1—73)
Table 3. The equilibrium demand and profits of Scenarios N, MB, and RB.
Scenario Demand Manufacturer’s Profit Retailer’s Profit BTC'’s Profit
N 1/4 0/8 0/16
MB 2k(1—1) k(1—71) 42 (1—1)? k(32k(1—71)2—7102)
16k(1—7;)—a2 32k(1—7;)—2a2 (16k(1—71)—242)2 2(16k(1—71)+42)?
RB 4k(1=72) 32K (1—72)? k(1—72) k(128k(1—72)?—7242)
32k(1—7;)—aZ (32k(1—7,)—a2)2 64k(1—,)—242 2(32k(1—7y,)+a2)2

4. The Effects of Government Subsidy on BT Adoption

In this section, we examine the impact of government subsidies on the leadership in
blockchain infrastructure development.

4.1. Blockchain Technology Subsidy Under Manufacturer-Led Scenario

In this scenario, we assume the government provides subsidies to the manufacturer for
blockchain technology adoption such that the manufacturer receives financial support to
reduce blockchain construction costs. We use the superscript MBS to represent this scenario.
We set s as the transaction subsidy ratio, with 0 < s < 1. BTC plays the same role as in
Scenario MB. However, due to the presence of the government subsidy, the costs borne by
both the manufacturer and BTC will be reduced to (1 — s) of their original amounts, as the
government subsidizes the proportion s of the costs.

The consumer utility and demand functions are identical to those in Scenario MB,
differing only in superscripts. To avoid redundancy, they are not presented here. According
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to the utility function and demand mentioned in Scenario MB, we obtain the profit functions
of the manufacturer, the retailer, and the BTC as follows:

1 2
B = (1= pMBS MBS (MBS —b) — KMPSH (1 — 1) (1 ), (15)
TTZI%/IBS _ (1 . pMBS + lleBS) (pMBS . wMBs), (16)

MBS MBS MBs\ MBS _ 1, MBs2
el :(1—p tal )b — kMBS (1), 17)

We summarize the equilibrium solutions, demand, and profits, respectively, in
Lemma 2.

Lemma 2. We summarize the equilibrium decisions (i.e., wholesale price, selling price, product
traceability level, and unit licensing fee of blockchain) under different scenarios in Table 4 and
substitute them into the profit and demand expressions to obtain the equilibrium demands and
profits in Table 5.

Table 4. The equilibrium decisions of Scenarios MBS and RBS.

Scenario Wholesale Price Selling Price Produc;{iae(ieablllty :;;C];I:) Sclll(lfhlzlel
12k(1—1)(1-s) 14k(1—71)(1-s) Y T 8k(1—71)(1-s)
MBS 16k(1—71)(1—s)—a2 16k(1—71)(1—s)—a2 16k(1—71) (1—s)—a2 16k(1—71)(1—s)—a2
24k(1—2)(1—s) 28k(1—2)(1—s) o 16k(1—72)(1—s)
RBS Tk (1—77) (1—5)~a2 Tk (1—77) (1—5)~a2 32k(1—72) (1—s) 2 K(1—72)(1—5)-a2

Note: The equilibrium decisions of Scenario MBS are restricted by the constraints k > W, and those of

scenario RB are restricted by k > 32(1+22)(1—5)

Table 5. The equilibrium demands and profits of Scenarios MBS and RBS.

Scenario Demand Mam;)fra(l)cfti:uer’s Retailer’s Profit BTC'’s Profit
MBS 2k(1—71)(1-s) k(1—71)(1-s) 4k(1=71)* (1-5)? k(1—s) (32k(1—-71)*(1—s) —10?)
T6k(1—71)(1—s)—a2 32k(1—71)(1—s)—242 (16k(T—71)(1—s)—a2)2 2(16k(1—71)(1—5)—a2)?
RBS 4k(1—77)(1—s) 32k% (1—77)2 (1-s)? k(1—72)(1—s) k(1—s) (128k(1—s)(1—72)2—7202)
32k(1—72)(1—s)—a? (32k(1—72) (1—s)—a2)2 64k(1—77)(1—s)—2a2 2(32K(1—72)(1—s)—a2)2

4.2. Blockchain Technology Subsidy Under Retailer-Led Scenario

Similar to Scenario MBS, the retailer and BTC are eligible for government subsidies
covering a proportion s of their respective costs, where 0 < s < 1. The role of BTC remains
unchanged. This scenario is denoted by the superscript RBS.

We also omit the expressions of the utility function and demand and list the profit
function of supply chain members below directly:

5\2/135 (1 _ pRBS + MRBS) (wRBS _ b), (18)

1 2
7_[1535 _ (1 — pRBS | MRBS) <pRBS _ wRBS) _ EklRBs (1—7)(1=5), (19)

1
n]égs _ (1 — pRBS | aZRBS)bRBS _ EklRBSZ')’Z(l —s), (20)

We summarize the equilibrium solutions, demand, and profits, respectively, in
Lemma 2.



Systems 2025, 13, 931

12 of 27

5. Analysis and Discussion

In this section, we compare the wholesale price, retail price, demand of products, and
the profits of three supply chain members obtained from different scenarios to understand
the impacts of BT and the different conditions of manufacturer-led blockchain and retailer-
led blockchain.

5.1. Comparison of Decision Variables

Proposition 1. The optimal results of decision variables are as follows:

(i) Ify > %and 71 <27 -1, JRB* -, [MB¥ If (1) yp > %and Y1 >27—1,2) 1< %,
[MB* < |RB*

(i) Ifyr > %and 71 < 27 —1, wRB* > MB* 5 N If (1) vo > %and Y1 > 27— 1;
2) 72 <3, wMB* > RB* 5 ) N*,

(iii) If yp > %and Y1 < 295 — 1, pRE® > pMB* 5 pN* 1£(1) 4, > %and 7 > 27 —1;
(2) 7 < %/ PMB* > pRB* > PN*-

(iv) Ifya > Yandy; <297 — 1, bRE" > bMB™ If (1) 9y > Land 1 > 292 -1, 2) 12 < 1,
pMB* < LRB*

(0 Ify, > Landy; < 29, —1, DRE" > DMB® > DN" [f (1) 9, > Land 1 > 27, — 1
(2) 2 < 3, DMB* > DRB® > DN*,

Proof. See Appendix A.

Compared to Scenario N, we find that the supply chain members always decide higher
prices with the blockchain adoption. The reason for this result is that while the blockchain
makes the product information more transparent, the manufacturer and the retailer need to
charge greater fees for the technology. They decide to transfer this cost to the wholesale
price and the retail price. This finding was also pointed out by Zhong et al. (2023) [45].
They also suggested that the wholesale and retail price are higher after the blockchain
is adopted in the supply chain. The blockchain eliminates the consumers” doubt of the
product, and they are more willing to purchase the product with the transparent blockchain
information. This means that the demand under the MB and RB is larger than that under
Scenario N. This result is consistent with the empirical findings of [5]; the average premium
consumers are willing to pay for products with detailed traceability information is 10%
higher than that for products with simplified information.

Considering the different leaders of the blockchain, when the manufacturer or the
retailer undertakes a lesser proportion of the blockchain cost, they can set a higher traceabil-
ity level than the blockchain lead by the other. The higher level also leads the manufacturer
and the retailer to decide on a higher price. This is because the high level improves the
transparency of products information. It satisfies the consumers’ preference of the products’
quality perception, encouraging the manufacturer and retailer to raise the price. For the
BTC, if it undertakes a large proportion of the blockchain cost, it decides a higher licensing
fee to compensate for the decrease in profit caused by the rising cost.

Proposition 2. Comparison of the scenarios under government subsidy:

(i) wMBS* > wMB* pMBS* > pMB* bMBS* > bMB* ZMBS* > ZMB* and DMBS* > DMB*.

(ii) wRBS* > wRB*,pRBS* > pRB*,bRBS* > bRB*,lRBS* > lRB* and DRBS* > DRB*.

Proof. See Appendix A.

From Proposition 2, we can conclude that the government subsidy to the blockchain
technology can effectively decrease the construction cost of the blockchain leader and
the BTC. Leaders can set a higher level of traceability at a lower cost, even if the unit
licensing fee of the blockchain increases. Manufacturers (retailers) will also set a higher
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wholesale price (retail price), which is consistent with the findings of Tao et al. (2023) [49].
Counterintuitively, when the price rises, instead of decreasing, consumer demand increases.
This is because consumers can obtain higher utility from products with a high level of
traceability. For example, the Shandong provincial government subsidized the construction
of a public traceability platform and developed a leek traceability system, documenting
and presenting every stage of the leek supply chain from cultivation to consumption. This
transparency enables consumers to comprehensively understand the production process.
Following the pilot implementation, the unit price of traceable leeks increased by 200%.
This also aligns with [50], in which the perceived quality of traceability information was
found to positively influence purchase intention toward organic food.

5.2. Comparison of Profits

Proposition 3. Comparison of Scenarios N and MB:

i) If(1)0<L2)0>%andk <ky, iifB" > 2" If0 > Land k > ky, 7B < 7d,
%’

) If(1)0<12)0>Landk <ky, e¥B* > 7N If0 > Land k > ky, 78" < 7¥",

(29+\/§)a2
8(1—71)(46-1)"

where k| =

where ky =

Proof. See Appendix A.

By comparing Scenario N with Scenario MB, we can learn that the manufacturer does
not always benefit from the blockchain adoption and the leadership of the blockchain.
When the consumers’ acceptance of the product without the blockchain traceability infor-
mation is low, or the cost coefficient of the blockchain construction is relatively small when
0> %, the manufacturer prefers to lead the construction of the blockchain. Fan et al. [43]
also reached the same conclusion: the blockchain can only exert a positive impact when
consumers’ awareness of product traceability exceeds a certain threshold. The reason
for this condition is that the blockchain adoption will increase the price of the product,
and when the acceptance of the product decreases, the price declines. After eliminating
the consumers’ doubt, the manufacturer can gain the extra profit from the price increase.
Additionally, when the cost coefficient is low, the traceability level will increase such that
the manufacturer decides a higher price. The retailer has the same condition as the manu-
facturer. Whether it can benefit from the application of blockchain depends on consumers’
acceptance and the cost coefficient.

For example, in the luxury goods and diamond industry, consumers are often con-
cerned about the authenticity, quality, and origin of products. Specifically, De Beers collabo-
rates with Sarine, a diamond traceability technical service firm, and focuses on recording
the traceability of diamonds from rough diamonds to polished diamonds, without the need
for further physical verification [51]. Many luxury goods manufacturers such as Louis
Vuitton, Gucci, and Hermes have cooperated with Aura, a company using blockchain
technology, to trace their products [52].

Proposition 4. Comparison of Scenarios N and RB:

i) IFMO<t(20>1tandk <k, 7" > " Ifo > Landk > ks, nkP" < 7",
(20+1/6)a?
T6(1-72)@6-1)°
() If(1)0 <L 20> 1andk < ky 7kF" > 7N 1f0 > Land k > ky, nRE" < 7¥7,
220
8(T—12)(@0-1)"

where kz =

where ky =

Proof. See Appendix A.
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From Proposition 4, it is intuitive that the retailer is not always willing to build
blockchain system to provide trace service to the manufacturer. It is similar to the
manufacturer-led scenario. When consumers have significant doubts about the products
without traceability, adopting blockchain can enable the retailer to obtain more profit. If the
consumers are more receptive to the products without traceability, there exists a threshold
of cost coefficient of the blockchain construction, affecting the retailer’s blockchain strat-
egy decision. The retailer will adopt blockchain only when the cost is low. Whether the
manufacturer can obtain more profits depends on conditions similar to those of the retailer.

According to Gartner, a global research and consulting firm, by 2025, 20% of the top
food retailers by revenue will use blockchain for food traceability to add transparency to
production and ensure better quality of goods [53]. Some retailers like Walmart, Alibaba,
and JD have utilized blockchain technology to track sources for food. JD has partnered
with the Australian startup InterAgri to develop a blockchain platform for tracking beef
imports from overseas suppliers. The platform will record information related to activities
such as the breeding of cattle, processing, and transportation for the final consumers [54].
Carrefour has become a blockchain pioneer that integrates the technology into its organic
product and textile lines.

Proposition 5. Comparison between Scenarios MB and RB:
(i) If y1 > 72, TMB" > 7REY,
If 29 — 1 < 1 < 7, there exists a threshold ks. When k < ks, NMB* > anB " and when

k> ks H%B* < 7'[11\{43*, where ks = 464(1(71;2(;&22771)’

Ify1 <2y, -1, 71%3* < nzlf,IB*.

(ii) If yy > 152, RB* > 7 MB*,

IthH <7< 71:3, there exists a threshold kg. When k < kg, nﬁB* > 7'(1]{13* and when k > kg,
TRE < B here kg = s

If’)/z < %TH, 7'[53* < 7'[1]%/13*.

Proof. See Appendix A.

Proposition 5 shows that under certain conditions, the profit of the manufacturer or
the retailer under either MB or RB is greater than the profit under the other scenario. The
condition is related to the share of the blockchain cost undertaken by the leader and the
cost coefficient of blockchain. The lower proportion of the cost or the lower cost coefficient
makes the blockchain leader prefer to construct the blockchain. Conversely, it would be
preferable for the other party to take the lead. With the lower cost, the leader can set a
higher traceability level to satisfy the consumers’ information preference and stimulate
consumption. Therefore, under Scenario MB, the manufacturer will raise the wholesale
price, while under Scenario RB, the retailer will increase the retail price to obtain more
profit. Unlike Fang et al. [20], we conclude that the proportion of costs borne by BTC is a
key factor affecting the leadership in blockchain construction, whereas their determinant is
the commission rate.

To facilitate understanding of Proposition 5, we present Figure 3, where k = 1 and
« = 0.5, and Figure 3, where « = 0.5, 77 = 0.3, and 7, = 0.3 (see Figure 4a) and
« =028, y1 =04, and v, = 0.3 (see Figure 4b). As illustrated in Figure 3a, manufacturers
will only take the lead in blockchain construction (i.e., leading the effort yields higher
profits) when the cost-sharing ratio provided by the technology firm for manufacturers
(71) is greater than that for the retailer. Similarly, in Figure 3b, the retailer will only opt to
lead blockchain construction when the technology firm assumes a relatively larger share of
the costs. This finding aligns with the results regarding the technology firm'’s cost-sharing
ratios as outlined in Proposition 5. As can also be observed in Figure 4, the two thresholds
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of the construction cost coefficient k exert an influence on the dominance of blockchain
construction. When the construction cost is excessively high, both the manufacturer and

the retailer will give up dominance.

04 05

Y1
(b)

Figure 3. Optimal choices of manufacturer and retailer change with ; and -y, without subsidies:
(a) optimal choice of manufacturer; (b) optimal choice of retailer.
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Figure 4. Manufacturer’s/retailer’s profit changes with k under Scenarios MB and RB: (a) the profit

R

of manufacturer; (b) the profit of retailer. “*”represents the profit under equilibrium conditions.

Given that the deployment of blockchain entails a substantial fixed cost as well as
significant variable operational expenses [55], manufacturers and retailers need to carefully
consider their blockchain adoption strategies. According to Maticz, a blockchain technical
service firm, the cost of developing a simple blockchain system is approximately between
USD 40,000 and USD 60,000; for a moderately complex system, it ranges from USD 60,000 to
USD 150,000; and a highly complex one exceeds USD 300,000 [56]. Therefore, manufacturers
(retailers) will only adopt blockchain technology when they can afford it or when the
construction cost is not prohibitively high.

Proposition 6. Comparison between Scenarios MB(RB) and MBS(RBS):
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(i) 7MBST > gMB® RBST o 7RB,

(ii) 7'[1%’135* > HIQ/IB*,N}QQBS* > nﬁB*.

(i) If()0<y <323 <y<iandk>ky, B > 7aMB* If (1) 2 < 4y < £ and
Wf)(lﬂ) <k<kz; (2t <y <1, 7Y < gMB,

(i) FOO< 1< 222 <y<8andk> ks, nkPS" > kB If (1) & < v, < S and
k<ks;(2) 8 <qy <1, nkBS" < kB,

Proof. See Appendix A.

With the government subsidy, the manufacturer and the retailer would prefer to adopt
blockchain, and the other party can also obtain extra profit in this case. However, the BTC
does not always benefit from the subsidy. The subsidy raises the blockchain fee but also
decreases the blockchain construction cost, which encourages the manufacturer (retailer) to
increase the blockchain traceability level. If the proportion undertaken is high or the cost
coefficient of blockchain small, the manufacturer (retailer) will decide on a higher level,
and the BCT will undertake more cost. When the proportion is low enough or the cost
coefficient high, which also means the cost will decrease, the BTC prefers to cooperate with
manufacturer (retailer).

Governments globally provide diverse subsidies to enterprises to promote blockchain
technology application in product traceability [57]. Specifically, Australia’s Blockchain
Roadmap leverages blockchain to ensure the integrity of agricultural supply chains [58].
From 2016-2019, the European Commission provided some EUR 180 million in prizes
and grants through Horizon 2020. A significant budget for further grants is expected in
the follow-up Horizon program known as Horizon Europe. Currently funded projects
have been grouped under a cluster of topics and technologies: privacy and cybersecurity,
industrial technologies, environment and circular economy, etc. [14].

Proposition 7. Comparison between Scenarios MB and RBS:

. 1-2
(i) Ify1 <272 —1,0ry; > 27, — land 2(17772;;” <s <1, 7RPS" > gMBY,

Ify1 > 72, “’11:7722 <s< 12_(21172;;)107272—1 <7 <72, 0<s5< %,thereexistsa

threshold kg when k < ko, nf/IBS* < H%B* and when k > ko, 7111\{435* > H%B*;
- RBS* MB*

Ify1>71and0 <s < J=0, RS < pMB™,

(ii) If y2 > 221, or 5 < 301 and 3;(%7_2;';1 <s <1, 7RBS" > gMB,

1471 347 3—4v+71 1+ 1-27+m7 3—4v+71 .
If 51 < < 0<s< =20 gr g < 2T g« 22T there exists
f=t <m <= STy TS T2 Ay S5 i)

a threshold k1o when k < kqg, nﬁBS* > nf{IB* and when k > kq, NEBS* < N%B*;

Itm 1-27+71 _RBS* MB*
If"}/2<Tﬂnd0<S<W,7TR <7TR .

Proof. See Appendix A.

Proposition 7 shows that the government subsidy can lead to the transfer of blockchain
leadership. If the proportion of the cost is relatively low or the subsidy ratio high, it will
give up constructing the blockchain and participate in the retailer-led blockchain. Addition-
ally, the cost coefficient of blockchain is another important factor. If the cost coefficient is
high, even if the proportion of the cost is low or the subsidy high, the manufacturer prefers
to choose the retailer-led blockchain. For the retailer, if it has a low proportion of blockchain
cost, obtains a high subsidy ratio, or gains a low cost coefficient of blockchain construction,
it will benefit from the government subsidy and will not give up the leadership of the
blockchain. To better understand Proposition 7, we present Figure 5, where k =1, a = 0.5,
and 7y, = 0.5 (see Figure 5a) and k = 1, a = 0.5, and 7; = 0.5 (see Figure 5b). This is consis-
tent with our conclusion: in the presence of government subsidies, manufacturers/retailers
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will only take the lead in blockchain construction when both the subsidy ratio and the
cost-sharing ratio borne by technology companies are high.

(b)

Figure 5. Optimal choices of manufacturer and retailer change with 1 (72) and s with subsidies:

(a) optimal choice of manufacturer; (b) optimal choice of retailer.

Proposition 8. Comparison between Scenarios RB and MBS:
(D) If y1 > y20r y1 < 7o and 2= 71 <s <1, 7MBS* > RB*

If27, -1 < m <’yz,0<s< 72 71 or 1 < 277 —1, M <s< "?_;%,thereexists

I-n
a threshold ki1 when k < ky1, 7 BS > kP, and when k > kyy, wMBST < ARE*, where
2
fn = 16(1*71)’ X
If’h<2’yz—1and0<s<% A]%BS < nRB™.

i) Ifyp < Lor vy > and 21— <5 < 1, 7fBS" > 7 *
(ii) If 7y 271+2 y z’Yl+z dr-—n-1 1, wMBS* RB
Ififyl—l——<72<171+4,0<s<—272 i or72>471+3—472 13 g < 2nnol - L

7 1-7
there exists a threshold k1,. When k < kip, T BS < nRB and when k > ko, 7Ty MBS* -, 7III§B 5
2
where k1p = —32(1 22 =5) ) )
Ifﬁfz>4qq+4and0<s<% nMBS™ < mRBY,

Proof. See Appendix A.

Proposition 8 implies that under certain conditions, the government can make the
manufacturer or the retailer choose the other’s leading blockchain. The conditions are
related to the proportion of the blockchain cost, the cost coefficient of blockchain con-
struction, and the subsidy ratio. When the proportion is small, the subsidy is high, or the
cost coefficient is low, the manufacturer decides to lead the blockchain compared to the
retailer-led case. When the retailer undertakes more blockchain construction cost, it prefers
the manufacturer-led case under the government subsidy.

The underlying reasons for Propositions 7 and 8 share commonalities. The lower
blockchain cost proportion, higher subsidy cost, and lower construction cost coefficient
lead to the increase in the blockchain construction cost. They result in an increase in
the traceability level determined by the leader of the blockchain. These further increase
consumer preference for the product and encourage the supply chain to increase the price
to earn more profit.
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6. Extensions

In this chapter, we relax the previous assumption that production is zero and verify
the robustness of the results we have obtained.

When the manufacturer’s production cost is non-zero, only the manufacturer’s profit
function changes, with the unit product net profit shifting from w' — b’ to w' — b’ — c.
Therefore, we still derive and calculate the equilibrium profits of each entity based on the
specific conditions in different scenarios. We present the equilibrium profits of all parties
when production costs are non-zero in Tables 6 and 7. By comparing with the previous
Tables 3 and 5, we find that the profit structure remains unchanged, with all profits scaled
by a factor of (¢ — 1)2. Thus, their relative magnitudes do not change, and therefore, the
results we obtained remain applicable when production costs are non-zero.

Table 6. The equilibrium profits of Scenarios N, MB, and RB when considering the production cost.

Scenario Manufacturer’s Profit Retailer’s Profit BTC’s Profit
N (c—6)%/860 (c —6)%/160 \
MB k(1—71)(c—1)? 42 (1—71)*(c—1)° k(32k(1—71)2 =102 ) (c—1)?
32k(1—77)—2a2 (16k(1—77)—242)? 2(16k(1—71)—a?)?
RB 32k2 (1—72)2(c—1) k(1—7,)(c—1)2 k(128k(1—72)%—7202) (c—1)?
(32k(1—72)—a?)? 64k(1—7,) — 207 2(32k(1—2)—a?)?
Table 7. The equilibrium profits of Scenarios MBS and RBS when considering the production cost.
Scenario Manufacturer’s Profit Retailer’s Profit BTC’s Profit
MBS k(1—v)(1—s)(c—1)? 4k(1-71)% (1-5)%(c—1)? k(1—s) (32k(1—71)2(1—s)—7142) (c—1)*
32k(1—71)(1—s)—242 (16k(1—1)(1—s)— a2)2 2(16k(1—71) (1—s)—a2)?
RBS 32k2 (1-72)%(1-5)?(c—1)* k(1=72)(1—s)(c—1)? k(1—s)(128k(1—s) (1—72)?—724) (c—1)?
(32k(1—772)(1—s)—a?2)2 64k(1—77) (1—s)—2a2 2(32k(1—72)(1—s)—a?2)2

7. Conclusions and Discussion

In this paper, we examine what the impact of blockchain adoption in the supply chain
is and who should be the leader of the blockchain construction. Additionally, we also
explore the effect of the government subsidy on the blockchain technology. We consider a
manufacturer, a retailer, and a third-party blockchain company that can offer the blockchain
service, if the supply chain is willing to use blockchain to trace the products’ information.
In this supply chain model, we examine manufacturer-led blockchain and retailer-led
blockchain with or without the government subsidy, respectively. As a result, we can
summarize our accomplishments and several major findings in response to the proposed
research questions as follows.

(1) For the manufacturer and retailer, blockchain adoption in the supply chain is not al-
ways optimal and is contingent on consumers’ acceptance of non-blockchain products
and blockchain construction costs. When consumer acceptance of non-blockchain
products is low, blockchain effectively mitigates concerns and boosts trust. Conversely,
at moderate acceptance levels, high construction costs significantly deter adoption;

(2) The manufacturer and retailer invariably benefit from government subsidies, which
lower blockchain construction costs. This enables them to raise product prices and
enhance traceability level, thereby boosting profits. Conversely, the technical service
firm will only collaborate with the manufacturer or retailer to establish blockchain
traceability systems when their cost-bearing ratio is sufficiently low or the construction
cost coefficient high;
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(3) A win—win situation may exist for the manufacturer, retailer, and technical service
firm. Under this scenario, the technical service firm shoulder a smaller proportion
of blockchain construction cost. If the manufacturer or retailer aims to shift more
blockchain cost onto the service firm, the manufacturer must increase the licensing
fee payment.

The above conclusions can provide several managerial insights to help the government
and supply chain members develop the associated action plans for supply chain under the
background of BT application.

Firstly, when evaluating the feasibility of applying blockchain and determining the
level of product traceability, enterprises need to focus on two core elements: the degree
of acceptance of products traced without blockchain and the construction cost of the
blockchain system. Specifically, when consumers have a low acceptance of products without
traceability information (e.g., maternal and infant products, luxury goods, fresh food, etc.),
or the construction cost is low, enterprises can introduce blockchain technology. This aligns
with real-world practices. In the organic food industry, consumers pay great attention to the
origin of products (e.g., place of production, processing method, transportation, etc.). When
the construction cost is relatively low, many companies may adopt blockchain technology.
Nestlé has utilized the IBM Food Trust blockchain ledger to help users trace the origin of
products like its Mousline purée and Zoégas coffee brands; Walmart and IBM partner to
maintain the retailer’s Food Traceability Initiative, which lets officials trace the lifespan of
their products to ensure food safety and reduce waste [59]. Second, both manufacturers and
retailers can take the lead in building blockchains for food traceability, provided that either
the construction cost of such blockchains is low or the proportion of costs borne by the
leading enterprises is low. https:/ /global.jd.com/, a leading retailer in China, is a typical
example: it has developed the JD Zhizhen Chain, which has now attracted over 100 brand
manufacturers—including Yanghe, Moutai, Wyeth, and Arawana—to join. After these
manufacturers adopted the chain, they saw significant positive outcomes, including higher
operational efficiency and lower product return rates. Specifically, within a certain period
after implementation, the repurchase rate of seafood and fresh produce on the platform rose
by 47.5%; sales of nutritional and health products increased by 29.4%, while their return
rate dropped by 4.5%. Third, the government should invest funds to strongly support the
application of blockchain technology in the field of product traceability. This aligns with
global policy practices and our study’s verified “subsidy effect” (i.e., targeted subsidies
significantly boost enterprise adoption). For instance, the European Commission provided
some EUR 180 million in prizes and grants through Horizon 2020. Several Chinese cities,
such as Shanghai, Fuzhou, and Nanjing, have rolled out innovation subsidy policies for
blockchain applications. For instance, the Fuzhou government actively encourages and
supports companies in undertaking blockchain applications and offers a 20% subsidy for
construction funds. Moreover, the UK government has committed a six-figure grant via
Innovate UK to finance blockchain-related enterprises.

This study has several limitations, and the unresolved issues provide avenues for
future research. First, in terms of demand setting, this study assumes that product demand
is linear and deterministic. However, real-world market demand is often affected by
random factors (e.g., seasonal fluctuations in fresh food demand) or nonlinear consumer
responses (e.g., dynamic changes in demand elasticity across price tiers), and this simplified
assumption may underestimate the uncertainty of firms’ investment returns after adopting
blockchain technology. Second, regarding supply chain structure, the study’s model only
includes a single manufacturer and does not incorporate inter-manufacturer competition
(e.g., blockchain adoption games between two brands) or multi-retailer scenarios. In
practice, competitive dynamics may alter the strategic preferences of supply chain leaders


https://global.jd.com/

Systems 2025, 13, 931

20 of 27

(e.g., manufacturers may adopt blockchain to avoid competitive disadvantages) and the
effectiveness of government subsidies; thus, expanding the model to a scenario with two
competing manufacturers and exploring their blockchain adoption decisions will be of
great research value. Additionally, this study’s discussion of government subsidies is
limited to basic incentives and does not address the collaborative optimization of subsidies
and supply chain cooperation models. Future exploration of differentiated subsidy designs
(e.g., performance-based tiered subsidies or multi-agent linked subsidies) to guide the
formation of efficient supply chain cooperation models and enhance the application value
of blockchain technology also holds significant research merit.
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Appendix A
Appendix A.1. Proof of Lemmas 1 and 2

In Scenario N, we use the backward induction. First, we derive the profit of the
platform with the parameter p". The first- and second-order derivatives of 77} with respect

N 87‘[11%] _ pN—wN pN 3271’11%] o 2 .
to p™ are N = = T 1— % and T —3 < 0. Thus, the expected profit of
retailer is concave in its selling price, and its selling price response satisfies pN = GJFT“'

according to the first-order condition. Substituting pV into 7}, we derive the profit of

the platform with the parameter w™. Then, the first- and second-order derivatives are

oy _ 2w+ and Pl _1 < 0. Therefore, we can obtain the optimal wholesale

owN T 20 AwNyz 0 : ’ P

price wN" = %6. By substituting it into p", 7}, 7}, and DV, we can obtain pV = %9,
1 _N* 1

N* _ _1 N* _
DY =g,y =gb,and 1y = 6.
In Scenario MB, we use the same method as above. First, we derive the profit of
the platform with the parameter pMB. The first- and second-order derivatives of 7}

MB 2 MB
with respect to pM are g;ﬁw = aIMB —2pMB 4 yMB 4 1 and a? 7;58)2 = —2 < 0. Thus,
p

the expected profit of retailer is concave in its selling price, and its selling price response

satisfies pMB = % according to the first-order condition. Substituting pM into

7.[]\]\;118 , we derive the profit of the platform with the parameter wMB_ Then, the first- and
MB

. . ks _ 5, MB_ ,MB_ ., 1MB 92 MB
second-order derivatives are 54z = 2w th o+l 1 and ey ,\1){[3)2
w

. Substituting pM? and wM? into

= —1 < 0. Therefore,

. . o [ MB MB
its wholesale price response satisfies w™? = 1“’%’”
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3 _pMB | 5 MB 92 rrMB . . .
ngAB, aZMB = =2 *Z‘l +1 and > (bﬁg)z = —% < 0. The licensing fee response satisfies
MB . 9 IMB (32 4 16k(—1471) ) +a
pMB — %. We substitute pMB, wMB, and bMP into 7TMB. a7lTMB = 1(6 )
02M 2
™8 (1 i - a
and 2 = T (1—v1)k < 0. We obtain k > 16(1 7) and / = TR
By substituting it into pMB, wMB pMB nRMB, N%B, ngAB, and DMB, we can obtain
wMB* — _12k(1=m) MB* _ _k(l-m) pmB _ __8k(-m)  pMmB* _ _ 2k(1—m)
16k(1—7y1)—a2’ 16k(1—v1)—a2’ 16k(1—y1)—a2’ 16k(1—y1)—a2’
oMBY _ K1y mBr __ 42(1-m)? ,and B = k(32k(1-71)%—710?)
M 32k(1—71)—242" "R (16k(1771)72a2) 2(16k(1—71)+a2)?
In Scenario RB, the calculations of pRE, wRB, and bR are the same as in Scenario MB.
RB 2 -RB
: . RB kB IRB(a? +32k( 1+72))+o< Pk 2
We substitute them into 7" alRB = ,and 8(11{5)2 =5 —(1—"7)k<0.
: a? _ I TRFTRON RB ,,RB p,RB
We obtain k > B =73) and [RE = G " By substituting into p*°, w"", b*",
RB —RB _RB RB i pRBT _ _24k(1-72) RB* _ _28k(1—7,)
R”, Ty, o, and D, we can obtain w = k- e’ P = k()
pRB — _16k(1=7,) RB* _ _4(-72)  _RB" _ 32 (1-72)* ZRBY — __K(1=72)
32k(1—7y,)—a2’ 32k(1—7,)—a2” '*M (32k(1—7,)—a2)2” 'R 64k(1—7,)—2a%"

_ k(128k(1—72)2—7202)
2(32k(1—72)+a?)2

RB
and 7ty

Appendix A.2. Proof of Lemmas 3 and 4

In Scenarios MBS and RBS, the sequences of events are the same as in MB and RB.
Therefore, the proof of this part is similar to that above.

Appendix A.3. Proof of Proposition 1

() wht’ N = PEDUEIE g, R8N = BOACm IS,
wRE” — MB" — 1601 iiiﬁ“‘zi.f%(;f&f?)kﬂaz)- If3 <m<landm <21-1
wRB* wMB” > 0. If% <1 <landy; >21—lor0 <y, < %,wRB*—wMB* <0;

I e A )
pRE — pMB = (160 —_1;:{(%0‘2052) (322 (772;11))]( 27 The result of this equation, pRB T pMB*,
is the same as wRB — wMB’;

(iii) bRB" — pMB" — 1% (71717)?{]1‘25‘2)(3;8;3%)]{ et The result of this equation, bRP - bMB*,
is the same as wRE — wMB

(iv) IRE"— M — 6(71_;)161‘;&3;(3;?;;1{),{ 577+ The result of this equation, IRE — M,
is the same as wRB” wMB*

MB* N* 8(71—Dk—a? RB” N* 16(1,—1)k—a? RB* MB* _
() D¥" —=D7 =g Tz > 0D DY = g0 Dt4a? > 0,0 —D¥" =

o I)i]le(xz) (3?8:1{% et The result of this equation, DRBE" _ pMB , is the same as

RB MB”

—w

Appendix A.4. Proof of Proposition 2

: MBS” MB” _ 12ks(1—7; )a?
@ @' - w = <716<17w><1fs)k+a2>l<7216<17n>k+a2> > 0,
MBS” MB” _ 14ks(1—71)a
P - P = 60— (s krad) (— 16— FT ) > 0,
MBS* MB* _ 8ks(1—1)a?
b - b - (—16(1—71) (1—s)k+a2) (—16(1—71 )k+a2) > 0,
[MBS"  _ |MB® _ 16ksa(1—71) > 0
(—16(1—71) (1—s)k+a2)(—16(1—1 )k+a2) ’
DMBS™ _ pMB* _ 2ks(1—71)a? >0

T (—16(1—91) (1—s)k+a2)(—16(1—v1 )k+a?)
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;s RBS* RB* _ 24ks(1—71)a?

(i) w -w = (732(1772)(1fs)k+uc2)1(732(1772)k+042) > 0,
RBS* RB* _ 28ks(1—71 )a?

A = 7)ok k) > 0,

pRBS* _  pRB* _ 16ks(1—1 )a? N 0

o (=32(1—72) (1—s)k+a?) (—=32(1—72)k+a?) !

|RBS* _ RB* _ 32ksa(1—1) > 0

o (=32(1—72) (1=s)k~+0a?)(=32(1—72k) +a?) !
4ks(1—yq )a? >0

RBS* RB* _
D -D T (=32(1—72) (1—s)k+a2) (=32(1— 77 )k+a2)

Appendix A.5. Proof of Proposition 3
o MBY N _ 16(1-71) (6§ )k—6e?
@ 7M — M = saen- e 2
2 1 2 _
When k = 12—, 16(1 —71)(9 - 1)k— fa? = —% <0,
Ifo < %, 7'(%3* —aN* >0 (i.e., nAAjIIB* > nﬁ*).

M
Ifoe > %,there exists k1 = #)6()49_1) which makes when Wi%) < k <

a% MB* _ _N* : MB* N * 2%
) @=1)” M iy > 0 (e, 7y > my ) and when k > HT=7,) (@0=T)

MB* N * : MB* N *y.
o — Ty < 0(e., Ty <71y )
—256(1—71)? (6— 1 )K2+32020 (1— 7 Jk—0a*

.o MB* N* _
(i) mg” — R = 16(16(7, —1)k+a?)2
— 2 2 1)z2 2 4 _ o2
When k = o, ~256(1 - 71) (6 - Z)k* +32020(1 — 1)k — ot = % > 0,
If0 < i, B — 7N" >0 (e, 7MB" > 7N7).
a2 (29+\/@)a2

1 ) o (20+V0)a? .
If 6 > 3, there exists k = 8(=77)@0=T) which makes when k16(1771) < §A=7)@-T)’
(204V80)a®  mpx _ N* _ (e,

MB* N* . MB* N* —
ng’ —mg > 0(e,rg” > g )and when k > (=) @e=1)’ 'R R

MB* N*
Ry < TR ).

Appendix A.6. Proof of Proposition 4
 _RB* N* 1024(0— 1) (1—72)%K?+640(1—72)a2k—0a?
W 7T = 7T = BT :
2 1 272 2 2 _ a2
When k = 52—, 1024(9 - Z)(1 — 72)2K2 + 640(1 — 72)ak — fa? = & > 0.

Ifo < %, 71}343* — nj\l\/’[* >0(.e., nZI\{/IB* > 7111\\’4*).
204++/0)a? . 2
(26+V/6)a which makes when ——%*— < k <
32(1-72)

If 6 > %, there eXiStS k3 - W
29-‘1-\/@ (X2 RB* N* . RB* N* (26+\/§)(X2
W, o — Ty > 0 (e, my > 7y ) and when k> T6(1—72) (40-1)"

* * . * *
7.[11543 — 7711\\]/1 <0(.e., nﬁB < 7711\\]/1 );
(11) 7'[MB* o N* _ 32(1—’)/2)(9—%)](—9062
R R 7 16(32(12—1)k+a?)

— 2 1 2 _ 2
When k = sy, 32(1 = 72) (6~ § )k — 6% = — <0,

If0 < i, wRB" — 7N" > 0 (e, 7RB" > k7).
Ifoe > %, there exists ky = W which makes when ﬁ k <
29 RB* N* : RB* N* 20
8(1—702)(4671)’ nR’ —mg > 0 (e, mg® > mp ) and when k > 8(1770;)(4971)'
nﬁB* - nllg* <0 (ie., ﬂﬁB* < nllg’*).
Appendix A.7. Proof of Proposition 5
(i) 7TRB* _ MB* _ 2K (1-1)*  k(—y)  _ ke?(64(1-12)(r2—r)k—a*(1-m))
M M (32k(1-12)-a?)?  32k(1—y1)-207  (32k(1—72)—a2)2(32k(1—77)—2a2)
We assume d(k) = 64(1 — 72) (72 — 71)k — (1 — 71).
RE* _ 7MB* ~ 0 (ie.,

If 2—71 < 0(@e, y1 > 72), d(k) < 0. We can obtain 7ty — 7y

RB* MB*
e < T )
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. 2 2 2
If yo — 91 > 0 (i.e., y1 < 72), we have k > ﬁ ork > m Ifk = 16(1“77%),
2
d(k) = —“2(1_127%%) < 0. Ifk = ﬁin) d(k) = —a*(1 — 272+ 11). Therefore, when

1—-2y%+7 > 0 (e, 71 > 272 — 1), we can obtain there exist a threshold

_ (1—yy)a? RB* _ _MB* RB* _ _MB*
ks = B21=73) (12 =77) such that 7ty iy < 0, when k < ks and 7y, o >0,

when k > ks. When 1 — 29, +91 <0 (e, y1 <272 —1), nﬁf* — 77%3* > 0.
We can obtain (1) if 71 > 72, 78" < 7MEY; (2) if 295 — 1 < 91 < 72, there ex-

ists a threshold k5. When k < ks, 7'[}\2/13* < 7'[%3* and when k > ks n]I\{AB* > 7'(%3*;

B)if y1 <272 — 1, TP > MY,
(i) 7'CRB* B 7'(MB* - k(1—72) B 4k2(1*’h)2 . *kﬂéz(8(1*71)(71*472+3)k*“2(1*’72))
R R 7 6ak(1—2)—20%  (16k(1—71)—a?)2 " (16k(1—71)—a2)2(64k(1—72)—202)

We assume z(k) = 8(1 — 1) (71 — 47, + 3)k — a?(1 — 77).
If v —4y,+3<0(e,y2> 71:3), z(k) < 0. We can obtain ﬂﬁB* - nIA{IB* > 0.

. 11+3 2 2
If y1—47,+3 > 0 (e, 72 < H°), we have k > 16(1”7_71) orzk > m If
2 2(1-272+ 2 2(1_ Dyt
k = 16(1{%) z(k) = w-lf" — m z(k) = _% < 0. Therefore,
_ 2
when1—27, 4+ 7 <0 (e, 2 > 71; ! ), there exist a threshold kg = m such

that nﬁB* > 711%43*, when k < kg and nﬁB* < 711]\{13*, when k > kg. When1 —2v, +91 >0
. 1 * *
(e, 72 < D), mRB — MB™ < 0. . .

We can obtain (1) if 7, < 712“, and 7RB" < 7¥BY; (2) if 71TH <71 < 714%, there
exists a threshold kg.

When k < kg, 7RE" > HIQAB*, and when k > kg, TRE" < HIQAB*; (3) if 7o > 7123,

RB* MB*

kB > BT,

Appendix A.8. Proof of Proposition 6

- - MBS* MB* _ ks(1—1)a? )
) 7y M = (732(1771)(1;s)k+2a%)(16(7l+71)k+1x22) >0;
(i) 7_[11%/“55* _ 7'[11\{[3* _ 4502k (1—1) (32(1—7;)(1—s)k+(s—2)a )2
(—=16(1—1)(1—s)k+a2)” (16(—1+71 )k+a2)
2 2 2 2
7] ~ = — Wiy < 0 Wehave k > v, When

2
k= iy 3201 = 1) (1= 9)k + (s - 2)a” = a%s > 0;

(iii) MBS* _ _MB* _ ska?(1280( £ —v1 ) (1—s) (1—71)2k>+32a2 (1—77)? (s—2)k+710*)
B B 2(=16(1—71) (1—s)k-+a2)* (16(—1+77 k-+a2)? '

, 1280(% - 'yl) (1—s)(1—71)%2 + 3222(1 — 71)%(s — 2)k +

2
When k = 55—y

If0 < 1 < %, we can obtain (1280(% - 71) (1—5)(1 —71)%K2 +3202(1 — 97)*(s — 2)k
+714%) > 0, which means 718" — 7MB" > 0 (i.e., m)IBS" > MBY),

If % <7 < %, there exits k7; according to which, when T < k < ky,

aZ
. 8 . X 6(1=71)(1-9)
aMBST < MB” and when k > ky, Ti1BS” > 7MB”,

If # < 1 < 1, we can obtain (1280(% - ')/1) (1—5)(1 —71)%K2 +3202(1 — 91)*(s — 2)k

. * * . * *
+m1at) < 0, which means 185" — 7MB™ < 0 (i.e, AMBS" < gMB),

Appendix A.9. Proof of Proposition 7

(i) TRBS* _ RB* _ 32502k (1=72) (64(1—72) (1=5)k+(s—2)a”)
M M (=32(1—72) (1—s)k+a2)(32(— 1472 )k+a2)?

2 2

2 _ 2
-7y ~ ) — i) < O Wehavek > mr—pyr—;. When
2
k= oy 32641 — 1) (1= )k + (s = 20 = a5 > 0;
-\ - RBS* RB* _ ks(1—72)a® :
(i) rg ™ — T = 2(—32(1—72)(l—s)k+2a22)(32(—1+"/2)k+a2) >0;
RBS* _ _RB* _ ska?(9216(5—12) (1=s)(1=72)* K2 +128% (1—72) (s—2)k+720*)

(i) 775 T~ = 2(=32(1—72) (1—8)k+a2) (32(— 1472 )k+a2)?
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2
When k = 50—, 9216(8 — 72) (1 — ) (1 — 72)*k> + 12843 (1 — 72)*(s — 2)k +

4
4 _ a*s(512—4)
Tt = s—1 .

If0 < 7, < %, we can obtain 9216 (8 — 1) (1 —s)(1 — ¥2)?k2 +128a2(1 — 72)* (s — 2)k

* * * *
+ 92a* > 0, which means 77535 — 771,53 >0 (i.e., 7'(535 > 7'(1,53 ).

8

If % < 72 < g, there exits kg; according to which, when < k < kg,

HZ
) 32(T=12)(1-5)
niBS < 7k " and when k > kg, NRBS > nRB

If § < 9, <1, we have 9216(7 - 72)(1 —5)(1 — 712)%k2 + 128a2(1 — 72)*(s — 2)k +

Yoat < 0 nRBS < nRB

Appendix A.10. Proof of Proposition 8
. 32k% (1—77)%(1-s5)? _
() fPS — P = (32k(1(7'y;)2(if(s)7022)2 - 32k(k1(1717)122a2 -
ka? (—64(1=72) (1=5) (11 =5+ (= 145)1p)k—a?(1-71))
(32k(1—72) (1—5)—a?)? (32k(1—71)—2a?)
We assume f(s) =71 —s+ (—=1+5s)y, = (=1 +72)s+ 71 — 72
If f(s) > 0, we can obtain y; — 2 > 0 (i.e, 711 > 72)and 0 < s < 711_;7722 We have

—64(1 —72)(1 —s) (71 —s+ (=1 +8)7,)k —a*(1 — 1) < 0 and 7(}&35* — HMB* <0 (ie.,
n]IfABS < nAAfIB*).

If f(s) < 0, we can obtain two conditions: (1) 1 — 2 < 0 (e, 71 < 72); 2) 71— 72 >0
(i.e., 71 > 72) and 711%,722 <s<l1.

2 2
When k = 16(1‘"7_71) ork= m_g‘m, wehave —64(1 — 12)(1 —=s)(y1 —s+ (=1 +5)1)k

2
—P(1-m) = T < 0 or —64(1-m)(1 =) (11— s+ (<1 +8)1)k —
2?(1—v1) = a*(2(1—72)s—1+27, —71). Therefore, if 29 — 91 —1 > 0 (ie,

Y1 < 272 — 1), a2(2(1 = 72)s — 14292 — 91) > 0. Then, we have nf&BS* — 7‘[1\1%3* > 0.
1-27%4m

2(1-72)
s < 1, a (2(1—72)5—14-272—71) > 0 and nRBS aMB > 0. When 0 <
s < L2100 02(2(1 —45)s — 14295 —91) < 0, and there exists a threshold kg =

If 2y —v7—-1 < 0 (ie, y1 > 272 —1); we can obtain this when

2(1-72) *
(1=71)a? RBS" _ _MB" RBS" _ _ MB"
764(175)(17”)(1(175)72%771) such that 77y o < Owhenk < kg, and 71y iy >0
when k > kg.

We can obtain the followmg (1) if y1 <29, —1, nRBS > 7'(%3*‘ 2)ify1 > 2y, —1

1-29+m RBS” MB”*. n- 72 1-27+m _
and 2(1-77) <s <1, my” >y B)ifyr > 2, 4 <s < 5q — or2y; —1<

71 <72,0<s5< 1(2772;?1 and there exists a threshold kg that when k < ko, nRBS < nAAﬁB ,

and when k > ko, nff,IBs > nMB ;(@)ify; > ypand 0 < s < 71177722, nf\{fs < nMB

RBS* _ _MB" ki=m)(1=s)  _ _ 42(1-m)®  _
(i) g™ — 7R 64k(17’y2)2(175)720¢2 (16k(1*’¥1)i2a2)2 B

ka? (32(=1471) (17143 —s+(=145)7, Jk+a?(1-5)(1-72))
(64k(17'yz)(1fs)721x2)(16k(17'yl)72a2)2
We assume F(s) = 71+ 3 — s+ (— 1+5)’Yz (-1+72)s+4m—12+3

If F(s) < 0, we can obtain (1) 12 > 171+ 3 (2) 12 < 471+4and3é772$3“ <s <1

We can obtain 32(—1+ ) <Z71 +32—s+ (-1 +s)72)k +a%(1—s)(1—72) > 0. This

means nﬁBS RMB* >0 (i.e., nﬁBs* > nﬁ’IB*).
If F(s) > 0, we can obtain 7, < %’yl +% and 0 < s < iéziz;gl. When
2 2
k = 16(10‘77’)/1) ork = W, we have 32(—1 +')’1)<}I')’1 + % — s+ (—1 +S)')’2>k+

2(5(1 o \s _
062(1 . S)(l . ')’2) _ «’(2(1 ’Yz)s2 14292 —71) or 32(_1 + 'Yl) (%71 + % — 54 (_1 +5)72)k +
o?(1-272+7)2 2(2(1—,)s—1+272—
0&2(1—5)(1—72) = ﬁ > 0. If & (2( 72)52 Y2—11)
22-711—1>0(@e, 12 > 311+3); @212-71-1<0(@e, 12 < 311+ 3) and

> 0, we can obtain (1)
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1-27+7 : _ (1=72)(1—s)a?
2(17272)1 < s < 1. There exists a threshold kip = 8(17%)(4(72271)“% —— such that when

* * * * * *
k < ki, kB — aMB" > 0 (e, 7RBS > 7MB) and when k > ki, 7nRBS — 7MB < 0

* * 2 _ _ —

(ie., 7III§BS < B If £ ea 72)52 +21-m) 0, we can obtain 2y, — 11 — 1 < 0 (i.e.,
T2 <iyi+3and0<s< 12_(1172;;7)1 We have RBS — 7MB" < 0 (i.e., nRBS < 7B,

We can obtain the following: (1) if 7, < %71 + % and 0 < s < 127(217772;7)1, 711535 < NIQAB ;

e 1 1 1 3—4y,+ 1 1 129+

@ifn+i<mn<in+i0<s<IEEH orm < gmnty aua,) <5 <
3-4124M  and there exists a threshold kqg such that when k < k RBS” > MB ", and
41—7,) ’ 10 10, /LR R 7

when k > kyg, nﬁBS* < 7'[1]{”3*; 4) if v > %71 + %, 7'(1535* > nﬁAB*, and (5) if 7, < }171 + %

and 3:(17_72;31 <s<1, nﬁBs* > nf{[B*.
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