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Abstract. Major infrastructure projects (MIPs) possess significant strategic positions in the national economy and social 
development. However, recently, the rent-seeking behavior between supervision units and project contractors has intensi-
fied in project construction. This paper aims to study the behavior decision-making of stakeholders in rent-seeking be-
havior supervision system of MIPs. In the complex and uncertain environment of MIPs, game players have cognitive bias 
and value perception preference. Therefore, this study introduced prospect theory and constructed the perceived return 
matrix and evolutionary game model of MIP rent-seeking behavior supervision among project owners, supervision units, 
and project contractors. From the perspective of risk perception theory, the reasons for the behavioral tendencies of game 
participants and the conditions for the steady state of strategy selection were explored through system dynamics simula-
tions. The results showed that the stable state of the optimal strategy in the rent-seeking behavior supervision system of 
MIPs is related to the cognitive bias of the game players and is influenced by the level of regulation cost, the intensity of 
punishment and the size of accident losses. The contribution of this study lies in providing theoretical basis and decision 
support for constructing a long-term preventive mechanism for rent-seeking activities in MIPs. 

Keywords: major infrastructure projects, rent-seeking behavior, evolutionary game analysis, prospect theory, supervision 
mechanism.

Introduction

Major infrastructure projects (MIPs) are large-scale engineering facilities that provide basic public services for social 
production and economic development and people’s lives (Liu et al., 2018; Flyvbjerg, 2014; Flyvbjerg & Turner, 2018). 
A range of MIPs has been built and operated, such as the South-to-North Water Diversion Project, Hong Kong-Zhuhai-
Macao Bridge, and Qinghai-Tibet Railway (Ma et al., 2020; Zhao et al., 2017). However, it cannot be ignored that a series 
of quality accidents about MIPs have widely triggered severe social concerns recently (Zhang et al., 2018; Kim et al., 
2013). For example, the collapse of a cooling tower construction platform during the third phase expansion project of 
Fengcheng Power Plant in Jiangxi province caused a direct economic loss of 101 million yuan (Zhang et al., 2020). The 
increasingly prominent quality issues and frequent accidents have gradually revealed the regulatory deficiencies of MIPs. 

The project owner, the supervision unit, and the project contractor are the most important stakeholders in the MIPs. 
The decision and interaction for transaction behavior of all parties will have a significant impact on the projects (Asilian-
Mahabadi et al., 2018; Mei et al., 2017; Yuan, 2017; Li et al., 2013). Due to the information asymmetry among stakehold-
ers, the project contractor usually masters more about the project environment and actual working conditions than the 
project owner. It is difficult for the project owner to observe the construction behavior of the project contractor directly. 
Therefore, the project contractor may make use of this advantage to conduct opportunistic behavior that is harmful to 
the interests of the project owner (Wen et al., 2014; Chen et al., 2014; Feng et al., 2019). In addition, the supervision unit 
may reduce the quality of supervision work, or seek rent from the project contractor with its supervision and acceptance 
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rights to maximize its own interests (Chen et al., 2016; Wen et al., 2014). Namely, the supervision unit and the project 
contractor engage in rent-seeking activities/collusion behaviors. Therefore, the information asymmetry is the precondition 
of the supervision unit and the project contractor of collusion to be implemented. The pursuit of interests is the spontane-
ous motivation that triggers the supervision unit and the project contractor to collude (Liu et al., 2020).

Due to the information asymmetry and the inconsistency of interest objectives among stakeholders, it is inevitable to 
occur rent-seeking behavior in project construction, making the project face many safety quality potentials (Wang et al., 
2014). The interaction between the behaviors of project transaction participants is a mutual game process under bounded 
rationality and uncertainty, which belongs to a finite repeated game and meets the conditions of the evolutionary game 
(Liu et al., 2021; Gong et al., 2021). Therefore, more scholars have used evolutionary game theory to explore rent-seeking 
behaviors between project agents. Xu et al. (2020) constructed a tripartite evolutionary game model among the govern-
ment, soil-polluting companies, and third-party governance companies. They analyzed the interaction mechanism of each 
agent’s strategy choice and the evolution of each agent’s strategy choice under different parameter trends. Considering the 
existence of rent-seeking behavior, Liu et al. (2020) constructed an evolutionary game model among the state adminis-
tration of work safety, local regulatory departments of work safety and mining enterprises. The results showed that the 
possibility of rent-seeking could be reduced by increasing the severity of punishment on illegal mining enterprises. To 
sum up, evolutionary game theory provides methods and ideas for studying the formation mechanism of rent-seeking 
behavior in supervision and how to establish effective supervision and prevention mechanism for rent-seeking behavior 
in MIPs (Xin, 2019). Therefore, the evolutionary game method can be used to explore better the transaction participants’ 
strategy formation and evolution process in the safety supervision system of MIPs.

These literatures provide ideas for exploring in-depth the rent-seeking behavior of MIPs. However, the influence of 
psychological factors on the decision-making process of subjects was not considered. The decision-making preference 
behaviors of game subjects under the condition of engineering complexity cannot be fully explained. MIPs are character-
ized by significant complexity and bounded rationality of multiple subjects, making transaction subjects have subjective 
judgment bias and value perception preference when facing the complex and uncertain decision-making environment. 
The prospect theory proposed by Kahneman and Tversky (1979) can better explain the gain and loss preferences of 
transaction subjects, and describe the judgment and decision-making behavior under the uncertainty condition, so it 
applies to the analysis for the decision-making behavior of transaction subjects under the complexity and uncertainty 
of MIPs. Accordingly, to bridge these research gaps, this paper introduces the prospect theory to construct the tripartite 
perceived payoff matrix and evolutionary game model for rent-seeking behavior supervision of MIPs with considering 
the loss avoidance and cognitive bias of game players. 

The main contributions of this study as follows: First, based on the evolutionary game theory, this study introduced 
the prospect theory to modify the parameters of the traditional payment matrix, and constructed a tripartite evolutionary 
game model for rent-seeking behavior supervision of MIPs. Second, through the analysis of tripartite equilibrium game, 
this study deeply explored the long-term equilibrium characteristics of typical evolution game scenarios of unilateral 
stability strategy and mixed stability strategy. From the perspectives of cognitive bias and risk preference, the behavior 
evolution and stable conditions for rent-seeking behavior supervision mechanism of MIPs were discussed. Finally, the 
system dynamic model simulated the influence of different parameter on the strategy selection and behavior evolution 
results of game players, and revealed the dynamic evolution mechanism for behavior decision-making of different subjects 
in the rent-seeking behavior supervision process. The driving factors, changing conditions, and stable results of strategies 
selection in the tripartite game provide theoretical basis and decision support for the long-term prevention mechanism 
of rent-seeking activities.

The remainder of the paper is organized as follows. In Section 1, the problem description and basic assumptions are 
elaborated. Section 2 constructs and solves the evolutionary game model for rent-seeking behavior supervision of MIPs 
based on the prospect theory. Section 3 focuses on the tripartite game equilibrium analysis, including the unilateral stabil-
ity strategy and the mixed stability strategy of the game players. In Section 4, the system dynamics simulation analysis for 
the evolutionary model for rent-seeking behavior supervision of MIPs is presented. Finally, Section 5 draws a discussion. 
Conclusion is presented at the end.

1. Model assumptions

1.1. Problem description

MIPs are generally invested by the government or jointly invested by the government and private sector in China. The 
quality and safety supervision of MIPs involves multiple interest subjects, among which, the project owner represents the 
public interest of the society and bears significant regulatory responsibilities. In order to ensure the quality and safety of 
MIPs, the project owner often establish a project department to supervise the construction of MIPs. The supervision unit 
is entrusted by the project owner to carry out overall supervision of the project and is indispensable in project supervi-
sion. The supervision unit has the rights to supervise the project contractor, and the supervision and acceptance rights is 
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granted by the project owner. The project contractor, as the implementer of the project, is the first responsible subject for 
implementing the quality and safety work of the project. There are dynamic game relationships among the three subjects, 
which jointly affect the quality and safety of MIPs. The principal-agent relationships among the project owner, supervi-
sion unit and project contractor of MIPs is shown in Figure 1. From the perspective of economics, this paper discusses 
the reasons and conditions of rent-seeking behavior in the construction supervision process of MIPs.

First, the asymmetry of information. Information asymmetry exists in the principal-agent relationships among the 
project owner, supervision unit, and project contractor, which provides conditions for rent-seeking activities. Specifically, 
the behavior strategy of the supervision unit is not controlled by the project owner, and it is difficult for the project owner 
to directly observe the construction behavior of the project contractor. This is the root cause of the rent-seeking problem.

Second, the existence of privilege. The supervision unit has the supervision and acceptance rights of the project con-
tractor. According to the rent-seeking theory, rent-seeking behavior is a non-productive activity that takes advantage of 
the special right (Aidt, 2016; He & Shan, 2021). The supervision unit may use the privilege of improper interference with 
the project contractor in the project transaction process. Therefore, it is a prerequisite for rent-seeking activities that the 
supervision unit has the right to supervise and manage the project.

Third, the attribute of economic man. According to the Hypothesis of Economic Man, driven by the pursuit of self-
interest maximization, the supervision unit has the possibility of cheating in work and rent-seeking activities (Xu et al., 
2020). It is assumed that the supervision unit conducts negative supervision on the quality, safety, and environment of 
MIPs. In that case, the project contractor may reduce the construction cost, obtain an undue time limit or excessive cost 
claims (Cao & Zhou, 2021). Both the supervision unit and the project contractor will realize that they can get additional 
benefits through rent-seeking activities. 

The existence of rent-seeking renders supervision a mere formality, because supervision unit may conceal or ignore 
accident potential in projects, increasing the likelihood of accidents and leading to the waste of resources and the dete-
rioration of social atmosphere (He & Shan, 2021; Ibarrondo-Davila et al., 2015). Due to the more significant uncertainty 
of MIPs, rent-seeking behavior is more likely to occur than general projects, with more serious consequences. Therefore, 
it is of great significance to explore the rent-seeking behavior supervision mechanism of MIPs (Figure 1).

1.2. Basic assumptions

Assumption 1: In the rent-seeking behavior supervision mechanism of MIPs, due to incomplete and asymmetrical in-
formation, it is assumed that each player in the game has only limited rationality.

Assumption 2: The classical expected utility theory ignores the influence of psychological perception factors on the 
decision-making process of game players. On this basis, Kahneman and Tversky (1979) put forward the prospect theory 
in view of the inconsistency of decision makers’ risk preference in the face of gains and losses. The expected total utility of 
the decision depends on the value function and the weight function, and the prospect utility function can be expressed as:

( ) ( ) ( )
=

= υ π∑
1

,
n

i i
i

V p x x p , (1)

here, ( ),V p x  is the prospect utility function. ( )υ ix  is the value function. ( )π ip  is the weight function.
Assumption 3: Prospect theory holds that people’s perception of loss and gain is the difference between the actual 

value of loss and gain and the reference point (Liu et al., 2011; Trepel et al., 2005). Specifically, for income-type results 
above the reference point, individuals tend to risk aversion. For loss-type results below the reference point, individuals 
tend to risk preference. Therefore, the value function can be expressed as:
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here, xi is the actual gains and losses. R represents the reference point. a and b are risk preference coefficients ( )≤ a b ≤0 , 1
 
. 

l is the loss avoidance coefficient, l ≥1 .
Assumption 4: The decision weight function is also called subjective probability. The weight function can be expressed 

as:

Figure 1. Supervision relationship of tripartite game players of MIPs
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here, pi is the objective probability for the occurrence of event i. Particularly, ( ) ( )π = π =0 0, 1 1 . The smaller g is, the 
more curved it is, and ≤ g ≤0 1. Low probability events are typically overestimated, and high probability events are usu-
ally underestimated in prospect theory. When pi is very small, ( )π >i ip p  will be obtained. Similarly, when pi is very big, 
( )π <i ip p  will be obtained.

Assumption 5: It is assumed that every game player has two strategies to choose from. The strategy set of project 
owner is {strict regulation, loose regulation}, and the probability is ( )≤ ≤1 10 1p p  and 1 – p1, respectively. The strategy 
set of supervision unit is {rejecting rent-seeking, accepting rent-seeking}, and the probability is ( )≤ ≤2 20 1p p  and 1 – p2, 
respectively. The strategy set of project contractor is {rejecting rent-seeking, accepting rent-seeking}, and the probability 
is ( )≤ ≤3 30 1p p  and 1 – p3, respectively. 

2. Evolutionary game model for rent-seeking behavior supervision

2.1. Model construction 

According to the profit-maximization principle, game players make the most beneficial decision based on their perception 
of strategic value. However, game players possess perceived utility only when they are uncertain about costs and benefits, 
and there is no difference between the perceived value and actual utility of the loss and benefit determined by decision-
makers (Shen et al., 2018). In the supervision mechanism of MIPs, the supervision cost and service fee are deterministic 
expenditure, which adopts the actual value. The remaining parameters are related to the subjective feelings of the game 
players and are expressed as prospect values. This study summarizes the variables and parameters used to build the 
perceived payoff matrix as shown in Table 1. Values for these variables and parameters are usually available from actual 
project implementation. For example, the variable Csr is the cost of human, material, and financial resources that the 
project owner needs to invest when adopting strict regulation strategy, which are available in the cost accounting table 
of the project owner; the parameter d can be obtained by estimation from past experience and cases. Based on the above 
basic assumptions and the variables and parameters in Table 1, this paper constructs a three-party payoff matrix of the 
project owner, supervision unit, and project contractor. The perceived payoff matrix is shown in Table 2.

Table 1. The meaning of the variables and parameters in the perceived payoff matrix

Symbols Description
Csr Regulation cost of strict regulation strategy adopted by the project owner.

Clr Regulation cost of loose regulation strategy adopted by the project owner.

Rlp The social benefit that the project owner will get when the project contractor conducts normative construction.

Pgo The punishment imposed on it by the superior government when project owner adopts loose regulation.

Crs Regulation cost of refusing the rent-seeking behavior strategy adopted by the supervision unit.
Cas Regulation cost of accepting the rent-seeking behavior strategy adopted by the supervision unit.
M Service fee paid by the project owner to the supervision unit.

B Rent-seeking income of accepting the rent-seeking behavior strategy adopted by the supervision unit or rent-seeking 
cost of conducting non-normative construction strategy adopted by the project contractor.

Csc Regulation cost of conducting normative construction strategy adopted by the project contractor.

Cns Regulation cost of conducting non-normative construction strategy adopted by the project contractor.

N Payoff obtained by the project contractor from the project owner.

Llc 
The loss caused by an accident to the project owner when the project contractor conducts non-normative 
construction.

Llo The loss caused by an accident to the project contractor when non-normative construction is carried out.

d The probability of the accident.
y The discount coefficient of loss.

Fs The penalty amount imposed by the project owner on the supervision unit.

Fc The penalty amount imposed by the project owner on the project contractor.



10 L. Lv et al. Evolutionary game analysis for rent-seeking behavior supervision of major infrastructure projects ...

Table 2. The perceived payoff matrix for supervision mechanism of MIPs

Project owner Selects Strict Regulation Strategy (p1)

Supervision unit rejects
rent-seeking (p2)

Supervision unit accepts 
rent-seeking (1 – p2)

Project contractor 
conducts normative 
construction (p3)

( )− − − +sr lpC M N V R ( ) ( )− − − + +sr lp sC M N V R V F

− +rsC M ( )− + + −as sC M V F

− +scC N − +scC N

Project contractor conducts 
non-normative construction  
(1 – p3)

( ) ( )− − − + + −dysr c loC M N V F V L ( ) ( ) ( )− − − + + + −dysr c s loC M N V F V F V L

− +rsC M ( ) ( )− + + + −as sC M V B V F

( ) ( )− + + − + −dyns c lcC N V F V L ( ) ( ) ( )− + + − + − + −dyns c lcC N V B V F V L

Project owner Selects Loose Regulation Strategy (1 – p1)

Supervision unit rejects
rent-seeking (p2)

Supervision unit accepts 
rent-seeking (1 – p2)

Project contractor 
conducts normative 
construction (p3)

( ) ( )− − − + + −lr lp goC M N V R V P ( ) ( )− − − + + −lr lp goC M N V R V P

− +rsC M − +asC M

− +scC N − +scC N

Project contractor conducts 
non-normative construction  
(1 – p3)

( ) ( ) ( )− − − + + −dy + −lr c lo goC M N V F V L V P ( ) ( )− − − + −d + −lr lo goC M N V L V P

− +rsC M ( )− + +asC M V B

( ) ( )− + + − + −dyns c lcC N V F V L ( )− + + −nsC N V B

2.2. Model solution 

According to the basic assumptions and the perceived payoff matrix of MIPs based on prospect theory, the probability of 
the project owner selecting strict regulation strategy is p1 and the probability of choosing loose regulation strategy is 1 – p1. 
The expected prospect values of two strategies of project owner supervision are denoted by 

1pE  and − 11 pE , respectively, 
and the average prospect value is symbolized as 

1pE . 

( ) ( ) ( ) ( )   = − − − + + − − − − + + +   1 2 3 2 31p sr lp sr lp sE p p C M N V R p p C M N V R V F

( ) ( ) ( ) ( )( ) ( ) ( ) ( )   − − − − + + −dy + − − − − − + + + −dy   2 3 2 31 1 1 ;sr c lo sr c s lop p C M N V F V L p p C M N V F V F V L
      

(4)

( ) ( ) ( ) ( ) ( )−
   = − − − + + − + − − − − + + − +   11 2 3 2 31p lr lp go lr lp goE p p C M N V R V P p p C M N V R V P

( ) ( ) ( ) ( ) ( )( ) ( ) ( )   − − − − + + −dy + − + − − − − − + −d + −   2 3 2 31 1 1 ;lr c lo go lr lo gop p C M N V F V L V P p p C M N V L V P
  
(5)

( ) −= + −
1 1 11 1 11p p pE p E p E .                                                                                                                                      (6)

According to the perceived payoff matrix, the expected prospect values of two strategies of supervision unit are de-
noted by 

2pE  and − 21 pE , respectively, and the average prospect value is symbolized as 
2pE . Then, the 

2pE , − 21 pE , and 
2pE  

can be obtained.

( ) ( ) ( )( )= − + + − − + + − − + + − − − +              2 1 3 1 3 1 3 1 31 1 1 1p rs rs rs rsE p p C M p p C M p p C M p p C M ; (7)

( ) ( ) ( ) ( ) ( )−    = − + + − + − − + + − − + + + − +     21 1 3 1 3 1 31 1p as s as as sE p p C M V F p p C M p p C M V B V F

( )( ) ( ) − − − + + 1 31 1 ;asp p C M V B
 

(8)

( ) −= + −
2 2 22 2 11p p pE p E p E . (9)
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Similarly, the expected prospect values (
3pE , − 31 pE ) of two strategies of project owner supervision, and the average 

prospect value 
3pE  are calculated as follows:

( ) ( ) ( )( )= − + + − − + + − − + + − − − +              3 1 2 1 2 1 2 1 21 1 1 1p sc sc sc scE p p C N p p C N p p C N p p C N ; (10)

( ) ( ) ( ) ( ) ( )−    = − + + − + −dy + − − + + − + −dy +   31 1 2 1 21p ns c lc ns c lcE p p C N V F V L p p C N V F V L

 ( ) ( ) ( ) ( ) ( )( ) ( )   − − + + − + − + −dy + − − − + + −   1 2 1 21 1 1 ;ns c lc nsp p C N V B V F V L p p C N V B
                           

(11)

( ) −= + −
3 3 33 3 11p p pE p E p E . (12)

Prospect theory can effectively describe the cognition and decision-making of the game players of boundedly rational 
behavior under uncertain circumstances (Barberis, 2013). According to Assumptions, each game player’s profit and loss 
prospect value can be obtained. When the supervision unit’s probability of accepting the rent-seeking behavior strategy 
is 1, the punishment imposed by the project owner is Fs. Accordingly, the project owner receives income Fs. When the 
supervision unit chooses the strategy of refusing rent-seeking behavior, the project owner will punish it with 0. Accord-
ingly, the project owner will not get the income. Therefore, the prospect value of Fs is expressed as follows:

( ) ( ) ( ) ( ) ( ) a= π υ + π υ =1 0 0s s sV F F F ; (13)

( ) ( ) ( ) ( ) ( ) b− = π υ − + π υ = −l1 0 0s s sV F F F . (14)

Similarly, the prospect value of Fc can be obtained:

( ) ( ) ( ) ( ) ( ) a= π υ + π υ =1 0 0c c cV F F F ; (15)

( ) ( ) ( ) ( ) ( ) b− = π υ − + π υ = −l1 0 0c c cV F F F . (16)

When the probability of the project contractor choosing a normative construction strategy is 1, the social benefit ob-
tained by the project owner is Rlp. When the project contractor adopts the opposite strategy, the social benefit obtained 
by the project owner is 0, then the prospect value of Rlp is calculated as follows:

( ) ( ) ( ) ( ) ( ) a= π υ + π υ =1 0 0lp lp lpV R R R . (17)

Similarly, the prospect value of B, Llo, and Llc can be obtained as follows:

( ) ( ) ( ) a= π υ =1V B B B , ( ) ( ) ( ) b− = π υ − = −l1V B B B , ( ) ( ) ( ) b− = π υ − = −l1go go goV P P P ;

( ) ( ) ( ) b−dy = π υ −dy = −ldy1lo lo loV L L L , ( ) b−d = −ldlo loV L L , ( ) b−dy = −ldylc lcV L L .

3. Tripartite game equilibrium analysis 

Evolutionary game theory originated from biology and is the product of that survival of the fittest concept in biology and 
game theory in economics (Chen et al., 2015). Compared with traditional game theory, evolutionary game breaks through 
the restriction of complete rationality of traditional game theory (Lai & Li, 2013). The asymptotic stability investigation 
is reflected in a deterministic evolutionary game, in which the group game strategy is determined by the properties of 
an individual, so that the dominant strategy will be spread throughout the population due to a high payoff of it (Cheng 
& Yu, 2018). Replicator dynamics is a mechanism to describe the dynamic strategy adjustment of players with limited 
rationality who can simply imitate the dominant strategy. When the evolution of individual strategy occurs in the space, 
the partial differential equations are usually used to describe the replicator dynamics model. the replicator dynamics 
equation has superior mathematical properties for solving the equilibrium strategy of a deterministic evolutionary game 
(Cheng & Yu, 2018). Therefore, based on the bounded rationality of the project owner, supervision unit, and project 
contractor of MIP, this study analyzes the learning and adjustment process of strategy selection of the three parties by 
using the replicator dynamics mechanism.

3.1. The unilateral stability strategy of the game players 

3.1.1. The evolutionary stability strategies of project owner
According to the prospect values obtained, the expected prospect value of the strict regulation and loose regulation strate-
gies of the project owner can be obtained as follows:

( ) ( ) ( )a a a b a a b= − + − + ldy + − − − + + −ldy
1 2 3p s lp c lo sr c s loE p F p R F L C M N F F L ; (18)
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( ) ( ) ( ) ( )a b b a b b a b b b
− = − + ldy −ld + −ldy + ld + + ld + − − − −ld −l

11 2 3 2 3 .p c lo lo c lo lo lp lo lr lo goE p p F L L p F L L p R L C M N L P  

(19)

According to Eqns (18)–(19), the dynamic replication equation ( )1F p  of the project owner can be obtained as follows:

( ) ( ) ( )( )−= = − = − − =
1 1 1 1

1
1 1 1 1 11p p p p

dp
F p p E E p p E E

dt

( )
( ) ( )

( ) ( )
a b b a a b b

a b b a a b b b

 − − + ldy −ld + − − + ldy −ld
 −
 + − + ldy −ld + − + + −ldy + ld + l 

2 3 2
1 1

3
1 .

c lo lo s c lo lo

c lo lo lr sr c s lo lo go

p p F L L p F F L L
p p

p F L L C C F F L L P
 

(20)

The influence of p1 on the evolutionary stable equilibrium strategy of the project owner is calculated as:

( ) ( )
( ) ( )

( ) ( )
a b b a a b b

a b b a a b b b

 − − + ldy −ld + − − + ldy −ld
 = −
 + − + ldy −ld + − + + −ldy + ld + l 

2 3 21
1

1 3
1 2

c lo lo s c lo lo

c lo lo lr sr c s lo lo go

p p F L L p F F L LdF p
p

dp p F L L C C F F L L P
. (21)

According to the stability theorem of dynamic replication differential equation (Taylor & Jonker, 1978), only when 
( ) = =1 1 0F p dp dt , ( ) <1 1 0dF p dp , the project owner’s participation strategy reaches the evolution stability strategy. 

Solutions of ( ) =1 0F p  are p1 = 0, p1 = 1, and
( ) ( )

( ) ( )
a b b a a b b b

∗
a b b a a b b

− + ldy −ld + − + + −ldy + ld + l
=

− + ldy −ld + + −ldy + ld

3
2

3

c lo lo lr sr c s lo lo go

c lo lo s c lo lo

p F L L C C F F L L P
P

p F L L F F L L
. Accordingly, the replication dy-

namic phase diagram of the project owner is shown in Figure 2. Further detailed analysis is as follows.
When ∗=2 2p P , ( ) =1 0F p , which means any value of p1 is in a stable state. The strategy of the project owner does not 

change based on time, as shown in Figure 2a. According to Eqns (20) and (21), when ∗>2 2p P , the ( )
( )

 < =
 > =

1 1 1

1 1 1

0, 0
0, 1

dF p dp p
dF p dp p

 

can be obtained. Hence, p1 = 0 is the equilibrium stable strategy, as shown in Figure 2b. The result indicates that the 
perceived value of the project owner to the input cost is greater than the returns obtained. The project owner shifts from 
limited rationality to risk appetite when faced with losses. Prefer to bear undue expenses and accident losses rather than 
to bear deterministic costs. That is, the project owner tends to choose the loose regulation strategy. The project owner is 
responsible for the overall planning and quality safety maintenance of MIPs, which is indispensable in supervision. The 
government can adopt severe penalties to increase the psychological perceived value of penalties to project owners to 

participate in the supervision of MIPs actively. When ∗<2 2p P , the ( )
( )

 < =
 > =

1 1 1

1 1 1

0, 1
0, 0

dF p dp p
dF p dp p

 can be obtained. Hence, p1 = 

1 is the equilibrium stable strategy, as shown in Figure 2c. The result indicates that the perceived benefits to the project 
owner of implementing a strict regulation strategy are greater than its regulation costs and penalties imposed by superior 
governments. If the project owner does not adopt a strict regulation strategy, it may bear undue expenses and accident 
losses. According to the prospect theory, it is known that the game players will turn to be risk-averse and unwilling to 
bear losses in the face of gains. Therefore, the project owner tends to choose the strict regulation strategy.

3.1.2. The evolutionary stability strategies of supervision unit
According to the prospect values obtained from the above analysis, the expected prospect value of the rejecting rent-
seeking and accepting rent-seeking strategies of supervision unit can be obtained as follows:

= − +
2p rsE C M; (22)

( ) ( ) ( )b a a
− = −l + − + − + +

21 1 3p s asE p F p B C M B . (23)

Figure 2. The replication dynamic phase diagram of the project owner
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According to Eqns (22)–(23), the dynamic replication equation ( )2F p  of the supervision unit can be obtained as 
follows:

( ) ( ) ( )( ) ( ) ( ) ( ) ( )b a a
−

 = = − = − − = − l + + − − 2 2 2 2
2

2 2 2 2 1 2 2 1 31 1 .p p p p s as rs
dp

F p p E E p p E E p p p F p B C C B
dt

 (24)

The influence of p2 on the evolutionary stable equilibrium strategy of the supervision unit is calculated as:

( ) ( ) ( ) ( ) ( )b a a = − l + + − − 
2

2 1 3
2

1 2 s as rs
dF p

p p F p B C C B
dp

. (25)

According to the stability theorem of dynamic replication differential equation, only when ( ) = =2 2 0F p dp dt  , ( ) <2 2 0dF p dp , the supervision unit’s participation strategy reaches the evolution stability strategy. Solutions of 

( ) =2 0F p  are p2 = 0, p2 = 1, and 
( ) ( )a b

∗
a

− + − l
=

1
3

rs as sC C B p F
P

B
. Accordingly, the replication dynamic phase diagram 

of the supervision unit is shown in Figure 3. Further detailed analysis is as follows.
When ∗=3 3p P , ( ) =2 0F p , which means any value of p2 is in a stable state, that is, the strategy of the supervi-

sion unit does not change based on time, as shown in Figure 3a. According to Eqns (24) and (25), when ∗>3 3p P , the 
( )
( )

 < =
 > =

2 2 2

2 2 2

0, 1
0, 0

dF p dp p
dF p dp p

 can be obtained. That is, p2 = 1 is the equilibrium stable strategy, as shown in Figure 3b. The 

result shows that the punishment received by the supervision unit when choosing the rent-seeking behavior strategy is 
more than the extra income obtained under the strategy. If the supervision unit accepts rent-seeking behavior, it will 
be faced with deterministic loss. The supervision unit changes from limited rationality to risk preference. It tends to 
choose the decision to abide by the contract, that is, the strategy of rejecting rent-seeking behavior. When ∗<3 3p P , the 

( )
( )

 < =
 > =

2 2 2

2 2 2

0, 0
0, 1

dF p dp p
dF p dp p

 can be obtained. Hence, p2 = 0 is the equilibrium stable strategy, as shown in Figure 3c. The 

result shows that the punishment received by the supervision unit when choosing the rent-seeking behavior strategy is 
less than the extra income obtained under the strategy. As a result, the supervision unit often tends to the strategy of rent-
seeking behavior in order to seek personal benefits. The project owner should strengthen the supervision and increase 
the punishment to the supervision unit to prevent rent-seeking behavior.

3.1.3. The evolutionary stability strategies of project contractor
According to the prospect values obtained from the above analysis, the expected prospect value of the strict regulation 
and loose regulation strategies of the project contractor can be obtained as follows:

= − +
3p scE C N ; (26)

( ) ( ) ( ) ( )b b b b b b b b
− = l + ldy + −l −ldy + −l −ldy + l + − + −l

31 1 2 1 2p c lc c lc c lc nsE p p F L p F L p F L B C N B . (27)

According to Eqns (26)–(27), the dynamic replication equation ( )3F p  of the project contractor can be obtained as 
follows:

( ) ( ) ( )( ) ( ) ( ) ( )
( ) ( )

b b b b

− b b b b

 − l + ldy + l + ldy
 = = − = − − = −
 − −l −ldy + l + − + l 

3 3 3 3

1 2 13
3 3 3 3 1 3 3

2
1 1 .c lc c lc

p p p p
c lc ns sc

p p F L p F Ldp
F p p E E p p E E p p

dt p F L B C C B
 

(28)

Figure 3. The replication dynamic phase diagram of the supervision unit
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The influence of p3 on the evolutionary stable equilibrium strategy of the project contractor is calculated as:

( ) ( ) ( ) ( )
( ) ( )

b b b b

b b b b

 − l + ldy + l + ldy
 = −
 − −l −ldy + l + − + l 

1 2 13
3

3 2
1 2 c lc c lc

c lc ns sc

p p F L p F LdF p
p

dp p F L B C C B
. (29)

According to the stability theorem of dynamic replication differential equation, only when ( ) = =3 3 0F p dp dt  , ( ) <3 3 0dF p dp , the project contractor’s participation strategy reaches the evolution stability strategy. Solution of 

( ) =3 0F p  are p3 = 0, p3 = 1, and 
( ) ( )

( )( )
b b b b

∗
b b

−l −ldy + l − − + l
= =

− l + ldy

2
1 1

21
c lc ns sc

c lc

p F L B C C B
p P

p F L
 can be obtained. Accord-

ingly, the replication dynamic phase diagram of the project contractor is shown in Figure 4. Further detailed analysis is 
as follows.

When ∗=1 1p P , ( ) =3 0F p , which means any value of p3 is in a stable state, that is, the strategy of the project con-
tractor does not change based on time, as shown in Figure 4a. According to Eqns (28) and (29), when ∗>1 1p P , the 

( )
( )

 < =
 > =

3 3 3

3 3 3

0, 1
0, 0

dF p dp p
dF p dp p

 can be obtained. That is, p3 = 1 is the equilibrium stable strategy, as shown in Figure 4b. The 

result indicates that the sum of the punishment and accident loss of the project contractor in carrying out the non-
normative construction is more than the extra profit obtained under the strategy. The project contractor is transformed 
from limited rationality to risk preference in the face of losses. That is, the project contractor tends to choose the norma-

tive construction strategy. When ∗<1 1p P , the ( )
( )

 < =
 > =

3 3 3

3 3 3

0, 0
0, 1

dF p dp p
dF p dp p

 can be obtained. Hence, p3 = 0 is the equilibrium 

stable strategy, as shown in Figure 4c. The result indicates that the sum of the punishment, accidental loss, and rent of 
the contractor in carrying out the non-normative construction is less than the extra profit obtained under the strategy. 
The project contractor tends to choose the non-normative construction strategy to reduce the expenditure and obtain 
excess profit.

3.2. The mixed stability strategy of the game players

It is worth noting that the equilibrium point is not all evolutionary stable strategy, since evolutionary stable strategy must 
also possess the ability to resist the error or deviation caused by bounded rationality, i.e., the ability to recover to a stable 
point after disturbance. As such, in order to explore the tripartite evolutionary stable strategy, the partial asymptotic sta-
bility method can be used for the Jacobian matrix to ascertain whether equilibrium point of the evolutionary system is 
stable (Friedman, 1998). According to the replication dynamic Eqns (20), (24), and (28), the Jacobian matrix ( )1 2 3, ,FJ p p p  
of the game system can be obtained follows:

( )
( ) ( ) ( )
( ) ( ) ( )
( ) ( ) ( )

( )
( ) ( )

( ) ( )
a b b a a b b

a b b a a b b b

 ∂ ∂ ∂ ∂ ∂ ∂
 ∂ ∂ ∂ ∂ ∂ ∂ = 
∂ ∂ ∂ ∂ ∂ ∂  

− − + ldy −ld + − − + ldy −ld
−

+ − + ldy −ld + − + + −ldy + ld + l

1 1 1 2 1 3

1 2 3 2 1 2 2 2 3

3 1 3 2 3 3

2 3 2
1

3

, , =

1 2

F

c lo lo s c lo lo

c lo lo lr sr c s lo lo go

F p p F p p F p p
J p p p F p p F p p F p p

F p p F p p F p p

p p F L L p F F L L
p

p F L L C C F F L L P
( ) ( )

( ) ( ) ( )
( )

( )( ) ( ) ( ) ( ) ( ) ( )( )

( ) ( )

a b b a b b

a a b b a b b

b b a a a

b

    − + ldy −ld − + ldy −ld
     − − − −
     + − − + ldy −ld + − + ldy + − −ld    

 − l − l + + − − − 

− − l + ldy

3 2
1 1 1 1

2 2 2 1 3 2 2

3 3 2

1 1

1 1 2 1

1 1

c lo lo c lo lo

s c lo lo c lo lr sr lo

s s as rs

c l

p F L L p F L L
p p p p

F F L L F L C C L

p p F p p F p B C C B p p B

p p p F L( ) ( ) ( )
( ) ( ) ( ) ( )

( ) ( )
b b b b b b

b
b b b b b b b

 
 
 
 
 
 

    − l + ldy − l + ldy + l + ldy
      − −      − −l −ldy + l − −l −ldy + l + − + l    

1 1 2 1
3 3 3

2

.

1 1 2c lc c lc c lc
c

c lc c lc ns sc

p F L p p F L p F L
p p p

F L B p F L B C C B

To further test the uniqueness of evolutionary stable equilibrium, this paper also carries out the Jacobian test. 
Firstly, set the dynamic replication equations ( ) =1 2 3, , 0F p p p . Then twelve partial equilibrium points of evolu-
tionary game system can be obtained, namely, ( )=1 0,0,0E , ( )=2 0,0,1E , ( )=3 0,1,0E , ( )=4 0,1,1E , ( )=5 1,0,0E  , 

Figure 4. The replication dynamic phase diagram of the project contractor

a) ( )∗ ∗= ∈  1 1 3 0,1p P p b) ( )∗ ∗> =1 1 3: 1p P ESS p c) ( )∗ ∗< =1 1 3: 0p P ESS p

dp
/d
t

3

p310

dp
/d
t

3

p310

dp
/d
t

3

p310



Journal of Civil Engineering and Management, 2022, 28(1): 6–24 15

( )=6 1,0,1E ,  ( )=7 1,1,0E ,  ( )=8 1,1,1E ,  
b b b b a

b a

 − + l + l + ldy − −l +
= =  l 

9 21, ,ns sc c lc rs as sC C B F L C C F B
E p

B B
, 

a a b b bb

b b a b b

 − + + + ld −ldy + l− −l
 =
 l + ldy + ld −ldy 

10 ,0, lr sr c s lo lo gosc ns

c lc c lo lo

C C F F L L PC C B
E

F L F L L
,

a

b a

 − + −
=   l 

11 , ,1rs as s lr sr

s s

C C F C C
E

F F
, 

and 
a a b b ba

b a a b b

 − + + −ldy + ld + l− +
 =
 l + −ldy + ld 

12 , ,0lr sr c s lo lo goas rs

s s c lo lo

C C F F L L PB C C
E

F F F L L
. According to the ten partial equilibrium 

points, it can be seen that partial equilibrium points 1 12E E  meets the conditions ≤ ≤ ≤ ≤ ≤ ≤1 2 30 1,0 1,0 1p p p  and 
constitutes the boundary of the evolutionary game, and partial equilibrium point E9 – E12 exists in this region. For ex-
ample, the Jacobian matrix of the game system at E9 is as follows:

( ) ( )
( ) ( )

( )( ) ( )( )
( ) ( )( ) ( )

a b b a a b b

a b b a a b b

b a

b b

 − − + ldy −ld + − − + ldy −ld
 −
 + − + ldy −ld + − + + −ldy + ld 

= − l −

 − − l + ldy − −l  

32 2

3

2 2 2 2
9

3 3 3 32

9 9 9

9

9 9 9 9

9 9 9 9 9

0 0

1 0 1

1 1 1

pp p
c lo lo s c lo lo

p
c lo lo lr sr c s lo lo

p p p p
E s

p p p pp
c lc

E E F L L E F F L L

E F L L C C F F L L

J E E F E E B

E E E F L E E B( )b

 
 
 
 
 
 
 
 
 
  

0

.

The eigenvalues of Jacobian matrix JE9 is zero, so E9 are not asymptotic stable points of the system. Similarly, it can 
be concluded that there is no asymptotic stability point of the system at E10–E12. Therefore, this paper only discusses the 
stability of the other eight equilibrium points. MIPs are invested mainly by the government and involve the economic 
and social interests of the country and the public. Suppose the project owner is negative in supervision. In that case, 
the superior government will punish it severely, so that the additional income gained by the project owner in negative 
supervision is less than the penalty loss suffered, i.e., b− < lsr lr goC C P . According to the Lyapunov indirect method, when 
all eigenvalues of the Jacobian matrix are less than 0, the equilibrium point is the evolutionary stable strategy (Deptula 
et al., 2018; Licitra et al., 2019). According to the Jacobian matrix, the eigenvalues of eight partial equilibrium points can 
be solved and the attributes are judged accordingly. The eigenvalues and attributes of each equilibrium point are shown 
in Table 3. 

Table 3. Stability analysis of equilibrium point of game system

Equilibrium point Eigenvalues Conditions Symbol Attributes

( )=1 0,0,0E

a a b b b− + + −ldy +ld +llr sr c s lo lo goC C F F L L P

/

+

Saddle Pointa− −as rsC C B –

b− +lns scC C B ±

( )=2 0,0,1E

a b− + +llr sr s goC C F P

/

+

Saddle Point−as rsC C –

( )b− − +lns scC C B ±

( )=3 0,1,0E

b− +llr sr goC C P

/

+

Saddle Point( )a− − −as rsC C B +

( )b b− l +ldy + −c lc ns scF L C C ±

( )=4 0,1,1E

b− +llr sr goC C P

/

+

Saddle Point( )− −as rsC C +

( )b b− l +ldy + −c lc ns scF L C C ±
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Equilibrium point Eigenvalues Conditions Symbol Attributes

( )=5 1,0,0E

( )a a b b b− − + + −ldy +ld +llr sr c s lo lo goC C F F L L P b a− > l −rs as sC C F B
b b b− > l +l +ldysc ns c lcC C B F L

–

ESSa b− − +las rs sC C B F –

b b b− +l +l +ldyns sc c lcC C B F L –

( )=6 1,0,1E

( )a b− − + +llr sr s goC C F P b− > lrs as sC C F
b b b− < l +l +ldysc ns c lcC C B F L

–

ESSb− +las rs sC C F –

( )b b b− − +l +l +ldyns sc c lcC C B F L –

( )=7 1,1,0E

( )b− − +llr sr goC C P b a− < l −rs as sC C F B
b b− > l +ldysc ns c lcC C F L

–

ESS( )a b− − − +las rs sC C B F –

b b− +l +ldyns sc c lcC C F L –

( )=8 1,1,1E ( )b− − +llr sr goC C P
b− < lrs as sC C F
b b− < l +ldysc ns c lcC C F L – ESS

4. System dynamics simulation analysis

4.1. System dynamics evolutionary game model 

The simulation model does not lie in how real it is, but in its usefulness and the extent to which it reveals the regularity of 
changes in things (Si & Zhu, 2008). The system dynamics model is concerned with the behavior trend of the whole system 
and the influence of policy changes, and it does not require very accurate results (Hu & Shen, 2001). The correctness of 
the structure of the system dynamics model is more important than the choice of parameter values (Wu et al., 2010). 
Therefore, the selection of all simulation values in this paper mainly considers the sensitivity analysis for the change of 
various relevant variables to the strategy selection of the project owner, the supervision unit, and the project contrac-
tor. Each simulation value does not represent the payment or profit value of all parties in reality. In order to analyse the 
strategic interaction between project owner supervision unit and project contractor in a more systematic and in-depth 
way, this study used VENSIM @PLE7.3.5 to construct the system dynamic model for rent-seeking behavior supervision 
of MIPs according to Eqns (18), (19), (22), (23), (26), and (27), as shown in Figure 5. Then, this system dynamic model 
is employed to analyse the evolution of the strategic interaction and the influence of exogenous variables and parameters 
about prospect theory on the MIPs supervision system. The system dynamics simulation environment is set as follows: 
INITIAL TIME = 0, FINAL TIME= 10, TIME STEP = 0.0078125, units for time take a year. The model variables and 
parameters are set as follows: Csr = 2.50, Clr = 2.00, Pgo = 1.00, Rlp = 1.00, Llo = 0.20, Llc = 0.20, Crs = 3.00, Cas = 2.50, M = 
4.00, B = 1.00, Fs = 1.00, Csc = 2.00, Cns = 1.00, N = 4.00, Fc = 1.00, y = 0.5, d = 0.5.

4.2. The analysis of the evolutionary process 

According to the experiment of Kahneman and Tversky (1979), the benefit risk attitude coefficient (a = 0.52), the loss 
risk attitude coefficient (b = 0.88), and the loss avoidance coefficient (l = 2.25) are determined for system dynamics 
simulation analysis. It is assumed that the project owner, the supervision unit, and the project contractor choose strict 
regulation strategy, rejecting rent-seeking strategy and conducting normative construction strategy, respectively, and their 
initial probability is 0.5. When the initial evolution state is (0.5, 0.5, 0.5), the evolution of the tripartite strategy is shown 
in Figure 6. ( )=8 1,1,1E  is the evolutionary stable strategy. As can be seen from Figure 6, in the initial stage, the project 
owner carried out strict supervision strategy to encourage project contractors to conduct normative construction and 
guide supervision units to refuse rent-seeking. Finally, the rent-seeking behavior supervision system of MIPs achieves an 
evolutionary stable equilibrium (1, 1, 1).

In addition, different initial probabilities have other effects on the evolution of the system, and the influence is shown 
in Figure 7. When the initial possibility is less than 0.5, the speed of three parties in the game to choose strategies slows 
down. Conversely, when the initial probability is more than 0.5, the speed of the three parties in the game to choose 
strategies is accelerated, indicating that the initial probability of three-party strategy in the game has a positive effect on 
the system evolution.

End of Table 3
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Figure 5. The system dynamic model for rent-seeking behavior supervision of MIPs
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Figure 6. Evolutionary processes of rent-seeking behavior supervision

Figure 7. Influence of different initial probabilities on the evolution of the system
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4.3. Analysis of the influence of exogenous variables 
In the supervision mechanism of MIPs, the project owner mainly restricts the supervision unit and the project contractor 
through the punishment mechanism. Therefore, this paper adopts the system dynamics simulation, and firstly analyses 
the influence of different punishment intensities on the strategy choice of the supervision unit and the project contractor. 
The evolution paths of the strategy choice are shown in Figures 8a and 8b, respectively. The Figure 8a: Current 1: Fs = 0, 
Current 2: Fs = 0.1, Current 3: Fs = 0.2, Current 4: Fs = 0.5, Current 5: Fs = 1.0. The Figure 8b: Current 1: Fc = 0, Cur-
rent 2: Fc = 0.3, Current 3: Fc = 0.5, Current 4: Fc = 0.7, Current 5: Fc = 1.0. It is not difficult to see that with the increase 
of Fs and Fc, the speed of the project contractor and the supervision unit approaching evolutionary stable strategy has 
accelerated. With the increase of Fc, the speed of the project contractor approaching evolutionary stable strategy is ac-
celerated a bit little, but the change is not obvious. It indicates that the project contractor’s strategy choice is not sensitive 
to the change of penalty intensity. However, different Fs can change the strategy choice of the supervision unit. Under 
the circumstance that the punishment is too light, such as Fs = 0 and Fs = 0.1, the supervision unit will conduct rent-
seeking activities driven by interests, which is not conducive to the safe construction of MIPs. However, when Fs > 0.2, 
the strategy of the supervision unit is gradually changing. It can be seen that in the rent-seeking supervision system of 
MIPs, it is more effective to increase the punishment of the supervision unit than the punishment of the project contrac-
tor. Therefore, the project owner should increase penalties to urge the project contractor to strictly perform the contract 
terms and specifications and prevent the supervision unit from seeking rent.

As can be seen from Table 3, the main exogenous variables affecting the evolution results of the rent-seeking behavior 
supervision system of MIPs are also Crs, Cas, Csc, Cns, B, and Llc. Based on the above model, the influence of different 
input costs on the strategy choice of the supervision unit and project contractor is discussed. The evolution paths of the 
strategy choice are shown in Figures 9a and 9b, respectively. The Figure 9a: Current 1: Crs = 3.0, Cas = 2.5, Current 2: 
Crs = 3.0, Cas = 2.0, Current 3: Crs = 4.0, Cas = 1.0. The Figure 9b: Current 1: Csc = 2.0, Cns = 1.0, Current 2: Csc = 5.0, 
Cns = 0.5, Current 3: Csc = 6.0, Cns = 0.5. It is easy to see from the Figure 9 that when the cost difference between the 
two strategies reaches a certain level, the supervision unit and project contractor will choose to accept the rent-seeking 
strategy and the non-normative construction strategy, respectively. That is, the supervision unit and project contractor 
will engage in collusive activities when the additional benefits they gain from choosing these strategies are greater than 
the penalties and losses. And it can be seen that the larger the cost difference, less iterations are needed to reach the 
evolutionary stable equilibrium.

The influence of the rent-seeking payoff/cost B and loss of project contractor Llc on the strategy selection of the project 
owner, the supervision unit and the project contractor are shown in Figures 10a, 10b and 10c, respectively. The Figures 
10a and 10b: Current 1: B = 1.0, Current 2: B = 2.0, Current 3: B = 3.0. The Figure 10c: Current 1: Llc = 0, Current 2: Llc = 
0.2, Current 3: Llc = 0.4. Different rent-seeking payoff/cost B and loss of project contractor Llc do not affect the final evo-
lutionary results of the rent-seeking supervision system of MIPs. As B and Llc increases, the speed of the supervision unit 
and the project contractor approaching evolutionary stable strategy is accelerated a bit little, but none of these changes 
are significant. Therefore, the project owner can make use of the social supervision function of the media to increase the 
rent-seeking cost of the project contractor and reduce the rent-seeking income of the supervision unit, thus effectively 
promoting the normative construction of MIPs.

Figure 8. Influence of different punishment intensity on the strategy selection of the supervision unit and project contractor
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Figure 9. Influence of different cost on the strategy selection of the supervision unit and project contractor

a) Influence of and on the supervision unit  C Crs as b) Influence of and on the project contractorsc  C Cns
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Figure 10. Influence of different B and Llc on the strategy selection of the supervision unit and the project contractor
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4.4. Analysis of the influence of parameters related to prospect theory 

The influence of the change of loss avoidance coefficients l on the strategy choice of game players is shown in Figures 
11a, 11b and 11c. As shown in Figure 11: Current 1: l = 1.0, Current 2: l = 2.0, Current 3: l = 2.25. The change of loss 
avoidance coefficients l affects the strategy evolution speed of game players. With the increase of loss avoidance coef-
ficients l, the speed of p1, p2, p3 approaching evolutionary stable strategy is accelerated. That is, the probability of the 
project owner, the supervision unit, and the project contractor choosing the evolutionary stability strategy is affected by 
the loss avoidance coefficients l, and the influence on the supervision unit is more obvious. The higher the loss avoidance 
coefficients, the faster the evolution process of the game players choosing the stable strategy. It indicates that the larger the 
loss avoidance coefficients l, the more sensitive the game players are to the loss. There is a certain deviation between the 
strategy evolution trend of the game players when l = 1.0 and the strategy evolution trend when l is larger. Therefore, 
the introduction of prospect theory to analyse the game process of the major infrastructure projects supervision system 
is more consistent with the actual situation. Similarly, different benefit risk attitude coefficients a and loss risk attitude 
coefficients b do not affect the final evolutionary results of the regulatory system for major infrastructure projects, but 
affect the speed of strategic evolution. When the risk attitude coefficient a = b = 1, the game players is risk-neutral. There 
is a certain deviation between its strategy evolution trend and the strategy evolution trend with a smaller risk attitude 
coefficient. Therefore, the introduction of prospect theory to analyse the game process for supervision system of MIPs 
can better reflect the change of risk attitude of the game players.

Figure 11. Influence of different loss avoidance coefficient on the strategy selection of game players
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5. Discussion 

According to Table 3 and system dynamics simulation analysis, under the restrictions of some conditions, the tripartite 
evolutionary game system for the rent-seeking supervision system of major infrastructure projects reaches a stable state, 
that is, there are four evolutionary stable strategy (ESS).

When these parameters satisfy conditions b a− > l −rs as sC C F B  and b b b− > l + l + ldysc ns c lcC C B F L , the eigenvalues 
of ( )=5 1,0,0E  are all negative value, so the ESS is {strict regulation, accepting rent-seeking, non-normative construction}. 
Similarly, when these parameters satisfy conditions b a− < l −rs as sC C F B  and b b− > l + ldysc ns c lcC C F L , the eigenvalues 
of ( )=7 1,1,0E  are also all negative, so the ESS is {strict regulation, rejecting rent-seeking, non-normative construction}. 
In the above two cases, the strategy choice of the project contractor is non-normative construction. Therefore, it must be 
avoided that these parameters satisfy these conditions in the rent-seeking behavior supervision system of MIPs. When 
these parameters satisfy conditions b− > lrs as sC C F  and b b b− < l + l + ldysc ns c lcC C B F L , the eigenvalues of ( )=6 1,0,1E  
are all negative value, so the {strict regulation, accepting rent-seeking, normative construction} is the stable state of the 
system. This condition indicates that the perceived value of the supervision unit to punishment is less than the additional 
benefit obtained by adopting the rent-seeking strategy, and the perceived value of the project contractor to punishment, 
rent-seeking cost and accident loss is greater than the additional benefit obtained by adopting the non-normative con-
struction strategy. In this case, the supervision unit plays a small role in the supervision, while the project owner bears 
a major supervisory responsibility. When the project owner conducts strict regulation and the project contractor selects 
normative construction, the quality and safety of the MIPs can be basically guaranteed. However, ( )=6 1,0,1E  is not the 
optimal strategy in the rent-seeking behavior supervision system of MIPs. The project owner should increase the punish-
ment of the supervision unit to make them actively supervise.

Similarly, when these parameters satisfy conditions b− < lrs as sC C F  and b b− < l + ldysc ns c lcC C F L , the eigenvalues of 
( )=8 1,1,1E  are all negative value, so the ESS is {strict regulation, rejecting rent-seeking, normative construction}. That 

is, When the perceived value of the supervision unit to punishment is greater than the difference between the cost of 
rejecting rent-seeking and accepting rent-seeking, and the perceived value of the project contractor to punishment and 
accident loss is greater than the additional benefit of conducting non-normative construction, the game system for rent-
seeking behavior supervision of MIPs reaches an ideal state. According to the prospect theory, the game players have the 
effect of loss avoidance. When the penalty and accident loss are much greater than the gain from the violation, the game 
players will actively engage in normative construction and management to avoid risks. Therefore, in order to establish 
an effective rent-seeking behavior supervision mechanism and achieve the goal of normative construction of MIPs, it is 
necessary to discuss the conditions that the optimal strategy satisfies. In the actual construction of MIPs, the game play-
ers of behavior have cognitive bias in the rent-seeking behavior supervision. The project contractor often believes that 
illegal construction will not cause major accidents and underestimate the probability and loss of accidents in MIPs. That 
is, ( )π d < d  and ( )− <lc lcV L L  hold, then ( ) ( )π d − < dlc lcV L L , which indicates the perceived value of accident loss is less 
than the actual value. Due to the existence of speculative psychology, the project contractor believes that it is difficult for 
the project owner and supervision units to find non-normative construction behaviors due to inadequate supervision, 
and underestimates the probability and severity of punishment for violations. That is, ( )π <p p  and ( )− <c cV F F  hold, 
then ( ) ( )π − <c cp V F pF , which indicates the perceived value of penalty loss is less than the actual value. More impor-
tantly, if the project owner and supervision unit underestimate the probability and loss of being punished by adopting 
loose regulation and rent-seeking ( ( ) ( )π − <go gop V P pP , ( ) ( )π − <s sp V F pF ), the conditions for evolving into a stable 
strategy ( )=8 1,1,1E  cannot be met simultaneously. In summary, due to the existence of cognitive bias, the tripartite game 
players will underestimate the probability of punishment for violations and accidents, and the perceived value of losses, 
thus making the system deviate from the ideal state. Therefore, in order to establish an effective rent-seeking behavior 
supervision mechanism, this paper proposed the following suggestions from the perspectives of the project owner, the 
supervision unit, and the project contractor.

First, for the project owner, from the perspective of ex-ante precautions, it is necessary to strengthen ex-ante precau-
tions and improve the strict compliance awareness of the supervision unit and the project contractor (Gu et al., 2018). 
The project owner should increase the punishment to the supervision unit and the project contractor, increase their psy-
chological perception value of punishment, and deeply realize that the rent-seeking behavior will suffer both economic 
and reputation loss (Li, 2017). From the perspective of the ex-post punishment mechanism. Economic, administrative 
and criminal punishments are used in a multi-pronged manner to increase the punishment for rent-seeking behavior 
(Xu & Zhao, 2009; Wu & Liu, 2013). The bribe-takers should be severely punished, while the bribe-givers can be treated 
with leniency in accordance with the law, so as to break the alliance between the two sides of the rent-seeking game. This 
situation increases the risk of bribe-takers and causes the alliance’s failure, thus reducing rent-seeking behavior. 

Second, for the supervision unit, the supervision unit’s rent-seeking behavior may lead to accidents. In order to 
increase the effectiveness of project quality control, more requirements are needed for supervision organizations, such 
as increase the transparency of supervision and more involvement of media supervision (Wang et al., 2018b). Also, an 
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appropriate stimulation mechanism is needed to stimulate supervision organization to supervise the project quality on 
time and effectively. In addition, the supervision unit should improve supervision ability and reduce the supervision 
cost by means of the supervision technology innovation, such as the remote monitoring system and the security early 
warning system (Yang et al., 2018; Li et al., 2014). At the same time, the supervision unit can carry out regular personnel 
training, establish an assessment mechanism, and actively use information technology to improve the working ability and 
efficiency of the supervision personnel. 

Third, for the project contractor, the project contractor shall improve the level and efficiency of safe construction and 
reduce the probability of accidents through construction technology innovation (Wang et al., 2018a). Also, safety train-
ing for construction personnel should be strengthened to enhance their safety awareness. As the direct manager of the 
project quality, the project contractors develop based on good project quality. They should enhance the understanding of 
project quality and regard the project quality as important competitiveness and social responsibility.

Conclusions 

The project corruption represented by power rent-seeking has laid numerous potential accidents for safe construction. In 
particular, the rent-seeking behavior between the project contractor and the project supervision seriously threatens the 
interests of the public. It leads to the unbalanced allocation of resources and the waste of social resources. Therefore, for 
the lack of effective supervision of MIPs resulting in safety accidents, this paper comprehensively considered the psycho-
logical factors such as loss avoidance and cognitive bias of game players, and introduced the prospect theory to construct 
a tripartite evolutionary game model for the rent-seeking behavior supervision among the project owners, supervision 
units and project contractors. Also, this paper discussed the interaction mechanism of the tripartite game players and the 
main factors affecting the evolution of the system through system dynamics simulation. 

The results showed that the stable state of the optimal strategy in the rent-seeking behavior supervision system of 
MIPs is related to the cognitive bias of the game players and is influenced by the level of regulation cost, the intensity of 
punishment and the size of accident losses. The main conclusions are as follows: First, the conditions for the rent-seeking 
behavior supervision system to achieve the ideal stable strategy set {strict regulation, rejecting rent-seeking, normative 
construction} are that the perceived value of the supervision unit to punishment is greater than the difference between 
the cost of rejecting rent-seeking and accepting rent-seeking, and the perceived value of the project contractor to pun-
ishment and accident loss is greater than the additional benefit of conducting non-normative construction. In short, the 
project owner’s punishment for the rent-seeking behavior of the supervision unit and the project contractor and accident 
loss should be greater than their unproductive benefits. However, due to the existence of cognitive bias and value percep-
tion preference, the game players will underestimate the probability of punishment for violation and accident and the 
perceived value of loss, so that the system deviates from the ideal stable state. Second, the strategy choice of the supervi-
sion unit is more sensitive to the change of penalty, while the change of penalty has no significant effect on the project 
contractor’s strategy. Third, the increase in regulation cost of refusing the rent-seeking behavior strategy and the decrease 
in regulation cost of accepting the rent-seeking behavior strategy will promote the supervision unit to choose the rent-
seeking strategy. With the reduction of supervision cost for choosing rent-seeking strategy, supervision units are more 
willing to choose active supervision. Finally, when the cost difference between normative construction and non-normative 
construction reaches a certain level, the willingness of the project contractor to choose normative construction will be 
reduced, and the larger the cost difference is, the fewer iterations are needed to reach the evolutionary stable equilibrium.

The system complexity and depth uncertainty of MIPs make the differences among the project owners, supervision 
units and project contractors in engineering cognition, capability, benefit, and risk preferences more obvious, and there 
are phenomena of strategy selection and dynamic adjustment based on subjective feelings and value judgment of objec-
tive facts. Therefore, this paper constructed the rent-seeking behavior supervision model of MIPs based on the prospect 
theory and evolutionary game theory. Then, the system dynamics model is used to simulate the influence of changes in 
variables and parameters on the evolution results of the game player’s strategy selection, revealing the dynamic evolution 
mechanism for behavior decision-making of different subjects in the rent-seeking behavior supervision process. Despite 
the contributions of this study, several limitations are to be acknowledged. Simulation results may be closer to practice if 
the data related to the actual situation of MIPs are directly used. In that case, there may be higher requirements for the 
simulation design, which is an improvement that needs to be considered in future research.
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