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As an e ective way to reduce costs and increase e ciency of EPC projects, BIM technology has drawn a lot of attention in
numerous countries. Existing studies have failed to reveal the BIM decision-making mechanisms of owners and general con-
tractors in EPC projects in a dynamic method. s study investigates the underlying logic of the collaboration application of BIM
by analyzing the dynamic behaviors of owners and general contractors based on evolutionary game model. e results show that
the most e ective suggestions to promote the BIM collaboration application in EPC projects are “increasing the proportion of
BIM application initially strategies,” “increasing incremental revenue of BIM collaborative application,” “reducing costs of BIM
collaboration application,” “avoiding excessive hitchhiking,” and “establishing reasonable reward and punishment mechanism.”
On the basis of numerical simulation to illustrate the in uence of the di erent initial strategies and parameters on the nal
decision in di erent situations, ve solutions were proposed for the e ective BIM collaboration application between owners and

” o«

general contractors.

is article can facilitate researchers pondering the dynamics of collaboration among stakeholders in projects,

and it can also facilitate participants picking up proper strategies for improved collaboration.

1. Introduction

Several challenges are restricting the development of the
construction industry, such as low pro t, enormous con-
sumption of resources, massive waste, and low productivity
[1]. e combination of Engineering Procurement Con-
struction (EPC) and building informatization is a solution
that can be implemented so as to mitigate these challenges.

e EPC model allows general contractors to control
projects design, procurement, construction and provide
specialized and commercialized services [2], which has
become the most popular project delivery strategy for in-
dustrialized construction [3]. e EPC mode e ectively
solves the mutual restriction and disconnection of design,
procurement, and construction under other delivery modes,
which is contributing to the overall planning and

coordinated operation of the entire project. Nevertheless, the
projects that adopt the EPC usually have an extended con-
struction period and complex management, which often ex-
perience cost and schedule overrun [4]. And general contractors
need to undertake greater risks. Building Information Modeling
(BIM) that leads building informatization is a technology that
supports the design, construction, material manufacturing, and
management of projects by creating accurate virtual models of
buildings, helping integrate design and construction to achieve
better functional performance of buildings while reducing costs
and duration [5]. Based on BIM collaborative management
platform, the data and construction plans are integrated and
shared e ectively in EPC projects. Eventually, the management
process of data creation, circulation, analysis, and decision-
making can be fully monitored, which improves the quality and
e ciency of project management [6, 7].
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Although BIM holds the promise of considerably ad-
vancing the architecture, engineering, and construction
market worldwide, its widespread acceptance and adoption
in EPC projects is still an unresolved issue. e application
level of BIM in the project is not only related to BIM in-
vestment, technical capabilities, but also closely depend on
the working practices and ethos of participants in the project
[8]. Engineering projects that become more and more
complicated have put forward higher requirements for
cooperative decision-making ability and cooperative level
[9]. Since the 1980s, the spirit of collaboration and coop-
eration has been mentioned by many scholars in engineering
projects. ey believe that if project stakeholders can col-
laborate and cooperate, con icts of interest and disputes will
be reduced [10].  ere are many participants in the EPC
project, including owners, general contractors, subcon-
tractors, suppliers, and other stakeholders, whose decisions
would be critical in a ecting the actual results of BIM
adoption and application. e owners often play a dominant
role in construction. And the general contractors are the
main body chargeable for the design and implementation of
the projects, while responding to various risks from political,
economic, and environmental aspects in the EPC project
[11]. us, ownersand the general contractors are selected as
the two sides of the game in this study. For BIM application,
the owners expect to obtain high-quality engineering
products through BIM with a relatively reasonable invest-
ment; the general contractors aim to complete the project
with the help of BIM at low cost. e con icting positions
will produce to opportunism, in which both parties do
anything to realize higher gains regardless of the expense to
the other [12]. Recently, researches focused on identifying
BIM application and the obstacle factors of BIM’s promo-
tion. And BIM technology di usion is explained from a
static perspective.  ere have been no studies in the context
of EPC that consider responses of owners and general
contractors to BIM application using two-population evo-
lutionary game. So, the main contributions of our research
are twofold. First, this work investigates the dynamic col-
laboration decision process of owners and general con-
tractors, which played a positive role in advancing the
management e ciency and level of the projects. Second, the
evolutionary game theory employed in this study can fa-
cilitate various applications. Evolutionary game theory can
be extended to explore the collaboration between other BIM-
related stakeholders.

2. Literature Review

2.1. BIM Application in EPC Projects. BIM technology, as one
of the core technologies of architecture digitalization, is
widely concerned by government, enterprises, industry
organizations and scholars, etc. Governments around the
world are actively promoting the implementation of BIM in
their own countries and have made clear provisions for the
application process of BIM [13-15]. After nearly half a
century of development, BIM plays an active role in the
whole life cycle of construction projects. e study found
that 75% of companies that adopt BIM have obtained
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considerable returns on investment [16]. EPC projects are
characterized by high complexity and di culty in coordi-
nation. On the one hand, the BIM-based collaborative
management platform can promote exchanges between
di erent participants in EPC projects; on the other hand, it
can achieve collaborative cooperation, such as deepening
design and resource management [17]. Parametric design
improves the speed of model generation and modi cation
and conducts con ict detection and evaluation during
deepening design to nd and solve problems in time [14, 18].
Before the construction of EPC projects, BIM visualization
and construction simulation are utilized to assist in the
completion of site planning, machinery con guration, and
resource and material supply [17]; thus, the best construc-
tion plan was chosen. Integrate BIM and ecommerce into the
material procurement process, fully obtain data such as
suppliers and material prices, and reduce material pro-
curement costs [19]. By providing relevant information
(schedule, cost, material inventory, and spatial relationship),
BIM enables participants to collaborate e ciently
throughout the EPC project life cycle [20, 21].

e current experience of integrating BIM into the EPC
project management process is less, and also the application
system has not kept up with the pace of development. e
application level of BIM in EPC projects not only depends
on the project teams’ technology, nancial, organization,
management issues, and related legal issues [13, 22—-24], but
also closely related to the attitudes of other participants
towards BIM. ey cannot genuinely cooperate even if they
jointly adopt BIM technology because various enterprises
seek to maximize their own interests [25]. In addition, BIM
investment di erentiation and information asymmetry
among numerous parties make it di cult to realize col-
laborative application of BIM, which is likely to cause waste
of resources and fail to achieve overall optimization.

erefore, clarifying the game relationship between par-
ticipants is helpful to solve the problems existing in the
collaborative application of BIM and enable all parties to
obtain higher bene ts.

2.2. Evolutionary Game to Studying BIM Application
Behavior. Both parties may conceal real information,
resulting in the occurrence of game phenomena under in-
formation asymmetry in EPC projects. BIM can facilitate the
data exchange of di erent disciplines and the collaboration
of di erent stakeholders [26]. With the help of game theory,
the behavioral strategies of di erent behavior subjects re-
garding the application of BIM can be analyzed. Yuan and
Yang [27] introduced game theory into explaining BIM
adoption and di usion rst time and identi ed two in u-
ential factors a ecting BIM adoption decisions, including
BIM adoption e ciency and adoption incentives. Sun and
Wang [28] analyzed the interaction between BIM'’s pro-
motion and project owners, contractors’ interest game by
combining asymmetric information theory and game the-
ory, and suggested project owners should choose BIM at
proper stage but not the most advanced one and contractors’
e ortcannot be ignored when promoting BIM. Evolutionary
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game theory is an e ective method of policy making. Zheng
et al. [25] developed an outcome-linked bene t sharing
model that considers sharing joint BIM bene ts among
stakeholders including designers, contractors, and clients by
modeling stakeholders’ behaviors as evolutionary games
within a principal-agent formalism. Based on evolutionary
game, Runrun and Richards [29] studied the collaborative
management mechanism of BIM with actual cases. Du et al.
[30] researched the selection strategy of BIM from the
perspective of moral hazard. Wang et al. [31] discussed the
process and method of cooperative innovation between the
construction contractors and diverse subcontractors, and it
focuses on the analysis of the in uence of cooperative pro t
distribution, spillover e ect, innovation subsidies, and co-
operation risk sharing for evolutionary stable strategy. It can
be seen from the above literature that the promotion of BIM
in projects requires the coordinated promotion of multiple
stakeholders.

e systematic review of existing studies shows us a giant
picture that EPC, as a popular project delivery system, along
with BIM provides more possibility to improve the project
performance. e game between participants and collabo-
ration is an important reason for the level of BIM adoption
in EPC projects. Very few studies have targeted on the BIM-
based selection strategies from the perspective of EPC
contract model and tracked how these interactive behaviors
evolve dynamically. And the strategic selection of owners
and general contractors, as core stakeholders within the EPC
project, directly determines the appliance level of BIM.

erefore, the research attempts to reveal the cooperative
application mechanism of BIM between owners and general
contractors in EPC projects through evolutionary game. It
has important practical and theoretical value for driving
participants to settle on “positive collaboration.”

3. Research Methodology

e interactive behavior of strategies selection related to
BIM application is a complicated dynamic process. It is
impossible to require each player to fully know about the
competitors’ information at the beginning. Each player
selects strategies through constant trial and error, learning,
imitation, and correction behavior. e evolutionary game
model replaced absolute rationality with bounded rationality
[32] and is combined with evolutionary dynamic, which
provides a quantitative analysis of the framework and
predicts the behavior of di erent participants [33, 34]. An
evolutionary game model is a strategic interaction that in-
cludes the elements such as populations, payo function,
dynamics, and equilibrium. e replicator equation and
evolutionarily stable equilibrium (ESS) as two core concepts
of the evolutionary game model can be taken advantage of
dynamically capturing the interactive behavior and de-
scribing the evolution state quo. e replicative dynamic
equation is ordinary di erential equation x; = x; (F;(x) —
F(x)) to describe strategy evolution, where x can be
regarded as the state of the system, x; is the frequency of
strategy i in the population, F;(x) is the adaptability of
strategy i when the system state is x, and F (x) is the average

adaptability of the population under state x. e ESS is
robust in that the population can eliminate any small
mutation within a small group. In general, evolutionary
equilibrium strategies can withstand a certain degree of
deviation, and behaviors that deviate from this strategy will
be eliminated. Evolutionary game theory takes groups as the
subjects, emphasizing the dynamic equilibrium among
di erent kinds of groups. It is regarded as an extremely
e ective method to analyze the interactive behavior of co-
operation and competition. So, we can see that evolutionary
game model is a reliable approach to track the dynamic and
interactive behavior of BIM adopts strategies selection in
EPC projects.
e strategies and expected payo s of each player were
rst identi ed in this paper. e replicator equations were
developed to indicate the growth rate of the proportion of
participants by using a certain strategy. Secondly, we identify
the evolutionarily stable states by analyzing the stable xed
points of the equations.  en, the sensitivity of the variable
parameters was analyzed by numerical simulation. On the
basis of analyzing the in uence of the parameters on the
evolution path, it provides the basis for the formulation of
the strategy.

4. Evolutionary Game Model Analysis

4.1. Assumptions and Payoff Matrix

Assumption 1. In EPC projects, the owners and general
contractors who are the players of the game pursue eco-
nomic pro t maximization [25], and they only have limited
rationality.  us, they need to adjust and improve in the
game process to nd better strategies through constant trial.

Assumption 2. e owners would choose “promotion” or
“nonpromotion” when the owners and contractors conduct
the BIM application in EPC projects. e probability that
owners choose “promotion” is x, and the probability that
owners choose “nonpromotion” is 1-x x e (0,1). If
owners opt to “promotion,” the application of BIM objec-
tives, implementation plans, punishments, and rewards are
clearly speci ed in the project contract. In addition, the
owners actively cooperate with the general contractors and
perform the functions of supervision, checkout, and eval-
uation during construction. On the other hand, if the owners
who choose “nonpromotion,” they neither explicitly stipu-
late BIM application in the engineering contract nor su-
pervise BIM application during the construction process.

Assumption 3. e action set that the general contractors
can choose from when carrying out construction is
(adoption, nonadoption). e probability that general
contractors choose “adoption” is y, and the probability that
general contractors choose “nonadoption” is 1-y
y € (0,1). If general contractors opt to “adoption,” they
should explore the application value of BIM and its inte-
grated application function with emerging technologies.
Namely, general contractors pay an extra cost for promoting
BIM because of the input of materials and human resources.



e selection of the “nonadoption” strategy means that BIM
is not applied or its application scope and depth are limited
in the process of construction.

Assumption 4. \We set some variables to study the bene ts
and losses of the owners and general contractors under
di erent strategic combinations. e description of the
relevant parameters is shown in Table 1.
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Based on the above assumptions and parameter settings,
the game payment matrix when the owners and the general
contractors choose di erent strategies can be obtained, as
shown in Table 2.

4.2. Replicator Dynamic System.

Ey, = y(Ry +mry) + (1= y)Ry,

E_x = xElx + (1 - x)EZx’

Ely =x(R2+AR2—C2+S)+(l—x)(R2+1’2—C2),

Ey, = x(Ry +nry = C3—ap D) +(1-x)R,,

E, = yE, +(1-y)E,,

where E,,, E,,, Ey,, E,, are the expected payo s of the
owners and genera{ contractors, respectively, choosing the
strategies of “promotion,” “nonpromotion,” “adoption,” and
“nonadoption.”  eir average expected payo s are E, and
E_y. According to the replicator dynamics introduced by
Taylor and Jonker [35], the replication dynamics equation of
the owners and general contractors are as follows:

dx
F(x) :E
= x(Elx_E—x) (2)
=x(1-x)[(ARy =1y —mry,—S—ap D)y
+(r, - Cy+ap D)],
d
Fly) =4
= y(Ey, - E,)
=y(1-y)[(ARy -1y —nry +C3+S+ap D)x
+(r = Cy)]-
(3)

4.3. Analysis Model. When the dynamic equations (2) and (3)
are equal to 0, four pure strategies equilibrium points, namely,
A(0,0), B(1,0), C(0,1), and D(1,1) and mixed strategy equi-
librium point E(x* y*) can work out, where
x* =Cy—1,/ARy — 1y —nr; + C3+ S+ ap D,
y*=-r+Cy—ap DIARy —r; —mr, —S—ap D.

To identify the ESS, the stability of these equilibrium
points needs to be analyzed. According to Friedman [36], the
Jacobian matrix is applicable to evaluate the evolution
equilibrium stability. e Jacobian matrix is given by

(D
roF (x) OF (x)
Ox oy
] =
OF (y) OF (y)
L ox oy (4)
(a1 ap
Ldy1 A
where
a;; =(1-2x)[(ARy -1, —mr,—S—ap D)y
+(r, - Cy+ap D)],
app =x(1-x)(AR, —ry —mr, —S—ap D), 5)
ay = y(1-y)(ARy, —ry —nry + C3+ S+ ap D),
ay =(1-2y)[(ARy =1y —nry +C3+S+ap D)x
+(r; = Cy)].
e determinant of the Jacobian matrix is

det] = ayya,, — aya,, and the trace of the Jacobian matrix is
tr] = ay; +ay. €N, we can compute the determinant and
trace of equilibrium points that are shown in Table 3.

5. Model Results

According to evolutionary game theory, when the equilib-
rium point satis es det/ >0 and trJ <0, this equilibrium
point is an ESS. Based on parameter settings
AR, —nr; — Cy, + C3 + S+ ap D >0, namely, the extraneous
income obtained by general contractors is always positive
under the circumstance of the collaborative application of
BIM by both parties. With the analysis above, the evolution
of the system could be divided into the following scenarios,
as shown in Table 4.

Scenario 1: if r{—-Cy+ap D>0,r,—C,>0,AR; - m
rp—Cy—-S8>0 and AR, -nr;-Cy+C3+S+ap D>0.
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TasLE 1: Variable settings and interpretations.

Variable settings and interpretations

R;: EPC project revenues when owners do not promote BIM, R, >0
AR;: incremental bene ts obtained by owners when owners and general contractors collaborative application of BIM,

Game players

AR; >0
r,: incremental incomes generated by the owners taking positive actions alone (the general contractors do not adopt
Owners BIM), r; >0
C,: the cost paid by owners to promote BIM, C; >0
p: the probability that owners nd that general contractors do not adopt BIM in depth,0< p<1
m: the in uence coe cient on the interests of the owners when only general contractors take active actions (spillover
coe cient), 0<m<1
R,: EPC project revenues when general contractors do not adopt BIM, R, >0
AR, incremental bene ts obtained by general contractors when owners and general contractors collaborative
application of BIM, AR, >0
r,: incremental bene ts generated by the general contractors taking positive actions alone (the owners do not
promote), r, >0
C,: BIM application cost of general contractors, C, >0
General Cj3: costs paid by general contractors to respond to inspections and assessments when application of BIM is
contractors insu cient,0<Cy;<C,

D: the performance bond paid by the general contractors according to the contract, D >0
a: the percentage of deduction of performance bond when general contractors fail to adopt BIM in accordance with the
contract 0<a<1
S: rewards for general contractors actively adopting BIM, S >0
n: the in uence coe cient on the interests of the general contractors when only owners take active actions (spillover
coe cient), 0O<n<1

Incremental bene ts obtained by owners: shortening project cycle, reducing nancing costs, improving product quality, and reducing operation and
maintenance costs. BIM costs by owners: purchasing software, training employee, and supervising costs. Incremental bene ts obtained by general contractors:
shortening project cycle, reducing cost, and enhancing synergistic capacity. BIM costs by general contractors: software and hardware costs, technical costs,
and organizational costs. Spillover e ect: when an organization takes measure, it will not only produce the expected result, but also have an impact on the
things outside the organization. For example, when one party adopts BIM, it can provide convenience for other participants to share information and work
collaboratively; the general contractors shorten the project cycle through BIM application, and the owners also bene t from it. We use “m, n” to express the
degree of spillover e ect. Simultaneously, the excess income generated by collaboration is larger than the sum of the respective income and the over ow
income to the other party; namely, AR, >ry + mry, AR, > 1, + nry.

TaBLE 2: Game payo matrix.

General contractors
Game players

Adoption (y)
Owners: R; + AR, - C; - S,
General contractors: R, + AR, —C, + S

Nonadoption (1 - y)
Owners: Ry +r; —Cy +ap D,
General contractors: R, +nry —Cy —ap D

Promotion (x)

Owners . .

Nonpromotion (1 - x) owners: Ry + mr,, Owners: Ry,

General contractors: R, +r, - C, General contractors: R,
TaBLe 3: e determinant and trace at each equilibrium point.

Equilibrium . .
points Equation of det] Equation of tr]
A (0,0) (ri —=Cy+ap D)(r, - C,) (ri=Cy+ap D)+ (r, - Cy)
B (1,0) —(ri—Cy+ap D)(AR, —nr;{ —C, + C3+ S+ ap D) —(ri—-Cy+ap D)+ (AR, —nr; —C, +C3+ S+ ap D)
c (1) —(ARy —mry; =Cy = 8)(r; - Cy) —(r; = Cy) + (AR —mry - C; =)
D (11) (ARy —mry —Cy =S)(ARy —nr{ —C, +C3+S+ap D) —(ARy —mry,—Cy; =S)— (AR, —nry —=C, + C3 + S+ ap D)

E(x",y") 2 0
u=(ry—Cy)(ry —Cy+ap D)(ARy —mry —Cy —S)(ARy —nr; —Cy + C3+ S+ ap D)/ (=(AR, —ry —mr, —S—ap D) (AR, —t, —nry + C3 + S+ ap D)).

us, the ESS is (1,1). Regardless of whether the owners
implement BIM incentives or not, general contractors will

gained by itself can o set the costs paid when only one party
takes active measures, so two players’ dominant strategies

choose to adopt BIM in EPC projects. And for owners, no
matter how the general contractors choose, the owners will
promote BIM. e two parties can obtain incremental
bene ts when owners and general contractors adopt BIM
collaboratively in EPC projects, and the additional bene ts

are independent in this scenario.

Scenario 2. if r,-C;+ap D<0,r,-C,>0,AR;
-mry,—C; —S>0,and AR, —nr; —C, + C3+S+ap D >0,
then the ESS is (1,1).  is scenario indicates that regardless
of whether owners promote or not, general contractors’



6 Advances in Civil Engineering
TaBrLe 4. e evolutionary stabilization strategy of the system.
Scenario Equilibrium (x, y)
A (0,0 B (1,0) C(0,1) D (1,1)
ri—Ci+apD>0 det] + - - +
Scenario 1 r,—Cy>0 tr] + Unknown Unknown -
AR, —mr,—C; —S8>0 Stable Unstable Unstable Unstable ESS
ri—Ci+apD<0 det] - + - +
Scenario 2 ry—Cy>0 tr] Unknown + Unknown -
ARy —mry —C; —8>0 Stable Unstable Unstable Unstable ESS
ri—Cy+ap D>0 det] - - + +
Scenario 3 r,—Cy<0 tr] Unknown Unknown + -
AR, -mr,—C;-8>0 Stable Unstable Unstable Unstable ESS
ry—Cy+ap D>0 det] + - + -
Scenario 4 r,—Cy>0 tr] + Unknown - Unknown
AR, —mr, —C; —S<0 Stable Unstable Unstable ESS Unstable
ry—Ci+ap D<O de t] - + + -
Scenario 5 r,—Cy,>0 tr] Unknown + - Unknown
AR, —mr, —C; —S<0 Stable Unstable Unstable ESS Unstable
ry—Ci+ap D<O0 det] + + + +
Scenario 6 ry—Cy<0 tr] - + + -
ARy —mr, —C;—S8>0 Stable ESS Unstable Unstable ESS
ri—Cy+ap D>0 det] - - - -
Scenario 7 r,—Cy<0 tr] Unknown Unknown Unknown Unknown
AR, —mr, - C; - §<0 Stable Unstable Unstable Unstable Unstable
ry—Cy+ap D<O0 det] + + - -
Scenario 8 r,—Cy<0 tr] - + Unknown Unknown
AR, —mr, —C; —S<0 Stable ESS Unstable Unstable Unstable

dominant strategy is to go for BIM in EPC projects because
incremental income can cover its extra cost. e incentives
are unimportant for general contractors, but when owners
provide high level incentives, the bene ts are eventually
absorbed by owners with positive externality.

Scenario 3: if r,-Cy+ap D>0,r, —C,<0,AR; -
mry—C;—S8>0, and AR, —nr; —C,+C3+S+ap D>0,
then the ESS is (1,1). In EPC projects, the bene ts cannot
cover its extra costs when the general contractors take
positive measures unilaterally. However, the general con-
tractors’ incremental bene ts can be positive due to the
owners’ rewards when both parties collaborate to adopt
BIM. In this scenario, if owners provide incentives, then
general contractors can bene t from going for BIM. Oth-
erwise, they tend not to adopt BIM. For the owners, re-
gardless of whether the general contractors adopt BIM or
not, they can bene t from incentive measures, so they prefer
to implement incentives. In this sense, general contractors’
dominant strategies depend on owner’ choices, indicating
that the incentive level in this scenario is attractive to general
contractors and owners can a ord.

Scenario 4. if r,-Cy+ap D>0,7r,—C,>0,AR; -
mry—Cy; —S<0, and ARy —nr; —Cy+C3+S+ap D>0,
regardless of whether owners implement BIM incentives or
not, doing BIM is always pro table for general contractors.

erefore, the proportion of general contractors con-
structing BIM gradually increases to 1. On the other hand,
owners who adopt incentive strategies can maintain positive
earnings after receiving nes from the general contractors,
but they cannota ord high subsidies. And the proportion of
owners implement incentives gradually increases to 0. us,

the ESS is B (0,1). In this sense, owners’ dominant strategies
depend on general contractors’ choices. e general con-
tractors adopt BIM should have a high incremental bene t,
which can at least cover the additional costs, so as not to
dependent on the owner’s nancial incentive.

Scenario 5: if ri—-Ci+ap D<O and
AR, —mr, - C; —8<0, it indicates no matter what the
general contractors’ strategy is, the incremental revenue of
the owners’ incentive strategy is negative, so they choose
“not promote” strategy. Simultaneously, r, —C, >0 and
ARy —nr; —C,+C3+S+ap D>0, whether the owners
promote BIM or not, the cost of BIM application by the
general contractor in EPC project is less than the incre-
mental bene t, so the general contractors choose to actively
adopt BIM in the project.  en the ESS is (0,1).

Scenario 6: if ri—Ci+ap D<0,ry—
Cy<0,AR; -mr,—-C;—-S>0, and AR,-nr;-C,+
C;+S+ap D>0, then the ESSs are (0,0) and (1,1) in this
scenario. Since attainment of ESS depends on the beginning
positions of the two players, illustrated by the numerical
simulation of in Figure 1(b), the ESS is (1,1) when
x9 =06, y,=03, and the ESS is (0,0) when
xy = 0.4, y, =0.2. And as we can see from Figure 1(a), the
dotted line divides the graph into four areas. When the initial
strategies of owners and general contractors are located in
the upper right two areas, the system evolves to (1, 1). If most
general contractors tend not to adopt BIM at the beginning,
and owners tend to implement incentives, then the pro-
portion of general contractors doing BIM can increase to 1.
When the initial strategies of the two are located in the lower
left two areas, the evolutionary game of the two sides evolves
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x3,y3

0.8 -

0.6 -

04

@

Ficure 1: Dynamic evolution in Scenario 6. (a) Evolution path. (b) Evolution with di erent initial strategies.

to (0,0). If most general contractors prefer to do BIM, and
owners tend not to provide incentives, then the proportion
of general contractors constructing BIM can decrease to 0. In
this scenario, when both parties individually take positive
actions, the bene ts cannot cover costs, while the excess
bene ts obtained by both parties in the collaborative ap-
plication of BIM are higher than the cost. Whether general
contractors construct BIM depends on whether owners
provide incentives and vice versa.

Scenario 7:ifry - C; +ap D>0, r, - C, <0,AR; — mr,
-C; -8<0, and ARy —nr; —C,+C3+S+ap D>0, this
scenario is the case when the high price premium of BIM
cannoto set its extra cost, but owners’ incentives can help
cover the costs. e general contractors’ application of
BIM depends on the existence of BIM incentives. As
shown in Figure 2(a), there is no ESS. e incentives
measure is necessary, and their level must be attractive to
general contractors, but it burdens owners in terms of
implementing incentives and thus the incentive is un-
sustainable. In this scenario, the proportion of general
contractors going for BIM will increase gradually with
incentives. As a result, owners tend to remove the in-
centives to maximize their pro ts. If owners do so, then
general contractors can change their strategies and choose
not to apply BIM. us, the proportion of general con-
tractors going for BIM can decrease gradually. Conse-
quently, owners can change their strategy and tend to
promote BIM incentives to improve pro ts. erefore, the
system can never become stable in EPC projects. e
evolution paths are cyclical and can never reach stable
points when x,=0.6, y,=0.3, as illustrated in
Figure 2(b). Essentially, the choice of one player depends
on that of the opposite player.

—— owners:xy=0.6
—— general contractors:y,=0.3

—— owners:x;=0.4
—— general contractors:y,=0.2

(b)

Scenario 8: if r,—-Cy+ap D<0,7r, —C,<0,AR; —
mry—C; —S<0, and ARy —nr; —-Cy+C3+S+ap D>0,
in the EPC project, general contractors adopt BIM to obtain
negative bene ts when the owners do not promote BIM, and
the incentives of both parties to cooperate with the BIM
owners can make up for the loss of general contractors.

erefore, whether general contractors construct BIM de-
pends on whether owners provide incentives. e incentive
is important and attractive to general contractors but un-
a ordable to owners.  us, the ESS is (0, 0).

6. Numerical Simulation and Discussion

It can be seen that the evolutionary stability strategy of
Scenario 6 might be a cooperation strategy between the
owners and general contractors according to the above-
mentioned analysis. To increase the probability of cooper-
ation between both sides and realize the synergistic bene ts
of BIM applications, Scenario 6 of the original model and
extended model is chosen for simulation in the evolutionary
game model. According to the regulations on contract bonds
in projects, the pro tability of enterprises applying BIM
technology is present as well as the principle of equation
balance, and the initial parameters are set to A
R1=10, AR2:8,71:1,72:2, C1:6,C2:4, C3:1,S
=2,D=10,p=0.8,0=05m =0.6,n=0.5. During the
process of analyzing the in uence of each parameter on the
system evolution, we only change the parameters that need
to be analyzed, and the rest of the parameter values remain
unchanged.

e strategies adopted by both parties for the collaborative
application of BIM are directly a ected by the initial strategies
and variable parameters in the EPC project. e following is
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Ficure 2: Dynamic evolution in Scenario 7. (a) Evolution path. (b) Evolution with x; = 0.6, y, = 0.3.

an evolutionary game numerical simulation of the initial
willingness and sensitivity analysis of the variable parameters.

6.1. Impact of Different Initial Strategies. \We may suppose
that di erent initial strategies could in uence the results
of the evolutionary game model in Scenario 6. As
depicted in Figures 3(a) and 3(b), we can draw a con-
clusion that when y, is xed, the system changes from
noncooperation to cooperation with an increasing x,.
Correspondingly, the system changes in the same
manner when x; is xed (as shown in Figures 3(c) and
3(d)). e strategy choice of the owners and general
contractors is path-dependent and the convergence
speed of the system evolution is related to the selection of
the initial proportion of behavior. In the initial strategies,
the more owners choose to promote and general con-
tractors choose to adopt BIM, the easier it is to obtain an
ideal situation in EPC projects.

6.2. Sensitivity Analysis of Different Parameters. In the
evolutionary game process of the collaborative applica-
tion of BIM, various parameters may change the ESS in
Scenario 6. To reveal the impacts of these parameters on
the results, we conduct a sensitivity analysis using dif-
ferent parameters in this part. e construction com-
panies, especially small- and medium-sized rms, are less
willing to adopt BIM at present [37, 38], and the status of
the owners is often higher than that of construction side
in the process of engineering construction. Hence, the
following focuses on analyzing the in uence of di erent
parameters on the system evolution under the circum-
stance of y, =0.3. And on this basis, the measures to
promote the collaborative application of BIM between the
two parties in the EPC project are put forward. Take the

initial value of each parameter and draw the comparison
diagram on sensitivity analysis of equilibrium points (see
Figure 4).

6.2.1. Impact of BIM Incremental Revenue. Figures 4 and 5
show that the whole system transitions to the state of
(promotion, adoption) with the increase of incremental
revenue in the collaborative application of BIM tech-
nology between owners and general contractors, which is
conducive to cooperation between the two parties in the
construction project. By comparing Figures 4 and 5, when
the incremental gains AR; and AR, change by 30% at the
same time, the system evolution state of owners changes
more rapidly, so the owners’ promotion could promote
cooperation to evolve in the desired direction more
quickly.

6.2.2. Impact of BIM Costs. By comparing Figures 4 and 6,
we can see that owners and general contractors change to
a state of “noncooperation” due to increased costs, so
controlling BIM application costs plays an important role
in promoting the probability of cooperation. When the
cost of both sides changes by 20%, the change of the
owners’ cost is more sensitive to the evolution of the
system. If the general contractors’ BIM application cost
(C,) increases, the di erence between coping with in-
spection costs (Cs) goes up. Coping with inspection costs
(Cy) is negatively correlated with the general contractors’
ability to adopt BIM. When owners encourage application
of BIM and strengthen assessment during the construc-
tion process, general contractors need to pay higher costs.

en, general contractors will turn to the application of
BIM technology strategies to realize the collaborative
application of both parties.
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Ficure 3: Diagram on the impact of di erent initial strategies. (a) y,=0.3, (b) y,=0.6, (¢) x,=0.3, and (d) x,=0.6.

6.2.3. Impact of the Revenue Spillover Coefficient. By
comparing Figures 4 and 7, it can be found the system
evolves into a state of “noncooperation” with the increase
of revenue spillover coe cient, namely, the owners and
general contractors in the EPC project no longer actively
adopt BIM. It can be seen from Figure 7 that the curve
changes more obviously when the spillover e ect coe -
cient m changes. It suggests that the owners can obtain
greater project pro ts due to external e ects compared
with the general contractors. Because the application of
BIM enables the building to obtain better performance
and lays a solid foundation for operation and maintenance
management.  ere will be a “hitchhiking” situation in
which the other party takes active actions that result in the
negative treatment of both parties. To a certain extent, the
spillover index of incremental earnings is bene cial to the

promotion of BIM technology, but the degree of under-
standing is crucial.  erefore, certain regulatory measures
are required for bilateral cooperation.

6.2.4. Impact of the Owners’ Incentive Measures. € OWNers
need not to intervene if the general contractors are willing to
adopt BIM. However, general contractors have to be
compelled to pay higher prices to introduce BIM in the early
stage. In general, general contractors are unwilling to re-
form, and owners will certainly need to implement incen-
tives.  ree situations were simulated when x; = 0.6 and
yo =0.3. e three situations are that the owners do not
implement incentives, the owners only reward without
punishment, and the owners both reward and punish. e
results are presented in Figure 8.
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t AR1=7.7 t AR1=13
O x,=0.2 x=0.6 O x,=0.2 x,=0.6
* x,=0.4 O x,=0.8 * X,=0.4 0 x,=0.8

FIGURE 5:

t C=72
O x¢=0.2 X,=0.6 O x¢=0.2 x,=0.6
* x=0.4 0 x,=0.8 * x,=0.4 O x,=0.8
FIGURE 6:

As shown in Figure 8, the owners do not implement
incentives, and the general contractors cannot obtain con-
siderable pro ts in a short period of time when x, = 0.6,
yo = 0.3. Both parties will gradually evolve into a state of
“noncooperation.” When the owners reward without pun-
ishment, there is little e ect when owners pay a high amount
of funds, so the owners tend to be reluctant to implement
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e comparison diagram on sensitivity analysis of equilibrium points. Take initial values for all parameters.

t AR2=6.2 t AR2=10.4
O x,=0.2 %,=0.6 O x,=0.2 x,=0.6
* x,=0.4 O x,=0.8 * x,=0.4 O x,=0.8

e impact of BIM incremental revenue on evolution system.

t C,=33
O x¢=0.2 X,=0.6
* x=0.4 0 x,=0.8

e impact of BIM costs on evolution system.

incentives. e general contractors actively adopt BIM be-
cause of the subsidy at the start of the period. As owners do
not promote BIM, the general contractors will no longer
actively explore the value of BIM. When owners both reward
and punish, the stable strategy of “bilateral cooperation” will
be formed in the sixth phase.  erefore, to encourage general
contractors to deeply adopt BIM, owners must make clear
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Ficure 8: e impact of owners’ intervention.

regulations on the application of BIM and clarify the system
of reward and punishment intensity when signing the
contract. However, the amount of reward and punishment
must be controlled within a reasonable range; otherwise,
they will be counterproductive. For example, when the re-
ward increases to 3 (as shown in Figure 9), there is no longer
a tendency to adopt an incentive strategy.

6.3. Solutions. Whether owners and general contractors ac-
tively adopt BIM in EPC project is the result of the com-
prehensive action of many factors. In addition, the strategic
choice of one party isa ected by the behavioral decision of the
other party. In order to promote the development of BIM, it is
necessary to proceed from various aspects.

6.3.1. Paying Attention to BIM Application Value in EPC
Projects. It can be known that the owners implement in-
centives can make the system evolve to the ideal state more

11

t n=0.1 t n=0.9
O x,=0.2 X,=0.6 O x,=0.2 X,=0.6
* x,=0.4 0 x,=0.8 * x,=0.4 O x,=0.8

e impact of revenue spillover coe cient on evolution system.

e impact of owners’ rewards.

FiGUrE 9:

quickly through simulation, so the owners’ attitude towards
BIM directly a ects the general contractors’ attention to it.
At present, many owners in EPC projects do not have a BIM
team, and the customization target at the early stage of the
project is too high which is di cult to achieve. It is im-
portant for owners to enhance the awareness of BIM ap-
plication. ey can set up a BIM technical review team to
supervise the construction process strictly. And they should
provide high-quality BIM platform and a strict operating
regime to build a good collaboration environment, which
can reduce the pressure of general contractors’ collaboration
cost and carry out e cient life cycle management.

6.3.2. Innovative Application of BIM. e project employees
mistakenly assume that the construction of three-dimen-
sional models, input data through collaborative platform,
and construction simulation increase the computing e orts.

e application level and scope of BIM a ect the bene ts. As
the construction leader of the project, the general con-
tractors should track the project situation in real time and
process large amounts of information quickly with the help
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of the BIM collaborative management platform. At the same
time, enterprises need to take the initiative to innovate,
combined with BIM to attempt other digital technologies in
the actual project, thus reducing workload while optimizing
costs.

6.3.3. Controlling the Costs of BIM Application. e general
contractors invested huge costs due to applying BIM at the
start of the project. e huge costs involve software and
hardware costs, technical costs, and organizational costs. In
view of the EPC project situation, the project team chooses
necessary software to purchase and carries out reasonable
upgrading of hardware equipment. e general contractors
form a corresponding construction BIM team based on the
EPC project’s scale, professional focus, and contract re-
quirements and strive to be small and precise.

6.3.4. Establishing Stakeholder Responsibility System. €
spillover e ect coe cient is negatively related to the be-
havioral strategies of both sides, and unilateral enjoyment of
the spillover e ect makes the system evolve towards non-
cooperation. e two parties should establish a stakeholder
responsibility system and clearly divide their responsibilities
and obligations. Compared with the general contractors, the
owners can obtain greater project pro ts due to external
e ects. In order to guide the owners to take positive actions
and prevent them from blindly “free-riding,” the third-party
supervision is particularly important at this point.

6.3.5. Creating BIM Collaborative Application Incentive
Mechanisms. It is known that the system can evolve to the
ideal state quicker if owners reward and punish appropri-
ately through numerical simulation. It is also crucial to
design a proper motivation contract for contractors when
project owner is willing to use BIM. e contractclari es the
BIM application goal and BIM implementation plan and
re nes the rules for reward and punishment. In addition, the
performance bond submitted by the general contractors can
list a separate item for the applying of BIM technology.

7. Conclusions

E ective collaboration between owners and general con-
tractors could be valuable in proving the level of BIM ap-
plication. First, the article focuses on the application of BIM
in current EPC projects by conducting a literature review,
which is not only restricted by its own funds, technology,
and organization structure, but also a ected by the attitudes
of other participants towards BIM. Second, an evolutionary
game model between owners and general contractors was
developed to identify the ESSs under di erent payo s and
strategies. And the evolution path of synergistic behavior
and the in uence of parameter changes on the evolution of
the system were analyzed. e results showed that (1) the
initial proportion of the selection strategy a ects the evo-
lution direction, speed, and result of the system; (2) the
bene ts of the collaborative application of BIM are positively
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correlated with the behavioral strategies of both parties, and
the cost of BIM application is negatively correlated with the
behavioral strategies of both parties; (3) unilateral enjoy-
ment of the spillover e ect would lead each parties to the
trial of noncooperation; (4) appropriate reward and penalty
system can make the system evolve to the ideal state quicker.
ird, ve solutions were formulated for e ective collabo-
ration between owners and general contractors.  ese so-
lutions are (1) paying attention to BIM application value in
EPC projects, (2) innovative application of BIM, (3) con-
trolling the costs of BIM application, (4) establishing
stakeholder responsibility system, and (5) creating BIM
collaborative application incentive mechanisms.

e study investigates the dynamic collaboration ap-
plication of BIM decision-making process between owners
and general contractors who are considered as boundedly
rational players. e evolutionary game model that proposed
provides a theoretical basis for quantitative research on
collaboration between owners and general contractors. And
it can be used to investigate the collaboration among other
related stakeholders. From a practical view, this study
provides a valuable reference in promoting the collaboration
between owners and general contractors. Practitioners
would bene t by understanding the mechanism of the
collaboration and by selecting proper strategies to be ap-
plied. Despite its advantages, the proposed evolutionary
model has two limitations. First, the project participants’
recognition of BIM technology was not considered in the
model. Second, only the collaboration between owners and
general contractors is taken into account due to the limited
space of the paper. e general contractors may be a
combination of designers and constructors, in which the
cooperative game is not taken into consideration.  erefore,
future studies should be further re ned.
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