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Abstract: The quality of fresh products through cross-regional sales has been uncertain to consumers.
To improve the quality of fresh products, some fresh product supply chains have implemented
blockchain technology to provide traceable information for their products, and some regional gov-
ernments have subsidized their local firms to incentivize them to implement blockchain-driven
traceability systems. However, with regional government subsidy heterogeneity, cross-regional fresh
product supply chain firms lack theoretical guidance on their operation decisions. Based on the
research gap, we investigate optimal operation policies in a fresh product supply chain consisting of
a manufacturer and a retailer located in different regions. The local governments may subsidize the
manufacturer or the retailer located in their own regions, which construct four subsidy strategies
(SS, SN, NS, and NN) along the supply chain. We find that the optimal operation policies under
four subsidy strategies can be affected by the sensitivity to traceability level, cost-sharing rate of the
manufacturer, rate of products left after corrosion, and subsidy rate to the manufacturer. Moreover,
the government subsidy to the retailer is always beneficial to the retailer and the supply chain but
does not affect the manufacturer’s operation policies and profits. The government subsidy to the
manufacturer is always beneficial to the manufacturer but not always beneficial to the retailer and
the supply chain. Hence the desired subsidy strategy for the manufacturer is SS and SN, and the one
for the retailer and the supply chain is either NS or SS with different conditions.

Keywords: blockchain-driven traceability; government subsidy heterogeneity; fresh product;
cross-regional supply chain; Stackelberg game
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1. Introduction

Nowadays, the sales of fresh products have become more cross-regional or even global,
and the cross-regional supply of fresh products has been increasingly popular [1-3]. The
cross-regional sales can benefit the firms in the fresh product supply chain (FPSC) by
expanding into a wider market and can also benefit the consumers with a larger variety of
products from other parts of the nation or the world. For examples, in winter, consumers
in the north of China can purchase fresh vegetables planted in the south of China, and
consumers in London can buy Irish beef, Swedish fish, French wine, Danish pork, and Bel-
gian Potatoes (https:/ /www.glotechrepairs.co.uk/news/the-uks-top-food-imports-and-
where-they-come-from/ (accessed on 12 October 2022)). Meanwhile, cross-regional trade
increases the complexity of ensuring food safety and enhancing supply chain efficiency
since fresh products have characteristics of high deterioration rate and short shelf life [2—4].
The cross-regional FPSC mainly refers to the network created between different firms in-
volved in the national or global production, handling, and distribution of fresh products [5]
and is subject to the enforcement of each local government’s regulatory policy [6].

Mathematics 2022, 10, 4592. https:/ /doi.org/10.3390/math10234592

https://www.mdpi.com/journal /mathematics


https://doi.org/10.3390/math10234592
https://doi.org/10.3390/math10234592
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/mathematics
https://www.mdpi.com
https://orcid.org/0000-0002-2923-3364
https://www.glotechrepairs.co.uk/news/the-uks-top-food-imports-and-where-they-come-from/
https://www.glotechrepairs.co.uk/news/the-uks-top-food-imports-and-where-they-come-from/
https://doi.org/10.3390/math10234592
https://www.mdpi.com/journal/mathematics
https://www.mdpi.com/article/10.3390/math10234592?type=check_update&version=3

Mathematics 2022, 10, 4592

2 of 40

In recent years, safety issues with fresh products have occurred repeatedly and hurt
the health and even the life of the consumer. For example, in 2013, the horse meat scandal
was exposed in Europe because of labeling fraud [1]. In 2017, 22 tons of insecticide-
contaminated eggs were discovered in Denmark (https://medicalxpress.com/news/2017-0
8-denmark-tainted-egg-total-tonnes.html (accessed on 12 October 2022)), and a Salmonella
outbreak resulted from papayas in multiple states of America (https://www.biovoicenews.
com/applications-blockchain-platform-agri-food-supply-chain/ (accessed on 12 October
2022)). In 2018, contaminated romaine lettuce left more than 210 Americans infected with
Escherichia Coli [7]. In 2020, COVID-19 spread in Qingdao, China, caused by imported
frozen seafood with COVID-19 [8]. The safety issues have absorbed the great attention of
not only the consumers and cross-regional fresh product firms but also the governments.

Information traceability of fresh products can promote flexible and comprehensive
interactions among cross-regional supply chain members and can also provide a feasible
and efficient way to improve the safety of fresh products [3,9-12]. Traceability technology
has been mostly adopted by firms in cross-regional and global trade information systems
based on practice requirements. Because system requirements and standards of fresh
products differ in different regions, traditional traceability technologies are not suitable for
developing a compatibility, steady, effective, and transparent traceability system among
different supply chain firms [9,10,12,13]. In addition, traditional traceability technologies
are not decentralized, so data-holder can arbitrarily change the data in the traceability sys-
tem, and thus the accuracy of traceability data cannot be guaranteed. Therefore, traditional
traceability technologies are not suitable for constructing the expected traceability system
of fresh products.

Blockchain is an emerging information technology [1] and is distributed among a given
business network [2,14]. Different from traditional information traceability technologies, it
has the characteristics of transparency, traceability, and tamper resistance and thus can be
used to create trust [15] and improve business integration in the FPSC [2,16-20]. Triggered
by the increasing food scandals, some enterprises have utilized blockchain to trace their
products. For example, Alibaba adopted blockchain technology to prevent and deter food
fraud in online sales [18]. Walmart constructed the blockchain traceability system to trace
the mango from farms to stores [19].

The implementation of a blockchain-driven traceability system guarantees a high-
quality image to consumers. However, its large initial development and operation cost
sharply decrease the intention of the FPSC firms to adopt it [3,9]. Some governments
subsidized the local firms on the FPSC to deploy the blockchain-driven traceability sys-
tem. For example, some European countries have heavily subsidized the production of
green and organic vegetables (https:/ /www.e-startupindia.com/learn/operation-green-
2020-scheme-50-subsidy-for-fruits-and-vegetables/ (accessed on 12 October 2022)), but
other countries have not. Even in a country, the governments in some regions pro-
vide subsidies, but the ones in other regions do not [21,22]. In China, the governments
of Guangzhou and Hangzhou have launched funding worth 1 billion RMB ($150 mil-
lion) dedicated to blockchain subsidies to new companies, but the other governments
have not (https://www.newsbtc.com/news/blockchain/millions-in-subsidies-offered-
by-chinese-blockchain-industrial-park-to-new-companies/ (accessed on 12 October 2022).
https:/ /news.8btc.com/chinese-guangdong-govt-approves-140m-blockchain-subsidy-half-the-
chinese-blockchain-enterprises-choose-guangdong (accessed on 12 October 2022)). Such vari-
ation in government subsidy strategies among different regions has been referred to as
subsidy strategy heterogeneity. Given the government subsidy strategy heterogeneity, the
current literature mainly focuses on the interaction of the subsidy strategy and blockchain
adoption decision in the FPSC [3,9,21,22], but they do not study the optimal operation
policies simultaneously considering the blockchain-driven traceability level and the sub-
sidy strategy heterogeneity. We hope to fill this gap by addressing the following research
questions. How do a manufacturer and a retailer along the cross-regional FPSC determine
operation policies in response to the subsidy strategy heterogeneity? How do the answers
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to these questions depend on the subsidy strategy heterogeneity, the sensitivity to traceabil-
ity level, the cost-sharing rate of the manufacturer, the rate of products left after corrosion,
and the subsidy rate to the manufacturer? What are the desired subsidy strategies from the
perspectives of the manufacturer, the retailer, and the supply chain?

The main contribution of the paper is three-fold. First, we develop the demand and
profit functions in a cross-regional FPSC considering a blockchain-driven traceability system
for four potential subsidy strategies, i.e., Strategies NN, SN, NS, and SS and construct joint
pricing and traceability level decision model for each subsidy strategy in manufacturer
Stackelberg game. Second, we determine the optimal operation policy of cross-regional
FPSC for each subsidy strategy and theoretically disclose the impacts of significant factors
on operation policies and profits. Third, we show desired subsidy strategies from three
perspectives of the supply chain, manufacturer, and retailer and further explore the effects
of significant factors on desired subsidy strategies from different perspectives.

The rest of the paper is organized as follows. Section 2 reviews the relevant litera-
ture. Section 3 presents the problem description, the basic assumptions, and the notation.
Section 4 analyzes the market demand and constructs the joint pricing and traceability
level decision models for different subsidy strategies. In Section 5, we analyze the optimal
operation policies for each of Strategies NN, SN, NS, and SS. Section 6 discusses the desired
subsidy strategy from the perspectives of the supply chain, the manufacturer, and the
retailer. Section 7 provides managerial insights, and Section 8 concludes the paper with
further research. All the proofs are in Appendix A.

2. Literature Review

Our work focuses on operational decisions in a cross-regional FPSC with regional
government subsidy heterogeneity to blockchain-driven traceability. It is mainly relevant
to three streams: blockchain adoption in the food supply chain, cross-regional supply chain
operations with blockchain, and FPSC operations with government subsidy and blockchain.

The first stream of literature concerns blockchain adoption in the food supply chain,
Behnke et al. [15] investigated boundary conditions of blockchain adoption in the food
supply chain and showed that organizational measures can affect the successful use of
blockchain. Xu et al. [23] built a traceability model based on blockchain to track and record
the whole process of the fruit supply chain and improved the efficiency and transparency
of the supply chain. Tan et al. [24] studied the halal food supply chain and proposed a
conceptual framework for integrating halal processes and technologies in order to improve
traceability. Coco et al. [25] focused on a traceability system based on blockchain and
Internet of Things technology in the Italian bread supply chain. Wu et al. [3] investigated
the strategies for adopting blockchain technology in FPSC and showed that adopting
blockchain technology was not always optimal. Collart and Canales [26] investigated the
impact of the broad adoption of blockchain-based traceability on the US fresh produce
supply chain and discussed whether blockchain technologies might play a role in enhancing
supply chain resilience. Liu et al. [27] examined the sales mode of the fresh food supply
chain based on blockchain technology and found that competition between traditional and
online channels can incentivize firms to invest more in product freshness and blockchain-
enabled traceability. Liu et al. [28] studied the issue of investment decision and coordination
considering Big Data and blockchain in a green agri-food supply chain and found the
optimal investment policy. For a more detailed review, please refer to the relevant review
literature [2,29-33].

Our study is also related to cross-regional supply chain operations with blockchain
technology, Niu et al. [34] investigated blockchain technology adoption decisions in a
cooperative and competitive supply chain composed of multinational companies located
in high-tax regions and showed that multinational companies would not adopt blockchain
technology when the tax gap is large and downstream competition is fierce. Qian et al. [35]
examined the trust gap in food safety in food trade between Europe and China and
constructed an interconnected traceability model based on blockchain. Choi et al. [36]
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analyzed the operational risks of the global supply chain of air logistics based on blockchain
technology using a mean-variance method and further provided significant suggestions.
He et al. [37] developed an analytical model to explore the effects of blockchain adoption on
pricing decisions and profits of the global fresh supply chain and showed that blockchain
adoption is not always beneficial to both suppliers and retailers.

Some of the literature is also concerned with the third stream of FPSC operations
with government subsidy and blockchain. For example, Ye et al. [38] studied the strategic
equilibrium of blockchain technology adoption strategy for competing for agri-food supply
chains and showed how the government chooses an optimal subsidy scheme to promote
the adoption of blockchain technology. Liu et al. [39] developed three subsidy models to
explore subsidy policies for the development and application of blockchain technology
and found that the varying subsidy will help the traceability service provider set lower
prices. Meanwhile, Liu et al. [40] focused on subsidy and pricing strategies of an agri-food
supply chain with big data and blockchain and developed three different subsidy models
considering the information service inputs based on big data and blockchain. They found
that the subsidy models will not change the variation tendency of prices.

To better position our study in the extant literature and show the innovation, we
conduct the comparison of our study with the closely relevant literature in Table 1 with
respect to keywords of FPSC, Blockchain, Subsidy heterogeneity, Cross-region, Traceability
level, and Pricing.

Table 1. The comparison of our study with closely relevant literature.

References

FPSC Blockchain Subsidy Heterogeneity Cross-Region Traceability Level Pricing

Wu et al. [3]
Fan et al. [9]
Niu et al. [34]
He et al. [37]
Ye et al. [38]
Liu et al. [39]
Liu et al. [40]
Our study

v

L

v
J

<<

v
v

L
NG NG NG NG SE N

v v v

It is necessary to point out that the closest literature to our study are Ye et al. [38],
Liu et al. [39], and Liu et al. [40], but there is a major difference between our study and
theirs. Specifically, although Ye et al. [38], Liu et al. [39], and Liu et al. [40] have taken
account of government subsidy, they do not consider the cross-regional FPSC nor the
subsidy differences of multiple regions, which are the focus of our study.

To summarize, the existing studies have made great contributions in separate domains
of blockchain adoption in the food supply chain, cross-regional supply chain operations
with blockchain, and FPSC operations with government subsidy and blockchain, while
their integration is yet to be examined. Thus, the above research results appear less
suitable to solve the operation problem in a cross-regional FPSC with regional government
subsidy heterogeneity to blockchain-driven traceability. However, in reality, FPSC firms
require making decisions on operation policies with respect to multiple subsidy strategies
among different regions. On this basis, we conduct the study on operation policies in
a cross-regional FPSC with regional government subsidy heterogeneity to blockchain-
driven traceability.

3. Problem Description, Assumption, and Notation
3.1. Problem Description

In this paper, we consider a cross-regional FPSC consisting of one manufacturer and
one retailer. The manufacturer and the retailer are located in different regions. For the
convenience of description, we will refer to the location of the manufacturer as Region 1
and its local government as Government 1, and the location of the retailer as Region 2 and
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its local government as Government 2. The government can subsidize the implementation
of a blockchain-driven traceability system for its local firms in the FPSC. Such a subsidy
program not only aims to leverage fresh product quality and safety but also to impact the
operational decisions of the supply chain members.

Given the subsidy strategy difference between the local governments in the two
regions, we focus on the following four combination subsidy strategies:

Strategy NN: Both Governments 1 and 2 will not subsidize supply chain members.
The manufacturer and the retailer need to bear the development cost of a blockchain-driven
traceability system. The structure and interaction process of the FPSC system in Strategy
NN are depicted in Figure 1.

r—-——— - - - - - - - - - - 1
I e __ ] : L _Po_ ]
| Manufacturer N Retailer | | Customers
»> | »
| Region 1 Region 2 |
Blockchain — Logistics — —#» Capital chain

Figure 1. The structure and interaction process of FPSC system in Strategy NN.

Strategy SN: Government 1 will subsidize the manufacturer with a subsidy rate s;,
but Government 2 will not subsidize the retailer. The manufacturer and the retailer need to
share the development cost of a blockchain-driven traceability system. The structure and
interaction process of the FPSC system in Strategy SN are depicted in Figure 2.

Government 1
T
I
151
r— - _: ____________ 1
| N " 1 P
| Manufacturer N Retailer | Customers
»> J >
| Region 1 Region 2 |

Blockchain — Logistics — — » Capital chain

Figure 2. The structure and interaction process of FPSC system in Strategy SN.

Strategy NS: Government 2 will subsidize the retailer with a subsidy rate s, but
Government 1 will not subsidize the manufacturer. Both the manufacturer and the retailer
need to share the development cost of a blockchain-driven traceability system. The structure
and interaction process of the FPSC system in Strategy NS are depicted in Figure 3.

Government 2

| 5
- ———— +———
| eV ] T 1 P0_]
| Manufacturer N Retailer | |  Customers
» } »
| Region 1 Region 2 |
Blockchain — Logistics — — » Capital chain

Figure 3. The structure and interaction process of FPSC system in Strategy NS.
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Strategy SS: Both Governments 1 and 2 will subsidize supply chain members, i.e.,
Government 1 will subsidize the manufacturer with a subsidy rate s;, and Government 2
will subsidize the retailer with a subsidy rate s;. Both the manufacturer and the retailer need
to share the development cost of a blockchain-driven traceability system. The structure and
interaction process of the FPSC system in Strategy SS are depicted in Figure 4.

Government 1 Government 2
T T
| |
15 152
r————_—_——— — — — — —- — — —
| |
v v
| e W __ ] : el P0_]
| Manufacturer N Retailer | | Customers
» i »
| Region 1 Region 2 |
Blockchain — Logistics — — » Capital chain

Figure 4. The structure and interaction process of FPSC system in Strategy SS.

Under each of the four government subsidy strategies, we set up a Stackelberg game.
The manufacturer plays as a leader, and the retailer plays as a follower. The decision
process is as follows. In Stage 1, the manufacturer determines the traceability level t and the
wholesale price w considering different local government subsidy strategies and the cost of
building a blockchain-driven traceability system. In Stage 2, knowing the manufacturer’s
decision information, market demand, and local government subsidy strategies, the retailer
determines the margin price r and further determines the retail price p.

The retailer will order fresh products from the manufacturer in preselling period
according to the market demand information. Then the manufacturer will produce and
deliver fresh products to a retailer before the selling period. When the selling period begins,
the retailer sells fresh products into the market. For the whole producing and selling
processes of fresh products, the information is recorded and revealed by the blockchain-
driven traceability system.

The problem analyzed in this study is to determine optimal operation policies in
a cross-regional FPSC with regional government subsidy heterogeneity to blockchain-
driven traceability. To solve the problem, we require to focus on the following technical
sub-questions:

(1) How to build the demand and profit functions considering blockchain-driven trace-
ability and government subsidy heterogeneity

(2) How to construct joint pricing and traceability level decision models for Strategies
NN, SN, NS, and SS in the manufacturer Stackelberg game?

(3) How to determine optimal operation policies and profits of FPSC members for Strate-
gies NN, SN, NS, and S5?

(4) How do significant factors affect the optimal policies of manufacturers and retailers
for Strategies NN, SN, NS, and SS?

(5) How to determine the desired subsidy strategy from each perspective of the supply
chain, manufacturer, and retailer in the manufacturer Stackelberg game?

3.2. Assumption

In order to clearly present our study and formulate the model, the necessary assump-
tions are summarized as follows:

Assumption 1. The manufacturer and the retailer are under the jurisdiction of different local
governments, and the government can provide subsidies only to the local firm. Specifically, if the
governments choose to provide the subsidy, then Government 1 will only provide a subsidy to the
manufacturer, and Government 2 will only provide a subsidy to the retailer.
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Assumption 2. The manufacturer and the retailer need to share the development cost of a blockchain-
driven traceability system, and the cost is a quadratic function of the traceability level [3,41]. Given
the traceability level t and the traceability cost coefficient k, we consider the development cost of a
blockchain-driven traceability system is Bkt? /2.

Assumption 3. The packaging of fresh products will clearly indicate traceability information, and
consumers can easily identify product traceability information when buying [3,9].
3.3. Notation

In the following, the notation for decision variables, parameters, and functions is
given in Table 2. It is necessary to point out that superscript 7 is used to mark four different
subsidy strategies, wherei = NN, SN, NS, SS.

Table 2. Notations.

Notations

Descriptions

Decision variables:

w':

7

#:
Parameters:
a:

b:

c:

Ct:

p:

k:

o

51

$2
Functions:
DO:
D:
i.
Tt
1.
TR
1 .
Tt

The manufacturer’s wholesale price, w' > 0.
The retailer’s margin price, r* > 0. ‘
The traceability level of fresh products, t > 0.

The potential intrinsic demand, a > 0.

The sensitivity coefficient of consumers to the retail price, b > 0.

The unit production cost, ¢ > 0.

The cost of using the blockchain technology for each product, c; > 0.

The retailer’s retail price, p > 0.

The traceability cost coefficient, k > 0.

The sensitivity coefficient of consumers to the traceability level of products,

a € [0,3].

The cost-sharing rate of the manufacturer for building blockchain-driven
traceability system, B € [0,1], the development cost of blockchain-driven
traceability system is shared by manufacturer and retailer, and 1 — 8 denotes the
cost-sharing rate of the retailer.

The rate of products left after corrosion, 6 € [0,1]. Generally, the higher the
product quality is, the greater the rate 0 is.

The subsidy rate provided by Government 1 for the manufacturer to build and use
blockchain-driven traceability system, s; € [0, 1].

The subsidy rate provided by Government 2 for the retailer to build and use
blockchain-driven traceability system, s, € [0, 1].

The market demand function.

The order quantity function of the retailer.
The manufacturer’s profit function.

The retailer’s profit function.

The profit function of the supply chain.

4. Models
4.1. Demand Function

In FPSC, the market demand can be affected by some factors, such as the retail price
of fresh product and the product traceability level. Generally, the demand decreases with

the retail price but increases with the traceability level [3]. According to the existing
literature [3,9,42-44], we build the demand function as follows:

D% =a—bp + at 1)

where a is the potential intrinsic demand, a > 0; b is the sensitivity coefficient of consumers
to product retail price, b > 0; « is the sensitivity coefficient of consumers to the traceability
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level of fresh products, and the larger « is, the more sensitive the consumers are to the
traceability level.

According to the market demand function D? and the rate of products left after
corrosion 6, we can determine the order quantity function of the retailer, i.e.,

D=D"/6 )

It is necessary to note that the retail price consists of wholesale price w and margin
price r, and thus it can be expressed as the following equation:

p=w+r )

4.2. Profit Functions and Models for Different Subsidy Strategies
4.2.1. Strategy NN

In Strategy NN, according to the demand function and interaction process of supply
chain members, as shown in Figure 1, the profit functions of manufacturer and retailer can
be determined, i.e.,

NN2
N = (wNN —c— ct> D — ’Bktz 4)
1 — B)ktNN2
nIZQ’N _ pNNDO . (wNN + ct)D . ( ﬁz) ®)

By Equations (1)—(3), the profit functions of the manufacturer and retailer can be
converted into the following forms, i.e.,
(NN —c—c;) [a = b(@wNN +VN) 4 atVN] g2

T = ; 5 (6)

an _ [O(@NY VYY) — (@NN o) [[a — b (NN +rNV) 4 atNN] (1 — g)keNN2
R = 0 - > ()

Furthermore, by Equations (6) and (7), the profit function of the supply chain can be
determined, i.e.,
[0(wNN +rNNY — (c+2¢4)] [a — b(wNN 4 rNN) 4 qtNN] - g NN2

N = 7N 7N = 3 i (8)

On the basis, according to the manufacturer Stackelberg game, we can construct the
joint pricing and traceability level decision model considering blockchain-driven traceabil-
ity and Strategy NN, i.e.,

Model1: max nZI\VAN
wNN NN

s.t. maxnﬁ]N
NN
4.2.2. Strategy SN

In Strategy SN, according to Figure 2, the profit functions of the manufacturer and
retailer can be determined, i.e.,

_ SN2
nZS\/IN: (wSN—c—ct)D—% 9)
_ SN2
nf{N = ]oSNDO — (wSN + ct>D - 7(1 ﬁz)kt (10)

By Equations (1)—(3), the profit functions can be converted into the following forms, i.e.,

sy (@N—c—c)[a—b@N +7N) +atN] (1 —sp) pktSN2
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[0(w N 4+ 7N) — (N +¢;) ] [a — b(wN + 5N) 4 at5N] (- B)ktSN?
0 2

Furthermore, by Equations (11) and (12), the profit function of the supply chain can be
determined, i.e.,

[6(wSN +7rSN) — (c+2¢c1)] [a — b(wSN + r5N) + atSN]  [1 — Bsy [ktSN2
0 - 2

On this basis, we can construct the joint pricing and traceability level decision model

considering blockchain-driven traceability and Strategy SN, i.e.,

Model 2: max il
wSN SN

R = (12)

SN _

mo) =y + MR = (13)

s.t. maxrt

SN
N R

4.2.3. Strategy NS

In Strategy NS, according to Figure 3, the profit functions of the manufacturer and
retailer can be determined, i.e.,

NS _ (. NS _ . _  BktN2

T = (ZU c Ct)D > (14)

_ _ NS2
RS = pNSD — (WS 4 ) D - a 52)(12 Pkt (15)
According to Equations (1)—(3), the profit functions can be converted into the following

forms, i.e.,
ns  (WNS—c—cp)[a—b(wNS +NS) 4 atNS]  pNS2

M= - (16)

6 2
NS _ [0(wNS +7NS) — (wNS + ¢f) | [a — b(wNS +7NS) + atNS] (1 —55) (1 — B)ktN2 a7

R = _
0 2

Furthermore, by Equations (16) and (17), the profit function of the supply chain can be
determined, i.e.,
[0S+ r5) — (c+20)] [a = (™S +7Y) +atNS] (1 — (1 syt

o =T R = ; - 5 (18)

On this basis, we can construct the joint pricing and traceability level decision model
considering blockchain-driven traceability and Strategy NS, i.e.,

Model 3: max 7}
wNS,tNS

NS
S.t. I?NaSXTCR
4.2.4. Strategy SS

In Strategy SS, according to Figure 4, the profit functions of the manufacturer and
retailer can be determined, i.e.,

1- k552
njs\,f = (wss —Cc— Cf)D — —( 512),5 (19)

(1= 52) (1 = P)ktSS?
2
According to Equations (1)—(3), the two profit functions can be converted into the
following forms, i.e.,

738 = pSSpO — (wss + ct)D - (20)
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S _ . (S 1 4SS ss _ ss2
”i/?:(w c—ct)la l;(w +r5%) + ] (1 slz)ﬁkt 1)

ss _ [0(w* +7r%%) — (@ +er)|[a—b(w™ +7%) + ] (1 —55)(1 — p)kt>?
R’ = 0 - 5 (22)

Furthermore, by Equations (21) and (22), the profit function of the supply chain can be
determined, i.e.,
[0(w5® 4+ 15%) — (c+2¢1)] [a — b(w +75%) +at>5]  [1— Bs; — (1 — B)so]kt52

mSE = Op TR = ; - 5 (23)

According to the Stackelberg game, we construct the joint pricing and traceability level
decision model considering blockchain-driven traceability and Strategy SS, i.e.,

Model 4 : max 757
wSS 158

s.t. maxnls{S
7SS

5. Optimal Operation Policies
5.1. Optimal Operation Policy for Strategy NN

By solving Model 1, we can obtain the following theorems, corollaries, and propositions.

Theorem 1. For Strategy NN, the optimal wholesale price of manufacturer w*NN

of retailer r*NN, and traceability level of fresh product t*NN are

, marginal price

NN _ &%(c+ct) —2Pk(ab + be)

R o2 — 4bpk @)
NN _ a?[c(1—0) +cr(2—0)] — Bk{ad(3 —20) + b[c(1 — 20) + 2]} 25)
0(a2 — 4bpK)

NN _ a[b(c+ 2c) — ab]
~ 0(a2 —4bBk)
On the basis, according to Equation (3) and Theorem 1, we can obtain the following
corollary, i.e.,

(26)

Corollary 1. For Strategy NN, the retailer’s optimal retail price can be uniquely determined, i.e.,

pNN 3aBk6 + (c + 2c¢) (a® + bpk)

- 0(aZ — 4bBk) @7)
According to Theorem 1 and Equations (6)—(8), we can determine optimal profits of
the manufacturer nj\‘AN N retailer n}k{N N and supply chain ngy N je.,
NN BK[b(c+2c;) — af)?
M T T T2 (02 — 4bpik) (28)
2
NN _ k[b(c +2¢t) —ab)]" [a*(1 - B) — 2bBk] 29)

262 (a2 — 4bpk)*

— 4012 (52 — 2
NN ~ k[b(c +2ct) —ab]” (a X 6bpk) 0)
262 (a2 — 4bpk)

Based on the above analysis, we can obtain the following propositions:
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Proposition 1. For Strategy NN, w*NN, p*NN gy NN

are related to parameters o, B, and 0, i.e.,
(@)  w*NN and t*NN increase with o and 0, but decrease with p;

(b)  r*NN increases with w, but decreases with B; r*NN increases with @ if Opn—r—p < 0, otherwise
it decreases with 6.

where 8,y —p—p = 2apk6* — (c + 2c¢) (a® — bBk).

According to Proposition 1, we use Table 3 to show and compare the sensitivities of
optimal operation policy to model parameters for Strategy NN.

Table 3. The sensitivities of optimal operation policy to model parameters for Strategy NN.

w B
w*NN T \L T
NN 0 1 T
PN 1 ! T

Notes: 1: increase; |: decrease.

We find from Table 3 that, in Strategy NN, parameters «, B, and 6 can affect the optimal
operation policy w*NN, r*NN and +*NN_ Specifically, w*NN, r*NN and t*NN increase with
parameter a but decrease with f. w*NN and +*NVN increase with parameter 6. In addition,
the impact of parameter 6 on r*NN is not monotonous.

For the impact of parameter a on the optimal operation policy, it is because that
increasing a will increase the impact of traceability level on demand. To enhance the
demand, the manufacturer will increase traceability level t*NN “and then the profits of
the supply chain will increase. Meanwhile, to obtain more profits, the manufacturer will
increase the wholesale price w*NN, and the retailer will increase the margin price r*NN.
Obviously, the sensitivity coefficient of consumers to the traceability level will directly
affect the market demand and will further affect the optimal operation policy and profits.
These findings are beneficial for managers in practice to adjust the optimal operation policy
when the sensitivity coefficient of consumers to the traceability level changes.

For the impact of parameter 8 on the optimal operation policy, it is because that increas-
ing B will decrease the manufacturer’s profit. To keep the beneficial level, the manufacturer
will seek more market demand by decreasing wholesale price w*NN. Meanwhile, to reduce
the cost, the manufacturer tends to decrease the traceability level #*NN  In addition, for
equilibrium and stability of the supply chain, the retailer needs to transfer some profits to
the manufacturer by decreasing the margin price 7*NN. In fact, the decreasing r*NN can also
increase the market demand to a varying degree. These findings can also benefit supply
chain firms in determining optimal operation policy with respect to the change of the
cost-sharing rate of the manufacturer for building a blockchain-driven traceability system.

For the impact of parameter 6 on the optimal operation policy, it is because that in-
creasing 0 will reduce the production cost and will further improve the vertical competition
advantage of the manufacturer. Thus, the manufacturer tends to increase the wholesale
price w*NN to seek more profits. Meanwhile, the manufacturer can transfer some profits
to the retailer by increasing the traceability level +*NN to improve market demand. In fact,
the manufacturer will bear more traceability cost if increasing +*NN. Despite receiving the
transferred profits, the retailer can also increase or decrease the margin price r*VN; the
trend will depend on the increasing extent of the wholesale price w*NN and traceability
level t*NN_ These findings can be used to guide supply chain firms to determine operation
policy, especially for the retailer in price adjustment when the rate of products left after
corrosion changes.

Proposition 2. For Strateqy NN, n;AN N nl*{N N
0,ie.,

, and nzlg N are related to parameters «, B, and

(a) ”X/{N N increases with « and 0, but decreases with B;
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(b) HEN N increases with 6; nl’gN N increases with o if 6,,_r_n < 0, otherwise it decreases with

a; 0NN increases with B if 8y g p < 0, otherwise it decreases with p;
(c) ngy N increases with 6; ngg N increases with a if 6yn—sc—a < 0, otherwise it decreases with

o, nﬁN N increases with B if dun—sc—p > 0, otherwise it decreases with p;

where Syp—g—y = 6*(1 — B) 4+ 4bpk(1 —2B), up—r—p = &> —8bk(1 — B), un—sc—a =
o* — 4bﬁk(l - 3:8)/ 5nn—SC—ﬁ =2-3p.

According to Proposition 2, we use Table 4 to show and compare the sensitivities of
optimal profits to model parameters for Strategy NNN.

Table 4. The sensitivities of optimal profits to model parameters for Strategy NN.

o B 0
NN 1 ! t
TN 1 1 t
N w u t

Notes: 1: increase; |: decrease.

We find from Table 4 for Strategy NN that parameters «, 5, and 6 can affect optimal
profits 73N, VN, and NN, Generally, 7r3¥Y is monotonously affected by parameters
&, B, and 6, and parameter 6 can monotonously affect optimal profits 74NN, 7NN, and
;NN However, 7VN and 7;¥N are non-monotonously affected by parameters a and .

Specifically, increasing a will first improve the market demand and then the profit of
the supply chain leader, i.e., the manufacturer, but the change in the retailer’s profit is not
certain. This is because, in this situation, the manufacturer will increase the wholesale price
to seek more profits from the supply chain, and the retailer has to increase the margin price
to keep the profit level or seek more benefits. The change in the retailer’s profit is directly
related to margin price and demand. Since the change extents of margin price and demand
are not uncertain with parameter «, so the impact of parameter « on profit 773" will not
be monotonous. The profit of the supply chain consists of the profits of both manufacturers
and retailers. Although the manufacturer’s profit increases with parameter «, the retailer’s
profit can decrease; thus, the impact of parameter « on the profit of the supply chain is
not monotonous.

For parameter 8, the manufacturer will decrease with the parameter since increasing
B leads to more cost for building a blockchain-driven traceability system. To avoid more
loss, the manufacturer will first decrease the traceability level to reduce the cost and then
decrease the wholesale price to reduce the decline in demand. Meanwhile, the retailer
will also decrease the margin price to reduce the decline in demand, which may lead to a
decline in the retailer’s profit. Given that the retailer’s cost of building a blockchain-driven
traceability system is decreasing, the retailer’s profit may also increase. Accordingly, the
profit of the supply chain may increase or decrease with parameter 5.

In addition, increasing 6 leads to improving the quality of fresh products and directly
reduces the production cost of the manufacturer and further the total cost of the supply
chain. Thus, the manufacturer’s profit increases. On this basis, the retailer’s profit also
increases since the profit can be transferred from the manufacturer to the retailer for supply
chain equilibrium and stability.

5.2. Optimal Operation Policy for Strategy SN

By solving Model 2, we can obtain the following theorems, corollaries, and propositions.
Theorem 2. For Strategy SN, the optimal wholesale price of manufacturer w*SN
retailer r*>N, and traceability level of fresh product t*5N are

N a?(c+ct) — 2Bk(1 —s1)(ad + be)

- a? — 4bBk(1 — sq) 1)

, marginal price of
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SN _ 22[c(1—0) +c(2 — 0)] — Bk(1 —s1){ab(3 — 20) + b[c(1 — 20) + 2¢¢]} (32)
O[a? — 4bBk(1 — s1)]
PN _ alb(c+ 2ct) — ab)

O[a? — 4bBk(1 — s1)]

(33)

On the basis, according to Equation (3) and Theorem 2, we can obtain the following
corollary, i.e.,

Corollary 2. For Strategy SN, the retailer’s optimal retail price can be uniquely determined, i.e.,

= 8a? — 4bBk(1 —51)] (54)

SN ~ 3apkf(1 —s1) — (c +2ct) [a® — bK(1 —s51)]

According to Theorem 2 and Equations (11)—(13), we can determine optimal profits of

the manufacturer nﬁN , retailer n}‘{SN , and supply chain ”EfﬁN ,l.e.,

«SN __ Pk(1—s1)[b(c+2¢) — ad)*

M 262[a2 — 4bBk(1 — s51)] (35)

k[b(c +2¢;) — af]? [zxz(l — B) — 268%(1 — slﬂ
et = - ; (36)
202[a% — 4bBk(1 — s1)]

k[b(c + 2¢;) — af]? [zxZ(l — Bs1) — 6bB2k(1 — 51)2]
”ggN == 2 (37)
2020 — 4bPk(1 — s1)]

Based on the above analysis, we can obtain the following propositions:

#SN 45N - and +*SN gye related to parameters «, B, 0 and

Proposition 3. For Strategy SN, w

sy, Le.,

(@) w*SN and t*SN increase with «, 6, and sy, but decrease with B;

() NN increases with a and sy, but decreases with B; r*NN increases with 0 if 6,,_,_9 <0,
otherwise it decreases with 6.

where 8sy—y—p = 2aPk6%(1 — s1) — (c + 2¢¢) [a® — bBk(1 — 571)].

According to Proposition 3, we use Table 5 to show and compare the sensitivities of
optimal operation policy to model parameters for Strategy SN.

Table 5. The sensitivities of optimal operation policy to model parameters for Strategy SN.

o B 0 51
w*SN T \L T T
7,*SN T \L iT T
SN 1 | 1 1

Notes: 1: increase; |: decrease.

From Table 5 for Strategy SN, we can also see that the parameters «, §, §, and s; can
affect the optimal operation policy. Since the impact trends and extents of parameters «, j3,
and 0 on the optimal operation policy are similar to the ones in Table 3, we will not repeat
the illustrations here.

Particularly, w*SN 1SN and 5N increase with parameter s, this is because the
external subsidy will improve the profit of the manufacturer. To seek more profit, the
manufacturer will increase the wholesale price w*>N, leading to a decline in demand. For
the equilibrium and stability of the supply chain, the manufacturer will also increase the
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traceability level SN to improve the demand. Meanwhile, the retailer will seek more profit
by increasing the margin price r*N.
Pro'position 4. For Strategy SN, n};?N , nl’QSN
sy, i.e.,

, and ngéN are related to parameters w, B, 6, and

(a) n}fN increases with «, 6, and sy, but decreases with p;

(b) HESN increases with 6; NESN increases with « if dsy_r_n < 0, otherwise it decreases with ;
N increases with B if 8sy_r_p < 0, otherwise it decreases with B; >N increases with s
if 8su—Rr—s, < 0, otherwise it decreases with sy;

(c) ng(s:N increases with 60; nggN increases with o if dgy_gc—n < 0, otherwise it decreases with ;

nggN increases with B if 6s,—sc—p < 0, otherwise it decreases with p; n;gN increases with

81 if bsn—sc—s, < 0, otherwise it decreases with sq;

where 8, o = 02(1 — B) +4bpk(1 —51)[1 — B(2 —s1)], Osn-R-p = a? —4bk(1—s1)[2 — B(2 —51)],
Ssn—R—s; =2 — BB —51), Ssn_sc—a = &2(1 — Bs1) — 4bBk(1 —s1)[1 + B(3 — 251)],
Ssn—sc—p = a*sy —4bk(1 —s1)[2 — B(3 — 251)], Osn—sc—s, = &% + 8bk[1 — B(2 — s1)].

According to Proposition 4, we use Table 6 to show and compare the sensitivities of
optimal profits to model parameters for Strategy SN.

Table 6. The sensitivities of optimal profits to model parameters for Strategy SN.

« B 0 51
HX/S“EN ) 4 ) )
N i 1 ) i
N N 1 T i

Notes: 1: increase; |: decrease.

From Table 6 for Strategy SN, we can also see that the parameters «, B, 6, and s; can
affect optimal profits. Since impact trends and extents of parameters «, B, and 6 are similar
to the ones in Table 4, we will not repeat the illustrations here.

] *SN . xSN *SN o oy .
In addition, 7ty7™, 5>, and g™ are sensitive to parameter sq. Specifically, subsidy

rate 5, can monotonously increase profit 7737, but can non-monotonously affect the profits
7N and 722N, This is because that subsidy rate s; can directly affect the manufacturer’s
profit but indirectly affect the retailer’s profit. Since the indirect impact trend and ex-
tent of the subsidy rate s; on the retailer’s profit are related to the increasing size of the
wholesale price, and the change of wholesale price is not certain, the retailer’s profit is not
monotonously affected by the subsidy rate s;. On this basis, the impact trend on the profit

of the supply chain is also monotonous.

5.3. Optimal Operation Policy for Strategy NS
By solving Model 3, we can obtain the following theorems, corollaries, and propositions.

*NS

Theorem 3. For Strategy NS, the optimal wholesale price of manufacturer w*™>, marginal price of

retailer r*N°, and traceability level of fresh product t*NS are
2
«Ns _ a°(c+cy) —2Bk(ad + be)
o= o2 — 4bpk (38)
NS _ a?[c(1—0) +2c:(2 —0)] — Bk{ad(3 — 20) + b[c(1 — 20) + 2¢;]} (39)
0 (a2 — 4bpBk)
t*NS — Dé[b(C +2Ct) — 116] (40)

6 (a2 — 4bpk)
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On the basis, according to Equation (3) and Theorem 3, we can obtain the following
corollary, i.e.,

Corollary 3. For Strateqy NS, the retailer’s optimal retail price can be uniquely determined, i.e.,

.Ns _ 3apke + (c+2c;)(a® + bpk)
pro=- 0(a2 — 4bpK) (1)

According to Theorem 3 and Equations (16)—(18), we can determine optimal profits of

the manufacturer 77}N5, retailer 713N°, and supply chain 7%, i.e.,

«Ns __ Pk[b(c+2ct) — a6)?
™M T T T002(a2 — 4bpk)

(42)

ans __Kb(e+2¢) — a0 {a®(1 - 55) (1 — ) — 2bp%k}
o 202 (a2 — 4bpk)’
NS _ _ klb(c +2ct) — ab]? [a?[1 — 52(12— B)] — 6bB%k] o
262 (a2 — 4bpk)

Based on the above analysis, we can obtain the following propositions:

(43)

*NS 3xNS and NS are related to parameters «, B, and 6, i.e.,

Proposition 5. For Strategy NS, w

(@)  w*NS and t*NS increase with « and 0, but decrease with B;

(b)  v*NS increases with a, but decreases with B; r*NS
it decreases with 0;

(c)  w*NS, ¥*NS and t*NS are not related to s.

where 8,5_,_g = 2aPk6> — (c + 2c;) (a* — bpk).

increases with 0 if 6,5_,_g < 0, otherwise

According to Proposition 5, we use Table 7 to show and compare the sensitivities of
optimal operation policy to model parameters for Strategy NS.

Table 7. The sensitivities of optimal operation policy to model parameters for Strategy NS.

« B 0 52
w*NS T i T _
NS 0 i A -
t*NS T \L T -

Notes: 1: increase; |: decrease; —: unchanged.

From Table 7 for Strategy NS, we can also see the parameters &, 8, and 6 can affect the
optimal operation policy. Since the impact trends and extents of parameters «, 8, and 6
on the optimal operation policy are similar to the ones in Table 3, we will not repeat the
illustrations here.

It is necessary to note that parameter s, will not affect the optimal operation policy.
This is because the subsidy from government 2 is related to the retailer’s profit but is not
relevant to the retailer’s decision. In fact, the subsidy from government 2 is an exogenous
compensation for the retailer. Thus, the parameter s, cannot affect the optimal operation

policy.

Proposition 6. For Strategy NS, NXAN 5 711*{\] 5

S, Le.,

, and n’gy S are related to parameters w, B, 0, and

(a)  7TiNS increases with a and 6, but decreases with B; T4N° is not related to sy;
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(b) nj‘{N S increases with 6 and s); 71'Z*QN S increases with w if Ous—R—a < 0, otherwise it decreases
with a; TN increases with B if 05— r— p < 0, otherwise it decreases with p;
(c) 7'(;](}’ S increases with 6 and sy; ngg’ S increases with a if 6ps—sc—a < 0, otherwise it decreases

with «; ngé’ S increases with B if bus—sc—p > 0, otherwise it decreases with p.

where 5y R—o = az(l —52)(1 = B) +4bpk[1 — s, — B(2 - 52)]/511571{7/5 =(1- 52)(0‘2 - Sbk)
—|—4bﬁk(2 — Sz),

Sns—sc—a = &2[1 —s3(1 — B)] — 4bBk[1 — 5o — B(3 — 52)],

5«,15,5(:,/5 = 0(252 + 4bk[2(1 — 52) - ﬁ(?) — Sz)].

According to Proposition 6, we use Table 8 to show and compare the sensitivities of
optimal profits to model parameters for Strategy NS.

Table 8. The sensitivities of optimal profits to model parameters for Strategy NS.

o B 0 s>
NS 0 { T -
NS 1 1 ) )
mENS 1 1 ) )

Notes: 1: increase; |: decrease; —: unchanged.

From Table 8 for Strategy NS, we can also see that the parameters a, 8, and 0 can affect
optimal profits. Since impact trends and extents of parameters «, B, and 0 are similar to the
ones in Table 4, we will not repeat the illustrations here.

In addition, it is necessary to point out that parameter s, can affect the retailer’s
profit and further affect the profit of the supply chain. However, it cannot affect the
manufacturer’s profit since the subsidy from government 2 is regarded as the exogenous
compensation for the retailer.

5.4. Optimal Operation Policy for Strategy SS
By solving Model 4, we can obtain the following theorems, corollaries, and propositions.

Theorem 4. For Strateqy SS, the optimal wholesale price of manufacturer w*SS

retailer r*55 , and traceability level of fresh product t*5° are

, marginal price of

.55 a2(c+cp) —2Bk(1—s1)(ad + be)
v a2 — 4bBk(1 — s1) (45)

55 a?[c(1—0) +c;(2—0)] — Bk(1 —51){ab(3 —20) + b[c(1 — 26) + 2c4]} (46)
T B[aZ — 4bpk(1 —s1)]

55 _ alb(c+ 2¢t) — ab]

0a? — 4bpk(1 — s1)] “7)

On the basis, according to Equation (3) and Theorem 4, we can obtain the following
corollary, i.e.,

Corollary 4. For Strategy SS, the retailer’s optimal retail price can be uniquely determined, i.e.,

w55 3apko(1—s1) — (c+2c)[a® — bBk(1 —s51)]
P = 0% — 4bpk(1 — s1)] (48)
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According to Theorem 4 and Equations (21)-(23), we can determine optimal profits of

the manufacturer n}\‘/fs , retailer 7'[}255 , and supply chain 7'(;5(’:5 ,i.e.,

s Bk(1—sp)[b(c + 2¢;) — ad)?
== 202[a2 — 4bpk(1 — s1)] “9)

k[b(c + 2¢¢) — ab]? [08(1 —52)(1— B) — 2bB2k(1 — 51) ]
TR = - (50)
262[a2 — 4bPk(1 — 51)]*
Klb(e+2er) - a6 {o2[1 — 5, — B(s1 — 52)] — 6bB2k(1 — 1) |
262[a2 — 4bPk(1 — 51)]?

Based on the above analysis, we can obtain the following propositions:

*SS

e = (51)

*SS .k

T SS, and t*SS

Proposition 7. For Strategy SS, w are related to parameters «, B, 0, and s1, i.e.,

(a)  w*SS and t*55 increase with a, 8, and sy, but decrease with B;

(b)  1*55 increases with a and s1, but decreases with B; *55 increases with 6 if bss—r—p < O,
otherwise it decreases with 6;

(c)  w*SS,r*5S and t*55 are not related to s,.
where 6ss_p_p = 2apk6*(1 — s1) — (c + 2¢¢) [a® — bBk(1 — 57)].

According to Proposition 7, we use Table 9 to show and compare the sensitivities of
optimal operation policy to model parameters for Strategy SS.

Table 9. The sensitivities of optimal operation policy to model parameters for Strategy SS.

o B 0 s1 s2
w*SS T \L T T -
r*SS T \L \H\ T -
t*SS T ~L T T -

Notes: 1: increase; |: decrease; — unchanged.

From Table 9 for Strategy SS, we can also see that the parameters «, §, 6, and s can
affect the optimal operation policy. Since the impact trends and extents of parameters «, 3, 0,
and s on the optimal operation policy are similar to the ones in Table 5, and the sensitivity
of parameter s; is similar to the one in Table 7, we will not repeat the illustrations here.
Proposition 8. For Strategy SS, nﬁs, nj‘iss, and TS
Sy, Le.,

*SS are related to parameters w, B, 0, s1, and

(a) n}‘v?s increases with «, 6, and sy, but decreases with p; 713‘\,?5 is not related to sp;
*ss increases with « if 6ss_r—, < 0, otherwise it decreases
55 increases

(b) 711’355 increases with 0 and s»;
with a; 7055 increases with B if (555 R—p < 0, otherwise it decreases with p; 7y
with sy if 6ss_r—s, < 0, otherwise it decreases with sq;

(c) ngés increases with 6 and sy; Tl’;és increases with a if dss_gc—, < 0, otherwise it decreases

with «; ng(sjs increases with B if dss_sc—p > 0, otherwise it decreases with p; ng(sjs increases

with sq if dss_sc—s, < 0, otherwise it decreases with s;.

where §gs_g_ o= = (1—s5)(1 — B) [a? +4bBk(1 — 51)] — 4bB%k(1 —s1)%,

555 R-p =& (1 — Sz) + 4bk{2[ 1 — Sl)(l — Sz)] — ﬁ[251 + (1 — Sl)(Sl + 52)]}, 55571{,51
=2-pB—s1) —25(1 - p),

Oss_SC—nq = [1 — Sy — ‘B(Sl - Sz)] [062 + 4b‘3k(1 — 51)] — 1217,32]((1 — Sz)z,

(SssfSCf‘B = 062(51 —5p) —4bk{2(1 —51)(1 —s2) + B(1 —51)[2(1 —51) + (1 —52)]}, bss—sC—
51 = a® +8bk{1 —s; — 2B[1 — (s1 +s2)] }-
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According to Proposition 8, we use Table 10 to show and compare the sensitivities of
optimal profits to model parameters for Strategy SS.

Table 10. The sensitivities of optimal profits to model parameters for Strategy SS.

o B 0 s1 52
n;/zs T 1 t T -
S n n T 1 T
TEed 1 \ t 1 1)

Notes: 1: increase; |: decrease; — unchanged.

From Table 10 for Strategy SS, we can also see that the parameters «, 8, 8, s1, and s
can affect optimal profits. Since impact trends and extents of parameters «, §, 6, and s; are
similar to the ones in Table 6, and the impact trends and extents of parameter s, is similar
to the ones in Table 8, we will not repeat the illustrations here.

Based on the above theoretical results for Strategies NN, SN, NS, and SS and the
comparative analysis among the impacts of model parameters on operation policies and
profits, as shown in Tables 4-10, we highlight the following findings.

Finding 1: For four subsidy strategies, the effects of model parameters on optimal
operation policies generally follow the monotonous trend. Specifically, the optimal policies
increase with sensitivity coefficient « and subsidy rate s;, decrease with cost-sharing rate
B, are not related to subsidy rate s;, and generally increase with rate 6 of products left
after corrosion.

Finding 2: For four subsidy strategies, increasing « is always beneficial to the man-
ufacturer but is not to the retailer and the supply chain. This is because increasing « will
lead the manufacturer to seek more share of supply chain profit and may further greatly
reduce the retailer’s profit. Similarly, increasing 8 always hurts the manufacturer’s profit
and can be beneficial to the retailer and supply chain to varying degrees, but it is not always
beneficial to them. The whole supply chain can benefit from the suitable cost-sharing rate
of the manufacturer for building a blockchain-driven traceability system.

Finding 3: For four subsidy strategies, increasing rate 6 of products left after corro-
sion will always benefit all supply chain members since the quality of fresh products is
continuously improved. Therefore, to seek more profits, the manufacturer could improve
the quality of fresh products in production and transportation processes, and the retailer
could maintain the quality during the selling period.

Finding 4: For four subsidy strategies, the government subsidy to the manufacturer
in region 1 is always beneficial to the manufacturer but not always beneficial to the retailer
and the whole supply chain. Generally, the government in region 1 can affect the adoption
intention of all supply chain members with respect to the blockchain-driven traceability
system by adjusting the subsidy rate s.

Finding 5: For four subsidy strategies, the government subsidy to the retailer in region
2 is always beneficial to the retailer and the whole supply chain but will not affect the
decision and profits of the manufacturer. Obviously, the government in region 2 can directly
affect the adoption intention of the retailer with respect to the blockchain-driven traceability
system by adjusting the subsidy rate s, and indirectly affecting that of the supply chain.

6. Desired Subsidy Strategy Analysis

By comparing the optimal profits of four subsidy strategies, we analyze desired
subsidy strategies from the perspectives of supply chain, manufacturer, and retailer.

6.1. Desired Subsidy Strategy from the Perspective of Supply Chain

Proposition 9. From the perspective of the supply chain, Strategy NS dominates Strategy NN,
Strateqy SS dominates Strategy SN, and the desired subsidy strategy cannot be uniquely determined
and can be
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(a) Stmtegy NS lf V1 Pss—sc — V2Pus—sc > 0;
(b)  Strategy SSif Y1@ss—sc — V2@Pns—sc < 0;

where 7 = (a? — 4bﬁk)2, Y2 = [a? —4bpk(1 — 51)]2, Pss—sc = a*[1—sp — B(s1 —52)] —
6bB2k(1 — 51)%, @us_sc = a2[1 —s5(1 — B)] — 6bp2k.

We can see from Proposition 9 that the desired subsidy strategy from the perspective of
the manufacturer is not uniquely determined and can be affected by significant parameters
«, B, and 6. To show the impact of the significant parameters on the subsidy strategy, we
conduct the numerical analysis, as shown in Figures 5-7. It is necessary to point out that
we determine the parameters’ values in the numerical analysis according to the optimal
solution conditions for four strategies and the values used in existing literature [44,45]. The
determined values are as follows, a =200,b =2,c=1,¢, =05,k =3,a =15 (a € [0,3]),
B=0.72(p€[0351]),0 =09 €[0,1]),s7 =0.3,and s = 0.2.
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Figure 5. The impact of parameter « on the profits of supply chain.
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Figure 6. The impact of parameter B on the profits of supply chain.
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Figure 7. The impact of parameter 0 on the profits of supply chain.

Figure 5 discloses the impact of the sensitivity coefficient « on the profits of the supply
chain and desired subsidy strategy from the perspective of the supply chain. From Figure 5,
we find that the profits of the supply chain for four strategies increase with parameter &, and
the profit for Strategy NS is greater than the one for Strategy NN, and the profit for Strategy
SS is greater than the one for Strategy SN. Obviously, Strategy NS dominates Strategy NN,
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and Strategy SS dominates Strategy SN. This finding is consistent with Proposition 9. In
addition, we find Strategy SS is better than Strategy NS, i.e., the desired subsidy strategy
from the perspective of the supply chain will be Strategy SS and will not change with the
increase in consumers’ sensitivity to the traceability level of products. This finding can
testify the conclusion of (a) in Proposition 9.

Figure 6 discloses the impact of the cost-sharing rate  of the manufacturer for building
a blockchain-driven traceability system on the profits of the supply chain and desired
subsidy strategy from the perspective of the supply chain. We can see from Figure 6 that the
profits of the supply chain for four strategies are not monotonous functions with parameter
B, and first increase sharply and then decrease with parameter . Compared with the
impacts of parameter § on supply chain profits for Strategies NS and NN, the ones for
Strategies SN and SS are more sensitive. With the change of parameter 8, the desired
subsidy strategy changes from Strategy NS to Strategy SS. It implies that parameter  can
affect the choice result of desired subsidy strategy. In addition, we find that the more the
parameter B is, the lower the profit difference between Strategies NS and NN or between
Strategies SN and SS. The above findings can show the impact of the cost-sharing rate 8
and testify the conclusion of Proposition 9.

Figure 7 discloses the impact of rate 8 of products left after corrosion on supply chain
profits and desired subsidy strategy from the perspective of the supply chain. From Figure 6,
we find that supply chain profits for four strategies increase with parameter 6, and the
desired subsidy strategy from the perspective of the supply chain will be Strategy SS. It is
necessary to note that desired subsidy strategy will not change with the rate of products left
after corrosion. We also find that Strategy NS always dominates Strategy NN, and Strategy
SS always dominates Strategy SN. The above findings are consistent with and testify the
conclusion of Proposition 9.

Proposition 9 suggests from the supply chain perspective that the decision-maker can
pay more attention to the subsidy strategy in region 2 and is further sensitive to the one
for other supply chain members. The desired subsidy strategy is to offer a subsidy to the
retailer in region 2, but for the manufacturer in region 1, offering a subsidy will depend
on the market environment and product characteristics. For a lower cost-sharing rate 3 of
the manufacturer for building a blockchain-driven traceability system, the desired subsidy
strategy is not to provide the subsidy to the manufacturer in region 2, but for a higher one,
the desired subsidy strategy is to provide the subsidy.

6.2. Desired Subsidy Strategy from the Perspective of the Manufacturer

Proposition 10. From the perspective of the manufacturer, the desired subsidy strategy can be an
arbitrary one of Strategies SN and SS.

From Proposition 10, we find that, from the perspective of the manufacturer, the
manufacturer’s profit for Strategy SS is equal to the one for Strategy NS, the one for
Strategy NS is equal to the one for Strategy NN, and the one for Strategy SS is greater
than the one for Strategy NS. Similar to the analysis for Proposition 9, we also conduct the
numerical analysis for Proposition 10 and obtain the impacts of parameters «, 8, and 6, as
shown in Figures 8-10.

Figures 8-10 disclose the impacts of the sensitivity coefficient &, cost-sharing rate
of the manufacturer for building a blockchain-driven traceability system, and rate 6 of
products left after corrosion on the manufacturer’s profit and desired subsidy strategy
from the perspective of the manufacturer. We find that these three parameters can sharply
affect the manufacturer’s profits but cannot change the desired subsidy strategy, and the
impact trend of parameter 8 is opposite to the ones of parameters « and 6. Strategies SS
and SN dominate Strategies NS and NN, and the desired subsidy strategy is arbitrary
one of Strategies SS and SN. Obviously, the above findings can testify the conclusions in
Proposition 10.
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Figure 10. The impact of parameter 6 on the profits of manufacturer.

Proposition 10 suggests from the perspective of the manufacturer that the manufac-
turer will only concern about the subsidy strategy to the manufacturer in region 1 and is
not sensitive to the one for other supply chain members.

6.3. Desired Subsidy Strategy from the Perspective of Retailer

Proposition 11. From the perspective of the retailer, Strategy NS dominates Strategy NN, Strategy
SS dominates Strategy SN, and the desired subsidy strategy cannot be uniquely determined and
can be

(a) ~ Strategy NS if v1@ss—r — Yo@Pns—r > 0;
(b) Stmtegy SS lf Y1Pss—r — V2 Pns—r <0

where us—y = 62(1 — 55)(1 — B) — 2bB%k, @ss—r = a2(1 —55)(1 — B) — 2bB%k(1 — 1), 11 =
(a2 — 4bpk)°, 72 = [a® — 4bBk(1 —s51)]%.

From Proposition 11, we find that, from the perspective of the retailer, the desired
subsidy strategy will be one of Strategy NS and SS, and the retailer’s profits can be affected
by the parameters a, B, and 6. Similar to the analysis for Proposition 9, we also conduct the
numerical analysis to explore the impacts of these three parameters for Proposition 11, as
shown in Figures 11-13.
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Figure 13. The impact of parameter 0 on the profits of retailer.

By analysis, we find the impact trends of the parameters &, 8, and 6 in Proposition 11
are similar to the ones in Proposition 9, so we do not repeat them here. The findings are
also consistent with and can testify the conclusions of Proposition 11.

Proposition 11 suggests that, from the perspective of a retailer, the desired subsidy
strategy cannot be uniquely determined. Generally, the retailer will benefit from the subsidy
in region 2 and is also sensitive to the subsidy strategy for the manufacturer in region 1.

By comparing theoretical results in Propositions 9-11 and in Figures 5-13, we obtain
the following findings:

Finding 6: The desired subsidy strategy from each perspective of the supply chain,
manufacturer, or retailer cannot be uniquely determined, and Strategy NN will not be
desired subsidy strategy. It indicates that the desired subsidy strategy tends to be offering
subsidies to supply chain member(s).

Finding 7: The desired subsidy strategies from different perspectives are generally
different but can be the same, i.e., Strategy SS under certain conditions. From both supply
chain and retailer perspectives, the desired subsidy strategies can be one of Strategies NS
and SS, but the choice conditions from the two different perspectives are different. From
the perspective of the manufacturer, the desired subsidy strategy is one of Strategies SS
and SN. Obviously, the supply chain members can reach an agreement for Strategy SS.
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Finding 8: The impacts of the sensitivity coefficient of consumers on the traceability
level of products, the cost-sharing rate of the manufacturer for building a blockchain-
driven traceability system, and the rate of products left after corrosion on the desired
subsidy strategy are different. Specifically, from three perspectives, the more the sensitivity
coefficient of consumers to the traceability level of products or the rate of products left
after corrosion is, the greater the advantage of desired subsidy strategy is. Conversely, the
more the cost-sharing rate of the manufacturer for building a blockchain-driven traceability
system is, the lower the advantage of desired subsidy strategy is.

It is necessary to point out that, for all three perspectives, the sensitivity coefficient of
consumers to the traceability level of products and the rate of products left after corrosion
can only affect the advantage of the desired subsidy strategy but will not affect the desired
subsidy strategy. Different from the impacts of these two parameters, from the perspectives
of the supply chain and retailer, the cost-sharing rate of the manufacturer for building a
blockchain-driven traceability system can affect the desired subsidy strategy. In addition,
from the perspective of the manufacturer, the desired subsidy strategy will not be affected
by the above three parameters.

7. Managerial Insights

Based on theoretical results and main observations in the above analyses, we obtain
the following new and significant insights from managerial and economic viewpoints.

(1) FPSC operation viewpoint: In deciding operation policies, the supply chain members
need to consider the impacts of the consumer sensitivity to traceability level, the
cost-sharing rate of the manufacturer for building a blockchain-driven traceability
system, and the rate of products left after corrosion. If the consumer sensitivity to
traceability level and the rate of products left after corrosion is greater, FPSC can
obtain more profits by increasing price.

Obviously, FPSC can benefit from the publicity for the advantages of blockchain-
driven traceability systems since it can increase market demand. In addition, FPSC can
also benefit from blockchain-driven traceability if the manufacturer bears more cost for
building a blockchain-driven traceability system in a reasonable range. It is necessary to
point out that quality improvement is always beneficial to the whole FPSC.

(2) Subsidy strategy selection viewpoint: The desired subsidy strategy is not uniquely-
determined, but FPSC will tend to obtain more subsidies. Specifically, the supply
chain and retailer will prefer Strategies NS and SS, but the manufacturer will prefer
Strategies SN and SS. For four potential subsidy strategies in FPSC, Strategy NN will
never be desired. From all perspectives, Strategy SS could be desired under certain
conditions. Although Strategy SS will not decrease the cost of blockchain-driven
traceability, it can greatly reduce the capital pressure and can further benefit the whole
FPSC members.

(38) Impact factor viewpoint: FPSC firms need to pay more attention to the cost-sharing
rate of the manufacturer for building a blockchain-driven traceability system since it
is significantly relevant to the desired subsidy strategy. Specifically, with an increasing
cost-sharing rate, the supply chain and retailer will change the desired subsidy strategy
from Strategy NS to Strategy SS, and the manufacturer will change it from Strategy
SN to Strategy SS. Obviously, the value of the cost-sharing rate can directly affect the
operation costs of manufacturers and retailers and further affect the operation policy
and profits of FPSC members. Generally, the manufacturer can reduce the cost by
decreasing the cost-sharing rate.

(4) Government intervention viewpoint: The government subsidy can promote the adop-
tion intentions of FPSC members with respect to the blockchain-driven traceability
system. Compared with the subsidy to the retailer, the one to the manufacturer can
affect more. FPSC will prefer Strategy SS if both governments offer subsidies and
Strategy SN to Strategy NS if only one government provides the subsidy. Obviously,
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government intervention can directly affect the adoption of a blockchain-driven trace-
ability system and further affect the costs and profits of FPSC members. Therefore,
both governments can incentivize FPSC to adopt a blockchain-driven traceability sys-
tem to improve the safety of fresh products and contribute to the benign development
of the FPSC system.

8. Conclusions

In this work, we studied operation policies in a cross-regional FPSC with regional
government subsidy heterogeneity to blockchain-driven traceability. First, we analyzed
four alternative subsidy strategies: Strategies NN, SN, NS, and SS, then constructed the
joint pricing and traceability level decision model for each subsidy strategy based on the
manufacturer Stackelberg game. By solving constructed models, we obtained optimal
operation policies and profits and further analyzed the theoretical impacts of significant
parameters on the policies and profits. Moreover, we theoretically disclosed the desired
subsidy strategy by comparing profits for four subsidy strategies from each perspective of
the supply chain, manufacturer, or retailer, numerically explored the impacts of significant
model parameters on the desired subsidy strategy and obtained some significant findings.

We find that operation policies of supply chain members are different for four potential
subsidy strategies and generally can be monotonously affected by the consumer sensitivity
to traceability level, cost-sharing rate of the manufacturer for building blockchain-driven
traceability system, rate of products left after corrosion, and a subsidy rate of Government
1. However, the subsidy rate of Government 2 will not affect these operation policies. We
also find that the profits of supply chain members are also significantly related to the above
parameters. Particularly, increasing the rate of products left after corrosion can always
benefit both supply chain members, and the subsidy rate of Government 2 can always
benefit the retailer but will not be related to the manufacturer. In addition, increasing
the subsidy rate of Government 1 can always benefit the manufacturer but can hurt the
retailer’s and supply chain’s profits.

We also find that the desired subsidy strategy is not uniquely determined from each
perspective of the supply chain, manufacturer, or retailer, and desired subsidy strategies
from all perspectives are generally different, but under certain conditions, they could be
the same, i.e., Strategy SS. In addition, we find from the numerical analysis that the desired
subsidy strategy from each perspective is not sensitive to the consumer sensitivity to
traceability level and the rate of products left after corrosion but significantly related to the
cost-sharing rate of the manufacturer for building a blockchain-driven traceability system.

Compared with existing studies, our study has four advantages. (1) Our study focuses
on a significant decision problem in a cross-regional FPSC with regional government
subsidy heterogeneity to blockchain-driven traceability; the existing research does not
involve it. (2) Our study develops the demand and profit functions in a cross-regional FPSC
considering blockchain-driven traceability system for four potential subsidy strategies, i.e.,
Strategies NN, SN, NS, and SS and constructs joint pricing and traceability level decision
model for each subsidy strategy in manufacturer Stackelberg game. The existing research
does not involve them. (3) Our study shows the operation policy of cross-regional FPSC
for each subsidy strategy and theoretically discloses the impact of significant factors on
operation policies and profits. The existing research does not involve them. (4) Our
study provides desired subsidy strategies from three perspectives of the supply chain,
manufacturer, and retailer and further explores the effects of significant factors on desired
subsidy strategies from different perspectives. The existing research does not involve them.
In addition, our study also provides some new and significant insights from managerial
and economic viewpoints.

Our study has some limitations, which will lead to our further study. (1) We do
not consider social welfare, but social welfare is an important decision factor in FPSC
operations. For further study, we will pay attention to the social welfare in FPSC and
analyze the subsidy strategy choice from the perspectives of the governments in two
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regions. (2) We do not consider the psychological behaviors of supply chain members, but
the psychological behaviors are also significant decision factors in reality. For further study;,
we will also explore the effect of the psychological behaviors of supply chain members on
operations policies and desired subsidy strategy.
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Appendix A

Proof of Theorem 1. According to Equation (7), the first order derivative of the profit

function of the retailer ng N with respect to NN can be determined, i.e.,
omyN b(wNN +¢y)
R NN NN |, NN
—=— =ag+uat™" —2b (w r ) _ 7 Al
v =@+ - + 5 (A1)
oy N . . NN NN
Let 58w = 0, then, the response function with respect to w™" and ™" can be
determined, i.e.,
a+ atNN — 2ppNN wNN 4 ¢
NN _ At T ( t) (A2)

2b 26

According to the inverse solution method based on the Stackelberg game, by substitut-
ing Equation (A2) into Equation (6), the profit function of the manufacturer for Strategy
NN can be determined, i.e.,

v (@M e ) (@ 4 cp) —0(atatN)] g

T = 202 2

(A3)

On this basis, the first- and second-order partial derivatives of the profit function of

the manufacturer 7N with respect to w™N and "N can be determined, i.e.,
NN
M _ _E (A4)
JuwNN2 02
ITNN
_M (A5)
JwNNgtNN 20
ort N
3NNZ = —Bk (A6)
NN
usy; o (A7)

atNNgwNN — 29
Then the Hessian matrix can be determined, i.e.,

&%
H= [ 0 }
g —Pk
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Obviously, |H| = — 'Xzzgzh A > 0if a2 — 4bBk < 0, and then the Hessian matrix is
negative definite, further we know that the profit function of the manufacturer T\ is
a jointly concave function with respect to wNN and tNN, thus, there is a unique optimal
solution to maximize the profit function of the manufacturer 7).

By Equation (A3), the first order partial derivatives with respect to w™N and tNN can

be determined, i.e.,

orrNN b(ZwNN—c)—G(a+atNN)
awl\l\/le - 202 (A8)

NN

oV a(wNN — ¢ —¢4)
= — Bkt A
otNN 260 P (49)
Furthermore, by F.O.C., the optimal wholesale price of the manufacturer w*NN and

the optimal traceability level t*NN can be determined, i.e.,

NN _ &%(c+ct) —2Pk(ab + be)

o= o2 — 4bpk (A10)

*NN _ lx[b(C‘i_ZCt) —119]
= e —abpi) (A1)
*NN

On the basis, according to Equation (A2), the optimal margin price of the retailer r
can be determined, i.e.,
NN A2[c(1—0) +c(2—0)] — Bk{ad(3 —20) + b[c(1 — 20) + 2¢¢]}

Tz 0(a2 — 4bpK) (AL2)

O

Proof of Proposition 1. According to Equations (24)—(26), the first order partial derivatives
of wNN p*NN and #*NN with respect to «, B, and 6 can be determined, i.e.,

ow*NN _ daBk[b(c + 2ct) — ab]

0 A13
o (a2 — 4bpK)? > (A13)
0w NN 242k[b(c + 2¢;) — ab)
_ 0 Al4
B gk e
ow*NN _ 2aBk
9r*NN __ 2aBk(3 —20)[b(c + 2c;) — af] >0 (Al6)
R 6(a2 — 4bpk)?
ar' NN a2k(3 —26)[b(c + 2c;) — ab)
_ 0 A17
3 0(a? — abpK) < (A17)
orNN . 2apke? — (c + 2c;) (4 — bBk)
20 62 (a2 — 4bpk) o
NN (a? 4 4bBK) [b(c + 2c;) — at] -0 (A19)
o 0(a2 — 4bpk)?
ot*NN 4abk[b(c + 2¢t) — af)
_ 0 A20
9 oz — abph)? .
ot*NNab(c+2¢y) >0 (A21)

0  62(a2 — 4bpk)
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For a? — 4bBk < 0, according to Equation (A18), we can obtain that arae > 0if
2aBk6? — (c + 2c¢) (x> — bBk) < 0, and that ar < 0if 2aBk6? — (c + 2c¢) (a* — bBk) > 0.
O

Proof of Proposition 2. According to Equations (28)—(30), the first order partial derivatives

of 7T*NN 7TI*QNN and 7T*NN with respect to «, B, and 6 can be determined, i.e.,
9 * NN — 2
T _ apklb(e+20) — a0 (A22)
o 62 (a2 — 4bpk)
97NN 2k — a0)?
T aPk[b(c +2¢r) a9} <0 (A23)
0B 262(a2 — 4bpk)?
) * NN —
o aPk[b(c+2¢r) afﬂ -0 (A24)
00 292(1x2 4bpk)*
NN ak[b(c + 2c;) — ab]*[a%(1 — B) + 4bBk(1 —2B)] (A25)
ow 62 (a2 — 4bﬁk)
IENN a2k[b(c + 2¢r) — ab]* [a> — 8bk(1 — B)] (A26)
2 262 (o2 — 4bpk)°
Om'N _ bk(c +2¢)[b(c +2cr) —ab][w*(1 — B) — 20p%k] _ (A27)
0 63 (a? — 4b‘3k)2
amsdN _ ak[b(c+2cr) — af]* [a® — 4bBk(1 - 3B)] (A28)
™ 62(a2 — 4bpk)*
omgeN  2ba®k?(2—3B)[b(c + 2c;) — ab]’ (A29)
B 62(a2 — 4bpK)°
O _ bk(e + 20q)[b(e + 2c:) — ab)(e? — 60B%) (A30)
20 03 (a2 — 4bBk)
For a? — 4bpk < 0, according to Equation (A25), we can obtain that anaRNN S 0if

a?(1 — B) + 4bpk(1 —2p) 2(1— B) + 4bBk(1 —2B) > 0; according

*NN
to Equation (A26), we can obtain that ﬁ > 0if a® — 8bk(1—B) <0 and anRﬁ < 0if
a? — 8bk(1—B) > 0; accordlng to Equation (A28), we can obtain that > 0if a? —

4bpk(1 —3B) < 0 and < 0if a? — 4b,8k(1 - 3[5) > 0; accordmg to Equatlon (A29),
we can obtain that 2 aﬁ > O if2—-38 > 0an

Proof of Theorem 2. According to Equation (12), the first order derivative of the profit

function of the retailer HIS{N with respect to SN can be determined, i.e.,
orrsN b(wN + ¢
aré{N =a+4atSN — Zb(wSN + rSN) + b +cr) 5 ) (A31)

5N can be deter-

omgN . .
Let 67:5’}, = 0, then, the response function with respect to wN and
mined, i.e.,

b SN 0 tSN—Zb SN
SN _ (wN +¢) + (Zc;;tx wSN) (A32)
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According to the inverse solution method based on the Stackelberg game, by substitut-
ing Equation (A32) into Equation (11), the profit function of the manufacturer for Strategy
SN can be determined, i.e.,

SN (WN —c—c) [b(w N + ) —0(a+at>N)]  BktSNZ(1 —sy)
™ = 262 N 2

(A33)

On this basis, the first- and second-order partial derivatives of the profit function of

the manufacturer N?AN with respect to wSN and 5N can be determined, i.e.,

oyl b
M _
505N2 = o2 (A34)
omaN «
M =
dwSNotSN 20 (A35)
oSN
SNz = —Bk(1—s1) (A36)
oSN
M =
otSNowsN 26 (A37)
Then Hessian matrix can be determined, i.e.,
5 g
H = 0
2 —Bk(1—s1)
2
Obviously, |H| = 7%&1751) > 0if a? — 4bpk(1 —s1) < 0, and then the Hessian
matrix is negative definite, further we know that the profit function of the manufacturer
n}sz is a jointly concave function with respect to w5N and +°N, thus, we know that there is

a unique optimal solution to maximize the profit function of the manufacturer 75V.

By Equation (A33), the first order partial derivatives with respect to wN and t°N can

be determined, i.e.,
o5 b(2w N —¢) —0(a + atSN)

dwSN 202 (A38)
P} SN SN _ . __
my _a@l—c—a) BktSN (1 — 1) (A39)

oSN 26

Furthermore, by F.O.C., the optimal wholesale price of the manufacturer w*>N and
the optimal traceability level +*>N can be determined, i.e.,

WSN _ a?(c+ct) — 2Bk(1 —s1)(ab + be)

a? — 4bpk(1 — s1) (A40)

w

prSN _ alb(c+2ct) — ab)
 0[a? — 4bBk(1 —s1)]
On the basis, according to Equation (A32), the optimal margin price of the retailer
can be determined, i.e.,

(A41)

r*SN

wsn 02 [e(1—0) +c(2—0)] — k(1 —51){ad(3 —20) + blc(1 —20) + 2¢/]}
PN = 0[a2 — 4b/;k(1 —51)] (442)
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Proof of Proposition 3. According to Equations (31)—(33), the first order partial derivatives
of w*SN, #*SN and #*N with respect to «, B, 6, and s; can be determined, i.e.,

ow*SN _ 4aBk(1 —s1)[b(c +2ct) — ab)

<0 A43
u (a2 — 4bpk(1 — 51))? -
dw*SN  2a2k(1 — s1)[b(c + 2ct) — af] 0 Ad4
B (a2 —4bBk(1—sy))? ) o
dwsSN  2aBk(1—s)
- _ _“2 - 4b’Bk(1 — 51) >0 (A45)
dw*SN  2a?Bk[b(c +2c1) — 119} -0 (A46)
dsp [a2 — 4bBk(1 — Sl)}
SN 2uBk(1—s1)(3 - 20)[b(c + 2Ct) —a9] _ (A47)
o Ola2 — 4bpk(1 —s1)]?
arSN_ a?k(1 —s1)(3 — 26)[b(c +2¢1) —ab] _ (A48)
B 62 — 4bBk(1 — 51)]2
oSN 2aBk62(1— s1) — (c +2¢1) [a2 — bBK(1 — 51)]
0 02[a2 — 4bBk(1 — s1)] o
arsN_ a?Bk(3—20)[b(c +2c) —ab] _ (A50)
01 0a®— 4bpk(1—s1)]?
oSN [ble+20) — ab] [0 + 4bBR(1—s1)] _ (A51)
w 6[a? — 4bBk(1 — 51)]?
oSN _ 4abk(1 —s1)[b(c 4 2ct) — ab)] A
B o gk )P -
oSN ab(c+ 2ct)
90 a2 —abpk(l—s1)] -
oSN dabpk[b(c+2cr) —af] _ (A54)
351 6o — 4bBk(1 — 51)]?

E)

For a? — 4bBk(1 — s1) < 0, according to Equation (A49), we can obtain that

if 2aBk62(1 — s1) — (c + 2¢¢) [0> — bPk(1 — s1)] < 0, and that 9'39 <0if 2a/3k92(1 - sl)
(c+2¢t)[a® — bBk(1—s1)] > 0.0

Proof of Proposition 4. According to Equations (35)—(37), the first order partial derivatives

of n*SN n;‘{SN and n*SN with respect to «, B, 8, and s; can be determined, i.e.,

oriiN apk(1—s1)[b(c + 2¢t) — af]?

) 0 A55
o 62[a2 — 4bBk(1 — s1))? i -
orisN _@?k(1—s1)[b(c +2c) — a0’ <0 (A56)
o 262[a2 — 4bgk(1 — 51)]?
AN _ bBK(1 = s1)(c +2c1)[b(c +2¢t) — af]
P 0302 — 4bpk(1 —51)] ~0 >
oY _ a?Bk[b(c+2ct) —af]? >0 (A58)

IS 262[a2 — 4bBk(1 — s1)]?
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AN ak[b(c +2¢r) — ]’ {a?(1 - B) + 4bBk(1 —s1)[1 - B(2 — 51)]}

_ A
on 62[a2 — 4bpk(1 —51)])° o
omie _ wPklb(e +20) — a6 {a? —bk(1—s)2-p2-s)} 0
B 2622 — 4bpk(1 —51))°
orisN bk(c + 2c¢)[b(c + 2ct) — af] [“2(1 —B) —2bp%k(1 - Sl)z] 0 A61
T CEETT— o
oSN _ 202bBk*[2 — B(3 —s1)][b(c + 2ct) — a6]? (A62)
91 62(a2 — 4bBk(1 —5)]°
ot _ aklb(c+20) — ab]*{(1 = s1) —4bPk(1 —s)[L+ BB =251)} (o
e #21a — 2bK(1 — 1)
orseN _ ak[b(c +2c;) — ab)*{a’s; — bk(1 - 51)[2 — B(3 — 251)]} (A64)
B 2602[a2 — 4bpk(1 — s1)]°
aﬂ’géN - bk(2¢; + ¢)[b(c + 2c;) —119]{0(2(1 — Bs1) —6bﬁ2k(1 —51)2} ; s
0 63[a2 — 4bBk(1 — 51)]? ’ -
orgN _ a?Bklb(c +2ct) — ab]*{a® + 8bK[L — (2 —s1)]} (A66)
951 2602[a2 — 4bpk(1 — 57)]°
For a2 — 4p Bk(1 —s1) < 0, according to Equation (A59), we can obtain that ag’f ! > 0if

*

@2(1— )+ 4bpk(1—s))[1— B2 —s1)] <0 and 2K~ < 0if a2(1— B) + 4bpk(1—s1)

o

*SN
Ty

[1—PB(2—s1)] > 0; according to Equation (A60), we can obtain that 3 > 0 if a? —
*SN
4bk(1 —s1)[2—B(2—s1)] < O0and MME < Qi o — 4bk(1 —s1)[2 — B(2 —s1)] > 0; accord-

9
ing to Equation (A62 btain that 27 > 0if2 — B(3 0and 2" < 0if2
ing to Equation (A62), we can obtain that 52— > 01 —B(B—s51) <0an e < 0if2—

*SN
B(3 —s1) > 0; according to Equation (A63), we can obtain that agsac > 0if a?(1— Bsy) —

4bBk(1— s1)[1+ B(3 — 251)] < Oand YHL. < 0if a?(1— Psy) — 4bPk(1 — s1)[1 + B(3—

2s1)] > 0; according to Equation (A64), we can obtain that a?ﬁ?] > 0if a®s; — 4bk(1 — 1)
[2— B(3—2s1)] < 0and B’Q%N
Equation (A66), we can obtain that

if a® + 8bk[1 — B(2 —s1)] > 0.0

< 0if a?s; — 4bk(1 —51)[2 — B(3 — 2s1)] > 0; according to

. *SN
T > 0if o + 8bk[1 — B(2 — 51)] < Dand “H <0

Proof of Theorem 3. According to Equation (17), the first order derivative of the profit

function of the retailer ng S with respect to NS can be determined, i.e.,

NS
a7y
orNs

b(wN® +¢;)
0

— a4 atNS — Zb(wNS + rNS) n (A67)

oS . . NS NS
Let ar% = 0, then, the response function with respect to w"~ and "> can be deter-

mined, i.e.,
NS _ b(wNS + ¢r) + 0(a + atNS — 200wN9)
B 206

(A68)
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According to the inverse solution method based on the Stackelberg game, by substitut-
ing Equation (A68) into Equation (16), the profit function of the manufacturer for Strategy
NS can be determined, i.e.,

NS (wNS —c—c) [b(wNS +¢p) —0(a+atN)]  pkeNS2
™= 267 T2

(A69)

On this basis, the first- and second-order partial derivatives of the profit function of

the manufacturer nAI\/’IS with respect to wNS and NS can be determined, i.e.,

87'(11\\]45 b
N = g2 (A70)
angff o
owNStNS — 20 (A71)
87'(11:’45
d NS
M & (A73)

otNSgwNS 20
Then Hessian matrix can be determined, i.e.,

S
H=ly
Pk
2_
Obviously, |H| = —*= 4;12h A > 0if a2 — 4bBk < 0, and then the Hessian matrix is
negative definite, further we know that the profit function of the manufacturer 7}/ is a
jointly concave function with respect to w™N° and N5, thus, we know that there is a unique

optimal solution to maximize the profit function of the manufacturer 7.

By Equation (A69), the first order partial derivatives of with respect to wN° and +N°
can be determined, i.e.,
oS _
T _b(2w—c) +0(a+at) (A74)
owNS 202
87‘[1\1\/]15 a(w—c—ct)
SNS = 20 — Bkt (A75)
Furthermore, by F.O.C., the optimal wholesale price of the manufacturer w*NS and
the optimal traceability level t*NS can be determined, i.e.,
2
«Ns _ a“(c+ct) —2Bk(ab + bc)
= A7
v o2 — 4bpk (A76)
t*NS _ IX[b(C +2Ct> — ﬂe] (A77)

0a? — 4bpk]

On the basis, according to Equation (A68), the optimal margin price of the retailer

NS can be determined, i.e.,

r*

a?[c(1—06 ct(2—0)] — Bk{ab(3 —20) + b[c(1 — 26 ct
s = L0 2002 0] BlaOO_20) Vel =20 224}y
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Proof of Proposition 5. According to Equations (38)—(40), the first order partial derivatives
of w*NS ¥*NS and #*NS with respect to «, B, 6, and s, can be determined, i.e.,

dw NS 4apk[b(c +2ct) — ab)

_ 50 (A79)
o (a2 — 4b,3k)2
*NS 2 —
NS 20k[b(c +2¢;) . ab] _ (A80)
B (a — 4bpBk)
ow*NS 2aBk
aw*NS
. —0 (A82)
NS 2apk(3 —20)[b(c +2c,) —ab] _ (A83)
o 0(a2 — 4bpk)>
orNS _ a?k(3 —20)[b(c +2c;) —ab] _ (A84)
B 0(a2 — 4bpk)*
ar*NS  2apke? — (c +2c;) (a® — bpk) (A85)
20 62 (a2 — 4bBk)
ar*NS
" (A86)
*NS 2 4bBk)[b 2 —at
oS (&% + 4bpk) [b(c + W)= (A87)
on 0(a? — 4bpk)
*NS —
NS 4abk[b(c +2ct) 2a9} <0 (A88)
0B 6(a2 — 4bBk)
of*NS ab(c+ 2¢t)
at*NS
- 0 (A90)
ar*NS

For a? — 4bpk < 0, according to Equation (A85), we can obtain that %~ > 0 if

2ak6% — (c 4 2ct) (% — bBk) < 0, and that 22" < 0 if 2apk6? — (c + 2c1) (a® — bk) > 0.
0

Proof of Proposition 6. According to Equations (42)—(44), the first order partial derivatives

of 7'(7\/]1\]5, 7TI*QN 5 and 7'[;1(}] S with respect to «, B, 6, and s, can be determined, i.e.,

) *NS _ 2

Tn - _ apk[b(c+2ct) 59] 50 (A91)
o 02 (a2 — 4bpk)

oINS 2 _ 2

Tn - a7k[b(c +2c) a29] <0 (A%2)
op 262 (a2 — 4bBk)
oS bBk(c+ 2¢t)[b(c + 2¢t) — ab)
0 " 63 (a2 — 4bBK) =0 (493)
d *NS

M (A94)

852
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NS ak[b(c 4 2¢r) — ab]* {4 (1 — s3) (1 — B) + 4bBk[1 — 55 — B(2 — 52)]}

. 62(a2 — 4bpk)° .
OmiN® _ w?klble +20r) — ab]*[(1 = s5) (a2 — BbK) + 40Pk —s2)] o0
B 2602(a? — 4bpk)°
NS bk(e 4 20)lbe +20) —ab)[a2(1—s2) (1) 20N (o
Fr 63 (a> — 4bpk)’
oS _ k(1 — p)[bc +2cr) —ab)® _ (A%8)
352 262 (a2 — 4bpk)?
el ak[b(c +2cr) — ]’ {a?[1 — 55(1 — B)] — 4bBK[1 — 52 — B(3 — 52)]} (A99)
o 62(a2 — 4bpk)®
Y (et 20) — a0 - 5) ~BB-s)]} 00
B 2602(a2 — 4bpK)’
Imge® _ bk(c + 2¢r)[b(c + 2c;) — af]{a*[1 — s2(1 — B)] — 6bB%k} >0 (A101)
20 03(0¢2 — 417,5]{)2
omge® _ a’k(1— )bl +2c) —ab]® _ (A102)
95 202(a2 — 4bpk)?

For a? — 4bpk < 0, according to Equation (A95) we can obtain that 2 a >0

NS
if a2(1—s7)(1—B) +4bpk[1 —sp — B(2—s5)] < 0 and =L (1—52)( B) +
4bBk[1 — sy — B(2 — s3)] > 0; according to Equatlon (A96), we can obtain that 2 > 0if

8/5
(1 —s;) (a® — 8bk) +4bpk(2 — s2) < Oan a;z (1 — s7) (a? — 8bk) +4bBk(2 — s55) >

*NS
0; according to Equation (A99) we can obtain that 2 ac > 0 if a?[1 —sy(1—B)] —
4b‘3k[1—52—,3(3—52)] < Oand < 0if a2 [1—52(1—ﬁ)] 417‘3}([1—52— ( —Sz)]
0; according to Equation (A100), we can obtain that 2 /3 > 0if a%sp +4bk[2(1 — s5) — B(3—

QNS
sy)] > 0an asﬁc < 2(1—s2) —B(3—157)] <0.0
Proof of Theorem 4. According to Equation (22), the first order derivative of the profit

function of the retailer 713° with respect to r°5 can be determined, i.e.,

o3’ b(w® +c
78;'55 =a— Zb(wss + rss) + at®S + 7( 0 2 (A103)
oS . . 1SS SS
Let & = 0, then, the response function with respect to w>> and > can be
determined, i.e.,
— 2bwSS 1SS b(wSS
Ss_ 1A W + o n (W™ +ct) (A104)

2b 2b6
According to the inverse solution method based on the Stackelberg game, by substitut-
ing Equation (A104) into Equation (21), the profit function of the manufacturer for Strategy
SS can be determined, i.e.,

55 (@ —c—c)[b(w® +¢) —0(a+at>)]  prS2(1—sy)
M = 262 - 2

(A105)

On this basis, the first- and second order partial derivatives of the profit function of
the manufacturer 715 o S with respect to w5° and 55 can be determined, i.e.,
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oms? b
M _
Qwss2 — o2 (A106)
oSS %
M
—— = — A107
owSSotsS 20 ( )
87‘[55
atSASAZ = —Bk(1—s1) (A108)
oS x
M
——r— = — A109
otSSawsSS 20 ( )
Then Hessian matrix can be determined, i.e.,
S
H= | @
2 —Pk(l1—s1)
2
Obviously, |H| = —%ﬁ(l*sl) > 0if a — 4bBk(1 — s1) < 0, and then the Hessian
matrix is negative definite, further we know that the profit function of the manufacturer
nzs\/f is a jointly concave function with respect to w5° and #°°, thus, we know that there is a

unique optimal solution to maximize the profit function of the manufacturer 73y .

By Equation (A105), the first order partial derivatives of with respect to w°S and
can be determined, i.e.,

#5S

o3y b(2wSS —c) — 0(a+ at>d)

32055 = — 202 (A110)
oy a(wS —c—c) ss
- = _BkSS(1—sy) (A111)

Furthermore, by F.O.C., the optimal wholesale price of the manufacturer w*>° and the
optimal traceability level t*55 can be determined, i.e.,
0SS _ a?(c+ct) — 2Bk(1 —s1)(ab + be)

N a2 — AbBk(1 —s1) (A112)

t*SS - Di[b(C+2Ct) —119]
 0[a? — 4bBk(1 — s1)]
On the basis, according to Equation (A104), the optimal margin price of the retailer
can be determined, i.e.,

(A113)

r*SS

w55 @2[c(1—0) +c (2 —0)]Bk(1 —s1){ab(3 — 20) + b[c(1 — 20) + 2¢4]}
Pt = 6[a2 — 4;/3k(1 —51)] (A114)

|

Proof of Proposition 7. According to Equations (45)—(47), the first order partial derivatives
of w*3S, r*55  and +*55 with respect to «, B, 6, s1, and s, can be determined, i.e.,

9w Aapk(1 —s1)[b(c +2c;) — ab]

0 A115
o 02 — 4bBk(1 — 51)]? - ( )
ow*SS  2a2k(1 —s1)[b(c + 2¢¢) — af] 0 Alle
B (a2 — 4bpk(1 — 51)]> ) e
dw*S  2apk(1—sy) <0 (A117)

00 a2 —4bBk(1—s1)
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dw*SS _ 2a2Bk[b(c + 2ct) af] -0 (A118)
351 a2 — 4bBk(1 — 51)]
aZU*SS
" (A119)
*SS — — -
or'sS  2upk(1—s1)(3—20)[b (C+26t) ab] _ (A120)
o Ola2 — 4bBk(1 —s1)]?
*SS 2 —_ — -
oSS a2k(1 - 51)(3 29)[b(0+2czt) af] _ (A121)
9 6[a — 4bpk(1 — s1)]
£SS 2aBkO%(1 — 51) — 2 2 — bBk(1 —
or*> _ 2apk6~(1—s1) — (c+ cr) [ — bPk(1 —51)] (A122)
0 0la? — 4bpk(1 — s1)]
*SS 2 — —
IS _ a?Bk(3 - 20)[b(c +2¢) - af] _ (A123)
051 0a% — 4bpk(1 — s1)]
ar*SS
0 (A124)
#SS b 2¢;) — af) [a? + 4bBk(1 —
oS [b(c+2c;) — af][a® + 5(2 51>]>0 (A125)
ou Ola? — 4bBk(1 — s1)]
*SS — —
™SS 4abk(1 — s1)[b(c +2¢r) . ] _, (A126)
B 6a2 — 4bPk(1 — s1)]
ot*SS ab(c+2ct)
_ A127
30 02[a2 — 4bpk(1 —s1)] =0 ( :
*SS —
™SS dabBk[b(c + 2¢;) az} -0 (A128)
ds, 0a2 — 4bBk(1 — s1)]
at*SS
=0 (A129)

For a®> — 4bpk(1 — s1) < 0, according to Equation (A122), we can obtain that 87595 °>0

if 2aBk62(1 — s1) — (c +2¢¢) [a% — bBk(1 — 51)] < 0, and that 2 < 0 if 2apk62(1 — s) —
(c+2¢t)[a® —bBk(1—s1)] > 0.0

Proof of Proposition 8. According to Equations (49)—(51), the first order partial derivatives

of nﬁs, 71?;;55, and n*ss with respect to «, B, 0, 51, and s, can be determined, i.e.,

omys® _ aBk(1—s1)[b(c+2ct) — a6

0 A130
ou 62[a2 — 4bBk(1 —51)}2 - ( )
Omy® _ a?k(1—s1)[b(c+2¢) — ie}z <0 (A131)

o 202[a? — 4bBk(1 — s7)]

Om3i® _ k(1 — s1)(c +2¢1)[b(c +2c;) — af]

0 05[a> — 4bpk(1 —s1)] . o
oSS _ a2Bk[b(c + 2¢;) — ab)? (A133)

951 202[a2 — 4bpk(1 — s1))

*SS

omys (A134)

aSZ
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ariss  aklb(e+2cr) - a@]z{ (1= 5)(1— B) [a? + 4bBk(1 — 5,)] — 4bp2k(1 — 51)2}

YR 02[a2 — 4bBk(1 — sl)}?’ .
IS _ aklb(e t201) —af (31— s0) +4K(2[B — (1—5)(1—s2)] ~ B+ (L =s)(r 4 52)]) y o
3B 262[a2 — 4bBk(1 — 51)]°
ariss  bk(c+2e)[b(c +2¢) — a6] [42(1 = 52) (1 — B) — 2bp%k(1 — 517 -
0 93[“2 _4b13k(1 —S])}z - ( )
IS 202bBk*[b(c +2c) — ab]*[2 — B(3 —51) — 255(1 — B)] (A138)
35, 62[a2 — 4bpk(1 — 1))’
IR _ aPk(1— B)[b(c +2¢r) — ab]’ <0 (A139)
25 202[a2 — 4bBk(1 — 51)]?
omgds ak[b(c + 2¢;) — “9]2{ [1— 52— Blsr —s2)] [ +4bBk(1 —51)] — 1268%k(1 — 82)2} A140
Fya 62[a2 — 4bBk(1 — s1)]° o
omse® _ a’k[b(c+2cr) — ab]* (o (51 — 52) — 4bk{2(1 —51) (1 —52) + p(1 —51)[2(1 —s1) + (1~ s2)]}) (A141)
9B 202 [a? — 4bBk(1 — 51)]3
87‘(225 B bk(c+ 2c¢)[b(c + 2ct) — ab)] {zx2[1 — 82— B(s1 —s2)] — 6bﬁ2k(1 B 52)2} 0 A142
0 63[a® — 4bpk(1 —s1)]” ’ o
o  a?pk(b(c+2cr) — ab]* (a® + 8bk{1 —s1 —2B[1 — (s1 +52)]}) (A143)
ds; 2602[a2 — 4bpk(1 — s1)]°
o _ a?k(1—P)lb(c+2e) —ab)® _ (A144)
352 20202 — 4bBk(1 — 5,)]?
For a? — 4bBk(1 — s1) < 0, according to Equation (A135), we can obtain that ° > 0
i (1= 52) (1~ )02 + 40K(1 — s1)] ~ 4HfPK(1 — 1) -0

[a? + 4bBk(1 — s1)] — 4bB%k(1 — s1)* > 0; according to Equation (A136), we can obtain that

P S 0if (1 - 5) +4bk{2(B — (1 - 51)(1 — 52)] — Bl2s1 + (1 —51)(s1 +52)]} < Oand
P < 0f a2(1— sp) + 4bk{2[B —(1—51)(1—52>] B2s1 + (1—s1)(s1 +52)]} > 0; ac-

>0if2—B(3—51) —252(1—p) <0
and anﬁl <0if2—-pB(B—s1)—25(1—p) > O, accordmg to Equation (A140), we can
obtain that SC > 0if [1— 83 — B(s1 — 52)] [ + 4bBk(1 — 51)] — 12bB%(1 — 55)* < 0 and
anSC < 0if [1 — 55— B(s1 — %2)] [(x +4bﬁk(1 —s1)] — 12bB%k(1 — 52)* > 0; according to
Equation (A141), we can obtain that asﬁc > 0if a?(s1 — sp) —4bk{2(1 —51)(1 —s3) + B(1—
51)[2(1 —s1) + (1 —s2)]} < 0and %C < 0ifa?(s; —sp) —4bk{2(1 —s1)(1 — Sz) + ,3(1—
s1)[2(1 —s1) + (1 —sp)]} > 0; according to Equatlon (A143), we can obtain that ° SC >0

if a2 + 8bk{1 — s1 — 2B[1 — (s1 +s2)]} < Oand Tslc < 0if a® + 8bk{1 — 51 — 2B[1 — (s1+
Sz)]} >0.0

cording to Equation (A138), we can obtain that

Proof of Proposition 9. According to Equations (30), (37), (44), and (51), the relationship

between n;lg N, ngéN , ngg 5 and 7r*55 can be determined, i.e.,
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(a2 — 4b,8k)2 [az(l — Bs1) — 6bB%k(1 — 51)2] }
—[a? — 4bBk(1 — 51)]* (a2 — 6bp%k)
202[a2 — 4bPk(1 — 51)]* (a2 — 4bBk)*
«NN _ _xNS _ “2k52(1 — B)[b(c +2c;) — ab]?
Tisc T Isc 2602(a2 — 4bpk)>

(a2—4bﬁk)2{ 2[1 — sy — B(s1 — 52)] — 6bB%k(1 — 57) } >

k[b(c + 2ct) — ae]z{

«NN *SN __
Ttgc™ —Tgc ™ =

k[b(c + 2c;) — a9]2<

NN s _ — (a2 — 6bB2k) [a? — 4bBK(1 — 51)]°
e e 2602(a2 — 4bpk)*[a2 — 4bBk(1 — 51)]2
o [ —4bBk(1— sl)] [a2[1 —sp(1— B)] — 6bB%K]
» e k[b(c + 2Ct) - ae] { —(0(2 i 4bﬁk)2 [062(1 _ ’le) _ 6bﬁ2k(1 o 51)2} }
s T e = 2602(a2 — 4bpk)*[a2 — 4bBk(1 — s1)]2
#SN %S5 _ _azksz(l — B)[b(c +2c;) — ab]?
TS TS T T k(1 s
Kb(e 4200 — 2612 (a2 — 4bﬁk)2{¢x2[1 — 50 — B(s1 — 52)] — 6bB%k(1 — sl)z}
oo+ 2c1) = af) a2 — 4bk(1 — s1)] 2 [a2[1 — s2(1 — B)] — 6bF%]
NS _ x8S 1 2
SC SC

202 (a2 — 4bpk)*[a2 — 4bBK(1 — 51))?

(A145)

(A146)

(A147)

(A148)

(A149)

(A150)

From Equations (A146) and (A149), we know 71;%] N _ NS < 0and H;EN - n;és <

0, and thus the maximum value between nglc\’N, nséN , ”SC ,and 7

*SS

can be deter-

mined by comparing 75¥5 and 752°. On this basis, we obtain that 75}° is maximum if

(a2 — 4bBK)*{a2[1 = 5 — B(s1 — 52)] — 6bB%(1 — 51)° } = [42[1 = 52(1 — B)] — 6b%K] -[a

—4bpk(1 — 51)]* > 0; otherwise, 7152° is maximum. O

Proof of Proposition 10. According to Equations (28), (35), (42), and (49), the relationship

between ”X/IN N n}\‘fN , HXAN S and 7'(*55 can be determined, i.e.,
NN SN o2 Bksy [b(c + 2c1) — af] <0
M M 2602 (a2 — 4bBk) [a2 — 4bBk(1 — 51)]
n}\kANN n}\k/INS -0
NN _ssS _ o2 Bksy[b(c + 2¢;) — af)? <0
M M 2602(a2 — 4bBk)[a2 — 4bBk(1 — s1)]
SN _ aNS _ o Bksy [b(c + 2c1) — af] <0
M M7 202 (a2 — 4bBk) [a2 — 4bBk(1 — 51)]
i = i =0
NS xS _ a?Bksy [b(c +2ct) — af]? <0
M M 7202 (a2 — 4bBk)[a? — 4bpk(1 — 51)]
Obviously, ;7N and 7;7° are equal and can be maximum. [J

(A151)

(A152)

(A153)

(A154)
(A155)

(A156)

Proof of Proposition 11. According to Equations (29), (36), (43), and (50), the relationship

* NN *SN *NS

*SS
between 7", >, mr 7, and 7y

can be determined, i.e.,
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Klbe +2¢1) — 119)]2{ (6 —40p1)° (<21 — ) ~ 2071 1)’ }

ANN _ _+SN _ —[0% —4bBk(1 —51)]"[a*(1 — p) — 2bpk]

R SR = 5 3 (A157)
202 (a2 — 4bpk)“[a? — 4bBk(1 — s1)]

2 . . 2
HENN 7_[1*{1\]5 _ kso(1 — B)[b(c 4 2ct) — ab)] <0 (A158)

262 (a2 — 4bpk)*

02 — 4bpK)* [a2(1 — 52)(1 — ) — Zbﬁzk(l —s1)’] }
—[a? — 4bBK(1 — 51)]* [a2(1 — B) — 2bB%]
267 (a2 — 4bpk)2[a? — 4bBK(1 — s7)]?

./ [ f4b[3k1751] {zx (1—s2)(1— B) — 2Bk}
SN _ s _ (A160)
262 (a2 — 4bk)2[a2 — 4bBk(1 — 5,)]

2 _ o 2
N — s = k2 = f)lblerae) —a)]7 (Al61)

202[a2 — 4bBk(1 — 57)]*

2
K[b(c +2¢;) — a9]2< (o2 = 4bp)° [a2(1 —;2)(1 = B) ~ 2k(1 = 1) >
*NS %S5 —[062—4191316(1—51)} {“2(1 _52)(1 _;B) _ansz}
NS _ i8S = (A162)
262 (a2 — 4bBk)?[a2 — 4bBk(1 — s1))°

From Equations (A158) and (A161), we know 7T*N N _ I*{N S <0and H}QSN - 711“;55 <0,
and thus the maximum value between TN, 5N nl’gN 5, and 713°5 can be determined by
and 7'(*55 On the basis, we obtam from Equat10n (A162) that, H*N S is max-

k[b(c + 2¢t) — aG)]Z{ (

NN _ 7_[1*{55 _ (A159)

TR

comparing TN

mumif (a? — 4bBk) [ (1—s5)(1— B) — 2b%k(1 — 1) } — [a% — 4bBk(1 — 51)]{a2(1 — 2
(1—B) —2bp%} > 0 otherwise, 73> is maximum. [J
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