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With the development of building information technology, Building Information Modeling (BIM) has become an important way
to effectively solve the cross-organization information collaboration of Public-Private Partnership (PPP) projects, and how to
promote the adoption of BIM in PPP projects has become a realistic problem to be solved urgently. +is study discusses the
adoption of BIM among stakeholders in PPP projects based on prospect theory and evolutionary game theory. A tripartite
evolutionary game model including governments, social capitals, and contractors is established. +e behavioral evolution
mechanism of each stakeholder on BIM adoption is explored by analyzing the evolutionary equilibrium, and the key influencing
factors of equilibrium strategy are analyzed by using numerical simulation.+e results demonstrate that first, the degree of the cost
to all stakeholders involved in the adoption of BIM, as well as the punishment for governments’ passive promotion of BIM, the
punishment for social capitals’ passive adoption of BIM and the reward for contractors’ active application of BIM are the key
factors affecting evolutionary stability. Second, according to prospect theory, the main stakeholders usually make decisions
through subjective judgment and perceived value which ultimately lead to deviation in their behaviors. +e deviations will hinder
the establishment of ESS point (1, 1, 1) and make the system difficult to converge to the optimal state. Finally, from the perspective
of governments, social capitals, and contractors, countermeasures and management implications are put forward to effectively
promote the adoption of BIM in PPP projects.

1. Introduction

Public-Private Partnership (PPP) can not only save the costs
for the government but also inject the private sector effi-
ciency in the government sector domain [1]. It has been an
important way to reshape the infrastructure construction
industry in China [2, 3]. Different from general construction
projects, PPP projects always involve a complex network of
public and private partners (designers, contractors, and
operators) beginning in the planning stage of the projects
[4, 5], with each of these partners having different priorities
and leading to conflicting objectives [6]. During the long
contract period, problems such as information asymmetry
and poor communication often occur [7–10]. How to realize
the effective cross-organizational collaboration between
stakeholders of PPP projects has become one of the im-
portant factors affecting the performance and even the
success or failure of PPP projects [11].

With the development of informatization in construc-
tion industry, Building Information Modeling (BIM) has
been widely used in the whole process of construction
projects and reshaping the production mode of the con-
struction industry [12]. BIM is not a simple 3D modeling
program. Its biggest feature is that it can carry a large
amount of information of architectural models and can be
applied in multiple fields. +e advantages of BIM which
considered to be the best way to solve the problem of
cross-organizational collaboration in construction projects
coincide well with the needs of PPP project life cycle
management [13]. +e key issue to promote the adoption of
BIM in PPP projects is the behavior evolutionary among the
major stakeholders such as government, social capital, and
contractor. It can be seen that they usually have the common
vision to achieve the project objectives but not the same in
the collaborative adoption of BIM [14]. Some scholars have
researched the adoption of BIM in construction industry
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based on evolutionary game theory. +ey mainly build the
evolutionary game model of BIM adoption between two or
three main stakeholders and analyzed the evolutionary
mechanism or influencing factors [15–18]. But in existing
literature, there is little research on BIM adoption in PPP
projects. Chong Jia et al. build an evolutionary game model
of BIM adoption between government and social capital in
PPP projects and analyzed the stable equilibrium strategies
and implementation conditions of both parties [19]. +en,
the authors find that the existing research on behavior
evolutionary of BIM adoption is all based on the expected
utility theory. Prospect theory put forward by Dan-
iel·Kahneman and Amos·Tversky pointed out that the be-
havior characteristics of the individual under the risk
conditions are not consistent with the basic principle of the
expected utility theory [20]. Individual behavior is not only
completely following the utility maximization but also will
be affected by a variety of psychological factors. In PPP
projects, governments, social capitals, and contractors show
the characteristics of bounded rationality under the influ-
enced and interfered by uncertain factors such as envi-
ronment, policy, and information [21].+e decision-making
of them is on the basis of their own perceived profit and loss,
so the expected utility theory which has been widely ac-
cepted for a long time is not suitable for the situation when
people’s psychological perception is uncertain [22]. +e
application of prospect theory can effectively solve the above
problems, the evolutionary game model among stakeholders
of PPP projects for the adoption of BIM can be build based
on bounded rationality and psychological perception value,
and the influence of individual psychological perception can
be considered in the evolutionary game process. +e fol-
lowing research questions will be answered in this study.

(i) What is the behavior evolution law of BIM adoption
among stakeholders in PPP projects?

(ii) What are the influencing factors of behavior
strategy selection for the adoption of BIM in PPP
projects?

(iii) How to promote the adoption of BIM in PPP
projects?

+e research results will help to clarify the behavior
evolution mechanism and the influencing factors of the
evolutionary stabilization strategy (ESS) for adopting BIM
among stakeholders in PPP projects, so as to improve the
cross-organization information collaboration efficiency of
PPP projects and promote the informatization of the con-
struction industry. +e application of prospect theory
considering the psychological perception value will make
evolutionary game more in line with reality. +is study is
structured as follows. First, we review the relevant literature
and point out our research opportunities. Second, we build
the tripartite evolutionary game model for adopting BIM
and analyze the stability of stakeholders of PPP projects.
Finally, we analyze the key influencing factors of behavior
strategy by numerical simulation and put forward some
management implications on the adoption of BIM in PPP
projects.

2. Related Literature

2.1. Adoption of BIM inPPPProjects. Many scholars at home
and abroad have studied the feasibility and applicability of
BIM adoption in PPP projects. Porwal and Hewage pro-
posed a new procurement framework for public facilities and
services based on BIM and proved the feasibility of this
method in public construction projects by example analysis
[23]. Love et al. put forward that BIM can be used as a way to
measure the life cycle performance of PPP projects and
provide decision-makers with the key decision information
across the whole life cycle [24]. Yin et al. proposed a set of
VfM quantitative evaluation and financial affordability
evaluation system based on BIM data, which effectively
demonstrates the feasibility of PPP projects in different stages
of the whole life cycle [25]. Wang et al. explored the appli-
cation of BIM in the delicacy management of PPP projects
and demonstrated its feasibility [26]. Chen andChen analyzed
the risk types of PPP projects’ whole life cycle and constructed
the risk management model of PPP projects based on BIM
[27]. Jinhua Li and Zengzhao Zhang established the operation
and supervision platform of PPP projects based on BIM and
explored the application effect of BIM in the whole life cycle
information management of PPP projects. Luo and Zhan [28]
and Zhou and Li [29] discussed the specific application
content of BIM in the whole process of project.

2.2. EvolutionaryGame)eory. Evolutionary game theory is
an application of the mathematical framework of game
theory to the dynamics of animal conflicts [30, 31]. Different
from game theory, evolutionary game theory which is based
on the assumption of bounded rationality not only considers
the limited rationality of individuals but also dynamically
adjusts their strategies through learning and imitation. It
both well describes the dynamic evolutionary process among
the core stakeholders and better explains the formation
process of equilibrium [32, 33]. +e two most important
concepts in evolutionary game theory are evolutional sta-
bility strategy (ESS) and replicator dynamics [34].

Evolutionary game theory provides a wide range of
research tools; its application ranges from evolutionary
biology extends to various fields such as natural science and
social science and is especially widely used in economics.+e
research in this area applies evolutionary game theory in
following main contexts: (1) the evolution of social customs,
traditions, and norms. Peyton Young applied evolutionary
game theory to analyze the relationship between the for-
mation of social norms and social welfare [35]. Fudenberg
and Harris applied evolutionary game theory to analyze the
social learning process [36]. (2)+e changes of the economic
system and the evolution of market environment. Bester and
Guth applied the evolutionary game theory to study the
existence and evolutionary stability of human altruism in
economic activities [37]. +e evolution of market survival
and market credit are both studied based on the theory
[38, 39]. (3) +e research of enterprise organization, tech-
nology innovation, and strategy. Freidman and Fung applied
evolutionary game to analyze the evolution of the
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organization mode of firms with and without trade based on
American and Japanese firms [40]. Wang and Meng applied
the evolutionary game theory to study the evolution of the
cooperative competition mechanism of supply chain en-
terprises [41]. Following the development of the theory, it
has been widely applied to a wider range of fields. For in-
stance, Gao and Sheng analyzed evolutionary game theory in
power market [42]. Yan Zhang and Mohsen Guizani de-
scribed how to employ the theory in infrastructure-based
wireless networks and multihop networks to reduce power
consumption, while improving system capacity, decreasing
packet loss, and enhancing network resilience [43]. Lu used
the theory to analyze the strategy selection behavior among
pollution-producing enterprises, environmental protection
departments, and pollution-producing enterprises [44].

In construction industry, evolutionary game theory has
been widely used to analyze the behavioral evolution
mechanism of BIM adoption. For example, Qi Wang and
Teng Wang constructed a tripartite evolutionary game model
on BIM application among governments, enterprises, and
consumers, which provided a reference for BIM application
and promotion in Chinese construction industry [15].
Qiaoling Yin constructed evolutionary game models between
government and enterprises as well as owner and contractors
on BIM diffusion in prefabricated buildings, explored the key
influencing factors, and put forward corresponding sugges-
tions [16]. Tang et al. used evolutionary game theory to
analyze behaviors evolution of BIM application in integrated
facility management organization from six scenarios [17].
Jiaren Song used evolutionary game theory to build a dynamic
model of the owner replication group and discussed the
evolution strategy of incentives and developers for social
stability, and finally put forward relevant suggestions to
provide the beneficial reference for promoting BIM [18].

2.3. Prospect )eory. Prospect theory is the integration of
psychological research into economic research and reveals the
decision-making mechanism under uncertain conditions [45].
Different from expected utility theory, prospect theory finds
through a series of experiments that people’s decision choice
depends on the gap between results and prospects, rather than
the results themselves. When people make decisions, they have
a preset reference point in mind, and then, they measure
whether each outcome is above or below this reference point.
For the return results above the reference point, people tend to
show risk aversion and preference for certain small returns. For
loss-type outcomes below the reference point, people show risk
appetite again, hoping for good luck to avoid losses [46].

Initially, finance is the field of economics where
prospect theory has been most actively applied [47]. +e
research in this area applies prospect theory in three main
contexts: (1) the cross-section of average returns, where the
goal is to understand why some financial assets have higher
average returns than others. Benartzi and +aler applied
prospect theory to explain the famous equity premium
puzzle: the fact that the average return of the US stock
market has historically exceeded the average return of
treasury bills by a much greater margin than predicted by

traditional consumption-based models of asset prices [48].
(2) +e aggregate stock markets. Barberis and Huang
studied asset prices in a one-period economy populated by
investors who derive prospect theory utility from the change
in the value of their portfolios over the course of the period
[49]. (3) +e trading of financial assets over time. Frazzini
found through the empirical that both individual investors
and mutual fund managers have a greater propensity to sell
stocks that have risen in value since purchase, rather than
stocks that have fallen in value [50]. At present, the appli-
cation of prospect theory has been quite extensive, including
insurance, marketing, consumer behavior, and other aspects.
For example, Hu and Scott argued that prospect theory offers
a way of understanding why annuities are unpopular. In their
framework, people think of an annuity as a risky gamble
whose payoff, unknown at the moment of retirement, is the
present value of the payouts to be received from the annuity
before death, minus the amount initially paid for the annuity
[51]. Kőszegi and Rabin proposed a way of incorporating the
ideas in prospect theory into a dynamic model of con-
sumption choice. +e model builds on the authors’ earlier
idea that expectations are an important reference point [52].
Vamvakas et al. proposed a novel dynamic spectrum man-
agement scheme for 5G nonorthogonal multiple access
(NOMA) wireless networks based on prospect theory, where
users are offered the option to transmit via licensed and
unlicensed bands [53].

In construction industry, many scholars have introduced
prospect theory into evolutionary games and used percep-
tual expectation function instead of the expected utility
function, so as to better analyze behavior evolutionary
problems. He et al. studied the economic interest game
between the three stakeholders of government, social capital,
and public in major engineering projects and analyzes its
behavior. +e three-way evolutionary game model based on
prospect theory and the perceptual benefit matrix is con-
structed [22]. Zhou and Li established and analyzed the
game revenue perception matrix which introduces the ad-
ministrative supervision mechanism of higher-level gov-
ernment departments into PPP projects based on prospect
theory and the assumption of bounded rationality, and the
research considered that it is necessary to consider third
parties from outside the regulatory structure to achieve
effective regulation [54]. Zhang et al. constructed the ex-
pected utility model of PPP investors’ investment decision
based on prospect theory and considering the imperfect
rational state of investors in the investment decision, and the
research considered prospect theory is more suitable to
study the decision behavior of PPP project investors com-
pared with the traditional expected utility theory [55].

3. Evolutionary Game Model Based on
Prospect Theory

Evolutionary game theory which has been widely used for
behavioral strategy evolution mechanism analysis is applied to
establish the behavioral evolutionary game model of BIM
adoption. Based on the above background, evolutionary game
based on expected utility does not consider the characteristics
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of psychological perception factors of PPP projects’ stake-
holders. Obviously, under the condition of bounded rationality,
individual psychological perception often has a key influence
on behavioral decision-making [46]. So, this study replaces the
expected utility of the traditional evolutionary game with the
value function v(Δωi) of prospect theory and replaces the
actual probability with the weight function π(pi), so as to
obtain the perceived value of the total expected utility of the
strategy which can be expressed as

V � 
i

π pi( v Δωi( . (1)

+erein, the value function v(Δωi) �

(Δωi)
α Δωi ≥ 0

−λ(−Δωi)
β Δωi < 0

 , and the weight function π(pi) � Pc/

[Pc + (1 − P)c]1/c. In the formula, Δωi is the difference
between the actual income and the reference point when the
behavior subject adopts strategy i; α, β(0< α< 1, 0< β< 1)

are the risk attitude coefficients which represent the degree
of decline in the editor of the game subject’s perceived value
of profit and loss.+e higher the value, the greater the degree
of marginal decline.+e loss avoidance coefficient is denoted
by λ (λ≥ 1), and the greater the value, the more sensitive the
game subject to the loss.+e actual occurrence probability of
strategy i is denoted by pi, and the decision weight is denoted
by π(pi)(π(0) � 0, π(1) � 1) . When p is very small, there
will be π(pi)＞p, and when p is very large, there will be
π(pi)＜p. +at is, low probability events are usually over-
estimated in prospect theory, while high probability events
are usually underestimated. +e construction of the mul-
tiagent evolutionary game model based on prospect theory
can fully reflect the psychological perceived value of each
stakeholder and is more conducive to clarifying the evo-
lutionary game mechanism and influencing factors.

3.1. Basic Assumptions and Evolutionary Game Strategies

3.1.1. Basic Assumptions

Assumption 1. According to the above analysis, social
capitals are the important subjects of BIM adoption in PPP
projects, contractors are the implementation subject of the
practical application of BIM, and governments are the
driving subject of BIM adoption. +erefore, the behavior
strategies of governments are set as {positive promotion,
passive promotion}, the behavioral strategies of social
capitals are set as {positive adoption, passive adoption}, and
the behavioral strategies of contractors are set as {positive
application, passive application}.

Assumption 2. +e probability of “positive promotion” is set
as x(0≤x≤ 1), and the probability of “passive promotion” is
equal to 1 − x. +e probability of “positive adoption” is set as
y(0≤y≤ 1), and the probability of “passive adoption” is
equal to 1−y. +e probability of “positive application” is set
as z(0≤ z≤ 1) and the probability of “passive application” is
equal to 1 − z.

Assumption 3. Governments, social capitals, and contrac-
tors will generate benefits and expenses when adopting
different behavior strategies. +e profit and loss indexes of
each subject are given in Table 1.

3.1.2. Game Strategies’ Perceived Value of Profit and Loss.
Based on the above assumptions, the profit and loss matrix
of the perceived value among governments, social capitals,
and contractors is constructed as given in Table 2.

3.2. Construction and Solution of the Evolutionary Game
Model

3.2.1. Replicator Dynamics Equation and Equilibrium Point
Analysis of Governments. According to Table 2, we can get the
perceived expected value Eg1 of governments taking strategy of
“positive promotion” and the perceived expected value Eg2 of
governments taking strategy of “passive promotion.”

Eg1 � yz(Rg1 − Cg − Sp) + y(1 − z)(Rg1 − Cg − Sp + Lc) + z(1 − y)(Rg2 − Cg − Sp + Lp)

+(1 − y(1 − z)(−Cg + Lp + Lc − Sp)),

Eg2 � yz(Rg1 − αLg1) + y(1 − z)(Rg2 − αLg1) + z(1 − y)(1 − z)(−Lg − αLg1).

(2)

+en, the average perceived expected value of govern-
ments is as follows:

Eg � xEg1 +(1 − x)Eg2. (3)

+erefore, the replication dynamic equation of gov-
ernments is as follows:

F(x) �
dx

dt
� x(Eg1 − Eg) � x(1 − x)(Eg1 − Eg2)

� x(1 − x)(−Cg − Sp + Lp + Lc + Lg + αLg1 − zLc − yLp − yLg).

(4)
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+e first derivative of x is equal to

d(F(x))

dx
� (1 − 2x)(−Cg − Sp + Lp)

+ Lc + Lg + αLg1 − zLc − yLp − yLg).

(5)

When F(x) � 0 and d(F(x))/dx〈0, governments’
strategy of “positive promotion” will be in a stable state.

+erefore, there will be F(x) ≡ 0 when z � −Cg−

ySp + Lp + Lc + Lg − yLp − αLg1/Lc, and all the values of x
are in a stable state. When z〈 − Cg − ySp + Lp+

Lc + Lg − yLp − αLg1/Lc, there will be d(F(x))/dx|x�1〈0,
and x � 1 is the ESS of the system. When z〉 − Cg − ySp+

Lp + Lc + Lg − yLp − αLg1/Lc, there will be d(F(x))/
dx|x�0〈0, and x � 0 is the ESS of the system. +e phase

diagram of governments’ behavioral strategy evolution is
shown in Figure 1.+e slant z � −Cg − ySp + Lp + Lc + Lg −

yLp − αLg1/Lc divides the three-dimensional space
V � (x, y, z|, 0≤x≤ 1, 0≤y≤ 1, 0≤ z≤ 1) into parts of V1
and V2. In part V1, governments gradually evolved to x � 0
and finally chose the strategy of “passive promotion.” In part
V2, governments gradually evolved to x � 1 and finally
chose the strategy of “positive promotion.”

3.2.2. Replicator Dynamics Equation and Equilibrium Point
Analysis of Social Capitals. According to Table 2, we can get
the perceived expected value Ep1 of social capitals taking
strategy of ”positive adoption” and the perceived expected
value Ep2 of social capitals taking the strategy of “passive
adoption.”

Table 1: +e profit and loss indexes of stakeholders.

Index Explanation of index
Rg1 +e benefit brought to governments when social capitals adopt BIM actively
Rg2 +e benefit brought to governments when social capitals adopt BIM passively
Cg +e cost of governments’ promotion of BIM
Sp +e subsidy provided by governments when social capitals adopt BIM actively
Lp +e punishment imposed by governments when social capitals adopt BIM passively
Lc +e punishment imposed by governments when contractors apply BIM passively

Lg
+e adverse effects on the development of construction industry when governments promote BIM passively and social capitals

adopt BIM passively
Lg1 +e punishment imposed by the superior supervision authority when governments promote BIM passively
α +e probability of the superior supervision authority finding that governments promote BIM passively
Rp +e benefit brought to social capitals when contractors applying BIM actively
Cp1 +e cost of social capitals’ positive adoption of BIM
Cp2 +e cost of social capitals’ passive adoption of BIM
Lp1 +e adverse effects on social capitals when contractors apply BIM passively
Sc +e reward provided by social capitals when contractors apply BIM actively
Rc +e benefit obtained by contractors apply BIM actively
Cc +e cost incurred by the contractors apply BIM actively

Lc1 +e compensation given by contractors undertaking passive application of BIM to social capitals undertaking positive adoption of
BIM when governments promote BIM actively

Lc2 +e compensation given by contractors undertaking passive application of BIM to social capitals undertaking positive adoption of
BIM when governments promote BIM passively

Table 2: +e matrix of the perceived value of profit and loss among stakeholders.

Participants of the evolutionary game
Governments

Positive promotion
(x)

Passive promotion
(1 − x)

Social capitals

Positive adoption
(y)

Contractors

Positive application
(z)

Rg1 − Cg − Sp Rg1 − αLg1
Rp − Cp1 − Sc + Sp Rp − Cp1 − Sc

Rc − Cc + Sc Rc−Cc+ Sc

Passive application
(1 − z)

Rg1 − Cg − Sp + Lc Rg1 − αLg1
Rp − Cp1 + Sp + Lc1 − Lp1 Rp − Cp1 + Lc2 − Lp1

−Lc − Lc1 − Lc2

Passive adoption
(1 − y)

Positive application
(z)

Rg2 − Cg − Sp + Lp Rg2 − Lg − αLg1
Rp − Cp2 + Sp − Lp − Sc Rp − Cp2 − Sc

Rc − Cc + Sc Rc − Cc + Sc

Passive application
(1 − z)

−Cg + Lp + Lc − Sp −Lg − αLg1
Rp−Cp2+ Sp− Lp− Lp1 Rp−Cp2− Lp1

−Lc 0
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Ep1 � xz(Rp − Cp − Sc + Sp) + z(1 − x)(Rp − Cp1 − Sc) + x(1 − z)(Rp − Cp1 + Sp

+ Lc1 − Lp1) +(1 − z)(1 − x)(Rp1 − Cp1 + Lc2 − Lp1),

Ep2 � xz(Rp1 − Cp2 − Lp − Sc + Sp) + z(1 − x)(Rp − Cp2 − Sc) + x(1 − z)

· (Rp − Cp2 − Lp + Sp − Lp1) +(1 − z)(1 − x)(Rp − Cp2 − Lp).

(6)

+en, the average perceived expected value of social
capitals is as follows:

Ep � yEp1 +(1 − y)Ep2. (7)

+erefore, the replication dynamic equation of social
capitals is as follows:

F(y) �
dy

dt
� y(Ep1 − Ep) � y(1 − y)(Ep1 − Ep2)

� y(1 − y)(Cp2 − Cp1 + Lc2 + xLc1 − xLc2

− zLc2 + xLp − xzLc1 + xzLc2).

(8)

+e first derivative of y is equal to

d(F(y))

dt
� (1 − 2y)(Cp2 − Cp1 + Lc2 + xLc1 − xLc2

− zLc2 + xLp − xzLc1 + xzLc2).

(9)

When F(y) � 0 and d(F(y))/dy〈0, social capitals’
strategy of “positive adoption” will be in a stable state.
+erefore, there will be F(y) ≡ 0 when z � Cp2 − Cp1 + Lc2

+xLc1 − xLc2 + xLp/Lc2 + xLc1 − xLc2, and all the values of
y are in a stable state. When z〈Cp2 − Cp1 + Lc2 + xLc1 −

xLc2+ xLp/Lc2 + xLc1 − xLc2, there will be d(F(y))/dy|y�1
〈0, and y � 1 is the ESS of the system.When z〉Cp2 − Cp1 +

Lc2 + xLc1− xLc2 + xLp/Lc2 + xLc1 − xLc2, there will be
d(F(y))/dy|y�0〈0, and y� 0 is the ESS of the system. +e
phase diagram of social capitals’ behavioral strategy evo-
lution is shown in Figure 2. +e surface z � Cp2 − Cp1 +

Lc2 + xLc1 − xLc2 + xLp/Lc2 + xLc1 − xLc2 divides the
three-dimensional space V � (x, y, z|, 0≤x≤ 1, 0≤y≤
1, 0≤ z≤ 1) into parts of V1 and V2. In part V1, social
capitals gradually evolved to y � 1 and finally chose the
strategy of “positive adoption.” In part V2, social capitals
gradually evolved to y� 0 and finally chose the strategy of
“passive adoption.”

3.2.3. Replicator Dynamics Equation and Equilibrium Point
Analysis of Contractors. According to Table 2, we can get the
perceived expected valueEc1 of contractors taking strategy of
“positive application” and the perceived expected value Ec2
of contractors taking strategy of “passive application.”

Ec1 � xy(Rc − Cc + Sc) + y(1 − x)(Rc − Cc + Sc) +(1 − y)(1 − x)(Rc − Cc + Sc)

� Rc − Cc + Sc,

Ec2 � xy(−Lc − Lc1) + y(1 − x)(−Lc2) + x(1 − y)(−Lc) +(1 − y)(1 − x)(0) � xyLc2 − xLc − yLc − xyLc.

(10)

z

1

1

x

V2

V1

1 y

Figure 1: Phase diagram of governments’ behavioral strategy evolution.
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+en, the average perceived expected value of contrac-
tors is as follows:

Ec � zEc1 +(1 − z)Ec2. (11)

+erefore, the replication dynamic equation of con-
tractors is as follows:

F(z) �
dz

dt
� z(Ec1 − Ec) � z(1 − z)(Ec1 − Ec2)

� z(1 − z)(Rc − Cc + Sc + xLc + yLc2 + xyLc1 − xyLc2).

(12)

+e first derivative of z is equal to

d(F(z))

dz
� (1 − 2z)(Rc − Cc + Sc + xLc + yLc2 + xyLc1 − xyLc2).

(13)

When F(z) � 0 and d(F(z))/dz〈0, contractors’ strategy
of “positive application” will be in a stable state. +erefore,
there will be F(z) ≡ 0 when y � Rc − Cc + Sc + xLc/
x(Lc2 − Lc1) − Lc2, and all the values of z are in a stable
state. When y〈Rc − Cc + Sc + xLc/x(Lc2 − Lc1) − Lc2,
there will be d(F(z))/dz|z�1〈0, and z � 1 is the ESS of the
system. When y〉Rc − Cc + Sc + xLc/x(Lc2 − Lc1) − Lc2,
there will be d(F(z))/dz|z�0〈0, and z � 0 is the ESS of the
system. +e phase diagram of contractors’ behavioral
strategy evolution is shown in Figure 3. +e surface y �

Rc − Cc + Sc + xLc/x(Lc2 − Lc1) − Lc2 divides the three-
dimensional space V � (x, y, z|, 0≤x≤ 1, 0≤ y≤ 1, 0≤
z≤ 1) into parts of V1 and V2. In part V1, contractors
gradually evolved to z � 1 and finally chose the strategy of
“positive application.” In part V2, contractors gradually
evolved to z� 0 and finally chose the strategy of “passive
application.”

3.3. Evolutionary Stability Analysis. +e Jacobin matrix of
the system is represented by J:

J �

J1 J2 J3

J4 J5 J6

J7 J8 J9

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
�

zf(x)

zx

zf(x)

zy

zf(x)

zz

zf(y)

zx

zf(y)

zy

zf(y)

zz

zf(z)

zx

zf(z)

zy

zf(z)

zz

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (14)

Among them,

zf(x)

zx
� (1 − 2x)(Cg2 − Cg1 + Lg − Sp + Lp + Lc − zLc − yLp − zLg),

zf(y)

zy
� (1 − 2y)(Cp2 − Cp1 + Lc2 + xLc1 − xLc2 − zLc2 + xLp − xzLc1 + xzLc2),

zf(z)

zz
� (1 − 2z)(Rc − Cc + Sc + xLc + yLc2 + xyLc1 − xyLc2).

(15)

+e local stability of equilibrium points is given in
Table 3.

According to the indirect method of Lyapunov, the
equilibrium point is asymptotically stable if all its eigen-
values of the Jacobian matrix [56] have negative real parts. In
Table 3, it can be seen that if we want the system evolving to
the ESS point (1, 1, 1), the following conditions must be met:
Cg + Sp< αLg1, Cp1<Cp2 + Lp, and Cc<Rc + Sc.

However, it should be noted that in the actual PPP
projects, the main stakeholders cannot make the best use of
the existing information in the decision-making because of

their limited rationality. +ey usually make decisions
through subjective judgment which ultimately leads to de-
viation in their behaviors. +e deviations will hinder the
establishment of ESS point (1, 1, 1) and make the system
difficult to converge to the optimal state. +e reasons are
analyzed based on the prospect theory as follows:
take governments, for example, the condition that gov-
ernments promoting BIM actively is Cg + Sp< αLg1. Based
on the prospect theory, individuals always overestimate the
low probability loss and underestimate the high probability
gain, namely, individuals tend to choose risk aversion in the

z

1

1

x

V2

V1
1 y

Figure 2: Phase diagram of social capitals’ behavioral strategy
evolution.
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Table 3: +e eigenvalues of each equilibrium point.

Equilibrium point
Eigenvalues of Jacobi matrix

λ1 λ2 λ3
E(0, 0, 0) −Cg − Sp + Lg + Lp + αLg1 Cp2 − Cp1 + Lc2 Rc − Cc + Sc
E(1, 0, 0) Cg + Sp − Lg − Lp − Lc − αLg1 Cp2 − Cp1 + Lc1 + Lp Rc − Cc + Sc + Lc
E(0, 1, 0) −Cg − Sp + Lc + αLg1 Cp2 − Cp1 − Lc2 Rc − Cc + Sc + Lc2
E(0, 0, 1) −Cg − Sp + Lc + αLg1 Cp2 − Cp1 −Rc + Cc + Sc
E(1, 1, 0) Cg + Sp − Lc − αLg1 −Cp2 − Cp1 − Lc1 − Lp Rc − Cc + Sc + Lc + Lc1
E(1, 0, 1) Cg + Sp − Lp − Lg − αLg1 Cp2 − Cp1 + Lp −Rc + Cc − Sc − Lc
E(0, 1, 1) −Cg − Sp + αLg1 −Cp2 + Cp1 −Rc + Cc − Sc − Lc2
E(1, 1, 1) Cg + Sp − αLg1 −Cp2 − Cp1 + Lp −Rc + Cc − Sc − Lc − Lc1

z

1

1

x

V2

V1

1 y

Figure 3: Phase diagram of contractors’ behavioral strategy evolution.
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Figure 4: Influence of Cg change on the evolutionary game process.
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face of gains, but tend to prefer risk preference when facing
losses [57]. In the practice of PPP projects, governments
often think that their behavior will not be easily detected by
the superior supervision authority due to the common
existence of fluke mentality. +erefore, governments tend to
underestimate the probability α and the value of punishment
Lg1 by the superior supervision authority, which means that
the right part of the conditional formula Cg + Sp< αLg1 will
be underestimated in practice. On the other hand, when
governments choose the active strategy, it will definitely pay
the promotion cost, while choosing the passive strategy will
only have a certain probability of punitive losses. According
to the prospect theory, governments will be more inclined to
risk preference, that is, they prefer to take risks and choose
the passive strategy rather than to bear the deterministic

expenditure. +erefore, the above reasons will cause certain
difficulties for the establishment of the formula
Cg + Sp< αLg1.

4. Numerical Simulation and Analysis

In order to better analyze the behavior evolution mechanism
among governments, social capitals ,and contractors in BIM
adoption, this study uses MATLAB R2018a to simulate the
trend and influencing factors of the evolutionary game. +e
values of parameters are randomly assigned under the as-
sumption, which do not represent the real benefits of
stakeholders in PPP projects.

According to the above analysis, if the system converges
to the ESS point (1, 1, 1), the following conditions need to be
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Figure 5: Influence of α change on the evolutionary game process.
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Figure 6: Influence of Lg1 change on the evolutionary game process.
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satisfied: Cg + Sp< αLg1, Cp1<Cp2 + Lp, and Cc<Rc + Sc.
+e initial values of each parameter are set to x � 0.5, y �

0.5, α � 0.5,Cg � 20, Sp � 10, Lgl � 80,Cp1 � 30,Cp2 �

20, Sp � 10, Lg1 � 80,Cp1 � 30,Cp2 � 20, Lp � 20,Cc �

30,Rc � 40, Sc � 10, Lg � 10, Lc � 10, Lc1 � 10, LC2 � 5.

4.1. Influence of Cg1 and Cg2 Changes on the Evolutionary
Game Process. Keep the other parameters unchanged, and
the influence on the evolution trend of the system is ob-
served by changing the values of Cg, α, and Lg1, as shown in
Figures 4(a), 5(a), and 6(a). In Figure 4(b), we can see that
the convergence rate of x to the ESS point (1, 1, 1) is
accelerated as the value of Cg goes down. +e simulation
results show that reducing the cost of governments’ strategy
of “positive promotion” is helpful to enhance the willingness

of governments to promote the adoption of BIM in PPP
projects. In Figures 5(b) and 6(b), we can see that the
convergence rate of x to the ESS point (1, 1, 1) is accelerated
as the value of α and Lg1 go bigger. +e simulation results
show that increasing the supervision probability and the
severity of punishment will help increase the willingness of
governments to promote BIM application in PPP projects.

4.2. Influence of Cp1 and Lp Changes on the Evolutionary
Game Process. Keep the other parameters unchanged, and
the influence on the evolution trend of the system is ob-
served by changing the values of Cp1 and Lp, as shown in
Figures 7(a) and 8(a). In Figure 7(b), we can see that the
convergence rate of y to the ESS point (1, 1, 1) is accelerated
as the value of Cp1 goes down. +e simulation results show
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Figure 7: Influence of Cp1 change on the evolutionary game process.
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Figure 8: Influence of Lp change on the evolutionary game process.
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that reducing the cost of social capitals’ strategy of “positive
adoption” is helpful to enhance the willingness of social
capitals to adopt BIM in PPP projects. In Figure 8(b), we can
see that the convergence rate of y to the ESS point (1, 1, 1) is
accelerated as the value of Lp goes bigger. +e simulation
results show that increasing the punishment of social cap-
itals’ strategy of “passive adoption” is helpful to enhance the
willingness of social capitals to adopt BIM in PPP projects.

4.3. Influence of Cc and Sc Changes on the Evolutionary Game
Process. Keep the other parameters unchanged, and the
influence on the evolution trend of the system is observed by
changing the values of Cc and Sc, as shown in Figures 9(a)
and 10(a). In Figure 9(b), we can see that the convergence

rate of z to the ESS point (1, 1, 1) is accelerated as the value of
Cc goes down.+e simulation results show that reducing the
cost of contractors’ strategy of “positive application” is
helpful to enhance the willingness of contractors to apply
BIM in PPP projects. In Figure 10(b), we can see that the
convergence rate of z to the ESS point (1, 1, 1) is accelerated
as the value of Sc goes bigger. +e simulation results show
that increasing the punishment of contractors’ strategy of
“passive application” is helpful to enhance the willingness of
contractors to apply BIM in PPP projects.

5. Conclusions and Management Implications

Under the assumption of bounded rationality, this study
constructs a tripartite evolutionary game model including
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Figure 9: Influence of Cc change on the evolutionary game process.
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governments, social capitals, and contractors. +e satisfac-
tion conditions that the system converging to the ESS point
(1, 1, 1) are analyzed based on prospect theory, and the main
factors influencing stakeholders’ behavior decision-making
are simulated by MATLAB. +e research results will help to
clarify the behavior evolution mechanism and the influ-
encing factors of the ESS for adopting BIM among stake-
holders in PPP projects, so as to improve the cross-
organization information collaboration efficiency of PPP
projects and promote the informatization of the construc-
tion industry. +e primary conclusions and management
implications are as follows.

First, the cost of BIM promotion by governments and the
punishment from the superior supervision authority when
governments choose the passive strategy are the key factors
affecting governments’ behavior choice. When governments
actively promote the cost reduction of BIM or punished
more by the superior supervision authority, governments
will choose the active promotion strategy and the behavior
gradually converges to the ESS point (1, 1, 1).

Second, the cost of active adoption of BIM and the
punishment of passive adoption of BIM are the key factors
affecting the choice of social capitals’ behavior. When the
cost of active adoption of BIM is reduced or the penalty of
passive adoption of BIM is increased, the intention of social
capitals to choose active adoption of BIM strategy is in-
creased, and the behavior of social capitals gradually con-
verges to the ESS point (1, 1, 1).

Finally, the cost of active application of BIM and the
reward of active application of BIM are the key factors
influencing the choice of contractors’ behavior. When the
cost of the active application of BIM technology is reduced
or the penalty of the negative application of BIM technology
is increased, the intention of the contractor to choose the
strategy of active application of BIM technology is increased,
and the contractor’s behavior gradually converges to the ESS
point (1, 1, 1).

+e adoption of BIM in PPP projects is a major reform of
the traditional building mode, which
requires all stakeholders to change the traditional
thinking and actively cooperate. In order to promote
BIM adoption among stakeholders of PPP projects, the
following management implications are proposed:
Improve the supervision efficiency of superior supervision
authority on governments’ promotion of BIM and further
enrich the supervision means with the help of the media and
the public. Increase the punishment for the governments’
passive promotion of BIM, so as to improve the perceived
value of governments for regulatory punishment.

Strengthen the punishment for the passive adoption of
BIM by social capitals and the reward for the active ap-
plication of BIM by contractors. Improve the cognition of
social capitals and contractors on BIM and other advanced
information technology through publicity and training and
gradually transform the system promotion into habitual
adoption.

Under the PPP mode, the adoption of BIM can be
promoted by the government’s supervision, but the gov-
ernment’s behavior also needs supervision. +e public is the

users and beneficiaries of PPP projects’ goods, and the public
should also have the right to know and to supervise the
implementation of the projects. +erefore, in the next stage,
the authors will further research the role of public super-
vision in the adoption of BIM in PPP projects, in order to
explore the evolutionary mechanism and influencing factors
under more stakeholders.
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