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Supply networks as complex systems are significant challenges for decision-makers in predicting the evolution of cooperation
among firms. )e impact of environmental heterogeneity on firms is critical. Environment-based preference selection plays a
pivotal role in clarifying the existence and maintenance of cooperation in supply networks. )is paper explores the implication of
the heterogeneity of environment and environment-based preference on the evolution of cooperation in supply networks. Cellular
automata are considered to examine the synchronized evolution of cooperation and defection across supply networks. )e
Prisoner’s Dilemma Game and Snowdrift Game reward schemes have been formed, and the heterogeneous environment and
environmental preference have been applied. )e results show that the heterogeneous environment’s degree leads to higher
cooperation for both Prisoner’s Dilemma Game and Snowdrift Game. We also probe into the impact of the environmental
preference on the evolution of cooperation, and the results of which confirm the usefulness of preference of environment. )is
work offers a valuable perspective to improve the level of cooperation among firms and understand the evolution of cooperation in
supply networks.

1. Introduction

Supply networks are composed of numerous firms from
buyers and suppliers, and links are supply relationships
formed by exchanging goods and services [1]. Within the
scope of buyer-supplier relationships, the supply network
needs consideration of many firms from broadening di-
mensions and factors. )e complexity of the network is
difficult for decision-making in predicting the consequence
of the strategic decisions of firms [2, 3]. Changes in a single
firm strategy will influence the emerging properties of the
entire network [4]. Large-scale supply networks are complex
systems and not supported by simple hierarchical models
[5, 6]. In a dynamic environment, the supply network is
constantly shifting strategies and objectives, and the
emergent properties of cooperation among firms are difficult
to understand and explore.

In the network’s cooperation strategy, the sanction is
destructive for cooperative behaviour in a supply chain.

Structural embedding provides an environment that facili-
tates adaptive collaborative behaviour for firms that are part
of the supply network [7]. Adaptive and probabilistic
strategies are studied to explore the universality of coop-
eration in Prisoner’s Dilemma [8, 9]. In the cooperative
game, the Nash bargaining solution concept is used to study
the collision behaviour of suppliers [10]. Larger groups are
less cooperative in the N-person Prisoner’s Dilemma but
more cooperative in the Public Goods game [11]. More
massive clusters have more substantial resource concen-
tration capabilities. At the same time, firms with more re-
sources tend to workmore together [12].)e higher incomes
earned may justify the risk intrinsic in cooperation, par-
ticularly for uncertain firms [13]. As long as the game
revenue-cost ratio is higher than network connectivity,
reciprocity and multistep prediction horizon are necessary
for stable collaboration and sufficient for fixed cooperation
[14]. )e facilitation of cooperative behaviour mainly de-
pends on participants’ weight distribution, which is based on
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the formation of cooperative clusters controlled by high-
weight collaborators [15].)e system’s general description is
derived using ordinary differential equations, which pro-
vides a common framework to simulate and quantify the
effects of single-node dynamics on the macroscopic state of
the network [16].)emore survivable a network is, the more
dependable it will be [17]. )e stronger the level of asym-
metry, the higher the level of cooperation [18]. Sakiyama and
Arizono find that a novel spatial Hawk–Dove model gen-
erates a feature population pattern and represents the col-
laborators’ survival, where the updated rules are fixed
compared to the classical spatial Hawk–Dove model [19].
Comparing three typical rules, such as unconditional imi-
tation, replicator dynamics, and the Moran process, finds
that the Moran process can mainly improve the frequency of
cooperation [20]. Although firms always pursue profit
maximization, the inherent differences in member interests
make it difficult to achieve full cooperation. )erefore, it is
significant to explore the evolution of cooperation in the
context of supply networks.

Heterogeneity has been investigated to promote coop-
eration in the recent literature [21–24]. Heterogeneous
networks are more conducive to cooperative behaviour than
homogeneous networks [25]. Individual heterogeneity
confirms the existing evidence that heterogeneity promotes
cooperative behaviour almost regardless of its origin [26].
Colon and Ghil have demonstrated that the heterogeneity of
the delay value significantly affects the economic network’s
response to small, localized perturbations [27]. Firms in
collaborative networks are characterized by being hetero-
geneous and autonomous. Andres and Poler propose a DDS
for the collaborative selection of consistent strategies be-
tween firms belonging to the collaborative networks [28, 29].
Heterogeneity in product quality decay leads to different
logistics network structure [30]. As the heterogeneity of
supplier base costs increases, the optimal number of sup-
pliers required decreases [31]. Valuation heterogeneity be-
tween manufacturers can mitigate unfavourable supply and
demand balances, thereby protecting some of the manu-
facturer’s surplus and leading to higher price dispersion in
the supply chain network [31]. )e problem of spectrum
allocation in cognitive radio networks based on combined
auctions is studied while considering spectrum supply
heterogeneity and demand [32]. Liu investigated the in-
terplay between awareness and risk propagation in R&D
networks considering firms’ heterogeneity [33].

Preference selection has received more attention for the
evolution of cooperation in networks [34, 35]. Firms have a
strong preference for geographic locations suitable for
multimodal and multimodal transport [34]. )e investment
preference among firms can give rise to cooperation [35].
)e firm’s strategy preference can affect others’ strategy
selection, and the density of cooperation presents a growth
within a wide range of value of strategy preference [36]. )e
level of cooperation decreases with an increase in the degree
of risk preference [37]. )e ambiguity of risk preference and
potential probability distribution has been incorporated into
a robust supply chain network design [38]. Increasing the
level of preference can promote the behaviour of

cooperation [39]. Firms like to choose neighbours with a
significant degree of difference to learn, regardless of the
network structure, and there is the highest preference in-
tensity leading to the most significant level of cooperation
[40].

Inspired by their work in supply networks, all of the firms
are different. Firms are surrounded by neighbours with dif-
ferent properties, indicating that firms are in a heterogeneous
environment. On the other hand, the firms’ fitness is derived
not only from interactions with neighbours but also in terms of
the payoff of environmental heterogeneity in the supply
network. )erefore, we incorporate the heterogeneity of the
environment into the fitness of firms. )e heterogeneous
environment signifies that when the focal firm’s payoff is
higher than the supplier’s, it will increase the focal firm’s
fitness, for the focal firm is a more influential leader in the
supply networks, which usually obtain additional payoff
[41, 42]. On the contrary, when the focal firm’s payoff is less
than the supplier’s income, it will decrease. If the supplier’s
payoff is larger than the focal firm’s, which surrounded by
high-efficiency firms, the focal firm will soon bankrupt due to
overcrowding and difficulty obtaining payoff. )ere is no
doubt that preference would affect the firm’s decision during
strategy updating [36]. Firms can take response according to
their strategy and other strategies. In supply networks, firms
are more inclined to adopt a strategy with higher fitness. )e
preference of the environment means that the suppliers who
have higher fitness are more likely to be selected by the focal
firm to adapt its strategy.)e evolutionary Prisoner’s Dilemma
Game (PDG) and Snowdrift Game (SDG) are employed to
explore the impact of heterogeneity and preference of envi-
ronment on the evolution of cooperation in supply networks.

)e purpose of our research is to investigate the im-
plication of the heterogeneity and preference of environ-
ment on an evolving supply network and address the
following questions:

(1) How does the heterogeneity of the environment in
the supply network affect the evolution of cooper-
ation in the two major types of games between firms?

(2) How does the preference of environment in the
supply network affect the evolution of cooperation in
the two major types of games between firms?

(3) How does the heterogeneity and preference of en-
vironment in the supply network affect the evolution
of cooperation in the two major types of games
between firms?

In this paper, we use a cellular automata (CA) simulation
framework to model firms’ interaction within the supply
networks. Simulations have been established to answer re-
search questions using the PDG and SDG rewards schemes,
representing various payoff of interaction. )e experimental
results show that the coevolution of firms’ strategies pro-
duces interesting properties of emergency.

)is paper is organized as follows: Section 2 describes
some settings of methodology. We present the simulation
results and analysis in Section 3. After this, discussion and
conclusions are given in Section 4.
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2. Methodology

)e methodology was developed following the process, as
shown in the flowchart in Figure 1.

From Figure 1, we can see that six sequential steps of the
modelling steps, for simplicity, turn six steps into three main
parts. Firstly, supply networks were established, which de-
scribed the structure of numerous firms. Secondly, two
major types of games were presented: firms play the game
with their nearest neighbours and obtain their payoff. Fi-
nally, the heterogeneous environment and the preference of
the environment were designed. )e three main parts are
introduced in this section.

For convenience, we here list some symbols in Table 1.

2.1. Supply Network Context. A supply network consists of
numerous interacted firms engaged in suppliers, manufac-
tures, or retailers [43, 44]. We observe that the buying
company is permanently embedded in the supply network
and is associated with the supplier company that forms the
basis of its supply [45–47]. In the context of the CA model,
the firms are expressed as a cell. For two-dimensional CA,
there are two significant types founded: the Moore neigh-
bourhood, comprising the eight adjacent cells; the Neumann
neighbourhood, incorporating the four adjacent cells. We
proposed that buyers as focal cells and focal firms would
have eight neighbouring (the Moore neighbourhood) firms
that form a supply network [48]. Firms interact with their
nearest eight neighbours which interact with buyers, and a
firm’s change will influence the entire supply network, as
depicted in Figure 2. We can see that a firm acts as a buyer
(focal firm) in one interfirm whereas the same firm acts as a
supplier (N) in another interaction.)erefore, it is necessary
to figure out the implication of firms’ decisions in the light of
reciprocity.

In the CA model, firms have cooperation and defection
strategies, a synchronized evolution of strategies across the
network [48]. )e firms will have a strategy in the initial
state, cooperation, or defection. In each step, the firms and
the nearest eight neighbours play a game to obtain payoff.
According to the payoff gained, the strategy chosen by the
company for the next step is determined. By evaluating
simulation behaviour, we can gather insights about the
evolution of cooperation and defection in the supply
network.

2.2. Game Reward Schemes. )e PDG and SDG are diffusely
applicable games to investigate the evolution of cooperation
[49]. Two players engage in a round of the game. )e player
will get a payoff R if they both choose cooperation and
receive a payoff P if they both choose defection. If one player
cooperates but the other defects, the cooperator will accept
payoff S, and the defector’s payoff is T and game reward
schemes are used, as shown in Table 1. We have the weak
PDG [39, 50], if T>R>P> S and 2R>T + S, and the SDG if
T>R> S>P [51], and this covers two major types of social
dilemmas that players can choose between cooperation and

defection. For simplicity [52, 53], but without loss generality,
the parameters in PDG are as follows: R � 1, P � S � 0, and
T � b(1≤ b≤ 2), as shown in Table 2; the parameters in SDG
are as follows: [R � 1, P � 0, T � 1 + r, and S � 1 − r, as
shown in Table 3.

At the beginning of the game, each player randomly
chooses strategies within cooperation and defection. At each
step, each player plays the game with its nearest neighbours
and obtains its payoff, and the accumulated payoff of player i
can be signified as Pi:

Pi � 
j∈Ni

S
T
i MTi

Sj, (1)

where Ni indicate the number of nearest neighbours of
player i. Si means that the player i can choose one of the
strategies: cooperation or defection, Si � (1, 0)Tor(0, 1)T.
MTi

represents the matrix payoff of the game.

2.3. *e Heterogeneity and Preference of Environment. We
assume that the player’s fitness is also affected by the nearest
neighbour’s level of the environment. )e environment of
the player i is expressed by the average of its nearest
neighbours’ payoff Pj, and we can compute the degree of
heterogeneity of the environment in the following formu-
lation [50, 54]:

Pi �


Ni

j�1 Pj

Ni

. (2)

We evaluate the fitness of the player i as follows:

Fi � Pi + u∗ Pi − Pi( , (3)

where the tunable parameter u ∈ [0, 1] signifies the con-
tribution of the environment to fitness, when u� 0 implies
that the environment has no effect on fitness, and Fi equals
Pi, where the player fitness is homogeneous. If u≠ 0 means
that the environment incorporates into the fitness, fur-
thermore, the environment increases (decreases) the fitness
when Pi >Pi(Pi <Pi).

)en, the player i will select an interaction object j with
the following probability [39]:

The cells the CA represent the firms

Initialize strategies of firms

Each firms plays the game with its
nearest neighbors and obtains payoff

Compute the fitness of firms

Focal firm selects an interaction
object

Transformation strategy

PDG

SDG

The heterogeneous environment
incorporates into the fitness

Probability of selection considering
environmental preferences

Figure 1: Flowchart of the methodology.
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πj �
exp α∗Pj 


Ni

j�1 exp α∗Pj 
, (4)

where α indicates the degree of preference for the envi-
ronmental level, and the range goes from 0 to 1. When α� 0,
the model will turn to the traditional occasion where an
interaction object is randomly selected from neighbours in
the supply network. At the same time, when α> 0, the
environmental preference of players is presented [55], and
the focal player prefers to adopt the strategy which has a
higher level of the environment.

In every time step, the firms in supply networks interact
with each other and, at the end of the time step, update their
strategy to cooperate or to defect in the next time step based
on the strategy that resulted in the highest fitness. If Fi ≥Fj,
the player i keeps the strategy Si; if Fi <Fj, it updates Si into
Sj [48]. )rough an evaluation of the simulated behaviours
over time, we can glean insights regarding the evolution of
cooperation and defection in supply networks.

3. Results

A series of simulations have been conducted for under-
standing the evolution of cooperation. )e first simulation
concentrates on the implications of the heterogeneity of the
environment, and an extended simulation was designed to
investigate the correlation between environmental prefer-
ence and the density of cooperation. )e third simulation
was used to figure out the influences of the coexistence of
environmental heterogeneity and preference.

3.1. Implications of the Heterogeneity of the Environment.
We first examine the impact of heterogeneity of the environ-
ment on the emerging and sustainable properties of cooper-
ation in PDG. For the time evolution of cooperation for
different values of u, furthermore, we have used α� 0 and
b� 1.3, and the result is shown in Figure 3. )e resulting
network reciprocity should be considered to have two main
aspects, END and EXP, which have been defined in previous

Table 1: Some symbols and the corresponding meanings.

Notation Meaning
R )e payoff if they both choose cooperation
T )e payoff of the defector, if one player cooperates but the other defects
S )e payoff of cooperator, if one player cooperates but the other defects
P )e payoff if they both choose defection
Ni )e number of nearest neighbours of the player i
Si )e player i can choose one of the strategies: cooperation or defection
MTi

)e matrix payoff of the game
Pi )e accumulated payoff of player i
Pi )e degree of the heterogeneous environment
Fi )e fitness of the player i
u )e degree of contribution of the environment to the fitness
α )e degree of preference for the environmental level
b )e temptation to defect
r )e cost-to-benefit rate

N11 N18 N17

N12

N13

N3

N1
(Focal firm)

N8
(N16)

N2
(N14)

N4 N5

N6

N7

Focal firm
(N15)

Figure 2: )e changing role of the focal firm (buyer) and supplier
in supply networks.

Table 2: PDG reward scheme.

Player 2
Cooperation Defection

Player 1 Cooperation 1, 1 0, b
Defection b, 0 0, 0

Table 3: SDG reward scheme.

Player 2
Cooperation Defection

Player 1 Cooperation 1, 1 1− r, 1 + r
Defection 1 + r, 1− r 0, 0
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studies [56, 57]. END refers to when the global cooperation
faction, which started an evolutionary path, decreases from the
initial arrangement of cooperators and defectors. EXP refers to
a period when the global cooperation fraction increases. )e
evolutionary path is absorbed by an all-defectors state in the
END, when u� 0, 0.1, and 0.2, and 0.3. )e density of coop-
eration will rise with the increase of u, and three different types
are founded: only defection, mix-strategies, and only cooper-
ation. When u� 0, 0.1, or 0.2, all firms choose defection, and
cooperators will soon die. Especially, for u� 0, the model turns
into a traditional version. It should be noticed that the time
steps to attain complete defection is a significant difference.)e
minor heterogeneity of the environment parameter u, the less
time it will use. )e cooperator hardly survives to keep the
cooperation strategy for u� 0.3 or 0.4, and defective behaviour
dominates in the supply network.)e cooperators interact with
cooperative neighbours can withstand the defector’s invasion,
and the strategy of cooperation dominates in the supply net-
work when u� 0.5 or 0.6. )e parameter value u is 0.7, 0.8, 0.9,
or 1, and all firms choose to cooperate.)e bigger parameter u,
the less time it will take to achieve full cooperation.

We have investigated the implication of the environ-
ment’s heterogeneity on the density of cooperation in SDG,
as shown in Figure 4. For the SDG, the density of coop-
eration will rise with the increase of u. Similar to the out-
come of the PDG, three types are founded: only cooperation,
mix-strategies, and only defection. )e evolutionary path is
absorbed by an all-defector state in the EXP when u� 0.8,
0.9, and 1. All firms choose to cooperate rapidly when u� 0
or 0.1, but the time step to attaining complete cooperation is
a noticeable difference. )e minor heterogeneity of the
environment u, the less time it will take. Especially, for u� 0,
we cannot consider the heterogeneity of the environment
mechanism that leads to the model transit into a traditional
SDG. With the increase of the environment’s heterogeneity
u, the strategy of firms tends to cooperate, but defective
behaviour will also dominate when u� 0.2, 0.3, 0.4, 0.5, 0.6,
or 0.7. Cooperative behaviour dominates when r� 0.8. In
both cooperation dominates and defection dominates cases,

the number of cooperating firms fluctuates less and is almost
stable at a specific value. All firms will choose to cooperate
when u� 0.9, or 1.

We have investigated how cooperation evolves when ei-
ther the parameter u or the parameter α is fixed at 0. In order
to demonstrate the impact of the temptation to defect b and
the heterogeneity of the environment u on the evolution of
cooperation in PDG, the parameter α is fixed at 2, and the
result is depicted in Figure 5. When α� 2, the firms have an
environmental preference. All the firms prefer to adopt the
strategy, which has a higher level of the environment. Two
significant results can be found: first of all, the u − α parameter
plane can be divided into three types, where the cooperation
level is roughly the same. Most of the area is filled with yellow
and light-yellow colour, which represents a high density of
cooperation. Moreover, as the value of u becomes more
significant, the density of cooperation gradually expands. For
example, when b� 2, the colour gradually changes from blue
to yellow with the increase of u. Especially, for u> 0.8, re-
gardless of the value of b, the density of cooperation is 1.

In order to demonstrate the impact of the cost-to-benefit
r and the heterogeneity of the environment u on the evo-
lution of cooperation in SDG, the parameter α is fixed at 2,
and the result is shown in Figure 6. We can see that the
complete defection occupied the smaller proportion of the
plane, which expresses that cooperation dominates. When
u� 0, the firm’s fitness is merely depending on the game
payoff, and the environmental preference mechanism is
considered. )e density of cooperation is 0 for r� 0.9. With
the increment of u, the lager density of cooperation. Es-
pecially, for u> 0.8, all firms will choose to cooperate re-
gardless of the value of r. Increasing the value of u enhances
the degree of the heterogeneous environment, which plays a
significant role in advancing cooperation.

3.2. Implications of the Preference of Environment. To in-
vestigate the implication of the environment preference
mechanism on the evolution of cooperation in PDG, the
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Figure 3: Time course of the density of cooperation for different values of u, the depicted is obtained in PDG for α� 0 and b� 1.3. It is
observed that the density of cooperation will rise with the increase of u.
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value of α is varied from 0 to 5 with an interval of 1. We have
used u� 0 and b� 1.3, and the result is shown in Figure 7.
Especially, when α� 0, the model turns into the traditional
type in which an interaction object is randomly selected
from neighbours. )e evolutionary path is absorbed by an
all-defector state in the END, when α� 0 and 1. However, the
evolutionary path is absorbed by an all-defector state in the
EXP, when α� 2, 3, and 4, and 5. )ree remarkable results
can be found: first, the environmental preference mecha-
nism between firms improves the cooperation strategy in
supply networks. It is observed from the figure that the
cooperators soon disappear in the traditional version.
However, the density of cooperative firms increased com-
pared to the traditional version when α> 0. )e more
considerable value of α, the higher level of density of

cooperation. Second, there are differences in the magnitude
of growth of density. )e density of cooperation increases
the most when α is 1 to 2. )ird, the density of cooperating
firms gradually increases and finally stabilizes at a particular
value when α� 2, 3, 4, or 5, and it decreases when α� 0 or 1.

In order to demonstrate the impact of the environmental
preference on the evolution of cooperation in SDG, the
parameter u is fixed at 0 and r� 0.8, and the result is shown
in Figure 8. )e evolutionary path is absorbed by an all-
defector state in the END, when α� 0 and 1. However, the
evolutionary path is absorbed by an all-defector state in the
EXP, when α� 2, 3, and 4, and 5. Two relevant results can be
found: first, the environmental preference can promote the
density of cooperation. It is observed from the figure that the
cooperators soon disappear in the traditional version.
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Figure 4: Time course of the density of cooperation for different values of u, the depicted is obtained in SDG for α� 0 and r� 0.8. It is
observed that the density of cooperation will rise with the increase of u.
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cooperation ρc on the u − b parameter plane. )e depicted are
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higher stationary density of cooperators at each particular com-
bination of u and b. It can be observed that u promotes cooperation
better than the b.
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better than the r.
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However, the density of cooperation increased to 0.5 when
α� 2, 3, 4, or 5. Second, the density of cooperating firms
gradually increases and finally stabilizes at a specific value.
)e time steps to attain a particular value are significant. )e
broader the environmental preference parameter α, the less
time it will use.

To thoroughly investigate the influences of the temp-
tation to defect b and the environmental mechanism on the
evolution of cooperation, Figure 9, in which the parameter
u� 0.2, indicates how ρc varies in dependence on the
temptation to defect b for different values of α. )e whole
plane is divided into three types: complete defection, mix-
strategies, and full cooperation. When α� 0, the model turns
into PDG, which the strategy of cooperation based on the
temptation to defect b and u� 0.2, and the firms are entirely

choosing to defect when b> 1.3. )e density of cooperators,
shown by the blue bar, varies around 0 when b� 2. For larger
values of α, we can see that the environmental mechanism
has an impact on the density of cooperation, and some
planes are yellow and green colour, which represents a high
density of cooperators.

Figure 10, in which the parameter u� 0.2, indicates how
ρc varies in dependence on the temptation to defect r for
different values of α. )e whole plane is also divided into
three types: full defection, mix-strategies, and full cooper-
ation. It is worth noting that the full cooperation occupied
the one-third proportion of plane, which expresses that
cooperation is promoted by more significant α. )e large
proportion of the mix-strategies plane is presented in Fig-
ure 4. In particular, defection dominates when r� 1

0

1

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

Th
e d

en
sit

y 
of

 co
op

er
at

io
n 

(ρ
c)

200100 300 400 500 600 700 800 900 1000
Time

α = 0
α = 1
α = 2

α = 3
α = 4
α = 5
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observed that the density of cooperation will rise with the increase of α.
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regardless of the value of α. In general, the environmental
preference mechanism can guarantee a beneficial environ-
ment for cooperation.

3.3. Implications of the Heterogeneity and Preference of
Environment. We describe the implications of the hetero-
geneity and preference of the environment on the density of
cooperation. In PDG, the temptation to defect b� 1.3, as
depicted in Figure 11(a). In SDG, the cost-to-benefit rate
r� 0.8, as depicted in Figure 11(b). When α� 0 and u� 0, the
model turns into a traditional type, in which the cooperators
soon die out as represented in the blue area. With the

increment of α and u, the colour from blue to green means
that the density of cooperation is around 0.5. In the plane, we
can see that the combinationmechanism impacts the density
of cooperation, and most of the planes are yellow colour,
which represents a high density of cooperators.

As shown in Figure 12, the snapshot of cooperators
and defectors for different values of the parameters u and
α and the spatial evolution of strategies under three
scenarios are depicted. As for the traditional type, the
cooperator is soon invaded by a defector. All firms have
chosen a strategy of defection. However, the introduction
of heterogeneity of environment and environmental
preference can lead to a different result, and defector
initially invades cooperator; most firms have chosen a
defection strategy. As the evolutionary process progresses,
due to the environmental heterogeneity and preference,
the firms gradually choose the cooperation strategy, but
there are also defectors in this game eventually. With the
larger values of u and α, the cooperative cluster rapidly
expands in the system, occupies almost the entire system,
and the level of cooperation remains stable. Compared
with the previous two scenarios, it can promote more
firms to choose cooperation strategy.

It is interesting to explore the evolution of cooperation
under the environmental heterogeneity and preference for
different steps, and the result is displayed in Figure 13. As for
the traditional type, some firms initially formed the compact
cluster, and then all firms choose to defect. Considering the
coexistence of environmental and heterogeneity and pref-
erence, the compact clusters of cooperators are formed
quickly, making defectors not invaded. )e clusters change
continuously over time, and the defectors also exist in the
lattice network eventually. With the larger values of u and α,
the situation becomes harmonious, many firms are attracted
by the payoff of cooperation, and cooperators win the
evolutionary race.

4. Discussion

From the above simulation results, we propose the following
propositions.

Proposition 1. *ere is a threshold level of heterogeneity of
the environment in which the firms choose to cooperate or
defect both PDG and SDG.

In our study, we first investigate the correlation between
the environment’s heterogeneity and the density of coop-
eration. )e heterogeneity of the environment signifies the
contribution of the environment to fitness. )e firm’s co-
operation has increased both PDG and SDG with the in-
creased heterogeneity of the environment. Moreover, there
is also a threshold level of heterogeneity of the environment
in which firms’ density presents three significant types.
Suppose the environment’s heterogeneity is more consid-
erable than a threshold, and the increase of u leads to
complete cooperation. Otherwise, the density of cooperation
maintains a mix-strategies or total defection value. For
example, when α� 2 and u> 0.8, all firms will choose to
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Figure 9: )e colour-coded (see the bar on the right) density of
cooperation ρc on the α − b parameter plane. )e depicted are
obtained in the PDG for u� 0.2.)e yellow shading corresponds to
the higher stationary density of cooperators at each particular
combination of α and b.
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Figure 10: )e colour-coded (see the bar on the right) density of
cooperation ρc on the α − r parameter plane. )e depicted are
obtained in the SDG for u� 0.2. )e yellow shading corresponds to
the higher stationary density of cooperators at each particular
combination of α and r.
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cooperate eventually regardless of the value of b in PDG
(Figure 5) and the value of r in SDG (Figure 6).

Proposition 2. As the degree of preference for environmental
level increases, the density of cooperating firms gradually
increases in PDG but immediately stabilizes at a specific value
in SDG.

)e firm’s fitness is also affected by the nearest neigh-
bour’s heterogeneity of the environment. )e focal firm
prefers to adopt the strategy, which has a higher level of the
environment. As a result, we find that environmental
preference improves the density of cooperation in PDG.
Moreover, the more considerable degree of environment
preference, the more significant density of cooperation
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Figure 11: )e colour-coded (see the bar on the right) density of cooperation ρc on the u − α parameter plane. )e depicted are obtained in
b� 1.3 ((a) for the PDG) and r� 0.8 ((b) for the SDG). )e yellow shading corresponds to the higher stationary density of cooperators.

(a)
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Figure 12: Characteristic snapshot of cooperators (yellow) and defectors (blue) for different values of the parameters u and α. (a) )e
traditional type (u� 0 and α � 0), (b) the coexistence of environmental heterogeneity and preference (u� 0.2 and α� 1), and (c) the more
considerable heterogeneity of environment and environmental preference (u� 0.7 and α� 4). From left to right, the simulation steps are 0, 5,
50, and 500. )e depicted are obtained for b� 1.3.
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(Figure 7). For example, when α� 5, environmental prefer-
ence increases the density of cooperation from 0 to 0.7.
Compared to PDG, environmental preference has a different
influence on the density of cooperation in SDG. With the
increment of α, the density of cooperation will quickly reach
the maximum value. )e more considerable value of the
parameter α, the less time it will take to attain a specific value
(Figure 8). )e specific value is reached in 400-time steps
when α� 2. However, it is reached in 150-time steps when
α� 4.

Proposition 3. Under the coexistence heterogeneity and
preference of environment, the promotion of cooperating firms’
density is more obvious both PDG and SDG, and the hetero-
geneity of environment has more significant implications than
an environmental preference on the density of cooperation.

With the increase of the degree of the heterogeneity of
environment and the degree of preference for environmental
level, the colour of the density of cooperation from blue to
yellow which the area of cooperation density reaches the
maximum (Figure 11). With the tremendous intensity of
environmental heterogeneity and preference, a higher
number of firms choose to cooperate.

Proposition 4. In the heterogeneity and preference of en-
vironment, the compact clusters of cooperative firms are
formed to resist the invasion of defection, both PDG and SDG.

)e numbers of cooperation and defection change over
time, and we can see that the firms immediately formed
cluster to resist defector invasion. In the practical, individual
decisions and actions constitute the dynamics of groups,
functions, organizations, and ultimately supply chains. Al-
liances are often formed to meet the challenges of the market
and social forces. Effective and complete integration from
suppliers to end-users will help firms improve operational
performance and gain greater competitiveness. From Fig-
ures 12 and 13, the firms formed compact clusters with the
same strategy, which make defectors are not invaded.

5. Conclusions

)is paper presents the supply network evolution model
based on game theory and CA to understand the evolution of
SN. )ey are capturing complex interdependencies, also
known as reciprocal interdependencies. )e simulation ex-
periment results show the interconnected relationship be-
haviours of firms in the supply network.We have investigated
the influence of environmental heterogeneity and preference
on the evolution of cooperation in the supply network. )e
heterogeneity of the environment in which firms are located
usually depends on their neighbours’ average level.

Moreover, we further investigate the implication of en-
vironmental preference on the density of cooperation. If the
firms’ neighbours have a higher level of environment, the
higher probability adopts the strategy which has a higher level
of the environment. )e two types of games applied in the

(a)

(b)

(c)

Figure 13: Characteristic snapshot of cooperators (yellow) and defectors (blue) for different values of the parameters u and α. (a) )e
traditional type (u� 0 and α� 0), (b) the coexistence of environmental heterogeneity and preference (u� 0.2 and α� 1), and (c) the larger
heterogeneity of environment and environmental preference (u� 0.7 and α� 4). From left to right, the simulation steps are 0, 5, 50, and 500.
)e depicted are obtained for r� 0.8.
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experiments include PDG and SDG. We extend the hetero-
geneity of environment and environmental preference to the
evolutionary game to explore cooperative behaviours in supply
networks. )e simulations are conducted on the CA model
with eight neighbours. Simulations represent that when the
heterogeneous environment and environmental preference are
introduced, cooperation is promoted in the PDG and SDG.

)e research found a positive correlation between the
heterogeneous environment and cooperating firms’ density
both PDG and SDG. We further found that the environ-
mental preference positively influences the density of co-
operation regardless of PDG and SDG, but the density of
cooperating firms gradually increases in PDG and imme-
diately stabilizes at a specific value in SDG. Moreover, en-
vironmental preference has more influence on the density of
cooperation than environmental heterogeneity. With the
characteristic snapshot of cooperators and defectors for
different values of the environmental heterogeneity and the
environmental preference, it is found that firms that take
into account the surrounding environment tend to coop-
erate and form the compact cluster.

)e implication for management of this is that decision-
makers should consider the behaviours of their firm and
investigate the strategies of their suppliers and the complex
relationships between focal firms and suppliers. As time goes
on, decision-makers should re-evaluate the relationship,
payoff, and fitness when there are shifts in suppliers’
strategies. To improve the level of cooperation, environ-
mental heterogeneity and environmental preference have
been applied. It is wise to consider the level of the envi-
ronment of suppliers and use the environmental preference
to increase the density of cooperation in supply networks.

A limitation of this study is that although payoff, en-
vironmental heterogeneity, and preference have been con-
sidered, and the CA lattice’s supply network did not further
involve random networks, small-world networks, and scale-
free networks. Besides, there are differences in the impact of
environmental preference in PDG and SDG models. From
this point of view, future studies are to consider the impact
of the stag-hunt game, hawk dove game, or other types of
games on the number of cooperating firms with environ-
mental preference. Secondly, it would be interesting to
consider more firms’ strategies and modify firms’ strategies
during simulation based on the evolving environmental
heterogeneity and preference.
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