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ARTICLE INFO ABSTRACT

Handling Editor: Professor A.G. Marangoni The blockchain technology system has gradually come to be employed in the food supply chain system, and it has
emerged that the system offers the unique function of effectively curbing counterfeiting by food manufacturers.
Unlike previous research on adoption by enterprises of new technology, this paper probes into the specific
evolutionary routes of game subjects from the perspective of the precondition for enterprises’ willingness to
employ blockchain technology on the basis of China’s social co-governance framework and by establishing a
tripartite evolutionary game model of food manufacturer, government and consumer. The study then tests and
verifies the stability conditions of equilibrium points and the relationship between these equilibrium points and
the social co-governance level through numerical simulation analysis. On the above basis, the expected market
proceeds of food producers employing blockchain technology and the influence of government and consumer
behavior on enterprises’ selection of a behavior strategy and the level of social co-governance are analyzed. The
results show that every subject selects their own behavior strategy on the basis of the balance of their respective
interests, and the final stability condition of the system is independent of their initial intentions. Rather, the
expected sales volume of foods employing blockchain technology, governmental behavior (e.g., supervision,
casual inspection, economic punishment, and fiscal subsidies), and complaints made by consumers constitute the
main factors that influence food enterprises’ selection of a behavior strategy. The level of social co-governance
and the behavior of both government and consumers will ultimately be accomplished by influencing enterprises’
expected economic returns, and the selection of an enterprise behavior strategy internally depends on the ex-
pected economic returns from producing foods employing blockchain technology. Therefore, this paper makes
relevant proposals in an attempt to assist the Chinese government to better promote and popularize the block-
chain technology system among food manufacturing enterprises.
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1. Introduction First, biological risks come from microbes and their metabolic products,

which may produce toxins in the processing of food, parasites and their

Having safe food to eat is a basic perquisite for the existence and
development of human beings, and therefore, it is an issue of great
concern worldwide (Xu et al., 2019; Duan et al., 2021). However, a
zero-risk situation in food safety has never been achieved since the birth
of human society, and now, food safety risk has evolved complicated
characteristics such as being widely distributed, diversified in types, and
hardly foreseeable, alongside known traditional risks like pesticide
residue and unknown ones of new types brought by, for example, 3D
printing technology (D. Chen et al., 2021).

Essentially, food safety risk mainly comes from three main sources.

eggs, and insects and other food pollution (Fisher et al., 2012; Nerin
et al., 2016). Second, physical risks can arise after eating foreign matter
in bush meat, foraged food, or agricultural products. Physical risks can
also arise after cross-contamination in the course of food processing
(Sanlier, 2009). The third type of risk is chemical risk, which can arise
from agricultural non-point-source pollution caused by use of chemical
products (Abrahams, 2002) and from chemical pollution of the envi-
ronment by industrial waste water, waste gas, and solid waste dis-
charged from industrial activities (Udeigwe et al., 2015).

The above-mentioned risks are mainly attributable to natural factors,

* Corresponding author. Institute for Food Safety Risk Management, Jiangnan University, Wuxi, China.

E-mail address: wlh6799@126.com (L. Wu).

https://doi.org/10.1016/j.crfs.2023.100619

Received 31 July 2023; Received in revised form 10 October 2023; Accepted 17 October 2023

Available online 18 October 2023

2665-9271/© 2023 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:wlh6799@126.com
www.sciencedirect.com/science/journal/26659271
https://www.sciencedirect.com/journal/current-research-in-food-science
https://doi.org/10.1016/j.crfs.2023.100619
https://doi.org/10.1016/j.crfs.2023.100619
https://doi.org/10.1016/j.crfs.2023.100619
http://crossmark.crossref.org/dialog/?doi=10.1016/j.crfs.2023.100619&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

L. Wu et al.

Social Co-
—_———— . _
governance Bl
Government Food Consumer;
——>| manufacturer i

I ______ -
[ Tripartite evolutionary game]
Enterprises Stability condition and Enterprises do not
employ BTS verification analysis employ BTS

Influence of expected
sales volume of
FEBT and behavior
of government and
consumers on
enterprise behavior
strategy selection and
social co-governance
level

-—

Governmental supervision
(casual mspection,
economic punishment)

Consumer
complamts

Expected sales
volume of FEBT

Fiscal subsidy
by government

Fig. 1. Diagram of research method.

science and technology capacity, and the imperfect governance system.
Food safety risks will also arise from human factors such as manufac-
turers and business operators. The pattern of the market economy, with
competition as its fundamental characteristic, has long provided food
manufacturers with incentives for moral hazards such as counterfeiting
or adulteration (Bodo, 2019). As early as the beginning of the nineteenth
century, food fraud had become very serious in the UK, peaking in the
mid-nineteenth century (Collins, 1993; Engels, 2003). In the early
twentieth century, food fraud was quite serious in the US, with different
types being disguised and diversified (Niu et al., 2021). But this problem
is not confined to Western market economies. After China implemented
market-oriented reform starting in 1992, food fraud became rampant,
reaching its highest point in the first decade of the 21st century with
some particularly severe food fraud scandals such as the Fuyang Milk
Powder Case and Melamine Milk Powder Case (Wu et al., 2017).

In order to regulate and reduce food fraud, the governments and
social organizations of many countries, along with international orga-
nizations, have implemented measures to prevent food fraud, including
introducing and updating legislation, carrying out strict and widespread
crackdowns on food-related crimes, modernizing technological stan-
dards, establishing traceability systems, regulating industrial self-
discipline, and exerting a market reputation mechanism. Overall,
these efforts have yielded remarkable effects. For example, the US Food,
Drug and Cosmetic Act (FD&C Act) played a significant role in con-
trolling food counterfeiting (Law, 2004). However, food counterfeiting
still happens frequently worldwide despite it being almost universally
illegal.

Food safety is, in a sense, “produced.” Therefore, food manufacturers
can install in their food processing and manufacturing system a technical
system that has functions such as accurately and securely recording and
storing the information on the whole course of manufacturing and
transmitting unalterable data openly and transparently, the chronic
problem of food fraud may be solved by embedding access to such data
in the co-governance system of government, market and society.
Blockchain technology offers the capability to enact such a system.

The blockchain technological system is composed of a series of data
blocks, which are protected by a public key and a private key and bear a
timestamp. The blockchain technological system contains a distributed
public ledger bearing unalterable transaction records (Ali et al., 2020),
and through its use to date, the system has proven to be a significant
technical breakthrough offering a way to effectively curb food fraud
committed by enterprises. To examine blockchain’s ability to reduce
food fraud through data traceability and transparency, this study focuses
on food fraud in China’s market. An evolutionary game model is
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established on the basis of the social co-governance framework. This
model is then used to examine (1) the evolution of behavior strategies
selected by the government, the market, and consumers, (2) the stability
conditions for the system to reach an equilibrium point, (3) the rela-
tionship between the equilibrium points and social co-governance level,
and (4) the influence on enterprises’ selection of a strategy for utilization
of the blockchain technology system (BTS) of both the change or fluc-
tuation in expected market sales volume of foods employing blockchain
technology (FEBT), and the behaviors of government and consumers.
Overall, the study aims to provide valuable information to help promote
and popularize the BTS among enterprises, thereby helping to reduce
food fraud.

2. Literature review

Food fraud has long been considered as a major worldwide public
health hazard second only to drugs (C. L. Chen et al., 2021). Over the
recent decade, the BTS, which provides technological support for con-
trolling food fraud,’ has emerged and been widely adopted around the
world. Nakamoto (2008) set up a new-type electronic pay system, and
for the first time, employed blockchain as the basic technology in
building the data structure and encryption transmission of information
(Osei et al., 2018). Since then, in order to overcome the shortcomings of
mainstream digital currencies, such as the ease with which they can be
hacked and customer privacy breached, hundreds of cryptocurrencies
imitating Bitcoin have been issued worldwide, such as ETH (Ethereum),
ADA (Cardano), and LTC (Litecoin), ushering in the BTS1.0 era (Wu and
Tran, 2018). Subsequently, the finance industry has gradually come to
employ BTS, represented by Smart Contracts and Ethereum, which
stimulated the system to step into the 2.0 era (Kuo et al., 2017). Since
2014, the BTS has been increasingly adopted in the real economy, such
as in food, agriculture, and health industries, initiating the 3.0 era (Li
et al., 2020).

Blockchain technology is a distributed ledger technology that is
mutually verifiable (Casino et al., 2019). It is a type of linked data
structure composed of data block in order of time, characterized by
decentralization, openness and transparency, an unalterable nature, and
anonymity, among others (Lu, 2019; Feng et al., 2020). The decentral-
ization of the BTS is realized by relying on a distributed network,
encryption algorithm, and consensus mechanism; in addition, every
participant in the system is equal, which plays an active role in breaking
the information gap among subjects. This last trait in particular can
stimulate the information communication and action in harmony among
the subjects of social co-governance for food safety (Tao et al., 2022) and
alleviate information asymmetry and the failure of the government and
market (Alkhudary et al., 2022).

For example, after the introduction of a BTS into the food
manufacturing system, information and data arising in the course of
food production may be collected from production sites and transmitted
to the blockchain system’s database in real time through sensors. These
initial data will be encrypted and form a data fingerprint through an
asymmetric cryptographic algorithm. These data will then be

1 The blockchain technology system can be introduced in the whole pro-
duction process from raw material of food through processing and
manufacturing to storage and logistics, and then to sale and consumption. In an
attempt to provide a new approach for controlling counterfeiting by enterprises,
this paper mainly examines the evolution of how food processing and
manufacturing enterprises select a blockchain technology system from the
perspective of management. Therefore, this paper neither elaborates the
mechanism or process of the blockchain technology system’s functioning to
prevent food enterprises from counterfeiting, nor deals with the application of
the blockchain technology system to the whole food supply chain system. In the
following parts, this paper refers to the food processing and manufacturing
enterprises as food manufacturers, food enterprises, or enterprises.
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permanently stored in the BTS through the Byzantine Fault Tolerance
Consensus Mechanism (Huan et al., 2022); any data alterations have to
be conducted in accordance with the Smart Contract formulated jointly
by the participating subjects (Hewa et al., 2021). The transparency of
the entire food supply chain is thus improved, technological support is
provided for preventing food fraud, and consumer confidence in food
safety strengthened (da Silva and Moro, 2021). As research conducted in
many different countries has shown, the BTS has been widely adopted in
the manufacturing and processing of mangos, pork, turkey meat, dairy
products, beer, beef, chicken, aquatic products, and many others, and
has achieved remarkable effects (Peter, 2017).

On the basis of traditional methods of manufacturing foods, an en-
terprise has to make additional investments in order to produce FEBT
(Garaus and Treiblmaier, 2021). This additional investment will be used
mainly to procure production equipment; transform production flow
and technology; optimize the production environment; pay human
resource costs for technological innovation, daily management, and
maintenance expenses; and pay costs required for utilization of the BTS
(Da Xu et al., 2021; Venkatesh et al., 2020). For example, it is necessary
to procure sensors to satisfy the requirements for transmission, pro-
cessing, storage, display, recording, and control of information (Ripol-
les-Avila et al., 2019), and develop new wireless sensor networks based
on blockchain so as to ensure the safety, unalterable nature, and veri-
fiability of the collected data (Dener and Orman, 2023).

Although their costs will increase by incorporating blockchain, en-
terprises will nonetheless obtain economic returns. For example,
because food manufacturers will improve the accuracy of information
traceability after employing the BTS (Seifermann et al., 2022), once any
food safety accident occurs, the source of the problem may be identified
through the tracing function of the BTS (Galvez et al., 2018) and recall
costs can be lessened (Li et al., 2023). The BTS can store substantial
amounts of information, which can assist enterprises to increase their
decision-making efficiency, optimize their decision-making process, and
improve the flexibility of their supply chain. This can help enterprises
control productions costs (Wong et al., 2020).

However, enterprises are realists, so their willingness to employ BTS
depends on the expected net economic proceeds, and an enterprise
might rationally consider that the cost is more than could be recouped in
case of a potentially rare incident, or further, if the enterprise intends to
knowingly commit food fraud, such a system would be clearly against its
self-interest. This is why blockchain to ensure food safety works best
when embedded in a social co-governance function that places pressure
on enterprises to adopt blockchain. For example, if, under the social co-
governance framework, an enterprise produces risky foods, it will not
only bear the economic punishment imposed by government, but the
market revenue loss as a result of complaints by consumers® and loss of
reputation. Only after considering all and costs and benefits and esti-
mating that the expected proceeds from the production of FEBT will
exceed the expected costs, will a firm employ the BTS.

The Technology Acceptance Model (TAM) is widely used to probe
into the willingness of enterprises to employ new technology (Davis,
1986), and many studies conducted by China’s scholars have employed
TAM to examine the willingness of Chinese enterprises to adopt new
technology. These studies have demonstrated that fiscal subsidies by the
government and increases in demand can positively stimulate enter-
prises to employ new technology (Zhang, 2021).

Foods have the nature of quasi-public goods, and one of the gov-
ernment’s responsibilities is to ensure food safety. Common methods
used worldwide supervise and control enterprises include administra-
tive, economic and judicial methods, as well as implementing technical
standards of foods, popularizing new technology, introducing control
regulations by enacting new laws and regulations, and perfecting fiscal

2 Governments impose many forms of punishments on enterprises that pro-
duce risky foods, but this paper only considers economic punishment.
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policy as well. The EU and countries such as the US and Japan have,
through legislation, banned foods not produced in a traceability system
(Cattaneo et al., 2019).

The Hazard Analysis Critical Control Point (HACCP) is the interna-
tional food quality safety control system (WHO, 1992). As early as 1995,
the US Food and Drug Administration enacted regulations requiring
marine product processors to implement HACCP (Ward and Hart, 1996).
Therefore, enterprises’ production behavior strategies are necessarily
affected by government actions (Liu et al., 2022). When an enterprise
cannot reconcile food quality and economic benefits, it is most likely to
take an illegal moral hazard to secure excess profits (Jin et al., 2016).
Therefore, governments have to utilize diversified measures to compel
enterprises to produce safe foods.

Governments of Western countries also encourage food manufac-
turers, through fiscal subsidies, preferential tax policies, and other
incentive policies, to employ new technology (Yu et al., 2022). As
recently as the early 21st century, the Chinese government used fiscal
subsidies to encourage enterprises to employ the traceability technology
system, which played a significant role in ensuring the safety of pork and
other edible agricultural products (Wu et al., 2010). Over the recent
decade, the Chinese government has supervised and administered en-
terprises in accordance with laws and imposed strict economic punish-
ment upon enterprises that produced risky foods, which greatly affected
enterprise behaviors (Gao et al., 2023).

New consumption demand is significant to increase enterprises’
willingness to employ new technology (Priem et al., 2012). For example,
a traceability system may be connected with information on every sec-
tion of the entire food supply chain, which transforms food safety from a
credence attribute into a search attribute. Consumers are thus willing to
pay higher prices for traceable foods, so the development of the trace-
able food market is stimulated (Violino et al., 2019). Wu et al. (2015)
summarized the main reasons for the failure of China’s food traceability
system to make a breakthrough and be used by the majority of enter-
prises: government has not implemented an active, effective consump-
tion policy, and due to insufficient consumption demand, enterprises are
not willing to adopt the traceability system, which makes it difficult to
effectively cultivate a market for traceable food.

Although the BTS has only recently been employed by the food
manufacturing industry, many studies have probed the main factors
influencing enterprises’ willingness to employ the system. Bumblauskas
et al. (2020), Casino et al. (2021), and Danese et al. (2021) used
numerous cases to demonstrate that the BTS not only strengthens the
traceability of the whole process of agricultural products, but also im-
proves the quality perception among consumers, lowers the probability
of production of risky agricultural products, and reduces the recall costs
of agricultural products with risk problems. Lin et al. (2022) pointed out
that compared with traditionally traceable beef, consumers are willing
to pay higher prices for beef that is traceable through blockchain tech-
nology. In addition, Rodriguez-Salvador and Dopico (2020), Jin et al.
(2023), and Li et al., (2023) considered that due to rising consumer
income levels and improved knowledge about food safety science, de-
mand for FEBT will be increased, which will stimulate enterprises to
employ the BTS.

Wu et al. (2023) demonstrated that the willingness of every member
of the food supply chain to employ a blockchain traceability system is
related to the distribution of economic benefits and acceptance by
consumers of FEBT. Kamble et al. (2020), Nayal et al. (2021), and Peng
et al. (2022) hold that the method of governmental supervision and
administration and the costs of investment constitute the key factors
influencing enterprises’ adoption of the BTS. It was also found that the
blockchain system can satisfy the requirements of governmental super-
vision and administration as well as consumption demand, and also help
enterprises improve their technological and management levels.

In summary, these aforementioned studies provide important back-
ground and context for the present paper. They also elucidate the gap
this study seeks to fill: most research into the behavior strategy selection
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of enterprises for employment of BTS were conducted from a single point
of view, namely, enterprises, government, or market demand, and were
therefore not comprehensive For example, when probing into the in-
fluence of governmental behavior on employment by enterprises
employing a BTS, previous studies focused on the influence of fiscal
subsidies, while paying little attention to the combined influence of
fiscal subsidies and governmental supervision and administration.

In addition, the existing literature mainly examined Western coun-
tries, with little insight into China’s situation. China has a substantially
larger population than Western countries, and the daily food con-
sumption amounts to 2 billion kg, which are mainly produced and
supplied by small and medium-sized enterprises without sufficient
technological capacity to employ blockchain. Furthermore, because of
shortcomings in the legal and credit systems, moral hazard such as food
fraud occurs frequently (Wu and Liu, 2023). In addition, with govern-
ment as the main body and without sufficient social forces, China’s
governing system is not perfect, and research into enterprise behavior
strategy selection is rarely included in the co-governance framework of
government, market, and society.

Unlike previous research, the contribution by this paper lies in the
following respects: (1) it focuses on China’s situation, (2) it probes into
the preconditions for enterprises’ willingness to employ the BTS on the
basis of the social co-governance framework, and (3) by establishing a
tripartite evolutionary game model of enterprises, government, and
consumers and by taking enterprises’ expected economic returns from
the employment of the BTS as a thread, this paper researches into the
evolutionary routes of game subjects for strategy selection, the stability
conditions for the system to reaching equilibrium points, and the rela-
tionship between these equilibrium points and the level of social co-
governance through numerical simulation.

3. Methods
3.1. Research framework and general assumptions

From the 1970s, Western countries came to realize that social forces
had unique functions that the government and market lacked (Garcia
Martinez et al., 2013); only when a social co-governance system is
formed with joint participation and efforts toward common goals by
government, enterprises, non-governmental organizations, consumers,
and so on, can the failure of both government and market be offset and
enterprise behavior be influenced effectively (Cyphers and Schultz,
2019; Mutshewa, 2010). Since 2012, China has utilized social
co-governance as a basic system for regulating food safety risks, and it
has been proven that this basic system has achieved sound effects (Zhao
and Tang, 2020). For the sake of simplicity, on the basis of the concept
that the BTS has the function of decentralization and can ensure all
participants are equal subjects, this paper builds a social co-governance
system composed of government, enterprises, and consumers,” considers
the behavior strategy of an enterprise under this social co-governance
framework regarding whether to employ the BTS, establishes a tripar-
tite evolutionary game model of government, enterprises, and con-
sumers, and probes into the evolutionary routes of game subjects for

% The food supply chains’ composition is extremely complicated, and the
supply chain system varies across different types of food, but they all contain at
least behavior subjects such as raw material manufacturers and suppliers, food
manufacturers and processors, and dealers. In consideration of the fact that the
blockchain technology system is mainly employed by manufacturers and pro-
cessors (called manufacturers or enterprises hereinafter), this paper brings only
manufacturers into the tripartite evolutionary game model. In addition, the
composition of social forces is complicated, generally including industrial as-
sociations, news media and other social organizations, and consumers. Simi-
larly, for the sake of simplicity, this paper brings only consumers into the
model.
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strategy selection and the game equilibrium points. The research
method is shown in Fig. 1.

Undoubtedly, although enterprises, the government, and consumers
have a common desire for ensuring food safety, every game subject has
its own interest and limited rationality. In the beginning period, their
behavior strategy is not their optimum choice, but rather a relatively
equilibrium status that evolved and in response to the operating envi-
ronment. Because business operations and the sense of social re-
sponsibility vary among manufacturers, and because China has not
imposed compulsory requirements by law to employ blockchain tech-
nology, the set of the strategies used by enterprises for employing the
BTS is {employ, not employ temporarily}.*

In China, local governments bear responsibility for food safety in
areas under their respective jurisdiction. However, local governments
have wide remits concerning economic development and social gover-
nance, and their limited local financial revenues must be carefully
allocated and prioritized. Therefore, governments have two options:
{support, suspend support temporarily}. Generally speaking, those
FEBT are sold in market at prices higher than those of ordinary foods.
The food consumption methods of Chinese consumers are diversified,
but consumption is determined internally by their scientific cognition of
food safety and income levels, a process similar to those in Western
countries (Zhu et al., 2023). Therefore, the behavior strategy of con-
sumers contains two options: {buy FEBT, buy ordinary foods}. In
consideration of the foregoing, this paper makes the following
assumption, with the parameter descriptions shown in Table 1.

Assumption 1. The set of the strategies of enterprises for employing
the BTS is {employ, not employ temporarily}, and the corresponding
probabilities are x and 1 — x, respectively, with 0 < x < 1. If an enter-
prise chooses to produce FEBT, it is assumed that the additional in-
vestment in technology, equipment, and human resources and the
increased daily maintenance expenses after employment of BTS are
equal to C; (total expected costs). It is also assumed that the enterprise
will increase its operating efficiency after employment of the BTS and
can easily recall any foods if a food safety accident occurs. Accordingly,
the expected cost reductions enjoyed by the enterprise are denoted C,.°

The expected sales value of the FEBT is W;. Thus, the expected return
from production of FEBT is W; — C; + Cs. If the enterprise chooses not to
employ the BTS temporarily, it is assumed that the expected sales value
from production of ordinary foods is W». Because of the difference in
production methods, the probability of producing risky foods will vary
between firms employing blockchain technology and those producing
ordinary foods; these probabilities are denoted g; and g, respectively,
and their values can be expressed as follows: 0 <g; <g, <1.

Assumption 2. The set of behavior strategy options for local govern-
ment with respect to supporting enterprises to employ the BTS is {sup-
port, suspend support temporarily}, and the corresponding probabilities
are y and 1 — y, respectively, with 0 <y < 1. When support is chosen,

* In this paper, if an enterprise employs the blockchain technology system to
produce foods, the foods so produced are called “foods employing blockchain
technology,” and it is considered that all foods produced by this enterprise are
“foods employing blockchain technology”; otherwise, the foods produced not
employing the system are called ordinary foods, and all the foods produced by
this enterprise are ordinary foods.

5 According to the Food Safety Law of the People’s Republic of China
currently in force, when a food producer and dealer finds that any food made or
dealt in by it is not up to the food safety standard or, as evidenced, may do harm
to health, such producer must stop production and operation and then recall the
food that has been put into market for sale and dispose of them in time; and
thus the costs of enterprises will increase. If an enterprise employs the block-
chain technology system, it will effectively reduce the probability of food safety
accident, and once such accident occurs, the related foods can be recalled
effectively soon.
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Table 1
Parameters and description.
Parameter Explanation
notation
C; Total of the additional investment in introduction of technology, equipment, and human resources required for employment of the BTS and the increased daily
maintenance expenses after employment of the BTS.
Ca Expected costs reduced by the enterprise therefore as a result of its employment of the BTS.
Cs Expected governmental expenses decreased because government supports the employment of the BTS by enterprises.
Cy Expected increased costs of searching for information of the foods made by other manufacturers, which arise when an enterprise produces FEBT but consumers
buy ordinary foods or when an enterprise produces ordinary foods but consumers buy FEBT.
Wy Expected sales value of the FEBT produced by enterprises.
W Expected sales value of the ordinary foods produced by enterprises.
Ry Sum of expected financial revenues increased because government supports employment of the BTS by enterprises.
R; Expected award by the government for a complaint by a consumer after the complaint is confirmed true by the government.
S Consumer surplus of a consumer buying FEBT.
Sa Consumer surplus of a consumer buying ordinary foods.
G Governmental fiscal subsidy expected to be obtained by enterprises.
D, When the government chooses to suspend support of employment of the BTS temporarily, financial revenues decrease therefore, and the expected costs and
expenses of increased daily supervision and administration expenses and recalling of food with safety problem total D .
D, Expected economic loss to be incurred by an enterprise because of the loss of market reputation after a consumer reports complaint and the government confirms
it true.
D3 When an enterprise produces FEBT but consumers buy ordinary foods, or an enterprise produces ordinary foods but consumers buy FEBT, the enterprise loses
part of its expected market return because of the loss of such consumers, which totals is Ds.
& Probability of production by enterprises of risky FEBT
% Probability of production of ordinary foods by enterprises
g Probability of random inspection of enterprises by government
& Probability of a consumer making a complaint to the government after buying risky foods
F Sum of economic punishment imposed by the government on enterprises that produce risky foods

government will encourage enterprises through a fiscal subsidy, and it is
assumed that the governmental subsidy and other expected benefits
obtained by enterprises as a result is G. With government support, many
enterprises employed the BTS and therefore improved the local pro-
tection of food safety. The local investment environment was boosted as
well, and the government’s financial revenues thus increased; the
increased sum of financial revenues is denoted R;.

Due to their employment of the BTS, enterprises lower the proba-
bility of production of risky foods, which in turn decreases the costs and
expenses of daily governmental supervision and administration; even if
any food safety accident does occur, the fiscal spending incurred in
response will also be decreased.® The expected governmental expense
decreases as a result are denoted Cs, and the probability of an enterprise
undergoing a random inspection by the government is g3. When an en-
terprise is found to have produced risky food, the government imposes
an economic punishment according to the law, and the value of this
punishment is F; this means that the enterprise is fined g;g3F by the
government. Meanwhile, an enterprise that produces risky ordinary
foods is fined g,g3F by the government. When a local government
chooses to suspend support temporarily, the local protection of food
safety cannot be improved effectively, and the investment environment
is likely to worsen; it is assumed that financial revenues decrease. The
expected cost and increased daily supervision, administration, and re-
calls of food with safety problem is denoted as D;.

Assumption 3. The set of consumer behavior strategy options toward
foods is: {buy FEBT, buy ordinary foods}, and the corresponding prob-
abilities are z and 1 — 2, with 0 < z < 1. Generally speaking, the will-
ingness to pay (WTP) of consumers refers to the highest price a
consumer will pay for foods; however, because a consumer has to pay
actual market prices when buying food, a gap exists between the highest
prices a consumer is willing to pay and the actual paid prices. This gap is
called the consumer surplus. It is assumed that the consumer surplus
when buying FEBT and ordinary foods is S; and S, respectively. Because

6 According to the Food Safety Law of the People’s Republic of China in force,
once a food safety accident occurs, the competent supervision authority must
carry out investigation into the responsibility immediately, seal up the related
foods, and bear the expenses arising therefrom.

the former is less risky and bears more transparent quality information
than the latter, which upgrades the acceptance of consumers regarding
the foods, the result can be expressed as S; > S,.

It is assumed that the probability of a consumer making a complaint
to the government after buying risky foods is g4, and the expected award
from the government after confirming the complaint is true is Ry. Then,
the award from the government for such a complaint is g,g4R5, and the
relevant enterprise will bear an expected economic loss of D as a result
of the loss of market reputation. Thus, the expected returns for a con-
sumer buying FEBT and ordinary foods are S; + g1g4R2 and Sy + g2284Rz,
respectively. When an enterprise produces FEBT but consumers buy
ordinary foods because of their cognition or spending power, or when an
enterprise produces ordinary foods but consumers buy FEBT, the en-
terprise loses part of its expected market return because of the loss of
such consumers. This lost expected market return is D3, and the expected
increased costs of searching for information on foods from other man-
ufacturers is Cs.”

On the basis of the above assumptions and the game relationship
among enterprises, government, and consumers, the payoff matrix of the
tripartite game is developed as shown in Table 2.

3.2. Model calculation and analysis of evolutionary routes

This section will solve the replicated dynamic equation of enter-
prises, government, and consumers, respectively, on the basis of the
payoff matrix in the Table 2, and analyze the stability strategy of every
participant on the basis of the theory of differential equations.

3.2.1. Replicated dynamic equation of tripartite behavior strategy selection

The symbols Uy, Ujo, and U, represent the expected returns of an
enterprise from production of FEBT and foods not employing blockchain
technology, and the average expected returns, respectively. The repli-
cated dynamic equation of an enterprise’s behavior strategy selection is
F(x). Then on the basis of Table 2, Expressions (1), (2), and (3), and the

7 The costs of searching for information refers to the value of searching
arising from price dispersion in the free competition market. From the
perspective of cost accounting, its unit of measurement must be the same as that
of traditional costs, namely, money.
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Table 2

Payoff matrix of tripartite game.
Strategy combination Enterprises Government Consumer
(Employ, support, buy FEBT) W1 —C1+ Co— g183F+ G— g184D> 8183F— G+ Ry + C3 — g184R> S1+ &184R2
(Employ, support, buy ordinary foods) Wi —Ci+ Co— g183F+ G— g184D2 — D3 8183F— G+ Ry + C3 — g284R> So + 8284R2 — C4
(Employ, suspend support temporarily, buy FEBT) Wi — C1+ Co — g183F — §184D> &183F+ C3 — D1 — §184R> S1+ &18R2

(Employ, suspend support temporarily, buy ordinary foods)
(Not employ temporarily, support, buy FEBT)

Wi — Ci+ C2 — &183F — §184D2 — D3
W, — 8283F — 8284D2 — D3

S2+ g284R2 — Cy
81+ &184R2 — Cy

8183F + C3 — D1 — 8284R>
8283F — 8184R2

(Not employ temporarily, support, buy ordinary foods) W, — 8283F — 8284D2 8283F — g284R2 Sz + g284R2

(Not employ temporarily, suspend support temporarily, buy FEBT) Wy — 8283F — g284D2 — D3 8283F — D1 — g184R2 S1+ 8184R2 — C4

(Not employ temporarily, suspend support temporarily, buy ordinary foods) Wy — 8283F — 8284D> 8283F — D1 — g284R2 S + g284R2
replicated sub-dynamic equation of enterprises shown in Equation (4 —

P 4 d P d “) Us =zU3 + (1 —z)Us, an

can be generated.
Un=yz(Wi —=Ci + Co —g18:F + G —g1g4D2) +y(1 —2)(W, = C + G,

—8183F +G —g184D2 — D3) + (1 = y)z(Wy — C1 + C, — g183F
—8184D2) + (1 =y)(1 = 2)(W, — C1 + Cy — 8183F — 818402 — D3)

(@]
Uiy =yz(Wr — 8283F — 8284D> — D3) + y(1 —2)(Wr — 8283F — g284D:)
+ (1 =)2(W2 — g283F — g284D2 — D3) + (1 —y)(1 —2)(W>
— 8283F — g284D:)
2
U =xUy + (1 -x)Uy, 3

F(x)=dx/di=x(Un = U) =x(1=x)()G+ W, = C1 + C —g18:F = W,
+ 8283F — g184D2 + g284D2 — D3 +22D5)
@
The symbols Us;, Uy, and U, represent the government’s expected
returns from support and temporary suspension of support to enterprises
employing the BTS and average expected returns, respectively. The
replicated dynamic equation of the government’s behavior strategy se-
lection is F(y). Then, on the basis of Table 2, Expressions (5), (6), and
(7), and the replicated sub-dynamic equation of government shown in
Equation (8) can be generated.

Ui =x2(8183F —G+R, +C3 — 8184R) +x(1 —2)(183F —G+R, + C;5

—8284R2) + (1 —x)2(g283F — 8184R2) + (1 —x) (1 — 2) (8283 F — g284R2)
5)

Up =x2(8183F +C3 — D1 — 8184Ry) +x(1 —2)(8183F + C3 — D1 — 8284Ry)
+ (1 —x)z(8283F — D1 — g184R2) + (1 —x)(1 — 2)(8283F — D1 — 8284R>)

(6)
Uy =yUp + (1 —y)Un (@)
F(y)=dy/dt=x(Uy —U;) =y(1 = y)( = xG + xR, + D) 8

The symbols Us;, Usy, and Us represent consumers’ expected returns
from buying FEBT and ordinary foods and the average expected returns,
respectively. The replicated dynamic equation of consumers’ behavior
strategy selection is F(z). Then, on the basis of Table 2, Expressions (9),
(10), and (11), and the replicated sub-dynamic equation of consumers
shown in Equation (12) can be generated.

Usi =xy(S1 +g184R2) +x(1 = y)(S1 + g184R2) + (1 = x)y(S1 + g184R» — C4)

+ (1 =x)(1 =y)(S1 +8184R — C4)
(C))

U, =xy(S2+8284R> — Ca) +x(1 =) (S2 + g284R> — Ca) + (1 —x)y(S2 + 8284R2)
+(1=x)(1-y)(S2+8284R2)
(10)

F(z)=dz/dt=z(Us; — Us) =2(1 —2)(S1 + g184R2 — S — £284R> — C4 +2xCy)
12

On the basis of the above three replicated sub-dynamic Equations
(4), (8) and (12), the tripartite replicated dynamic equation shown in
Expression (13) is generated.

+8284D2 — D3 + 2zD5
F(y) =y(1 =y)(—xG +xRi + Dy)
F(z) = z(1 — 2)(S1 + g184Ry — S> — 8284R> — Cy + 2xCy)

YG+ W, —Ci+ C, — gi1g3F — Wa + g283F — 81840
F(x) =x(1 —x)

13

3.2.2. Analysis of evolutionary route of food manufacturers

According to the stability theory differential equation, to reach a
stable probability that an enterprise will employ the BTS, the following
preconditions must be satisfied: F(x) = 0 and F(x) = d(F(x)) /dx<O0.
When the following formula is established: z = z* = (—yG — W; + C;—
Ca + 8185F + W2 — 8285F + 8184D2 — €284D2 + D3) /2D, then F(x) = 0,
and every x is in evolutionary stability. When z > z*, then F(1) < 0, and
x =1 is the evolutionary stability strategy, which means that the en-
terprise chooses to employ the BTS. However, when z < z*, then
F(0) < 0, and x = 0 is the evolutionary stability strategy, which means
that the enterprise chooses not to employ the blockchain technology
strategy temporarily. The evolutionary phase diagram of the enterprise
behavior strategy is shown in Fig. 2, in which the arrow represents the
orientation of evolution of x toward 0 and 1.

3.2.3. Analysis of evolutionary routes of government

Similarly, to reach a stabile probability of government support for
enterprises’ employment of the BTS, the following preconditions must
be satisfied: F(y) =0 and F(y) = d(F(y)) /dy<0. When x = x* =
D1 /(G — Ry), F(y) = 0, every y is in evolutionary stability; when
x > x*, then F(0) < 0,y = 0 is the evolutionary stability strategy, which
means that government chooses to support; when x < x*, F(1) < 0,y =
1 is the evolutionary stability strategy, which means that government
chooses to suspend support temporarily. The evolutionary phase dia-
gram of the government behavior strategy is shown in Fig. 3, in which
the arrow represents the orientation of evolution of y toward 0 and 1.

3.2.4. Analysis of evolutionary routes of consumers

To reach a stabile probability of consumers buying FEBT, the
following preconditions must be satisfied: F(z) =0 and F(z) =
d(F(z)) /dz<0. When x = x* = (-S; — g184Ra + S2 + 28Ro +
C4) /2C4, then F(z) = 0, and every z is in evolutionary stability; when
x > x*, then F (1) < 0,z =1 is the evolutionary stability strategy, which
means that consumers choose to buy FEBT; when x < x*, then F(0) < 0,
z = 0 is the evolutionary stability strategy, which means that consumers
choose to buy ordinary foods. The evolutionary phase diagram of the
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Fig. 2. Evolutionary phase diagram of food manufacturer behavior strategies.
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Fig. 4. Evolutionary phase diagram of consumer behavior strategy.
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consumer behavior strategy is shown in Fig. 4, in which the arrow
represents the orientation of evolution of z toward 0 and 1.

3.3. Analysis of stability of evolutionary game equilibrium points

If dx/dt = 0, dy/dt = 0, and dz/dt = 0 in the replicated dynamic
equation (13), then there are eight equilibrium points (E; (0,0,0), E
(0,0,1), E3 (0,1,0), E4 (0,1,1), Es5 (1,0,0), E¢ (1,0,1), E; (1,1,0), and Eg
(1,1,1)) on the 3D space V = {(x,y,2)[0 <x<1,0<y <1,0<z <1}

According to the stability theory of Lyapunov (Parks, 1992), when all
the characteristic values (\) of Jacobian matrix are less than zero, the
equilibrium point is of asymptotic stability. When all the characteristic
values (M) of the Jacobian matrix exceed zero, the equilibrium point is
not stable. If the values of A are both positive and negative, the equi-
librium point is the saddle point. In order to analyze the asymptotic
stability of the equilibrium points, the value of A is calculated according
to the following formula (14):
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government, and consumers may be set at (0.3,0.4,0.9), (0.5,0.6,0.7),
and (0.2,0.5,0.8), respectively. Their selection of a behavior strategy
under different initial intentions was simulated, and the result is shown
in Figs. 5 and 6. The results indicate that the initial intention of the
behavior strategy of enterprises, government, and consumers finally
evolved into E3 (0,1,0), and E4 (0,1,1), respectively, namely, {not
employ temporarily, support, buy ordinary foods},{not employ tempo-
rarily, support, buy FEBT}, which indicates that the final stable status of
the system is not influenced by the initial intention of each subject, but
the initial intention does affect the time required for the system to evolve
to an equilibrium point: it takes a subject with a stronger initial intention
less time to evolve into the stable status than those with a weaker initial
intention.

4.1.2. Preconditions for stability of equilibrium points of the strategy of
enterprises to employ the BTS

Because the values of every parameter set in Table 4 satisfy condi-
tions (3), (4), (5), and (6) listed in Table 3, the initial intention of en-

OF(x)/ox OF(x)/dy OF(x)/0z ay an  as terprises, the government, and consumers may be set at (0.3,0.4,0.9),
J=|0F(y)/ox 0F(y)/dy OF(y)/0z|=|an an ax 14 (0.5,0.6,0.7), and (0.2,0.5,0.8), respectively. The simulation was
OF(z)/0x 0F(z)/dy 0F(z)/0z az  ay  as accordingly carried out, and the result are shown in Figs. 7-10. The
results indicate that the initial intention of the behavior strategy of en-
yG + W, — C
_ +C, — g183F — W.
(1-2%) Posmm x(1-x)G x(1 - x)2D;
+8283F — 8184D>
+8284D> — D3 + 2zDs
= —xG + xR,
Y1 =»(=G+R) (1-2y) 0
+D,
Si + 8184R>
B Z(1 —2)2Cy4 0 (1=2z)| =82 — g284R>
—Cy 4 2xCy

The values of A calculated with formula (14) are shown in Table 3.

It can be known from the Table 3 that the characteristic values (1;2) of
E; (0,0,0) and E; (0,0,1) are more than zero, are unstable points, and
cannot reach the stable condition. Therefore, this paper does not
conduct a demonstrative analysis of stability.

4. Conclusion and discussion

4.1. Verification of preconditions for stability of equilibrium points and
relationship between equilibrium points and social Co-governance level

The stability preconditions for every equilibrium point in Table 3
were tested and verified through numerical simulation of the tripartite
evolutionary routes using Matlab software. E; (0,0,0) and E; (0,0,1) are
two unstable points, and E3 (0,1,0), E4 (0,1,1), Es (1,0,0), E¢ (1,0,1), E;
(1,1,0), and Eg (1,1,1) are the equilibrium points of enterprises’ choices
to employ or not employ the BTS. According to the foregoing research
assumptions and Table 3, we set the parameter values of every equi-
librium points as shown in Table 4, and on this basis, we conduct a
numerical simulation for every equilibrium point.

4.1.1. Preconditions for stability of equilibrium points of the enterprises’
strategy to not employ the BTS

Because the values of every parameter in Table 4 satisfy conditions
(1) and (2) listed in Table 3, the initial intention of enterprises, the

terprises, government, and consumers finally evolved into Es (1,0,0), E¢
(1,0,1), E; (1,1,0), and Eg (1,1,1), namely, {employ, suspend support
temporarily, buy ordinary foods},{employ, suspend support tempo-
rarily, buy FEBT}, {employ, support, buy ordinary foods}, and {employ,
support, buy FEBT}. This indicates that the system’s final stability is
related only to the preconditions for its stability, and not the partici-
pants’ respective initial intentions. Rather, the initial intention of
behavior only affects the time required for the system to evolve into an
equilibrium point.

4.1.3. Relationship between equilibrium points and social Co-governance
level

Social co-governance for food safety risk has numerous aspects, with
diversified forms of co-governance. For the purpose of this paper, it is
defined as the processes, institutions, regulations, decisions, and activ-
ities by which the government, enterprises, and consumers control food
safety risks jointly within the scope of costs they can bear, respectively,
so as to ensure a proper level of food safety. In the social co-governance
system composed of government, enterprises, and consumers, every
subject chooses their individual behavior strategy on the basis of the
balance of their respective interests and protection of their common
interest in food safety, and then the social co-governance system thus
reaches equilibrium in the repeated evolutionary game. The preceding
analysis has indicated that the overall system’s equilibrium point is
realized not through maximum participation effort by every subject in
social co-governance, but through balance among their respective
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Table 3
Analysis of characteristic values of the System’s equilibrium points and stability.

Table 4
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Equilibrium points and assignment for every parameter.

Equilibrium Characteristic values Preconditions for Parameters Equilibrium points
points stability
A A2 Ai3 E3 E4 Es Ee E; Eg
E;1(0,0,0) Wi —C1+ Cy— D; S1+ Unstable points 0,1,0) ©.LD €,0,0 aon @10 aLh
Q183F— Wo + g184R2 — or saddle points C; 9 8 6 4 4 8
283F — g184D2 + Sa— Cz 1 1 3 1 2 1
8284D2 — D3 8284R2 — Cy Cs 1 1 1 1 1 1
E»(0,0,1) Wiy —Ci+Cy— Dy -8 — Unstable points Cy 1 1 1 1 1 1
s1g3F— Wy + g184R2 + or saddle points w; 3 1 3 3 1 3
8283F — g184D2 + So+ Wy 2 3 1 2 1 2
8284D2 + D3 8284R2 + C4 R; 2 2 1 1 2 2
E5(0,1,0) G+ W, —-C + —D; S1+ Precondition (1) Ry 10 20 40 10 40 10
Co—g1gF - W2 + 8184R2 — S 2 5 2 2 2 2
8283F — §184D2 + Sy — S2 1 1 1 1 1 1
8284D2 — D3 8284R2 — Cy G 2 2 3 3 2 3
E4(0,1,1) G+ W, —C1 + — D, —-S1 — Precondition (2) D, 2 2 1 1 2 2
Cy— g1gsF— Wa+ g184R2 + Dy 20 20 20 20 20 20
2283F — g184D2 + So + D3 2 1 1 2 1 1
228405 + D3 £:84Rs + C4 g 0.3 0.3 0.3 0.3 0.3 0.3
Es(1,0,0) —Wi1+C —Co+ -G+ S1+ Precondition (3) & 0.5 0.5 0.5 0.5 0.5 0.5
8183F+ Wy — Ry + 8184R2 — g3 0.5 0.4 0.5 0.5 0.5 0.5
8283F + g184D2 — D, Sy — 84 0.5 0.5 0.5 0.5 0.5 0.5
884D2 + D3 &84R2 + C4 F 20 10 20 20 20 20
Eq(1,0,1) —-W1+C—Cy+ -G+ -5 — Precondition (4)
&18F+ Wy — Ry + £18R2 +
8283F + 8184D2 — D, Sy +
8284D2 — D3 8284R2 — Cy
E;(1,1,0) -G-W1+C — G- S1+ Precondition (5)
Co+&gF+Wa— Ry — &184R2 —
8283F+ g184D2— Dy Sz — 9
8284D2 + D3 8284R2 + C4
Eg(1,1,1) —-G-W;+C — G— -S1 — Precondition (6) 0.8 - b
Co+g183F+Wa— Ry — g184R2 + e y e e,
883F+ g184D2— Dy Sz + A ol VN e
_ _ 0.6 g
8284D2 — D3 £284R2 — C4 ] e
Precondition (1)-(6): Ai1,Ai2, Az < 0 0.4 4 ',-;//"
i ——x=0.3,y=0.4,2=0.9
i - = — —
behavior strategies. For example, at the equilibrium point Es (1,0,0), the et T x_g.:,y_g.:,z_g.;
set of behavior strategies followed by enterprises, government, and 0. ey SE
consumers is {employ, suspend support temporarily, buy ordinary 1

foods}, which means that government and consumers, on the basis of
consideration of their interests, choose to suspend the fiscal subsidy
temporarily and buy ordinary foods, respectively, and the system is kept
at an equilibrium point while the social co-governance stays at a rela-
tively low level. The other five equilibrium points, including Es (0,1,0),
E4(0,1,1), E¢ (1,0,1), E7 (1,1,0), and Eg (1,1,1), represent different levels
of social co-governance. The evolution process of the system from
E3(0,1,0) or Es (1,0,0) toward Eg (1,1,1) is in fact an evolution of the
behavior strategy followed by the government, enterprises, and con-
sumers from inconsistency into consistency and from low similarity to
high similarity in orientation.

4.2. Influence of expected sales volume of FEBT and behavior of
government and consumers on enterprise behavior strategy selection and
social Co-governance level

The analysis presented in the preceding sections has demonstrated
the preconditions for equilibrium point stability under the circum-
stances of enterprises determining to employ or not employ temporarily
the BTS, together with the relationship between each equilibrium point
and corresponding social co-governance level. Because E; (0,0,0) and E;
(0,0,1) are two unstable points, this paper did not deal with them. We
mainly examine the influence of the expected sales volume of FEBT,
governmental behavior (fiscal subsidy, economic punishment, and
probability of casual inspection) and consumer behavior (probability of
complaints about risky foods and enterprises’ resulting expected loss)
upon the enterprises’ choice of behavior strategy and social co-
governance, taking E3 (0,1,0) as the initial equilibrium point. In other
words, we research how the above-mentioned change of related

0.6 4

0.4 4

0.2 4

Fig. 5. Equilibrium point E3 (0,1,0) stability test.

x=0.3,y=0.4,2=0.9
- - - - x=0.5,y=0.6,2=0.7
------- x=0.2,y=0.5,2=0.8

0.2

Fig. 6. Equilibrium point E4 (0,1,1) stability test.
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parameters affects the evolution from the equilibrium point E5 (0,1,0) to
Eg (1,1,1).

4.2.1. Influence of expected sales volume of FEBT

While other parameters remaining unchanged, it is assumed that at
the equilibrium point of Ez (0,1,0), the initial intention of subjects
Xo=Yo=2p = 0.5, and the expected sales value of FEBT W; =1, 2, 3, 4.
The corresponding evolutionary routes for the strategy selection of
every subject are shown in Fig. 11. It can be found that at time W; =1,
enterprises, the government, and consumers choose to not employ
temporarily, to provide a fiscal subsidy, and to buy ordinary foods,
which means the lowest level of social co-governance. When W rises to
2, although every subject still chose their original respective behavior
strategy, and the system did not experience qualitative change but
remained at the equilibrium point Ez (0,1,0), it was found that the
evolution of enterprises choosing not to employ the system temporarily
clearly became slow. When Wj increased to 3, the initial selection of
behavior strategy of enterprises and consumers changed from those
made at W;: they now chose to employ the system and buy FEBT.

It was further found that the selection of a behavior strategy by en-
terprises, government, and consumers began to move toward the same
orientation from this point. The system began to exhibit qualitative
change and reached equilibrium point Eg (1,1,1) and the social co-
governance reached its highest level. With the further increase of W;
to 4, although the selection of behavior strategy by enterprises, gov-
ernment, and consumers remained the same as at W; = 3 and the system
remained at the equilibrium point Eg (1,1,1), the evolution of enterprise’
selection of employing the system became faster. The simulation results
indicate that with other conditions remaining unchanged and with the
expected sales volume of FEBT increasing, the economic returns of en-
terprises producing FEBT increase accordingly, and the willingness of
the enterprises to employ the system is strengthened as a result.

4.2.2. Influence of level of fiscal subsidy by government

Under the condition that the other parameters remain unchanged, it
is assumed that the expected subsidy (G = 1,2,3,3.5) provided by gov-
ernment in could take forms such as a tax reduction or exemption or a
fiscal subsidy. The evolution of the resulting behavior strategies selected
by each subject are shown in Fig. 12. It can be found that when G = 1,
namely, when the system is at the equilibrium point Eg (0,1,0), enter-
prises, the government, and consumers choose not to employ the system
temporarily, to provide a fiscal subsidy, and to buy ordinary foods,
respectively, and social co-governance is at the lowest level. When the
government increases the fiscal subsidy, namely, G = 2, although the
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Fig. 7. Equilibrium point Es (1,0,0) stability test.
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Fig. 8. Equilibrium point E¢ (1,0,1) stability test.
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Fig. 10. Equilibrium point Eg (1,1,1) stability test.
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Fig. 12. Influence of G on behavior strategy.

behavior strategy selected by each subject remains unchanged and the
system did not experience qualitative change but remained at the
equilibrium point E3 (0,1,0), the evolution of enterprises toward the
strategy of not employing the system clearly slowed down. When gov-
ernment continues to increase the fiscal subsidy (G = 3), the behavior
strategy selection of enterprises and consumers evolved into employ-
ment of the BTS and buying FEBT; at this point, the system is experi-
encing qualitative change and reached equilibrium point Eg (1,1,1), with
social co-governance at its highest level. If the governmental fiscal
subsidy increases further, namely, at G = 3.5,° the behavior strategy
selected by enterprises, government, and consumers remained the same
as at the point of G = 3 and the system remained at the equilibrium point
Eg (1,1,1), but the evolution of the enterprise behavior strategy becomes
faster.

4.2.3. Influence of governmental economic punishment

According to existing Chinese laws and regulations, the government
can impose a range of sums to punish enterprises producing risky foods,
and government bodies may exercise their respective discretionary
power in the light of the extent of actual and potential risks and impose
economic punishment accordingly. It is assumed that, on the condition
that other parameters remain unchanged, the sum (F) of economic
punishment imposed by government bodies due to the production of
risky foods is F = 5, 10, 20, and 25. The evolutionary routes of the
resulting behavior strategy selected by each subject are shown in Fig. 13.
It can be found that when F = 5, namely when the system is at the
equilibrium point Es (0,1,0), enterprises, the government, and

8 At G = 4, the probability of choice of strategy of support by government is
0.83; because this paper focuses on whether enterprises choose the behavior
strategy of employing the blockchain technology system, and in fact, there is no
excessive fiscal subsidy by government, the assigned value of 3.5 here is proper.
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Fig. 14. Influence of g5 on Behavior Strategy.

consumers choose the behavior strategy not to employ the system
temporarily, to provide a fiscal subsidy, and to buy ordinary foods,
respectively, and social co-governance is at the lowest level. When
government strengthens the economic punishment, namely, F = 10, the
behavior strategy selection of every subject remains unchanged, and the
system has not experienced qualitative change and remains at E3 (0,1,0),
but the evolution of enterprises toward the strategy of not employing the
system has slowed.

At F = 20, the behavior strategy selection of enterprises and con-
sumers evolved into employment of BTS and buying FEBT, respectively;
at this point, the system is experiencing qualitative change and has
reached the equilibrium point Eg (1,1,1), with social co-governance at its
highest level. At F = 25, the selection of strategy by every subject re-
mains the same as at the point of F = 20, and the system is still at the
equilibrium point Eg (1,1,1), but the evolution of enterprise behavior
strategy is faster.

4.2.4. Influence of probability of governmental casual inspection
Similarly, under the condition that the other parameters remain
unchanged and the probability of casual inspection by government of
enterprises is assumed as gs = 0.2, 0.3, 0.5, and 0.6, the resulting
evolutionary routes of the behavior strategy selected by every subject
are shown in Fig. 14. At g3 = 0.2, namely, when the system is at the
equilibrium point E3 (0,1,0), enterprises, the government, and con-
sumers choose not to employ the system temporarily, to provide a fiscal
subsidy, and to buy ordinary foods, respectively, and social co-
governance is at the lowest level. When the probability of casual in-
spection by the government is increased to g3 = 0.3, although the
behavior strategy selection of every subject remains unchanged and the
system has not experienced qualitative change but remains at the
equilibrium point E3 (0,1,0), the evolution of enterprise choosing not to
employ the system temporarily slows down. At g3 = 0.5, the behavior
strategy selection of enterprises and consumers has, respectively,
evolved into employment of the BTS and buying FEBT. At this point, the
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system experiences qualitative change and has evolved into the equi-
librium point Eg (1,1,1), with social co-governance at its highest level. At
gs = 0.6, although the behavior strategy selection of each subject has not
changed compared with those at gs = 0.5, the system is still at the Eg
(1,1,1).

4.2.5. Influence of strength of consumer complaints

Under the condition that the other parameters remain unchanged,
the probability of a complaint by consumers is assumed as g4 = 0.1, 0.2,
0.5, and 0.6. The evolution of the behavior strategy selection by every
subject with the fluctuation of g4 is shown in Fig. 15. At g4 = 0.1, namely,
when the system is at the equilibrium point E3 (0,1,0), enterprises, the
government, and consumers choose the behavior strategy to not employ
the system temporarily, to provide a fiscal subsidy, and to buy ordinary
foods, respectively, and social co-governance is at the lowest level.
When g4 = 0.2, although the behavior strategy selection of every subject
remains unchanged and the system has not experienced qualitative
change and remains at the equilibrium point E3 (0,1,0), the evolution of
enterprise choosing not to employ the system shows a clear temporary
slowdown. With g4 increasing continuously, the behavior strategy
selected by enterprises and consumers evolves, respectively, into
employment of the BTS and buying FEBT. At this point, the system ex-
periences qualitative change and has evolved into the equilibrium point
of Eg (1,1,1), with social co-governance rising to its highest level.

Fig. 16 show the cases when the expected economic loss of an en-
terprise arising from complaints by consumers is (D2 = 5,10,20,25).With
D, increasing continuously, the behavior strategy selection of enter-
prises and consumers has, respectively, evolved from not employing the
BTS and buying ordinary foods into employment of BTS and buying
FEBT, the evolution of enterprises’ behavior strategy toward stability is
accelerated continuously, and social co-governance rises from the lowest
to the highest level.

In summary, with the other parameters remaining unchanged, the
expected sales value of FEBT, the strength of governmental behavior
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(fiscal subsidy, economic punishment, and supervision and casual in-
spection), and the probability of consumer complaints have a positive
effect on enterprise behavior strategy selection and social co-governance
level.

5. Main conclusion and policy implications

This paper examines how the selection of a behavior strategy by
three subjects, including enterprises, government, and consumers,
evolved on the basis of China’s situation and establishing the social co-
governance framework. The evolution was modeled by building the
tripartite evolutionary game model, and the stability conditions of
equilibrium points of the system and the relation between the equilib-
rium points and the level of social co-governance were tested, analyzed,
and verified. Then, taking E3 (0,1,0) as the initial equilibrium point, this
paper analyzes the influence of (1) expected sales value of FEBT, and (2)
government and consumer behavior on both enterprise behavior strat-
egy selection and the level of social co-governance. In general, in the
tripartite game system composed of enterprises, the government, and
consumers, every subject chooses their respective behavior strategy on
the basis of the balance of their own interests and protection of the
common interest of food safety. The result of the model indicates that
that the initial intention of each subject only affects the time required for
e the system to evolve to a stable status, which means that the stronger
the initial intention is, the less time the system needs to evolve to a stable
status. In addition, the system’s final stability is independent of the ac-
tors’ initial intention, which means that their initial intention will not
affect their selection of a behavior strategy. The evolution of the system
from E3 (0,1,0) into the optimum equilibrium point Eg (1,1,1) is actually
a trajectory of the game of subjects selecting of their behavior strategy
from inconsistency to consistency and from low similarity in orientation
to high similarity, which results in an upgrade of social co-governance as
well.

Whether an enterprise is willing to produce FEBT is internally
dependent on the game of behavior strategy selection of three parties,
including enterprises, government, and consumers, namely, whether
their respective selection is toward the same orientation and the system
can reach an equilibrium point. This research has demonstrated that
when other conditions remain unchanged, if any one of the following
conditions evolves to a certain level, the behavior strategy selected by
enterprises and the speed of behavior evolution will be affected:

(1) When the expected sales volume of FEBT increases continuously,
the corresponding economic returns will also increase, and the
intention of employing BTS by enterprises, which are in pursuit of
economic benefits, will become intensified.

(2) When the government increases the probability of casual in-
spection or strengthens economic punishment, enterprises pro-
ducing risky foods will face economic punishment imposed by the
government, and the willingness of enterprises to employ the BTS
will be increased accordingly in order to reduce the probability of
production of risky foods and cut internal management costs.
When the government increases its fiscal subsidy, the expected
economic return from production of FEBT will be increased, and
thus the willingness of enterprises to employ the BTS will be
increased accordingly.

(3) When the probability of consumer complaints is increased, the
loss of expected economic proceeds resulting from an enterprise’s
loss of market reputation will increase, and similarly, the speed of
selection and the evolution enterprises’ behavior strategy will
change as well.

(4) Governmental behavior, including an increased probability of
casual inspection, economic punishment, and fiscal subsidy, and
consumer behavior, like an increased probability of complaints,
influence the behavior strategy selection by enterprises by
affecting enterprises’ expected economic benefits. Internally, the
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selection by enterprises of their behavior strategy is dependent on
the expected economic proceeds from production of FEBT.

(5) There will be many equilibrium points in the evolution of the
system, which represent different states of equilibrium in the
game of behavior strategy selection of enterprises, the govern-
ment, and consumers. A state of equilibrium represents a certain
level of social co-governance.

As mentioned previously, HACCP is an internationally recognized
technological security system adopted for assessing and controlling food
risks. Because the BTS has a unique function, it is expected to become an
important technical means similar to HACCP. For the purposes of
China’s situation, it is of great significance to popularize the BTS among
food manufacturers. By analyzing the model’s results from the
perspective of management, the conclusions made in this paper have the
following policy implications:

(1) The decisive function of the market mechanism must be brought
into full play, and enterprises’ internal motives for employing the
BTS must be stimulated by increasing the economic benefits from
producing FEBT.

The government must take the initiative on the basis of actual
conditions to strengthen fiscal subsidies, perform its re-
sponsibility for supervision and administration in accordance
with the relevant rules and standards, impose punishment on
enterprises producing risky foods according to laws, and influ-
ence enterprises’ willingness to employ the BTS by utilizing
economic methods.

Chinese consumers’ consciousness of participation in social co-
governance is consistently relatively weak, which reflects the
particular fact that they occupy the end of the food supply chain
system. It also reflects the fact that for a long period, consumers
have consistently regarded themselves as onlookers of food safety
(Qin et al., 2022). Therefore, it is necessary to improve the sci-
entific cognition of consumers, support consumer complaints
about risky foods, and encourage consumers to expand their
consumption of FEBT within their consumption power, so as to
stimulate more enterprises to employ the BTS.

In order to popularize the employment of the BTS among enter-
prises, it is necessary to exert the unique, irreplaceable function
of enterprises, the government, and consumers, and focus more
on synergy among their selected behavior strategies so as to
stimulate the subjects to move toward more similar orientations
and realize the relative equilibrium of the system.

(2)

3

(4

-

The research for this paper is based on China’s situation, but it may
be used for reference with respect to popularization of the BTS among
food manufacturers worldwide because the model developed in this
paper is based on the expected proceeds of FEBT as an assumption,
which is in conformity with the general rules of market economy, and
the social co-governance system established therein is a governance
system accepted and implemented in common by China and Western
countries. However, this study also has limitations. For example, the
research assumptions are based on Chinese situation, and the research
was conducted on the basis of China’s current conditions. However,
differences exist between China and other countries in terms of food
safety administration system, laws and regulations, consumption values,
and so on. In China, for example, although most consumers care about
food safety, they are less likely to officially report initial or one-off
concerns, which differs sharply from the case in Western countries.
Therefore, assessing and comparing the general applicability of this
paper’s conclusions to other contexts is a valuable and rich area of future
research.

Three further key areas have emerged from this paper for future
research. First, the research could be expanded to the whole food supply
chain, including the willingness by all subjects to employ the system, i.
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e., not only manufacturers, but also producers and suppliers of raw
materials, processors and manufacturers, and vendor and seller enter-
prises, so as to stimulate employment of the BTS among the whole sys-
tem and impel the social co-governance system to achieve the
preconditions for equilibrium points. Second, an extensive survey could
be conducted of Chinese enterprises, along with an empirical study of
selected typical samples, so as to demonstrate the scientific rigor and
validity of this paper’s conclusions. Third, comparative research could
be carried out on the influence of using BTS by enterprises in countries
other than China, so as to elucidate the common characteristics as well
as any differences and demonstrate the general applicability of this
paper’s conclusions.
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