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ABSTRACT The boom in online food delivery(OFD) platforms brings convenience to both consumers
and restaurants but leads to pollution from nonbiodegradable plastic food containers. To reduce pollution,
the Chinese government enacted a ban on using multiple single-use plastics, including nondegradable OFD
food containers. There may be various interests involved in enforcing the ban, so careful analysis is required
before implementing the ban. This study applied evolutionary game theory to examine the interaction
mechanism of the problematic behaviors between OFD platforms and restaurants. By theoretical research
and simulation, we analyzed the conditions under which the game can converge to the expected outcome.
In addition, we discussed the measures that are most important to promote restaurants using degradable food

packaging in their service.

INDEX TERMS Online food delivery, evolutionary game theory, behavior modeling, food packaging, ban

on using single-use plastics.

I. INTRODUCTION

The online food delivery (OFD) platform is a third-party
platform that integrates information from consumers, restau-
rants, and riders [1]. The platform obtains food information
from numerous independent restaurants (food providers) and
shows food information to OFD consumers via websites or
mobile apps. Consumers browse and order prepared foods
on the platform [2]. The platform accepts consumers’ orders
and relays these orders to the restaurants to inform them to
prepare food (including plastic bags, food containers, and
tableware) according to consumers’ needs. After the food is
ready, the platform assigns delivery people (also called riders)
to pick up the food from the restaurants and deliver it to
consumers. As a third-party platform, the OFD platform takes
responsibility for food quality and delivery [3]. In addition,
it is the OFD platforms’ responsibility to supervise restau-
rants according to government regulations [4]-[6].
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As OFD platforms provide direct and efficient services
for large numbers of customers and restaurants [3], OFD
has experienced robust growth in recent years, particularly in
China [7], [8]. The OFD market scale increased from CNY
¥124.8 billion in 2015 to CNY ¥291.2 billion in 2019, and
the number of OFD consumers increased from 113.56 mil-
lion in 2015 to 457.70 million in 2019. The expansion of
OFD positively impacts the economy and society [9]. From
an economic perspective, OFD provides job opportunities
(e.g., chefs, riders [10], and computer programmers) and
creates a bonanza for support industries (e.g., disposable food
container production, disposable tableware production, and
electric bicycle production) [11]. OFD also changes restau-
rants’ operating modes [12]. From a sociological perspec-
tive, OFD provides people with access to a wide range of
meal options and saves them time that would be spent going
out for a meal. Notably, OFD provided a critical lifeline
during the COVID-19 pandemic in 2020 when millions of
people were quarantined at home [13]. Currently, ordering
food online is popular and normative for consumers, but it
comes with extensive quantities of plastic waste-plastic bags,
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food containers, and cutlery [14]. This study uses the term
”food packaging” to refer to the bags, containers, and cutlery
that are provided with delivered food. As summarized by
Zhou et al. [15], the Chinese OFD market results in the
use of 7.3 billion plastic food packaging sets per year. The
consumption of plastic food packaging leads to pollution.

To reduce pollution, many initiatives have been pro-
posed. One of the most important initiatives is the ban on
using single-use plastics. In January 2020, the state coun-
cil of China announced a strict ban on using single-use
plastics [16]. The ban forbids restaurants from providing
single-use food packaging (SFP) to consumers. As a sub-
stitute, restaurants have to provide degradable food packag-
ing (DFP) to fulfill consumers’ needs.' Unfortunately, the ban
was not strictly enforced [13] due to the COVID-19 out-
break. With the epidemic gradually becoming under control
in China, the government has revived the ban. On July 13,
2020, the state development planning commission of China
and eight other departments published a notice to solidly pro-
mote reductions in the use of plastic pollution and requested
that the ban be implemented in 2021 [17]. At the beginning
of 2021, the ban was implemented in many cities. For exam-
ple, restaurants in Shanghai were banned from providing
nondegradable plastic bags in their OFD service. Restaurants
in urban built-up areas of Beijing are also implementing
similar behaviors. In addition, well-known milk tea chain
brands such as “Honey Snow City” and “CoCo” were
banned from providing plastic straws in their OFD services.
These phenomena signify that the Chinese government will
re-enforce the ban on using single-use plastics countrywide
as the epidemic is brought under control.

As the OFD market is large, the ban can reduce massive
amounts of plastic pollution while harming the OFD industry
if the ban is performed improperly. The conflicts of inter-
est among the government, OFD platforms, restaurants, and
consumers make it difficult to successfully implement the
ban. The government desires to implement the ban because
the ban is accompanied by significant environmental bene-
fits. Furthermore, consumers only consider their convenience
rather than considering the environmental consequences [18].
To satisfy consumers, a high proportion of restaurants choose
to provide SFP, even though SFP is not environmentally
friendly. A solution to the change in restaurants’ behavior is
to punish restaurants if they insist on using SFP. Nevertheless,
a series of studies have shown that it is not sensible for
the government to directly supervise and punish restaurants
[19]-[21]. Thus, cogovernance is introduced in implementing
the ban. In cogovernance, OFD platforms are responsible
for supervising restaurants’ behavior, and they can punish
restaurants if the restaurants still choose to use SFP. Then,
the government can punish OFD platforms if they do not fully
satisfy their responsibility. In other words, the core of cogov-

IThis study uses the term ”SFP” to refer to the nondegradable plastic
items provided in OFD service. Correspondingly, the term ”DFP* refers to
other types of food packaging (e.g., aluminum food containers, paper spoons,
and degradable plastic bags).
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FIGURE 1. Interactions between the government, OFD platforms,
restaurants, and consumers.

ernance is to coordinate the government, OFD platforms,
restaurants, and consumers’ conflicts of interest. To construct
this cogovernance, some conditions must be met. The funda-
mental solution for stopping the use of SFP in OFD service is
that the government, OFD platforms, and restaurants make
efforts to implement the ban. However, restaurants tend to
cater to customers’ needs, and OFD platforms’ supervisory
behavior is usually opportunistic. Therefore, the government
needs to take measures to change restaurants’ and OFD plat-
forms’ behavior.

Accordingly, we develop a theoretical model of the behav-
ioral strategy interaction of restaurants and OFD platforms
in the ban on using single-use plastics and discuss how to
restrain restaurants’ and OFD platforms’ willingness to resist
the ban. As restaurants’ and OFD platforms’ behavioral strat-
egy interaction is a dynamic process, we employ evolutionary
game theory [22], [23] to develop the model. The process
has four participants: the government, OFD platforms, restau-
rants, and consumers. We depict the interactions between
the four participants in Fig.1. Among the four participants,
the government and consumers’ behaviors are constant: the
government will stick to the ban, and consumers tend to
use inexpensive and convenient SFP. Therefore, our model
considers only how OFD platforms and restaurants choose
their behavioral strategies according to the government’s and
consumers’ preferences.

II. LITERATURE REVIEW

Plastic waste management in the OFD industry is a hot
topic, and recent studies in this field focus on various
aspects of the problem. A series of studies focus on ana-
lyzing the environmental impact of OFD plastic waste.
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FIGURE 2. A decision tree demonstrating the stakeholders’ payoff (utility).

For example, [11], [15], [24], [25] estimated the volume and
composition of food delivery packaging waste in China based
on OFD platforms’ quarterly sales data, web crawling, and
sample survey methods. Reference [7] counted the harmful
chemicals from online food packaging and their harm to
human health. Reference [26] compared the environmental
impacts of three widely used types of food packaging and
concluded that single-use plastics are the worst option for
producing food packaging. All these studies point to the need
to reduce the use of SFP in the OFD industry. Some studies
focus on finding the factors can encourage people to choose
environmentally friendly food packaging. Questionnaire sur-
veys [27] and various comprehensive models [28]-[30] were
employed in these studies. All these studies concluded that
consumers’ attitudes toward the environment are important
in reducing the use of SFP. Unfortunately, the most important
issue, how to change consumers’ attitudes, is still a problem.
Many studies have analyzed policy instruments [31]-[33] for
single-use plastic reduction as many countries have reduced
the use of single-use plastics in various industries. These
studies provide references and a basis for this study.
However, all the studies above focused on the visible
aspects of plastic waste management in the OFD industry,
and no study has considered stakeholders’ behavioral strategy
interaction in plastic waste management. The present study
provides a promising method for analyzing the behavioral
strategy interaction between restaurants and OFD platforms
to fill this gap. References [21] and [34] are similar to our
study; all these studies employ evolutionary game theory
to analyze OFD-related problems, while the two studies
focus on food quality and food waste recycling, respectively.
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In addition, evolutionary game theory is employed in model-
ing various problems, e.g., retailer competition [35], resource
management [36], and bid evaluations [37], [38]. All these
studies contribute to our study.

IIl. MODEL DESCRIPTION AND ESTABLISHMENT

A. MODEL DESCRIPTION

We develop an evolutionary game model to analyze an OFD
platform’s and a restaurant’s behavioral strategies in the con-
text of the ban on using single-use plastics. The game players
in the process are an OFD platform and a restaurant. Both
players are stakeholders in the process, and they are finitely
rational. Fig.2 depicts the game strategy combinations of
the two players. The strategy spaces of OFD platforms and
restaurants are Sp = {PS, NS} and Sg = {DFP, SFP}, where
PS and NS denote positive supervision and negative supervi-
sion, respectively, and DFP and SFP denote providing DFP
and SFP, respectively. Based on the two players’ strategies,
we propose the following four hypotheses.

Hypothesis 1: We suppose that the probability of the restau-
rant choosing the DFP strategy is x, so the probability of
the restaurant choosing the SFP strategy is 1 — x. Moreover,
the OFD platform has two choices. We use y to represent the
probability of the OFD platform choosing the PS strategy,
so the probability of the OFD platform choosing the NS
strategy is 1 — y. It is obvious thatx,y, 1 —x, 1 —y € [0, 1].

Hypothesis 2: We assume that the Chinese government
resolutely enforces the ban on using single-use plastics in
OFD service. Thus, the restaurant will suffer a penalty from
the OFD platform if the restaurant and OFD platform choose
the SFP and PS strategies, respectively. We assume the value
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TABLE 1. Description for the abbreviations and notations.

Notation  Description

OFD Online food delivery.

SFP Single-use food packaging.

DFP Degradable food packaging.

Sp The OFD platform’s strategy space.

Sr The restaurant’s strategy space.

PS The OFD platform’s positive strategy if it chooses to stop the restaurant providing SFP.
NS The OFD platform’s negative strategy if it chooses to stop the restaurant providing SFP.
DFP The restaurant’s strategy if it chooses to provide DFP to consumers.

SFP The restaurant’s strategy if it chooses to provide SFP to consumers.

Ch1 The penalty from the OFD platform if the restaurant chooses the SF'P strategy and the OFD platform chooses the PS strategy.
C12 The extra cost if the restaurant chooses the D F' P strategy.

C21 The cost for the OFD platform’s supervisory behavior if it chooses the P.S strategy.
Ca2 The penalty from the government if the OFD platform chooses the NS strategy.

Cas The impacts from the restaurant’s negative cooperation.

Cas The OFD platform’s loss if the restaurant chooses the S F P strategy and the OFD platforms chooses the N .S strategy.
R11 The restaurant’s sales if it chooses the D F'P strategy.

Rio The restaurant’s sales if it chooses the SF'P strategy.

R21 The reward from the government if the OFD platform chooses the PS strategy.

Roo The benefits from the OFD platform’s regular operations.

T The restaurant’s probability of choosing the D F' P strategy.

Y The OFD platform’s probability of choosing the P.S strategy.

of the penalty is Cjj, and it is reasonable to let C1; > 0.
If the restaurant chooses the DFP strategy, it will never
experience the penalty regardless of what strategy the OFD
platform chooses. However, the restaurant will have an extra
cost of Cyp for purchasing the DFP. It is reasonable to
let Ci1 > Ci3 > 0. Moreover, the current DFP has fewer
functional advantages than NFP, making them inconvenient
for consumers. Consumers who cannot endure the incon-
venience of DFP will order food through other channels.
Thus, we assume that restaurants’ behavioral strategies lead
to different sales. The sales when a restaurant adopts the DF P
strategy and SFP strategy are R1; and Rj;, respectively. Pre-
vious studies have shown that consumers are more concerned
about their dining experience than environmental protection,
so we assume 0 < Ry < Ri».

Hypothesis 3: The OFD platform will pay extra costs for
their supervisory behavior (e.g., pay the salaries of regulators
and develop features related to the supervision in their apps)
if it chooses the PS strategy. The cost Co; > 0. Correspond-
ingly, the OFD platform will receive a reward or subsidy
Ry from the government if it chooses the PS strategy. It is
reasonable tolet Ry; > 0. In contrast, when the OFD platform
chooses the NS strategy and the restaurant chooses the SFP
strategy, the ban will have no effect. Then, the OFD platform
will experience a penalty of Cyy from the government due
to its dereliction of duty. To ensure the effectiveness of the
penalty, assume Cy; > C; > 0. In addition, the restaurant
is independent of the OFD platform, and when the platform
forces it to choose the DFP strategy, they will adopt negative
cooperation to address it. Negative cooperation will have
a negative impact Co3 on the platform when the restaurant
chooses the SFP strategy. Assuming that the impact is nega-
tively correlated with the restaurant’s probability of choosing
the DFP strategy, C23(x) = (1 — x)C23, and Ca3 > 0.

Hpypothesis 4: The OFD platform’s normal operations gen-
erate benefits Ry, to itself when the restaurant chooses the
DFP strategy. The OFD platform’s operations are abnormal
when the OFD platform chooses the NS strategy and the
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restaurant chooses the SFP strategy. The OFD platform will
suffer a loss (e.g., negative reports about the platform appear-
ing in the news, resulting in a drop in the share price of the
platform) if it operates abnormally. We assume that the loss
is Cp4, and Ry, Cog4 > 0.

B. MODEL ESTABLISHMENT
Based on the above assumptions, all parameters are depicted
in Table 1. Additionally, the payoff matrix between OFD
platforms and restaurants is depicted in Table 2.

We define the restaurant’s and the OFD platform’s payoff
matrices as H and B, respectively, as depicted in (1) and (2),
respectively:

Rii—Ci2 Rin—Cp2
H = , 1
(RIZ - Cn R2 ) M
_ Ry + Ry — Cyy Ry —Cxp ?)
Ry —Cop — (1 —x)C3  —Con—Cps )’

When the restaurant chooses the DFP strategy, we repre-
sent its expected payoffs as Ug;. Correspondingly, we rep-
resent the restaurant’s average expected payoffs as Ug. Ugi
and Upy, are calculated as (3) and (4), respectively:

U =(1 0)H (1 {y) =Ry — Cia, 3)

Ug = (x 1—x)H<1zy)
= xRy +(1 —x)Rpp — (1 —x)yCi1 —xCr2. (4)

According to equations 3 and 4, the growth of the restau-
rant’s probability of choosing the DFP strategy should be
equal to the expected utility Ug; minus the average expected
utility Ug. Thus, the restaurant’s replicator dynamic equation
is calculated as (5):

dx

dt

= x(Ug1 — Up)

= x(1 =x)(R11 — Ri2 +yC11 — C12). 5

Fx) =
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TABLE 2. Payoff matrix for both stakeholders.

NS

OFD platform
PS
DFP Ri1 —Ci2; Ro1 + Ra2 — C21
Restaurant  gpp R C11: Roy — Coy —

Ri1 — C12; Rog — C22

(1—x)C23 Riz;—Co2 — Coq

TABLE 3. The values of the six potential equilibrium points.

Point Value
By (1, 1) zi 28
Ba(w2, y2) ;z i?
Bs(z3,y3) g; z(l]
Ey(z4,y4) ;i _ i

—024—\/C§4+4023(R21—021+022) i1

Ir5 =

E51 (Z57 y5) R1§€?11+012
Y5s= """,
*C24+\/C§4+4C23(R21*021+C22)
Eo( y = 20 +1
6176, Y6 _ Rip—B,4C10
Y6 = Ci1

According to Table 2, when the OFD platform chooses the
PS strategy, its expected payoffs are represented as Up;, and
the OFD platform’s average expected payoffs are represented
as Up. Up; and U p are calculated as (6) and (7), respectively:

Upr = (1 0)B" (1 fx>

= Ry1 + xR0 — Ca1 — (1 — x)*Cas. (6)
—_— X
Up=(y 1-y)8" (1 —x)
= YyRy1 + xRy — yCo1 — (1 — y)C2
—(1=0)%C3 — (1 —x)(1 = y)Cos. (D)

According to (6) and (7), the OFD platform’s replicator
dynamic equation is calculated as (8), shown at the bottom
of the page. We use (5) and (8) to build the dynamic system
S, as depicted in (9), shown at the bottom of the page.

IV. EVOLUTION GAME ANALYSIS OF THE INTERACTION
OF THE RESTAURANT's AND THE OFD PLATFORM's
BEHAVIORAL STRATEGIES
A. EVOLUTIONARY EQUILIBRIUM POINT
According to the stability theory of first-order differential
equations, let F(x) = 0 and F(y) = 0. We obtain six
potentially equilibrium points of the dynamic system S and
depict the five points in Table 3.

Among the six points depicted in the table, E1, E», E3, and
E4 are the system’s equilibrium points. Whether the other two
points are interior equilibrium points needs further analysis.

A point (x, y) is an interior equilibrium point if it satisfies
the following conditions: (1) F(x) = 0, 2) F(y) = 0,
B3)x € (0,1),and (4) y € (0, 1). Both Es and Eg satisfy
conditions (1) and (2). Thus, we just need to analyze the con-
ditions under which the two points can satisfy both conditions
(3) and (4).

For the point E5, When x5 € (0, 1), we can infer:

Coy +\/C224 +4C3(Ry1 — Co1 + Cp2)

1— = € (0,1),
(I—xs) 203 0, D

(10)

Under the condition Ry; —Cp1+C2 > 0,as Cyp > Cp1 and

R>1 > 0, this condition is constantly established. As C23 > 0
and Cy4 > 0, 1 —x5 > 0is constantly established. Thus, con-
C24+\/C24+4C23(R21 —C21+C2) -1

d1t10nx1 € (0, 1)isequal to
Solving the inequality, we can obtain R21 — (o + Cxp —
Cy3 + Co4 < 0. Thus, assuming ¢ = Ry — Co1 + Cop —
C23 + Ca4, we have that x5 € (0, 1) is established only when
a < 0.AsR;p > Ry > 0,Cip > 0,and Cy; > O,
¥s5 > 0 1is constantly true. Thus, y5 € (1,0) is equal to
Ri1 — Rip + Ci1 — C12 > 0. In other words, assuming
B =Ri1—R12+C11—C12,Y5, ¥6 € (0, 1) is established only
when 8 > 0. Note that Ry1, Ca1, C23, C23 and Cy4 are applied
to the OFD platform, so we say that the OFD platform suffers
a large punishment for not supervising the restaurant strictly
when o > 0. Correspondingly, we say that the ban does not
have a discernible impact on the OFD platform’s costs when
o < 0. Similarly, R, R12, C11, and Cp» are applied to the
restaurant, so we say that the restaurant suffers a large loss
for providing SFP when 8 > 0. Correspondingly, we say that
the ban does not have a discernible impact on the restaurant’s
cost when 8 < 0.

As Ry; — Cr1 + Cyp > 0and Crz > 0, C224 + 4Cr3(Ry1 —
Cr1+Cy) > C224 is established. Thus, xg > 1,and xg € (0, 1)
is constantly not established. According to the analysis above,
we can conclude that point Es is an interior equilibrium point
only when @ < 0 and 8 > 0 while point Eg is not an
equilibrium point in system S.

B. ANALYSIS OF THE MODEL's EVOLUTIONARY STABILITY
Then, we employ a Jacobi matrix to obtain the evolution-
ary stability of the replicated dynamic system. The dynamic

=2 =y(Up1 — Up) =

FG) = —

|

y(1 —y)(Ra1

F(y) =y(1 —y)(Ra1 — Ca1 + Co2 — (1 —

96214

— Co1+ Con — (1 —x)*Caz + (1 — x)Ca4)

®)

F(x) =x(1 —x)(Ri1 — Ri2 +yCi1 — Ci2)

9
X)*Co3 + (1 = x)Cas) ®
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TABLE 4. The expressions of the determinant and trace for the five equilibrium points.

Equilibrium Point Expression
E1(0,0) det(J)  (Ri1 — Ri2 — C12)(R21 — C21 + C22 — Ca3 + Caa)

’ tr(J)  (Ri1 — Ri2 — C12) + (R21 — C21 + Cag — Cag + Cay)
E(0,1) det(J)  —(Ri1 — Ri2 + C11 — C12)(R21 — Ca1 + Caz — Caz + Ca4)

’ tr(J)  (Ri1 — Ri2 4+ C11 — C12) — (R21 — C21 + Caz — Co3 4 C24)
E3(1,0) det(J) —(Ri11 — Ri2 — C12)(R21 — C21 + Ca2)

’ tr(J)  —(Ri1 — Ri2 — C12) + (R21 — C21 + C22)
Ea(1,1) det(J)  (Ri1 — Ri2 + C11 — C12)(R21 — C21 + Ca2)

’ tr(J)  —(Ri1 — R12+ C11 — C12) — (Ra1 — C21 4 Ca2)

det(3) (1 —225)(1 — 2y5)(Ri1 — Ri2 + y5C11 — C12) (R21 — C21 + Caz — (1 — x5)?Cas + (1 — 25)C24)

E5(I5’ y5) + I5y5(1 — Is)(l - y5)011 (2(1 — JC5)C'23 — 024).

tr(J) (1 —2xs5)(Ri1 — Ri2 + y5C11 — C12) + (1 — 2ys) (Ra1 — Co1 + Caz — (1 — 25)%Cas + (1 — 25)Ca4)

system’s Jacobi matrix J is:

dF(x)  gre

dx dy
J= , (11)
dF(y)  are)
dx dy
and the expressions of %, dl;;x), dl;)(cy) , and dZ—;y) are

depicted as (12), shown at the bottom of the page.

Then, we can compute the determinant and trace of J from
the five equilibrium points as depicted (13) and (14), and we
depict the expressions of the determinant and trace from the
five equilibrium points in Table 4.

dF(x)dF(y)  dF(x) dF(y)

der(J) = dx dy dy dx (13)
dF dF
() = df‘) d—y(y) (14)

Using the Jacobi matrix method, we can analyze the partial
stability of the system S using the values of the determinant
and trace of the equilibrium points. Four cases are discussed
in this study.

When 8 < 0,R;; —C12 <R;2—Ci1and Ry —Ci2 < Ry2
are established, the restaurant can achieve higher payoffs by
choosing the SFP strategy regardless of the strategy chosen
by the OFD platform. In comparison, the OFD platform will
choose its strategy according to different conditions.

Case 1. If ¢ > 0 and 8 < 0, then the evolutionary stability
of the local equilibrium points is depicted in Table 5. In this
case, E3(1, 0) is the unstable point, Ey(0, 0) and E4(1, 1) are
saddle points, and E4(1, 1) is the only ESS. The evolutionary
phase diagrams of case 2 are depicted in Fig.3.

In this case, the restaurant chooses the SFP strategy to
obtain higher payoffs. In this context, Ry —Cz1 —(1—x)Ca3 >
—Ca — Cy4, so the OFD platform chooses the PS strategy

TABLE 5. The evolutionary stability of the local equilibrium points in
case 1.

Equilibrium Point  det(J) tr(J) Stability
E1(0,0) Uncertain ~ Saddle point
E5(0,1) + - ESS
E3(1,0) + + Unstable point
E4(1,1) - Uncertain ~ Saddle point

y
E4(1,1)
E>(0,1)
E1(0,0) E3(1,0) X

FIGURE 3. The evolutionary phase diagram of case 1.

anyway. Thus, the evolutionary game will converge to pure
strategy {SFP, PS}, and this is an unexpected outcome.

Case 2. If ¢ < 0 and 8 < 0, then the evolutionary stability
of local equilibrium points is depicted in Table 6. In this case,
E3(1, 0) is an unstable point, £5(0, 1) and E4(1, 1) are saddle
points, and E1(0, 0) is the only ESS. According to the values
of the equilibrium points’, we depict the evolutionary phase
diagrams of case 2 in Fig.4.

In this case, the restaurant chooses the SFP strategy to
obtain higher payoffs. Whenx > x5, Ry1 —Co1 —(1—x)Ca3 >
—C> — Ca4, so the OFD platform chooses the PS strategy.

dF (x)
e (I =2x)(R11 — Ri2 +yC11 — Cr12)
dF (x)
=x(1 —x)Cn1
dy
dF (y)
— 2 = y(1 = ) ~X)Cx — Caa)
dF (y) (12 2
o (I =2y)(Ro1 — Co1 + Coo — (1 —x)"Co3 + (1 —x)Co4) (12)
VOLUME 9, 2021 96215
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TABLE 6. The evolutionary stability of the local equilibrium points in
case 2.

Equilibrium Point  det(J) tr(J) Stability
E1(0,0) + - ESS
E»(0,1) - Uncertain Saddle point
E3(1,0) + + Unstable point
E4(1,1) - Uncertain Saddle point
y
Es(1,1
E£(0,1) 0
E1(0,0) E3(1,0) X

FIGURE 4. The evolutionary phase diagram of case 2.

TABLE 7. The evolutionary stability of the local equilibrium points in
case 3.

Equilibrium Point  det(J) tr(J) Stability
E1(0,0) - Uncertain  Saddle point
E»(0,1) - Uncertain Saddle point
E3(1,0) + + Unstable point
E4(1,1) + - ESS

Thus, y increases as x decreases when x > xs. In condition
x < x5, we have Ryy — Co1 — (1 — x)Co3 < —Cpo — Cyy,
so the OFD chooses the NS strategy to increase its payoffs.
Thus, y decreases as x decreases when x < xs5. The evolu-
tionary outcome is the pure strategy {SFP, NS}, and this is an
unexpected outcome.

When B8 > 0, the evolutionary game can converge to the
expected pure strategy {DPF, PS}; however, regarding the
difference value of o, we have the following two cases:

Case 3. If « > 0, 8 > 0, the evolutionary stability of
local equilibrium points is depicted as Table 7. We can see
that E3(1, 0) is the unstable point, Eq(0, 0) and E»(0, 1) are
saddle points, and E4(1, 1) is the only ESS. According to the
result, we depict the evolutionary phase diagrams of case 3 in
Fig.5.

In this case, Ry; + Ryp — Co1 > Ryp — Cp and Ry —
Cy1 — (1 —x)Cy3 > —Cyy — Cyy are established, so the OFD
platform chooses the PS strategy to obtain higher payoffs.
When y < ys, the OFD platform’s probability of choosing the
PS strategy is relatively low, so the restaurant’s probability
of choosing the SFP strategy is increasing because choos-
ing the SFP strategy can allow it to obtain higher payoffs.
However, when y > ys, with the OFD platform’s probability
of choosing the PS strategy increasing, the restaurant will
receive higher payoffs by choosing the DFP strategy. Thus,
the system converges to the pure strategy {DFP, PS}, and this
is the expected outcome.
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FIGURE 5. The evolutionary phase diagram of case 3.

TABLE 8. The evolutionary stability of the local equilibrium points in
case 4.

Equilibrium Point  det(J)  tr(J) Stability
£1(0,0) + - ESS
E2(0,1) + + Unstable point
E3(1,0) + + Unstable point
E4(1,1) + - ESS
Es(xf,yf) + 0 Central point

Case 4. If o < 0, B8 > 0, the case has an interior equi-
librium point Es(xs, y5). We will estimate the determinants
and traces of the points first. When x = x5 and y = ys,
both R1; — Ri2 +yC11 — Cip and Ry — Co1 + Cop — (1 —
x5)2Co3 + (1 — x)Cy4 are equal to zero, and 2(1 — x)Cy3 —

Cos = \/C3, +4Cx3(Ry1 — Ca1 + C) > 0 is established.
Thus, the determinant value on point Es5(xs, y5) is positive,
and its trace value is zero. Table 8 depicts the evolutionary
stability of the five local equilibrium points in this case. One
important issue is that one of the five points is an internal
equilibrium point. The outcomes of most symmetric two-
by-two games are equilibrium points because the payoffs
for playing a particular strategy depend only on the other
strategies employed, not on who is playing them [39], [40].
In this case, what we consider is an asymmetric game. That
is, the two players, the OFD platform and restaurant, have
different identities, and one player’s strategy selection has
an impact on the other’s decision. Thus, the game’s outcome
seldom converges to an equilibrium point. For more details
about the equilibrium points of the symmetric game and
asymmetric game, see [41]-[45]. In this case, Es(xs, y5) is
a central point, so it is not a stable point as most results in
the asymmetric game. In addition, E>(0, 1) and E3(1, 0) are
unstable points, and E1(0, 0) and E4(1, 1) are the system’s
local ESSs. We depict the evolutionary phase diagrams of
case 4 in Fig.6.

The figure shows that the game has two potential outcomes.
The system converges to which point depending on the rel-
ative position between the game’s initial state and central
point Es5(xs, ys). When the initial state is located at () or
@), the game converges to pure strategy {SFP, NS}, and this
is the unexpected outcome. In contrast, the game converges
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FIGURE 6. The evolutionary phase diagram of case 4. We use D), @, @,
and @ to represent four different relative positions between the game’s
initial state and central point E5 (x5, ys).

to pure strategy {DFP, PS} when the initial state appears in
regions 3 or @. Thus, moving the position of the central
point Es(xs, y5) to the lower left side contributes to reducing
the area of (I) and (2), corresponding to expanding the area of
(D and (@), making more initial states converge to the expected
outcome.

In the four cases discussed above, the game converges to
the expected outcome only when B > 0. Thus, the value of
expression Rj; — Ry» + C11 — Cip determines whether the
ban can take effect. We have three main methods to increase
Ri1 — R1» + Cq11 — Cq». First, lower the difference between
R11 and Ry;. For example, the OFD platform can recommend
more items for restaurants who choose the DFP strategy to
allow them to achieve higher sales. Second, collect a higher
penalty Cq; from restaurants that choose the SFP strategy to
change their strategy selection. Third, lower the restaurant’s
extra costs Cpa for choosing the DFP strategy. For example,
the OFD platform can subsidize the restaurants that choose
the DFP strategy to lower their costs.

The game has two possible outcomes when o« < 0 and
B > 0 while it converges to the expected strategy when
a > 0and B > 0. Thus, a higher value of the expression
Ry1 — Ca1 + Cop — Ca3 + Coq also contributes to performing
the ban. We have some suggestions to increase the value of
« as follows. First, the government can give OFD platforms
that choose the PS strategy a higher reward R;;. Correspond-
ingly, the government can also collect a higher penalty C»
from OFD platforms that choose the NS strategy. Second,
the government can use subsidies to reduce the impact of the
implementation of the ban on OFD platforms, such as Cj
and C»3. Third, the government can influence public opinion
through news and other media to higher the value of Cy4.

When o < 0 and 8 > 0, lower values of x5 and y5 con-
tribute to making more initial states converge to the expected
outcome. Thus, we can perform some actions to lower

*C24*\/C224+4C23(R21*C21+C22) i
2Cx3

and I%IIIJ’C“. To do so, actions should be performed to
increase the values of Ry1, R21, C11, C22, and Co4 and lower

the values of expressions
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TABLE 9. The assumed values of the parameters under the four cases.

Parameter Casel Case2 Case3 Cased
Ci1 0.9 0.9 2.4 2.4
Ci2 0.8 0.8 0.8 0.8
Ca1 2.0 2.0 2.0 2.0
Caa 22 22 2.2 2.2
Cas 2.5 8.0 2.5 8.0
Cay 2.0 2.0 2.0 2.0
R11 2.5 2.5 2.5 2.5
Ri2 3.0 3.0 3.0 3.0
Ro1 0.8 0.8 0.8 0.8
Raa 32 32 32 32

the values of Ry», C12, C>1, and Cp3. Actions that can achieve
this goal have been introduced above.

V. SIMULATION EXPERIMENT

To intuitively observe the dynamic evolutionary process of
the strategy selected between the restaurant and the OFD
platform, we applied the MATLAB system simulation tool
to the four cases. Table 9 depicts the assumed values of
the parameters under the four cases. In each case, we select
nine initial states: (0.2, 0.2), (0.2, 0.5), (0.2, 0.8), (0.5, 0.2),
(0.5, 0.5), (0.5, 0.8), (0.8, 0.2), (0.8, 0.5), and (0.8, 0.8). For
an initial state (x, y), the table shows that the restaurant has a
probability of x of choosing the DFP strategy, and the OFD
platform has a probability of y of choosing the PS strategy
in the initial stage. Fig.7 depicts the dynamic evolutionary
process between the two players under the four cases.

In case 1, Ry1, Ca2, and Cp4 have more significant impacts
on the OFD platform than those from C,; and C»3. Thus,
the OFD platform chooses the PS strategy ever since the ban
started. However, the supervision of the OFD platform has
not effectively affected the behavior of the restaurant. Even
though the OFD platform’s probability of choosing the PS
strategy is increasing, the restaurant insists on choosing the
SFP strategy. In the figure, all nine initial states converge to
pure strategy {SFP, PS}, and this is the worst result. In this
case, the OFD platform experiences considerable supervision
costs. Nevertheless, the ban does not affect reducing the use
of SFP.

In case 2, all nine initial states converge to pure strategy
{SFP, NS}. The restaurant insists on choosing the SFP strat-
egy ever since the ban started. In the beginning stage, the OFD
platform increases its probability of choosing the PS strategy
to stop the restaurant’s behavior. Although the restaurant
suffers punishment from the OFD platform if it chooses the
SFP strategy, the restaurant still has a higher payoff than when
choosing the DFP strategy, so the OFD platform’s attempt has
no effect. Then, the OFD platform’s probability of choosing
the PS strategy decreases as the restaurant’s probability of
choosing the DFP strategy decreases.

In case 3, all nine initial states converge to pure strategy
{DFP, PS}. The OFD platform insists on choosing the DFP
strategies ever since the beginning. In the beginning stage,
the restaurant’s probability of choosing DFP is low. The
OFD platform’s probability of receiving reward Ry is low,
but it has a high probability of experiencing loss C»3. Thus,
the OFD platform’s probability of choosing the NS strategy is
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FIGURE 7. Strategy evolution path chart of the evolutionary game between the restaurant and OFD platform under the four cases. (a) case 1,
(b) case 2, (c) case 3, and (d) case 4. To prevent the content of the figure from being obscured by legends, we only drew the legend in (a).

In other words, the legend in (a) is shared by all four subfigures.

increasing. However, the restaurant’s probability of choosing
DFP is also increasing to escape the OFD platform’s penalty.
Then, the OFD platform’s probability of receiving reward
Ry is higher, the probability of experiencing loss Ca3 is
lower, and the OFD platform’s probability of choosing the
PS strategy is increasing. Finally, the game converges to the
expected outcome. This case indicates that the restaurant’s
willingness to choose the DF P strategy is the key to achieving
the expected outcome. The OFD platform’s action plays a
crucial role in promoting the restaurant’s willingness.

In case 4, four initial states converge to the pure strategy
{SFP, NS}, and the other five initial states converge to the

96218

pure strategy {DFP, PS}. The figure shows that the result the
initial state converges to depends on the position of the state.
This conclusion is consistent with our previous analysis.

VI. CONCLUSION

The widely used SFP in the OFD industry results in plas-
tic pollution. One feasible solution for reducing pollution
is to stop using single-use plastics in the OFD industry.
Unfortunately, consumers, restaurants, and OFD platforms
are unwilling to stop using SFP, and it is infeasible for the
government to directly supervise restaurants’ behavior. Thus,
cogovernance is introduced to coordinate the conflicts of
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interest of the government, OFD platforms, restaurants, and
consumers. The restaurant and the OFD platform are the
two players in the cogovernance game. They choose their
behavioral strategies according to different conditions (e.g.,
the government’s punishment or reward). The two players’
strategy selection is a complex dynamic process, and some
conditions must be met to achieve the goal of reducing the
use of single-use plastics. To analyze the complex behavioral
strategy interaction between the restaurant and OFD plat-
form, we use evolutionary analysis to model the process.
According to different conditions, the game has four cases,
and each case has its evolutionary outcome. Among the four
cases, the game converges to the expected outcome only
when the restaurant experiences a large loss from insisting on
providing SFP (R{; — R12 4+ C11 — C12 > 0). Many actions
can be taken to meet this condition. For example, the OFD
platform can recommend more items for restaurants who
choose the DFP strategy to increase their sales, collecting
a higher penalty C;; from the restaurant, and subsidizing
the restaurant for their choice of the DFP strategy. As these
actions aim to change the restaurant’s willingness to choose
the DFP strategy, we say that the restaurant’s willingness
is the key in implementing the ban. When the restaurant
experiences a large loss from insisting on providing SFP
(R11 — R12 + C11 — C12 > 0) but the ban does not have a
discernible impact on the OFD platform’s costs (Ry; — Ca1 +
Coyy — C3 + Cog < 0), the game still potentially converges
to the unexpected outcome. Thus, actions should be taken to
increase the value of expression Ry — Ca1 + Cap — Ca3+ Coq.
For example, the government can increase the value of R>| or
decrease the value of C;. The government can also use sub-
sidies to reduce the impacts of implementing the ban on OFD
platforms. In addition, the government can influence public
opinion to change the OFD platforms’ strategy selection.
When the restaurant experiences a large loss from insisting
providing SFP (R{; — R12 + C11 — C12 > 0) but the ban does
not have a discernible impact on the OFD platform’s costs
(Ra1 — C21 4 Cyp — Co3 + Cag4 < 0), the strategy that the
game converges to depends on the relative position between
the game’s initial state and the central points. The actions
introduced above can also effectively increase the game’s
probability of convergence to the expected outcome.
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