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A B S T R A C T   

The construction industry has long been criticized for recurring accidents, wherein opportunistic 
behaviors are the primary cause of losing faith and increasing risk, infringing upon the interests of 
the state, society and people. While government regulation can be crucial in curbing opportunistic 
behaviors, the existing mixed strategy game model fails to accurately capture the strategic in
teractions between the government, owner, supervisor, and contractor. To bridge this gap, we 
propose a multi-stage dynamic game model with asymmetric information in the context of a 
typical construction project, wherein two urgent opportunistic behaviors may arise: moral hazard 
and covert collusion. According to project characteristics, the regulatory issues are further clas
sified as hidden information for general projects and hidden effort for dominant projects. On this 
basis, the government’s optimal regulation strategies are derived, i.e., the optimal fines for poor 
quality and the optimal fine coefficient for quality effort reduction. Subsequently, several sig
nificant managerial implications are presented to summarize and analyze impacts of government 
regulation on construction projects. The findings show that government regulation can achieve 
systemic optimality but may hurt the owner’s interests in some cases. This could potentially 
hinder the healthy development of the construction industry as the owner may forgo purchasing 
the construction project. Furthermore, general projects are more vulnerable to opportunistic 
behaviors as opposed to dominant projects. The developed model and derived regulatory strategy 
can assist the government in more effectively governing and controlling opportunistic behaviors. 
This research also contributes several valuable managerial insights into the domain of govern
ment regulation on construction projects.   

1. Introduction 

The construction field has been considered as the most active sector in employing people, generating revenue, and increasing the 
Gross Domestic Product (GDP) of any country [1]. According to the US Bureau of Economic Analysis, the GDP from construction is 
estimated to be around 690.7 billion dollars in 2021. Unfortunately, the construction industry is long criticized for recurring accidents 
[2]. Particularly, the incidents caused by poor quality can result in underperformance of construction projects, such as safety incidents 
and benefit shortfalls [3,4]. It will not only seriously infringe upon the interests of the state, society, and the people but also cause huge 
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losses to people’s lives and property [5]. These accidents may be caused by individual behaviors that directly contribute to accidents 
[6] or organizational factors that influence individual behavior [7,8]. Generally, the majority of issues stem from human factors, 
wherein professional ethics play a pivotal role in mitigating quality problems and preventing inconvenience to all parties [9]. 

A construction project is realized through the collaboration of a multitude of stakeholders, including the owner, contractors, 
construction supervisor, and other relevant parties. However, they have their own self-interests, which are frequently divergent and 
competing in nature [9]. Especially, the owner typically can’t control all the agents’ activities and an information imbalance in favor of 
agents occurs. The agents can use this situation opportunistically [10]. Consequently, the absence of professional ethics may result in 
opportunistic behaviors, which are the primary cause of losing faith and increasing risk in the construction market [11]. In con
struction projects, there are two urgent opportunistic behaviors. For one thing, the contractor may engage in moral hazard behaviors to 
save construction costs, such as using inferior materials or reducing design standards [12]. For another, for fear of rework or penalty, 
the contractor may collude with the supervisor to conceal the evidence of poor quality. The collusive pact is one of the primary 
corruptive practices in construction projects [13]. To inhibit these opportunistic behaviors, government regulation should intervene 
and play an essential role in the construction market [14,15]. Xia et al. [16] also argued that workplace accidents and injuries could be 
highly reduced through improvements in legal frameworks, such as rules and enforcement. Nevertheless, over and under regulation 
co-exist in the construction industry [15]. Therefore, how to determine the optimal government regulation strategy is a fundamental 
challenge for project success and public interests. 

Game theory provides effective tools for analyzing situations wherein the players make interdependent decisions. This theory has 
been applied to a wide variety of situations in which the choices of players interact to affect the outcome, such as construction 
management [17], coal mining safety inspection [18], and speed enforcement [19]. The existing framework formulates the govern
ment regulation problem as a standard mixed strategy game model, wherein the regulated objects decide whether to act opportu
nistically while the government simultaneously determines whether to regulate. Nevertheless, the current game model fails to 
accurately capture the strategic interactions between the multiple stakeholders, which is a standard multi-stage dynamic game process. 
Especially, there exists severe information asymmetry in construction projects. For instance, the contractor generally possesses more 
quality information than the owner. Additionally, the existing framework typically treats collusive conduct as detectable. In fact, 
corruption is virtually covert in the informal underground arena [20] and proving illegal transactions is a pervasive challenge [21]. 

Based on the above analysis, this paper develops a multi-stage dynamic game model with asymmetric information for construction 
projects. In the proposed model, the low-quality project will occur accidents with some probability, which can generate some social 
welfare losses, such as personnel casualties. On the premise of preventing opportunistic behaviors, the government aims to maximize 
the interests of the entire system which comprises the owner, supervisor, contractor, and government. By contrast, the other players 
pursue the maximum of their self-interests. According to project characteristics, construction projects are divided into general projects 
and dominant projects. For dominant projects, the supervisor can observe the contractor’s effort perfectly. Instead, for general projects, 
the supervisor only spot-checks the construction projects for reasons of costs or personnel. The government conducts spot checks on 
both kinds of construction projects. In moral hazard scenarios where the contractor may reduce private quality efforts to save con
struction costs, the government determines optimal fines (coefficient) for the contractor for general (dominant) projects. Furthermore, 
to manage the secret collusion between the supervisor and the contractor, the government determines optimal fines (coefficient) for 
the supervisor and the contractor for general (dominant) projects, respectively. 

The main contributions of this study are summarized as follows. First, this research investigates the optimal government regulation 
strategy that inhibits opportunistic behaviors in construction projects. The proposed practical regulation strategy can help the gov
ernment in managing and controlling opportunistic behaviors. Second, compared with the present regulation framework, a multi-stage 
dynamic game model with asymmetric information is developed to characterize the multiplayer strategic interaction. Particularly, the 
symbiotic relationship between quality and safety is adopted in the constructed model. The developed framework is more suitable for 
the construction project context. Finally, several novel managerial implications are proposed to reveal the effects of government 
regulation on construction projects with opportunistic behaviors. Those implications can play significant roles for the government 
regulator in better coping with quality and safety challenges caused by opportunistic behaviors in construction projects. 

The structure of this paper is as follows. Section 2 reviews the related literature. The research model is presented in Section 3. In 
Section 4, optimal government regulation strategies in different settings are derived. Section 5 provides some notable managerial 
implications. Some discussions are made in Section 6. Finally, Section 7 concludes this paper. 

2. Literature review 

This research is connected to literature concerning government regulation. Government regulation can use the coercive power of 
the state to alter a firm’s pricing, entry, production, investment, and product choice decisions. The current regulation literature about 
construction projects includes the role of regulation [22,23], corruption [3], implementation level [24], regulation strategy [25], etc. 
The existing literature about regulation strategy adopts game theory as the analytical tool. To improve the efficiency of quality su
pervision and reduce moral hazard, Yang et al. [26] established a system dynamics evolution game model among the inspection unit, 
contractor, and supervising unit. To prevent collusion between the supervisor and the contractor, Yu et al. [25] proposed a dynamic 
analysis model of the evolutionary game in collusion control based on the system dynamics model. However, this line of research has 
several limitations that need to be noted. First, the strategic interactions between the supervisees are ignored. Specifically, the su
pervisor can play a positive role in controlling the contractor’s moral hazard but may collude with the contractor. In addition, there is 
no strategic response from the owner. In practice, the owner provides the commission contracts in which the payments and obligations 
are specified. Government regulation strategy should build on these commission contracts. Otherwise, over and under regulation 
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problems will be present. Second, the current studies view the strategic interaction between participants as simultaneous. In fact, the 
government moves firstly to determine regulation strategies, such as penalty regulations, etc. After that, the other participants in turn 
react strategically. Third, the existing literature fails to characterize the symbiotic relationship between quality and safety. Quality 
defects can lead to safety incidents, which can result in massive social welfare loss. For one thing, defects or failures can jeopardize the 
safety of public life and property. For another, safety and quality performance share a symbiotic relationship [27], and a significant 
correlation exists between recordable injury rate and rework and the number of defects [28]. Naturally, when an action on a 
non-conforming product to ensure it conforms to specified requirements is undertaken, the potential for a safety event to occur 
significantly increases [27]. Finally, this framework assumes collusion behaviors can be detected by outsiders. In practice, corruption 
is virtually covert in the informal underground arena [20], and proving the transactions is a pervasive challenge [21]. To solve these 
challenges, this study develops a multi-stage dynamic game model with asymmetric information to characterize the strategic actions 
between the players. Since the multiplayer game contains multiple rounds of strategic interactions, backward induction is applied to 
ensure the subgame perfection. 

The second related stream is related to literature about incentive mechanisms for moral hazards. This stream of literature can be 
divided into cost incentives [29–32], duration incentives [26,33], quality incentives [34,35], and safety incentives [36]. In the line of 
quality incentive research, Jaraiedi et al. [37] examined the use of incentive/disincentive (I/D) contracts in many states and the 
experience of several contractors and developed a general set of guidelines for the use of I/D provisions in highway construction or 
refurbishing contracts. Meng and Gallagher [38] empirically investigated the impact of incentive mechanisms on project performance 
in the United Kingdom. To improve the performance of government procurement of public services, Zhang and Xu [39] designed 
quality incentive contract models under the condition of dual asymmetric information. Gao et al. [40] developed quality incentive 
contracts considering asymmetric product manufacturability information. In summary, the existing research is built on the standard 
principal-agent structure, wherein the government typically serves as the principal rather than the regulator. Particularly, this work 
investigates the effects of covert supervisor-contractor collusion on government regulation. 

This article also builds on the growing economic literature on collusion. The pioneering work of Tirole [41] proposed the principle 
of collusion prevention that the principal can prevent collusion by a collusion-proof grand contract. Strausz [42] studied a 
principal-agent relationship in which either the principal or a supervisor can monitor the agent’s hidden action using identical 
monitoring technologies. Faure-Grimaud et al. [43] put forward the equivalence principle that the non-centralized mechanism can 
replace the optimal centralized mechanism. Vafaï [44] investigated how the possibility of collusion between members of an organi
zation affects the choice of organization design. Khalil et al. [45] analyzed the distinction between bribery and extortion, both in their 
impact on incentives for agents to obey rules and for corrupt parties to engage in illegal transactions. Ortner and Chassang [46] 
modeled the investigation of criminal activity as a principal-agent-monitor problem in which the agent can corrupt the monitor and 
side-contract to destroy evidence. In all, the existing works consider a tripartite principal-supervisor-agent structure wherein the 
principal manages the supervisor-agent collusion. By constrast, this paper constructed a quadruple structure wherein the government 
rather than the principal is responsible for regulating collusive behaviors. The results show that government regulation can effectively 
prevent opportunistic behaviors but may undermine the principal’s interests. 

Fig. 1. Relationships between the players.  
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In summary, this study significantly differs from previous research in several critical aspects. Firstly, a novel multi-stage dynamic 
game model with asymmetric information is developed to characterize the strategic interactions between multiple players in a con
struction context. Secondly, the government’s role as a regulator rather than as a principal is investigated. The government aims to 
maximize the system’s expected payoffs instead of its own interests. Finally, we analyze impacts of government intervention on 
construction projects that encounter opportunistic behaviors. 

3. Model development 

We consider a typical construction project context that comprises four players: an owner, a supervisor, a contractor, and the 
government [47]. The owner, as the development organization or the developer, is the buyer of the construction project products, 
while the contractor is the seller. The supervisor, including the supervision unit and advisory body, is employed by the owner to 
conduct supervision and management or advisory services. The government is responsible for regulating and managing the partici
pants’ opportunistic behaviors during construction. All players are risk-neutral, and their reserved payoffs are normalized to zero. For 
the sake of simplicity, their relationships are illustrated in Fig. 1. 

Project quality is divided into two levels q ∈ {qh, ql} [48]. For the project owner, the project with q = qh is referred to as high 
quality and generates the profit Qh, while the project with q = ql is referred to as low quality and generates a profit Ql. Qh is high 
enough that the owner always prefers to receive a high-quality project, thus the gap Δ = Qh − Ql > 0. When the project quality is low, 
i.e., q = ql, safety accidents may occur with probability η ∈ (0, 1), which generate some social welfare losses L for the government, such 
as building collapses causing casualties [17]. 

The project quality depends on the contractor’s private effort e and events that are outside of the contractor’s influence [49]. After 
the contractor exerts quality efforts e, nature determines project quality q, where Pr{q= qh|e} = e [48]. To reflect the effect of 
diminishing marginal utility in the construction process, the impact of the effort on cost is assumed to be quadratic [39,49,50]. 
Formally, the cost function is C(e) = ce2, wherein the constant c denotes the cost coefficient. The owner provides a construction 
contract that specifies the contract price t and penalty terms β for low quality [51]. The penalty terms β should be no more than a 
threshold of Ω, i.e., β ≤ Ω. The threshold of Ω reflects the practice that the contractor is protected by limited liability, such as quality 
bonds [35]. 

The construction projects are divided into two categories. One is the dominant project that plays a decisive role in safety, health, 
environmental protection, and public interest. The other is the general projects that refer to the projects out of the dominant projects. 
For dominant projects, the supervisor should supervise the entire construction process on-site, so the contractor’s effort e is observable 
to the supervisor. For the general project, the supervisor only spot-checks the construction project due to the lack of time or persons, 
etc. The probability is denoted by p, which is common knowledge because the supervision schedule is typically determined before the 
start of construction. The owner provides the construction supervisor with a fixed-price supervision contract that specifies the su
pervision fees S [52]. 

The government spot-checks construction projects with the probability ξ. According to Wuhan City Urban and Rural Construction 
Administrative Punishment Discretionary Benchmarks, the government imposes fines of f(e0 − e) on the contractor once e ≤ e0, wherein f 
denotes the fine coefficient and e0 is standard effort, like technical standards or construction solutions. The government determines the 
fines of φ on the contractor once q = ql. For fear of covert collusion, the government imposes fines of fc(e0 − e), fs(e0 − e) when e ≤ e0 
and φs, φs when q = ql on the contractor and the supervisor, respectively. For convenience, Table 1 summarizes these parameters. 

Table 1 
Notations of parameters.  

Parameters Description 

q Actual quality 
ql Low quality 
qh High quality 
L Social welfare losses 
η Probability of occurring accidents 
e Contractor’s private effort 
e0 Standard effort 
p Probability of detecting low quality 
c Cost coefficient 
Qh Profits of high quality 
Ql Profits of low quality 
Δ Profit gap 
ξ Spot check probability 
f Fine coefficient for the contractor 
φ Fines to the contractor for moral hazard 
t Contract price 
β Penalty to the contractor 
fs Fine coefficient to the supervisor 
fc Fine coefficient to the contractor 
Ω The contractor’s limited liability 
S Supervision fees  
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4. Analysis 

This section first investigates the contractor’s moral hazard and then explores the supervisor-contractor collusion for different 
projects. The optimal government regulation strategies will be derived based on the developed dynamic game-theoretic model, and 
several propositions will be presented to characterize the nature of the equilibrium outcomes. 

4.1. Moral hazards 

The owner (principal) can’t control all the contractor’s activities, and an information imbalance in favor of the contractor (agent) 
can occur. Moral hazards mean the agent can use this situation opportunistically [10]. Specifically, the contractor may reduce a private 
quality effort in dominant projects or conceal quality information in general projects. 

4.1.1. Dominant projects 
Before deriving the optimal regulation strategies of the government, the game sequence between the players is shown as follows. 

First, the government decides on the fines of f(e0 − e) and the standard effort e0. Second, the owner provides the construction contract 
that specifies the contract price t and the penalty terms β(e0 − e) for the contractor failing to meet the standard effort e0. Third, the 
contractor determines private efforts e. Fourth, the supervisor learns the effort e and reports to the owner. Finally, project quality is 
realized, and low-quality projects will occur some safety accidents with probability η. This game process between the players is 
summarized in Fig. 2. 

Since the game contains multiple rounds of strategic interactions, backward induction is applied to ensure subgame perfection. In 
the fourth stage, for the supervisor always reports truthfully, the owner pays fixed fees S = 0. In the third stage, the contractor’s 
payoffs consist of the contract price t, the effort costs ce2, and the fines (e0 − e)(f + β), which are ΠCE = t − ce2 − (e0 − e)(f + β). The 
contractor determines the private quality effort e to maximize its expected payoffs ΠCE. Therefore, the contractor’s incentive 
compatibility constraint is given as follows 

e= argmax
e

ΠCE (1)  

in the second stage, the owner’s expected payoffs are the expected project profits Qh + (1 − e)Ql minus the contract price t and plus the 
fines of (e0 − e)β imposed on the contractor, which are formally given by ΠOE = eQh + (1 − e)Ql − t+ (e0 − e)β. Given equation (1), the 
owner determines contract price t and penalty terms β to maximize its expected payoffs ΠOE. Accordingly, the owner’s optimization 
programming can be characterized by 

max
e∈[0,1],t≥0,β∈[0,Ω]

ΠOE,

Subject to ΠCE ≥ 0,
e = argmaxeΠCE

(2) 

Solving this constraint optimization problem (2) yields the equilibrium outcomes that are summarized in Lemma 1. 

Lemma 1. The optimal construction contracts provided by the owner are given by:   

Owner Contractor 
When Ω ≤ Δ, 

β = Ω, t =
(Δ + f)(4ce0 − Δ − Ω)

4c
. e =

Ω + f
2c

. 

When Ω > Δ, 
β = Δ, t =

(Δ + f)(4ce0 − Δ − f)
4c

. e =
Δ + f

2c
.  

In the first stage, the government’s expected payoffs ΠGE are the fines f(e0 − e) minus the possible social welfare loss (1 − e)ηL, 
which are ΠGE = f(e0 − e) − (1 − e)ηL. However, the government aims to determine (e0, f) to maximize the construction system’s 
expected payoffs ΠSE, which are composed of all participants’ expected payoffs, i.e., ΠSE = eQh + (1 − e)Ql − ce2 − (1 − e)ηL. 
Therefore, the optimization program for the government is given by 

max
e≥e0 ,f≥0

ΠSE = eQh + (1 − e)Ql − ce2 − (1 − e)ηL (3) 

By solving the optimization problem (3), we derive final equilibrium outcomes as summarized by Corollary 1. 

Fig. 2. The sequence of events for dominant projects with moral hazards.  
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Corollary 1. When dominant projects face contractor’s moral hazards, in equilibrium:  
Players Decision variables 

Government 
f =

{
Δ + ηL − Ω, Ω ≤ Δ

ηL, otherwise , e0 =

{Δ + ηL
2c

, ηL ≤ 2c − Δ

1, otherwise
. 

Owner 
β =

{
Ω, Ω ≤ Δ
Δ, otherwise , t =

{ (Δ + ηL)(4c − Δ − ηL)
4c

, ηL ≤ 2c − Δ

Δ + ηL − c, otherwise
. 

Contractor 
e =

{Δ + ηL
2c

, ηL ≤ 2c − Δ

1, otherwise
.  

When the contractor has a relatively low liability (Ω ≤ Δ), the fine coefficient f = Δ+ ηL − Ω > ηL. In other words, the government 
should set a higher fine coefficient for the contractor with lower liabilities. Meanwhile, when social welfare losses are relatively low 
(ηL ≤ 2c − Δ), the standard effort e0 =

Δ+ηL
2c < 1. Therefore, the possibility of occurring a safety accident is 

(
1 −

Δ+ηL
2c

)
η > 0. 

Furthermore, the optimal quality effort exerted by the contractor is equal to the standard quality effort e0, i.e., government regulation 
can effectively prevent contractor’s moral hazards. 

Proposition 1. For dominant projects, the impacts of social welfare losses L are summarized as follows:  

(i) ∂e0
∂L ≥ 0 holds, i.e., the standard effort e0 is increasing in social welfare losses L.  

(ii) ∂ΠOE
∂L ≤ 0 holds, i.e., the owner’s expected payoffs ΠOE are decreasing in social welfare losses L. 

As the social welfare losses L increase, the government improves the standard effort e0 to reduce the possible social welfare losses 
and sets a higher fine coefficient to force the selfish contractor to achieve the standard effort. However, the standard effort exceeds the 
effort that the owner intends to induce, i.e., e0 =

Δ+ηL
2c > Δ

2c. To induce the contractor to produce the construction project, the owner 
needs to provide the contractor with a higher contract price. Therefore, the owner’s expected payoffs decrease in social welfare losses L 
accordingly. Especially, in the case of ηL > 2c − Δ, the social welfare losses are too severe that the government always would like to 
induce the profit-maximizing contractor to exert a quality effort equal to 1. The graphical illustration of Proposition 1 is shown in 
Fig. 3. 

Fig. 3. Effects of L on e0 and ΠOE respectively when Qh = 0.8,Ql = 0, η = 0.1, c = 0.6, p = 0.6.  
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4.1.2. General projects 
For general projects, the sequence of the game is as follows. First, the government determines the fines of φ for the contractor. 

Second, the owner provides the construction contract that specifies the contract price t and the penalty term β for low quality. If the 
contractor rejects, the game ends. Third, the contractor exerts a quality effort e, and then nature determines project quality q. Fourth, 
the supervisor spot-checks the project quality with probability p and submits quality reports to the owner. Fifth, the government spot- 
checks project quality with probability ξ. Sixth, low-quality projects will occur safety accidents with probability η. The game process is 
summarized in Fig. 4. 

Since the game contains multiple rounds of strategic interactions, backward induction is applied to ensure subgame perfection. In 
the fourth stage, the benevolent supervisor will always report truthfully. Thus, the owner pays the fixed supervision fees equal to zero. 
In the third stage, the contractor’s expected payoffs include the contract price t, the construction costs ce2, the expected penalties of 
(1 − e)[p+(1 − p)ξ]β imposed by the owner, and the expected fines of (1 − e)(1 − p)ξφ imposed by the government, which are given by 
ΠCG = t − ce2 − (1 − e)[p + (1 − p)ξ]β − (1 − e)(1 − p)ξφ. The contractor determines the private quality effort e to maximize its 
expected payoffs ΠCG. Therefore, the contractor’s incentive compatibility constraint is given by 

e= argmax
e

ΠCG (4)  

in the second stage, given equation (4), the owner determines the contract price t and the penalty term β to maximize the owner’s 
expected payoffs ΠOG, which are ΠOG = eQh + (1 − e)Ql − t+ (1 − e)[p + (1 − p)ξ]β. The contractor’s individual rationality constraint 
should be satisfied, which is formally given by ΠCG ≥ 0. Otherwise, the contractor will not join in the production of the project. Now, 
the owner’s optimization program can be summarized as 

Subject to

maxe∈[0,1],t≥0,β∈[0,Ω]ΠOG

ΠCG ≥ 0,

e = arg maxeΠCG,

(5) 

Solving the above mathematical programming (5) derives the equilibrium outcomes, as summarized in Lemma 2. 

Lemma 2. The optimal construction contracts provided by the owner are given by:   

Owner Contractor 

When Ω ≥
Δ

p + (1 − p)ξ 
β =

Δ
p + (1 − p)ξ 

t =
Δ + (1 − p)ξφ

4c
[4c − Δ − (1 − p)ξφ]

e =
Δ + (1 − p)ξφ

2c 

When Ω <
Δ

p + (1 − p)ξ  
β = Ω, 

t =
Ψ(4c − Ψ)

4c
, where Ψ = [p + (1 − p)ξ]Ω+ (1 − p)ξφ 

e =
Ψ
2c   

In the first stage, the government’s expected payoffs are ΠGG = (1 − e)(1 − p)ξφ − (1 − e)ηL. The goal of the government is to 
determine the fines φ to maximize the expected payoffs of the construction system ΠSG, which is the sum of the owner’s expected 
payoffs ΠOG, the contractor’s expected payoffs ΠCG, and the government’s expected payoffs ΠGG. Namely, ΠSG = eQh + (1 − e)Ql −

ce2 − (1 − e)ηL. Thus, the government’s optimization problem is 

max
φ

ΠSG = eQh +(1 − e)Ql − ce2 − (1 − e)ηL (6) 

By solving the government’s optimization problem (6), we derive the following equilibrium. 

Corollary 2. When general projects face contractor’s moral hazards, in equilibrium:  

Players Decision variables 

Government 

φ =

⎧
⎪⎪⎨

⎪⎪⎩

Δ + ηL − [p + (1 − p)ξ]Ω
(1 − p)ξ

, for Ω ≤
Δ

p + (1 − p)ξ
ηL

(1 − p)ξ
, otherwise

. 

(continued on next page) 

Fig. 4. The sequence of events for general projects with moral hazards.  

L. Cui et al.                                                                                                                                                                                                             



Heliyon 9 (2023) e18579

8

(continued ) 

Players Decision variables 

Owner 

β =

⎧
⎨

⎩

Ω, Ω ≤
Δ

p + (1 − p)ξ
Δ

p + (1 − p)ξ
, otherwise

, t =
(Δ + ηL)(4c − Δ − ηL)

4c
. 

Contractor 
e =

{Δ + ηL
2c

, ηL ≤ 2c − Δ

1, otherwise
.  

For general projects, ∂e/∂L ≥ 0, which means the contractor will exert more effort as social welfare losses L increase. The reason is 
that to reduce the possible social welfare losses, the government sets high fines on the contractor, i.e., ∂φ/∂L ≥ 0. As for the owner, 
when ηL ≤ 2c − Δ, ∂t/∂L ≥ 0, i.e., the owner should increase the contract price t as the social welfare losses L increase. Otherwise, 
∂t/∂L < 0, thus the owner should decrease the contract price. 

Proposition 2. For general projects, when Δ > [p+(1 − p)ξ]Ω and ηL > 2c + [p+(1 − p)ξ]Ω − 2Δ, the owner’s expected payoffs ΠOG in
crease in social welfare losses L. Otherwise, the owner’s expected payoffs decrease in L. 

When Δ > [p+(1 − p)ξ]Ω and ηL ≤ 2c+ [p + (1 − p)ξ]Ω − 2Δ, the marginal benefits Δ are less than the marginal costs g(L) = 2c+
[p + (1 − p)ξ]Ω − Δ − ηL. Therefore, the owner suffers losses from government regulation. However, ∂g(L)/∂L = − η ≤ 0. As the 
welfare losses increase, the marginal benefit exceeds the marginal costs, and the owner can benefit from the government regulation 
thereby. Instead, when Δ ≤ [p + (1 − p)ξ]Ω, the government induces the contractor to exert an effort that is more than the optimal 
quality effort the owner prefers. Therefore, the owner’s expected payoffs are decreasing in social welfare losses L. Furthermore, when 
ηL > 2c − Δ the social welfare losses are so expensive that the government always induces the contractor to spend a quality effort that 
is equal to one. Hence, the owner’s expected payoffs ΠOG do not change with social welfare losses L. The graphical illustration of the 
effects of social welfare losses L on the owner’s expected payoffs ΠOG is given in Fig. 5. 

4.2. Covert collusion 

This section examines the collusive scenario in which a self-serving supervisor may manipulate the supervision report in exchange 
for bribes from the contractor. Unethical collusive behaviors are common phenomena, and the collusive pact between the supervisor 
and contractor is one of the primary collusive practices in construction projects [12,13]. A typical example is a major accident in the 

Fig. 5. Effects of L onΠOG whenQh = 1,Ql = 0, η = 0.1, c = 0.6, p = 0.7, ξ = 0.3.  
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Guizhou section of the Shanghai-Kunming high-speed railway in 2017. Gansu Tieke Supervision Company was negligent in on-site 
monitoring and signed off the internal data arbitrarily, which finally led to the collapse of the diversion cave of the Baiyan Foot 
Tunnel, causing some serious economic losses. 

Unofficial activities generally involve unofficial commitments, such as threats and promises, because the conspirators should be able 
to credibly abide by their promises when reaching an agreement. Since unofficial commitments cannot be enforced by a third party, e.g., 
the court, there need some strategies that can ensure compliance with unofficial commitments, such as reputation and reciprocity [45, 
53]. Following this literature, we assume the unofficial commitments are self-enforceable. Furthermore, proving collusion in public 
procurement is a pervasive challenge, especially in court for public prosecutors; despite plea agreements, proof of the crimes is still 
lacking in many cases [21]. Therefore, the side transactions among colluders are well hidden and can’t be directly forbidden [54]. 

4.2.1. Dominant projects 
Before deriving the optimal regulation strategies of the government, the sequence of the game is given as follows. First, the 

government determines the fines of fc(e0 − e), fs(e0 − e) to the contractor and the supervisor, respectively and standard quality effort e0. 
Second, the owner specifies the contract price t and the penalty term β(e0 − e) for the contractor. Third, the supervisor and the 
contractor decide whether to collude. In a collusion-free case, the contractor alone determines the private effort e; otherwise, they 
jointly determine the effort e. Finally, project quality is realized, and low-quality projects will occur safety accidents with probability η. 
This game sequence is summarized in Fig. 6. 

Since the game contains multiple rounds of strategic interactions, backward induction is applied to ensure subgame perfection. In 
the third stage, when collusion does not occur, i.e., the contractor spends the standard quality effort e0, the collectively expected 
payoffs of the contractor and the supervisor are ΠCF = t − ce2

0. Instead, in the collusive context, they jointly determine a quality effort 
that e ≤ e0. The contractor can save costs, but they face the possibility of fines for this. Therefore, their collective expected payoffs are 
Πc

E = t − ce2 − ξ(e0 − e)(fc + fs + β). 
From the perspective of the supervisor and the contractor, their goal is to jointly determine e to maximize the expected payoffs ΠCC. 

By applying first-order conditions, the contractor spends an effort ec as shown in equation (7). 

2cec − ξ(fc + fs + β)= 0 (7) 

To prevent supervisor-contractor collusion, their expected payoffs in the case of collusion should be less than that in the case 
without collusion, i.e., ΠCF ≥ Πc

E. Therefore, the following collusion-proof onstraint should be satisfied 

2ce0 − ξ(βc + βs + β) ≤ 0 (8)  

In the second stage, when the collusion-proof constraint (8) is satisfied, the owner achieves a same equilibrium as that in.Lemma 1 
Here it will not be reported again. Therefore, the government’s constraint optimization problem is. 

Subject to
maxfc ,fs≥0,e0∈[0,1]Π

c
SE= eQh + (1 − e)Ql− ce2 − (1 − e)ηL.

2ce0− ξ(βc + βs+β)≤ 0.
(9) 

By solving the above optimization problem (9), we can derive the following equilibrium. 

Corollary 3. When dominant projects face the threat of collusion, in equilibrium:  

Players Decision variable 

Government 
fc =

{
Δ + ηL − Ω, for Ω ≤ Δ

ηL, otherwise , fs ≥ (Δ+ηL)
(1

ξ
− 1

)
, e0 =

{Δ + ηL
2c

, ηL ≤ 2c − Δ

1, otherwise
. 

Owner 
β =

{
Ω, Ω ≤ Δ
Δ, otherwise , t =

{ (Δ + ηL)(4c − Δ − ηL)
4c

, ηL ≤ 2c − Δ

Δ + ηL − c, otherwise
. 

Contractor 
e =

{Δ + ηL
2c

, ηL ≤ 2c − Δ

1, otherwise
.  

Compared with the moral hazard problem, the presence of collusion forces the government to provide incentives to the supervisor. 
For dominant projects, since the supervisor can observe the contractor’s effort directly when the government learns that e < e0, the 
government can impose a high enough fine to let the supervisor give up collusion. Moreover, for fear of abusing authority, this 

Fig. 6. The sequence of events for dominant projects with collusion.  
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coefficient should be set to a minimum value of fs = (Δ + ηL)(1 /ξ − 1). 

Proposition 3. Under the threat of collusion, the fine coefficient fs has following characteristics:  

(i) ∂fs
∂L ≥ 0 holds, i.e., the fine coefficient fs increases with social welfare losses L.  

(ii) ∂fs
∂ξ ≤ 0 holds, i.e., the fine coefficient fs decreases with probability ξ. 

As social welfare losses L increase, the government needs to raise the standard effort e0, which in turn improves collusion surplus for 
the colluders. Therefore, the government determines a higher fine coefficient to prevent collusion. Moreover, as the probability ξ of 
government’s spot checks increases, it is more likely to discover the fact that the contractor exerts a substandard effort, resulting in less 
collusion surplus. Hence, the government can set a smaller fine coefficient for the supervisor. The graphical illustration of the fine 
coefficient fs for the supervisor is shown in Fig. 7. 

4.2.2. General projects 
For general projects, the game process under threat of collusion is given as follows. First, the government decides on the fines φs,φc on 

the supervisor and the contractor, respectively. Second, the owner provides the construction contract specifying the contract price t and 
penalty terms β, and the supervision contract specifying the supervision fees S. If anyone rejects, the game ends. Third, the contractor 
determines the effort e, and then nature determines quality q. Fourth, the supervisor spot-checks project quality and decides whether to 
collude. Fifth, if the supervisor reports low quality, the owner imposes a penalty β; otherwise, the government spot-checks the project 
with probability ξ. Finally, low-quality projects occur safety accidents with probability η. The game process is summarized in Fig. 8. 

Since the game contains multiple rounds of strategic interactions, backward induction is applied to ensure subgame perfection. In 
the fourth stage, when the supervisor learns poor quality, their collective profits in a collusion-free context are − β. Instead, their 
collective profits in a collusive context are − ξ(φc + β + φs). To prevent collusion, the incentive mechanism should satisfy − β ≥ −

ξ(φc + β + φs). Therefore, the collusion-proof constraint is given by 

ξ(φc +φs) − (1 − ξ)β ≥ 0 (10)  

in the third stage, given the collusion-proof constraint (10), the contractor decides on the quality effort e to maximize expected payoffs 
Πc

CG. The contractor’s expected payoffs Πc
CG include the contract price t, construction costs ce2, expected penalties (1 − e)[p+(1 − p)ξ]β 

imposed by the owner, and expected fines (1 − e)(1 − p)ξφc collected by the government. Thus, the contractor’s expected payoffs are 
Πc

CG = t − ce2 − (1 − e)[p + (1 − p)ξ]β − (1 − e)(1 − p)ξφc. Therefore, the contractor’s incentive compatibility constraint is given as 
follows. 

Fig. 7. Effects of different parameters on fs when Qh = 1,Ql = 0, c = 0.6, η = 0.1.  

L. Cui et al.                                                                                                                                                                                                             



Heliyon 9 (2023) e18579

11

e= argmax
e

Πc
CG (11)  

in the second stage, given equation (11), the owner determines the contract price t, penalty term β, and supervision fees S to maximize 
its expected payoffs, which are Πc

OG = eQh + (1 − e)Ql − t − S+ (1 − e)[p + (1 − p)ξ]β. To ensure the agents join in the contract, their 
individual rationality constraints should be satisfied, which are Πc

CG ≥ 0, Πc
SG = S − (1 − e)(1 − p)ξφs ≥ 0. Therefore, the owner’s 

optimization programming is described as 

Subject to
maxe∈[0,1],t,S≥0,β∈[0,Ω]Πc

OG

Πc
CG ≥ 0,ΠSG ≥ 0,

e = arg maxeΠc
CG

(12) 

Solving the above optimization programming (12) derives the equilibrium outcomes summarized in Lemma 3. 

Lemma 3. The optimal construction contracts provided by the owner are given by:   

Owner Contractor 
When Ω ≥

Δ + (1 − p)ξφs
p + (1 − p)ξ

, 
β =

Δ + (1 − p)ξφs
p + (1 − p)ξ

, t =
Δ + (1 − p)ξ(φc + φs)

4c
[4c − Δ − (1 − p)ξ(φc + φs)],S =

(
1 −

Δ + (1 − p)ξ(φc + φs)

2c

)

(1 − p)ξφs. 

e =

Δ + (1 − p)ξ(φc + φs)

2c
. 

When Ω <

Δ + (1 − p)ξφs
p + (1 − p)ξ

, 
β = Ω, t =

Х(4c − Х)
4c

, where Х = [p + (1 − p)ξ]Ω+ (1 − p)ξφc.S =
(
1 −

Х
2c

)
(1 − p)ξφs. e =

Х
2c

.  

In the first stage, the government’s expected payoffs are Πc
GG = (1 − e)(1 − p)ξ(φc + φs) − (1 − e)ηL. The government aims to 

maximize the expected payoffs of the construction system, which are Πc
SY = Πc

OG + Πc
SG + Πc

CG + Πc
GG = eQh + (1 − e)Ql − ce2 − (1 −

e)ηL. Therefore, the government’s optimization problem can be described as 

Subject to
maxφc ,φs Π

c
SY = eQh + (1 − e)Ql − ce2 − (1 − e)ηL.

ξ(φc + φs) − (1 − ξ)β ≥ 0.
(13) 

By solving the above optimization programming (13), Corollary 4 summarizes the equilibriums outcomes. 

Corollary 4. When general projects face the threat of collusion, in equilibrium:  

When ηL ≥

(1 − p)(1 − ξ)Δ
p + (1 − p)ξ

, The equilibrium is the same as that without collusion. 

When ηL <

(1 − p)(1 − ξ)Δ
p + (1 − p)ξ

, 

Government 

φc =

⎧
⎪⎪⎨

⎪⎪⎩

Δ + ηL − [p + (1 − p)ξ]Ω
(1 − p)ξ

, Ω ≤
ηL

(1 − ξ)(1 − p)

[2(1 − p)(1 − ξ) − 1]ηL + (1 − p)(1 − ξ)Δ
ξ(1 − ξ)(1 − p)2 , otherwise

,φs =

⎧
⎪⎪⎨

⎪⎪⎩

Ω − Δ − ηL
(1 − p)ξ

, Ω ≤
ηL

(1 − ξ)(1 − p)

[p + (1 − p)ξ]ηL − (1 − p)(1 − ξ)Δ
ξ(1 − ξ)(1 − p)2 , otherwise

. 

Owner 

β =

⎧
⎪⎨

⎪⎩

Ω, Ω ≤
ηL

(1 − ξ)(1 − p)
ηL

(1 − ξ)(1 − p)
, otherwise

, t =
(Δ + ηL)(4c − Δ − ηL)

4c
,S =

⎧
⎪⎪⎨

⎪⎪⎩

(2c − Δ − ηL)(Ω − Δ − ηL)
2c

, Ω ≤
ηL

(1 − ξ)(1 − p)

(2c − Δ − ηL){[p + (1 − p)ξ]ηL − (1 − p)(1 − ξ)Δ}

2c(1 − ξ)(1 − p)
, othwewise

. 

Contractor e =

{Δ + ηL
2c

, ηL ≤ 2c − Δ

1, otherwise
. 

Fig. 8. The sequence of events for general projects with collusion.  
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When the social welfare losses are relatively high (case i), the government can impose extremely high fines, which force the 
contractor to give up colluding with the corrupt supervisor. Therefore, the collusion-proof constraint is not binding. Instead, when the 
social welfare losses are relatively low (case ii), colluding with the supervisor becomes profitable for the contractor. Therefore, the 
government should determine the fines that satisfy the collusion-proof constraint. The proof of Corollary 4in Appendixes has shown 
that any fines that cannot make the collusion-proof contract binding will decrease the construction system’s expected payoffs. The 
reason is that the severe fines will cause over-incentive problems. Therefore, the collusion-proof constraint should keep binding under 
such a circumstance. 

Proposition 4. If ηL ≤ (1 − p)(1 − ξ)Ω, the owner’s expected payoffs Πc
OG increase in L. Otherwise, Πc

OG decrease. 
In zone I (ηL > (1 − p)(1 − ξ)Ω), the expensive social welfare losses make the government induce the contractor to spend more 

effort than the value the owner prefers. Hence, the owner’s expected payoffs Πc
OG decrease. Instead, in zone II (ηL ≤ (1 − p)(1 − ξ)Ω), 

the marginal benefits exceed the marginal costs. Hence, the owner’s expected payoffs Πc
OG increase. By contrast, in zone III (ηL ≥ (1 −

p)(1 − ξ)Δ/[p + (1 − p)ξ]), the fines are so high that the contractor gives up colluding with the supervisor. Finally, in zone IV, the 
social welfare losses are so expensive that the government induces the contractor to exert an effort equal to one. The graphical 
illustration is given in Fig. 9. 

5. Implications 

The optimal government regulation strategies are derived through the above analysis. Based on the developed game model and the 
derived equilibrium outcomes, several novel managerial implications are further proposed to analyze the effects of government 
regulation on construction projects under threat of unethical opportunistic behaviors. 

Corollary 5. The government can benefit from regulation at the expense of the owner’s interests. 
Undoubtedly, the presence of opportunistic behaviors generates adverse effects for the owner. To prevent these unethical be

haviors, the government penalizes the supervisor and contractor for failing to fulfill their duties. However, the shock or noise during 
the construction and supervision process exposes the contractor and supervisor to additional risks. The incurred losses should be 
compensated by the project owner. Otherwise, they will refuse to participate in the construction and supervision contracts. The 
government collects these penalties from the contractor and the supervisor, thereby reaping benefits from regulating such unethical 
opportunistic behaviors at the expense of owners’ interests. Therefore, the owner may discontinue the procurement of high-risk 
construction projects under certain circumstances. 

Corollary 6. Government regulation can achieve systemic optimality. 
Under government regulations, the contractor’s optimal quality efforts in different equilibriums are equal to Δ+ηL

2c , which means the 
government can make the system achieve optimal outcomes. The intuitive explanation is that since government regulation is executive 
action [55], the government can take not only monetary fines but also non-monetary penalties in the implementation process, such as 
reduced qualifications or imprisonment. The government can implement sufficiently high incentives to deter opportunistic behaviors 
in construction projects effectively. Therefore, the government can induce the contractor to spend an optimal effort that maximizes the 
expected payoffs of the system. 

Fig. 9. Effects of Ω on Πc
OG when Δ = 0.7, c = 0.8, p = 0.6, ξ = 0.3, η = 0.1,Ω = 0.5.  
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Corollary 7. Government regulation may hurt the interests of the owner in some cases. 
The government aims to maximize the interests of the system, while the owner seeks to maximize their own self-interests. When the 

contractor has a relatively low liability, government regulation can compel the contractor to exert more effort. Both the owner and 
government benefit from incentivizing greater effort. While the contractor has a relatively high liability, the owner intends to induce 
the contractor to spend an effort equal to Δ

2c , but the government wants to induce an effort equal to Δ+ηL
2c . Increasing effort will result in 

the owner transferring more payments to the contractor for construction projects. Therefore, government regulations can cause losses 
for owners in such situations 

Corollary 8. Government regulation reduces the risks of occurring accidents to 
(
1 − min

{Δ+ηL
2c ,1

} )
η. 

The government aims to maximize the expected payoffs of the system rather than completely eliminating security risks, as doing so 
would be prohibitively expensive and could hinder growth in the construction industry. As Corollary 5 shows, the owner may choose 
not to undertake projects due to the indirect burden of exorbitant fines. Furthermore, this corollary implies that projects with high 
profitability or the potential to generate significant social welfare losses are less likely to experience safety accidents, while those with 
high production costs are more prone to such incidents. These findings can offer valuable and helpful guidance for enhancing gov
ernment supervision of construction projects. 

Corollary 9. General projects are more susceptible to opportunistic behaviors than dominant ones. 
Although dominant projects play a decisive role in safety, health, environmental protection, and public interest, the present su

pervision system in the construction industry exposes general projects to more severe information asymmetry. The existence of a 
construction supervisor ensures informational symmetry in dominant projects. In contrast, imperfect supervision technology results in 
an asymmetrical information context for general projects. Corollary 5 demonstrates that despite the government’s ability to prevent 
opportunistic behaviors, the owner still suffers additional losses. Therefore, general projects are more susceptible to opportunistic 
behaviors than dominant ones, which emphasizes the owner’s need for the strengthened supervision management of general con
struction projects. 

6. Discussion 

In this study, we investigate optimal government regulation strategies for inhibiting different opportunistic behaviors in con
struction projects and propose several novel managerial implications to analyze the effects of government regulation on construction 
projects. Consistent with previous studies of government regulation [14,15], our findings demonstrate that the government can play a 
significant role in regulating opportunistic behaviors. Especially government regulation can achieve systemic optimality. However, it 
should be noted that government interventions through regulation may not always align with the interests of owners and could 
potentially harm them in certain cases. There are two intuitive explanations for this phenomenon. First, according to Corollary 5, the 
supervisor and the contractor may be held accountable for certain risks arising from environmental factors or imperfect supervision 
technology [49], which will ultimately fall upon the owner. Second, as Corollary 7 reveals, the project owner and government may 
have conflicting interests. Based on the above analysis, we can deduce that the owner may refrain from purchasing or producing 
construction projects under certain circumstances, such as those with high risk or low profitability. This outcome could potentially 
adversely affect the robust growth of the whole construction industry. 

Moreover, deviating from prior research that emphasizes the principal’s responsibility in designing incentive mechanisms or 
contracts to mitigate opportunistic behaviors, this paper underscores the regulatory role of government. The reasons for this shift are 
threefold. Firstly, due to the intricate nature of construction, the diverse range of skills required, and the sheer scale of some projects, 
combined with lengthy execution periods, it presents a challenge for those without an understanding of construction processes and 
procedures to effectively control and manage the construction process [56]. The owner’s specialized knowledge and skills are 
comparatively inferior to those of the government’s specially designated inspection agency. Secondly, since the agents hired by the 
owner are generally protected by their liabilities, the owner cannot offer additional incentives beyond liability [35]. In contrast, the 
government is not bound by this constraint and can provide more diverse incentives [22,23], such as non-monetary ones like 
imprisonment. Thirdly, the owner may not always desire the quality requirements set by the government, which could lead to a lack of 
motivation to prevent opportunistic behaviors. However, contrary to existing studies that suggest such behaviors can reduce contractor 
efficiency, our findings show that government regulation can facilitate first-best outcomes within the system. Therefore, this 
conclusion can provide strong support for government regulation. 

Furthermore, there are still some necessary extensions that deserve further study. First, the supervision costs of the supervisor and 
the government are ignored in the study. What are the optimal regulation strategies if supervision costs exist? Second, what if the 
supervision unit on behalf of the government may also be selfish and opportunistic? And how to govern corruption? Finally, what if the 
owner may collude with the contractor to pursue more self-profits? 

7. Conclusions 

Opportunistic behaviors during construction can lead to poor quality construction projects and safety accidents, which call for 
government regulation on construction projects. Towards this end, this paper investigates optimal government regulation strategies to 
inhibit opportunistic behaviors in construction projects. A multi-stage dynamic game model with asymmetric information is developed 
to characterize multiplayers’ strategic interactions. Two opportunistic behaviors are explored, i.e., the contractor’s moral hazard and 
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supervisor-contractor collusion. According to the characteristic of construction projects, the regulation problems are further divided 
into hidden information for general projects and hidden effort for dominant projects. This study explores the contractor’s moral hazard 
scenarios wherein the supervisor is benevolent and always reports truthfully. In this case, the optimal fine (coefficient) to the 
contractor for failing to meet the requirements is derived. Subsequently, to manage the secret collusion between the supervisor and the 
contractor, the optimal fine (coefficient) for their failure to fulfill their responsibilities is determined. Subsequently, by analyzing the 
equilibrium outcomes, this study proposes several novel managerial implications to present the effects of government regulation on 
construction projects under threat of unethical opportunistic behaviors. This study provides theoretical support for government 
regulation on opportunistic behaviors in construction projects. 
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Appendix I 

Proof of Corollary 1. 
Since the economic contractor can’t benefit from spending more quality effort, the quality effort will not be more than e0, i.e., e =

e0. Therefore, the fine coefficient f is 

f =

{
2ce0 − Ω, for Ω ≤ Δ

2ce0 − Δ, for Ω > Δ
(A.1)  

By substituting f , the optimization program can be transferred into the unconstrained optimization problem 

max
e0∈(0,1)

ΠSE = e0Qh + (1 − e0)Ql − ce2
0 − (1 − e0)ηL (A.2) 

The first derivative of ΠSE to e0 is 

∂ΠSE

∂e0
= Δ − 2ce + ηL (A.3) 

Therefore, the standard quality effort is 

e0 =

⎧
⎪⎨

⎪⎩

Δ + ηL
2c

ηL ≤ 2c − Δ

1 ηL > 2c − Δ
(A.4) 

By substituting e0 into f , the optimal fine coefficient is 

f =

{
Δ + ηL − Ω, for Ω ≤ Δ

ηL, for Ω > Δ
(A.5) 

Proof of Corollary 2. 
The first derivative of ΠSG to φ is 

∂ΠSG

∂φ
= [Δ − 2ce + ηL]

∂e
∂φ

(A.6) 

By substituting the owner’s response into equation (6), the analysis is continued as follows.  

i. When Ω ≤ Δ
p+(1− p)ξ, 

∂ΠSG
∂φ =

1− p
2c ξ[Δ + ηL − [p + (1 − p)ξ]Ω − (1 − p)ξφ]. Thus, φ =

Δ+ηL− [p+(1− p)ξ]Ω
(1− p)ξ . 
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ii. When Ω ≥ Δ
p+(1− p)ξ, 

∂e
∂φ =

(1− p)ξ
2c , so ∂ΠSG

∂φ =
1− p
2c ξ[ηL − (1 − p)ξφ]. Thus, the fines are φ =

ηL
(1− p)ξ. 

Therefore, the optimal fines imposed by the government on the contractor is 

φ =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

Δ + ηL − [p + (1 − p)ξ]Ω
(1 − p)ξ

, for ξ ≤
Δ − pΩ
(1 − p)Ω

ηL
(1 − p)ξ

, for ξ >
Δ − pΩ
(1 − p)Ω

(A.7) 

Proof of Proposition 2. 
The owner’s expected payoffs can be rewritten as ΠOG = eQh + (1 − e)Ql − ce2 − (1 − e)(1 − p)ξφ. Therefore, the first derivative of 

ΠOG to L is 

∂ΠOG

∂L
= [Δ − 2ce + (1 − p)ξφ]

∂e
∂L

− (1 − e)(1 − p)ξ
∂φ
∂L

(A.8)    

i. When Ω ≥ Δ
p+(1− p)ξ, 

∂ΠOG
∂L = − (1 − e)(1 − p)ξ ∂φ

∂L ≤ 0.  

ii. When Ω < Δ
p+(1− p)ξ, 

∂ΠOG
∂L =

η
2c {2Δ − 2c + ηL − [p + (1 − p)ξ]Ω}. 

That is, when ηL ≤ 2c+ [p + (1 − p)ξ]Ω − 2Δ, ∂ΠOG
∂L ≤ 0, otherwise, ∂ΠOG

∂L > 0. 
Proof of Corollary 3. 
In the first stage, since collusion cannot be observed by the outsider, when the quality effort e is lower than the standard effort e0, 

the fine coefficient for the contractor is 

fC =

{
2ce0 − Ω, for Ω ≤ Δ

2ce0 − Δ, for Ω > Δ
(A.9)  

thus, the optimal standard quality effort is given by 

e0 =
Δ + ηL

2c
(A.10) 

Substituting fC and β into equation (8), the fine coefficient for the supervisor is 

fs ≥ 2ce0

(
1
ξ
− 1

)

(A.11) 

For fear of abusing authority by the quality supervision station, the fine coefficient for the supervisor is 

fs = (Δ + ηL)
(

1
ξ
− 1

)

(A.12) 

Proof of Corollary 4. 
The first derivatives of Πc

SY to βc and βs are 

∂Πc
SY

∂φc
= (Δ − 2ce + ηL)

∂e
∂φc

(A.13)  

∂Πc
SY

∂φs
= (Δ − 2ce + ηL)

∂e
∂φs

(A.14)    

1) When the collusion-proof constraint is not binding,i.e., ξ(φc + φs) − (1 − ξ)β > 0.The government’s mathematical optimization 
program can be transferred into an unconstrained optimization problem, which is the same as Section 4.2.Here we will not report it 
again and provide the equilibrium outcomes as follows. 

φc =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

Δ + ηL − [p + (1 − p)ξ]Ω
(1 − p)ξ

, for ξ ≤
Δ − pΩ
(1 − p)Ω

ηL
(1 − p)ξ

, for ξ >
Δ − pΩ
(1 − p)Ω

,φs = 0 (A.15)  

since ξ(φc + φs) − (1 − ξ)β > 0, ηL ≥
(1− p)(1− ξ)Δ

p+(1− p)ξ . 
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2) When the collusion-proof constraint is binding, i.e., ξ(φc + φs) − (1 − ξ)β = 0.  
a) When Ω ≥

Δ+(1− p)ξφs
p+(1− p)ξ , e =

Δ+(1− p)ξ(φc+φs)
2c , β =

Δ+(1− p)ξφs
p+(1− p)ξ . 

∂e
∂φs

=
(1 − p)2ξ(1 − ξ)
2c[p + (1 − p)ξ]

≥ 0 (A.16)  

∂Πc
SY

∂φs
=

[

ηL − (1 − p)(1 − ξ)
Δ + (1 − p)ξφs

p + (1 − p)ξ

]
∂e

∂φs
(A.17)  

Therefore, the optimal fines for the supervisor are 

φs =
[p + (1 − p)ξ]ηL − (1 − p)(1 − ξ)Δ

ξ(1 − ξ)(1 − p)2 (A.18)  

By substituting φs into the contractor’s incentive compatibility constraint, the penalty terms are. 

β =
ηL

(1 − p)(1 − ξ) (A.19)  

By substituting β into collusion-proof constraint, the fines for the contractor are. 

φc =
[2(1 − p)(1 − ξ) − 1]ηL + (1 − p)(1 − ξ)Δ

ξ(1 − ξ)(1 − p)2 (A.20)  

since Ω ≥
Δ+(1− p)ξφs

p+(1− p)ξ ,Ω ≥
Δ+(1− p)ξφs

p+(1− p)ξ =
ηL

(1− ξ)(1− p). 

∂Πc
SY

∂φc
= {Δ − [p + (1 − p)ξ]Ω − (1 − p)ξβc + ηL}

(1 − p)ξ
2c

(A.21)    

b) When Ω <
Δ+(1− p)ξφs

p+(1− p)ξ , e =
[p+(1− p)ξ]Ω+(1− p)ξφc

2c ,β = Ω, ∂e
∂φc

=
(1− p)ξ

2c > 0. 

Thus, the fines for the contractor are 

φc =
Δ + ηL − [p + (1 − p)ξ]Ω

(1 − p)ξ
(A.22)  

By substituting φc into collusion-proof constraint, the fines for the supervisor are 

φs =
Ω − Δ − ηL
(1 − p)ξ (A.23) 

Proof of Proposition 4. 
The owner’s expected payoffs are rewritten as 

Πc
OG = eQh + (1 − e)Ql − ce2 − (1 − e)(1 − p)(1 − ξ)β (A.24) 

The first derivative is 

∂Πc
OG

∂L
= [Δ − 2ce + (1 − p)(1 − ξ)β]

∂e
∂L

− (1 − e)(1 − p)(1 − ξ)
∂β
∂L

(A.25) 

i. When Ω ≥
ηL

(1− p)(1− ξ), β =
ηL

(1− p)(1− ξ), e =
Δ+ηL

2c , ∂Πc
OG

∂L = − (1 − e)η < 0. 

ii. When Ω <
ηL

(1− p)(1− ξ), β = Ω, e =
[p+(1− p)ξ]Ω+(1− p)ξφc

2c =
Δ+ηL

2c , ∂Πc
OG

∂L = [ − ηL + (1 − p)(1 − ξ)Ω]
η
2c. 

Appendix II 

Here, we perform a sensitivity analysis to establish that any variations in parameters do not affect the conclusions. 
The verification of Proposition 1 
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The verification of Proposition 2 

The verification of Proposition 3 

The verification of Proposition 4 
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