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Abstract

:

Overage construction workers have received widespread attention due to the higher safety risk. The balance of interests among the contractor, supervisor, and regulator forms a game, whose dynamics are tightly linked to the contractor’s risk perception. This study aims to construct a tripartite evolutionary game model with risk perception integrated, thus proposing tailored supervisory strategies for supervisors and regulators. Unlike the traditional scale-based approach, a behavior-based method is developed to measure the contractor’s risk perception, which improves the interpretability of results and avoids complex questionnaire surveys. The simulation results reveal a clear correlation between the contractor’s risk perception and behavior. It is recommended that supervisors increase penalties and the initial possibility of Rigorous Inspection properly, and regulators may consider enhancing credit-based future returns and losses. Notably, certain measures may not be applicable to all contractors. Hence, supervisors and regulators should identify their risk perception before adopting supervisory strategies.
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1. Introduction


In the context of an aging and labor-short construction industry [1], overage workers (OWs) are commonly employed at construction sites when a huge demand for workers is present. Considering the extra safety threats posed by OWs [2,3], governments and scholars have paid close attention to this group. Overage workers generally have poorer physical capabilities [4,5] and are more vulnerable to serious injuries [6,7] than younger workers. Hence, regulatory authorities in Shanghai [8] and Jiangsu [9] have issued policies to prohibit workers above the retirement age from engaging in construction positions. And the adverse impact of hiring OWs on the contractor’s credit is also highlighted.



Despite the growing focus on OWs, current research exhibits significant deficiencies. Primarily, the supervision of OWs is rarely emphasized. Currently, there is no unified definition of OWs [10], and studies mainly concentrate on the physical [11,12] and mental health [13] of “elderly construction workers”. Due to the poor performance in health and safety, the presence of OWs is perceived as an important risk factor at construction sites [2]. However, the existing literature lacks in-depth discussions on supervisory measures for this group. Secondly, variances in the contractor’s risk perception (RP) are frequently overlooked. Contractors are concerned about the risk associated with the overaged, thus implementing management based on project conditions and supervision status. It is found that the contractor’s behavior is affected not only by risk, but also by their attitude towards risk (i.e., risk perception [14]) [15,16]. Differences in risk perception [14] resulting in varied responses: contractors with more intense RP tend to avoid risk, while those with weaker RP may disregard it [17]. Hence, clarifying the contractor’s RP is essential for stakeholders to make proper decisions [18]. On account of the limited measurement methods, targeted strategies that consider risk perception difference are rarely proposed, leading to supervisory effects deviating from the ideal state [19].



To address the deficiencies, this study aims to develop an approach for measuring the contractor’s RP. With this method, supervisory parties are allowed to select factors for identifying the bias in the contractor’s RP, and to propose proper strategies for overseeing OWs, thereby reducing their supervision costs.




2. Research Framework


Evolutionary Game Theory has been widely utilized to analyze practical issues within the construction safety supervision field [20,21], which is also suitable for this study. Contractors diligently manage workers in general, but may secretly employ the overaged when encountering labor shortage. Supervisors carry out inspections to address this issue, but may relax inspection on accounting of the extra costs. The Construction Project Quality and Safety Supervision and Management Station [22] (denoted as “regulator” in short) is delegated by the government to perform spot inspections on contractors and supervisors. For regulators, their supervision frequency is decided by the contractor’s and supervisor’s historical performance. With the mutual constraints among three parties, a tripartite evolutionary game is formed [23]. In this study, Evolutionary Game Theory is adopted as the foundation for analyzing supervisory strategies.



To observe impacts of the contractor’s RP on their strategic choice, the methodology for examining their RP should be clarified initially. The scale-based method has been universally used for risk perception measurement. By comparing participants’ risk evaluations for themselves and others, their RP can be quantified [24]. When people believe they have a lower probability of loss (or higher probability of gains) than others, optimistic biases are demonstrated; conversely, pessimistic biases can be seen [25]. However, later studies discovered flaws in the traditional method. Wolff, Larsen, and Ogaard [26] indicated that people’s inherent risk perception biases can affect their judgements. Ng and Rayner [27] noticed the limited interpretability of scale-based measurements, and underscored the contributions of the individual’s historical behavior to identify their RP, which has gained wide support. In the construction management field, Liu, Lin, and Feng [28] demonstrated the correlation between contractors’ insurance purchasing behavior and their RP. Lu and Yan [29] selected insurance purchasing, worker training, and safety management measures to investigate contractors’ perceived risk. Studies in other fields (e.g., transportation [30]) also stand by the stated view. Liu et al. [31] conducted a literature review and found that certain indicators—derived from driving behaviors and vehicle trajectories—could reflect the driver’s RP. Hence, this study summarizes potential indicators by investigating the process of worker safety management and related normative documents, and screens qualified indicators based on multiple criteria. With the quantification method, the contractor’s RP can be quantified.



Generally, the contractor’s perceived risk can be measured by multiplying probabilities with losses [14,32], or by directly inquiring their estimates [33,34]. However, both methods require questionnaire surveys, making them cumbersome and unsuitable for this research. Moreover, results from the former method have limited capability to predict the contractor’s future behavior [29], and those from the latter method face difficulties in directly reflecting the risk perception. To better observe the influence of the contractor’s RP, this study defines the coefficient of risk perception to calculate the perceived risk.



Moreover, considering the linkage between OWs and risk, this study analyzes the number of remaining OWs. With the definition of the players’ cognition and inspection capabilities concerning OWs, it determines risk utilities across eight game situations.



The technical roadmap of this study is shown in Figure 1. Initially, indicators for the contractor’s RP measurement are given by management practices and normative documents, and screened by certain standards. By scoring the values of indicators, the contractor’s RP is quantified by comparing the individual’s behavior and that of the group’s median (Section 3). Secondly, the risk utilities of players across situations are determined according to variations in the OWs’ proportion, thereby building the tripartite evolutionary game (Section 4.1 and Section 4.2). Finally, by analyzing the players’ evolutionarily stable strategies, the correlation between the contractor’s RP and behavior is revealed, and differentiated supervision strategies are proposed (Section 4.3 and Section 5).




3. Measuring the Contractor’s Risk Perception


To clarify the definition of associated parties, the contractor is considered as a construction company that is aware of existing regulations and the consequences of noncompliance, but still employs OWs. The observer is determined as a relevant party performing direct inspections on the contractor (e.g., the supervisor, the regulator, etc.). Meanwhile, the observation scenario is taken as the period during the project’s rush.



3.1. Identification and Screening of Indicators


During project rush periods, the overaged may blend in with temporary workers. Consequently, the contractor implements measures to administer workers in the following phases: before, during, and after workers enter the construction site. Before entry, the contractor may organize physical examinations [35] to exclude diseased workers, sign contracts [36] with workers, and enhance training [37,38] and real-name registration [39] for the recruited. Upon entry, the contractor is likely to ensure all workers passing through the real-name verification channel [39]. After entry, the contractor may conduct safety patrols on the site [40,41]. In addition, to comply with regulations, contractors may verify the alignment of the worker and bank account owner [36]. By investigating laws, regulations, and policies, this study summarizes the contractor’s worker management behavior, and analyzes the corresponding exposure pathways for overage workers. If a contractor perceives higher risk, their inspection measures are more stringent, leading to a greater proportion of overage workers exposed and lower accident risks. With these exposure pathways, nine factors that can reflect the contractor’s efforts are identified as candidate indicators for measuring RP (Table 1).



By assessing the correlation, validity, availability, and measurability of candidate indicators, qualified indicators can be determined.



	
Correlation: Whether values of the indicator are associated with the risk perception of contractors [42]. In Table 1, there is a notable correlation between the contractor’s perceived risk and the observed values of indicators a and c-h. For example, the higher proportion of physically examined workers displays the contractor’s stronger awareness of worker-related accident prevention, revealing the higher risk the contractor perceives concerning accidents. For indicators b and i, the correlation is slightly weaker than the others, since direct inspections of workers are not included among these indicators.



	
Validity: Whether the indicator observation results are precise [43] and contribute to illustrate the contractor’s willingness concerning management. According to interviews with managers from construction enterprises, it is easy for contractors to manipulate the process of contracting construction workers. This indicates that the proportion of workers who have signed a contract (i.e., indicator b) may not accurately reflect the contractor’s true intentions of managing workers.



	
Availability: Whether the values of the indicator can be easily acquired and observed by the external observer [44]. Typically, both physical examination and wages payment for construction workers are executed by the contractor internally, making it challenging to observe externally. As a result, it is hard to obtain the values of indicators a, h, and i.



	
Measurability: Whether the indicator can be measured by observers without effort [42,45]. For indicator h, it is nearly impossible to count the number of bank accounts verified by the contractor. On the contrary, the values of indicators a-g and i can be collected by record examination, on-site investigation, and accessing data from the real-name system.






To ensure the reliability of measurement, qualified indicators are required to be (1) highly associated with the contractor’s risk perception [46]; (2) able to grasp accurate and reliable results through observations [47]; and (3) measurable and easy to acquire [48]. Based on the previous analysis, the assessment of all candidate indicators is summarized in Table 2. Eventually, indicators c–g are determined.




3.2. Quantification of Risk Perception


For a contractor’s individual management performance, observers can acquire the values of indicators using the collection methods listed in Table 3.



However, for the average performance of all contractors, observers can only provide rough estimates based on their experience, rather than precise values. To score these indicators, this research categorizes all potential values of each indicator into seven grades (A–G), with setting values at Grade A complying with regulations and standards. Given that there may not be a linear relationship between the contractor’s RP and the values of each indicator [49], the values’ ranges are divided under practical considerations (Table 4). By assigning a score to each grade (e.g., A = 7, B = 6, …, G = 1), observers can value the contractor’s performance and the group’s median performance.



Hence, the coefficient of risk perception    β i    for the  i th contractor (  i ∈   1 , 2 , …   , n    ) can be defined as Equation (1):


   β i  =    T i     T M     



(1)




where    T i    refers to the total scores of the  i th contractor according to Table 4, i.e.,    T i  =   ∑  j = c  g    T  i j      (  j ∈    c ,   d ,   e ,   f ,   g     );   T M    refers to the total scores of the median management behavior of the entire group for indicators c–g, that is,    T M  =   ∑  j = c  g    T  j − M      . The values of    T i    are determined by the observers’ assessment of the contractor’s management regarding OWs, and the values of    T M    by that of the median performance of the entire group.



If   β < 1  , the contractor exhibits optimism bias, where the smaller the  β  value, the more obvious the underestimation of perceived risk. Conversely, if   β > 1  , the contractor demonstrates pessimism bias, where the greater the  β  value, the more significant the overestimation. If   β = 1  , the contractor’s risk perception type is regarded as unbiased.





4. Modeling of Tripartite Evolutionary Game Considering the Contractor’s Risk Perception


4.1. Settings in the Tripartite Evolutionary Game


4.1.1. Players and Strategies


The contractor, as the direct manager of OWs [50], benefits from the employment of OWs, thus being inherently motivated to conceal their presence in both Positive Management (P) and Negative Management (N). Meanwhile, the contractor is also aware that hiring OWs increases accident risk, penalties and potential losses related to credits, thus eliminating more OWs in Positive Management and fewer in Negative Management.



The supervisor, as the contractor’s inspector [19], is consistently motivated to eliminate OWs and aware of the contractor’s tendency towards concealment. There are two strategies for the supervisor—Rigorous Inspection (R) and Lax Inspection (L). Under Rigorous Inspection, the supervisor is able to eliminate all OWs, which means the reduction of accident risk, and also the avoidance of punishments and the joint liability for accidents. On the other hand, under Lax Inspection, only a part of OWs can be eliminated.



The regulator, as the neutral inspector of both contractors and supervisors [22], recognizes the existence of oversights in management and has an incentive to reduce the number of OWs. There are two strategies for the regulator, i.e., Strong Supervision (S) and Weak Supervision (W). By adopting the Strong Supervision strategy, all remaining OWs can be found out due to the regulator’s detailed inspections. Otherwise, no OWs will be discovered because of the regulator’s unfamiliarity with the construction site.



The three players’ responsibilities are depicted in Figure 2. In this paper, it is supposed that the contractor, supervisor, and regulator are decision-makers with limited rationality, adopting strategies with the goal of maximizing expected perceived earnings. For simplification, this study only focuses on differences in risk perception among contractors and ignores those among supervisors and regulators.




4.1.2. Number of Overage Workers in Each Game Situation


The tripartite evolutionary game forms eight situations: (P, R, S), (P, R, W), (P, L, S), (P, L, W), (N, R, S), (N, R, W), (N, L, S), and (N, L, W), numbered from 1 to 8. Let us take the following sequence of inspection: The contractor (1st)—The supervisor (2nd)—The regulator (3rd). The symbols related to the number of OWs can be seen in Table 5.



Considering the impacts of cognition and capability on the contractor’s and the supervisor’s inspections, it is of necessity to suppose that:




	
The contractor and supervisor are aware of the total number of OWs. Due to the information asymmetry, the number of OWs recognized may be less than or equal to the actual number. For convenience, it is assumed that there is no bias in the perception of this number by the contractor and supervisor, i.e.,    N 0  =  N 0 ′   .



	
The contractor and supervisor have the same capability to find and clear OWs. As they are in the same construction site, the contractor and supervisor have similar knowledge and expertise.








The numbers of OWs eliminated by the contractor shall be equal, that is,    N 11  =  N 12  =  N 13  =  N 14    under Positive Management and    N 15  =  N 16  =  N 17  =  N 18    under Negative Management. The numbers of OWs cleared by the supervisor are jointly influenced by the contractor’s and the supervisor’s strategies, i.e.,    N 21  =  N 22   ,    N 23  =  N 24   ,    N 25  =  N 26    and    N 27  =  N 28   . For the regulator, the eliminated number is equal to zero if no OWs remain, or under Weak Supervision. Otherwise, it shall be    N 33    in the 3rd situation (P, L, S), and    N 37    in the 7th situation (N, L, S), where    N 33  ,    N 37  > 0   and their values may differ. For the regulator, who is far less familiar with the construction site than the contractor and supervisor, there is   0 <  N 0 ″  ≤  N 0 ′    under Strong Supervision and    N 0 ″  ≡ 0   under Weak Supervision, according to Section 4.1.1. The variations in OW numbers across situations can be seen in Figure 3.





4.2. Construction of Replicator Dynamics Equations


4.2.1. Analysis of Utilities


Players shall bear higher costs to strengthen inspections of overage workers. Relaxing management measures may lead to OWs remaining, thus resulting in accident-related losses, penalties for dereliction of duty, and the diminishment of expected profits. According to the enterprise credit evaluation policy [51], the contractor’s and supervisor’s credit points may be deducted due to the uneliminated illegal workers, or added for excellent management performance. Then, their likelihood of winning bids in future is decreased and increased accordingly. Under the regulator’s Strong Supervision, the contractor and supervisor will incur the risk of expected profit reductions when credit points are deducted (termed as ‘future losses’) and receive potential profits when added (termed as ‘future returns’). Therefore, the players’ utilities are set as follows:




	
Additional Costs for Supervision








The contractor will bear the additional management cost    M 1    when actively managing, and the additional hiring cost  R  when the concealed OWs cannot satisfy the labor demand.



For the supervisor, the extra cost    M 2    will be paid for Rigorous Inspection.



The regulator needs to pay the additional management cost    M 3    under Strong Supervision, and the law enforcement cost  G  after identifying OWs.



	
Accident-related Losses






For the contractor, employing OWs will introduce extra safety risk. The number of OWs varies across game situations, leading to different risks—   p 4  S   and    p 8  S   in the 4th and 8th situation (i.e., (P, L, W) and (N, L, W)). According to Section 4.1.2, there is    p 4  S <  p 8  S  .



The supervisor will shoulder the supervisory responsibility of accidents when failing to perform their duty, with the joint liability ratio of  k .



The regulator will bear the liability for incident regulation—the loss of credibility and reputation, denoted as  D .



	
Future Returns and Losses






The contractor may receive future returns    B 1    from increments of credit points and future losses    L 1    from decrements. Similar to accident risk,    L 1    also varies across the game situations.    L 13    and    L 17    represent future losses in the 3rd situation (P, L, S) and 7th situation (N, L, S), where there is   0 <  L 13  <  L 17   . The supervisor may also obtain future returns    B 2    and future losses    L 23    and    L 27    (  0 <  L 23  <  L 27   ) from their credit.



When the regulator supervises strictly, the contractor and supervisor may receive awards for the safe and civilized running of the construction site on account of their outstanding behavior, and their credit points will be simultaneously added. Otherwise, they will be penalized with credit points deducted when OWs are detected by the regulator. Under the Weak Supervision strategy, they will receive neither credit rewards nor penalties.



	
Penalties for Dereliction of Duty






When adopting Negative Management, if subjected to the supervisor’s Rigorous Inspection, the contractor will face penalties for dereliction of duty    F 1   . The supervisor will get punished for dereliction of duty (denoted as    F 2   ) by the employer under Lax Inspection. The regulator will receive punishment    F 3    from the government for insufficient supervision.



The parameters of utilities are specified in Table 6.




4.2.2. Construction of Replicator Dynamics Equations


Based on the settings in the OWs’ numbers across situations (Section 4.1.2) and players’ utilities (Section 4.2.1), the payment matrix of the evolutionary game can be formulated as shown in Table 7.    E  1 s    ,    E  2 s    , and    E  3 s     mean the perceived earnings under the  s th situation for the contractor, supervisor, and regulator, respectively.



Let us assume that the contractor adopts “Positive Management” with a probability of  x , and “Negative Management” with   1 − x  . The supervisor takes “Rigorous Inspection” with a probability of  y , and “Lax Inspection” with   1 − y  . The regulator chooses “Strong Supervision” with a probability of  z , and “Weak Supervision” with   1 − z  .



From Table 7, the contractor’s perceived earnings from adopting Positive Management and Negative Management are denoted as    E P    and    E N    (Equations (2) and (3)). Then, the replicator dynamics equation of the contractor can be established as shown in Equation (4).


   E P  = −  M 1  − R + y z  B 1  − ( z − y z ) β  L 13  − ( 1 − y − z + y z ) β  p 4  S  



(2)






   E N  = − y  F 1  − ( y + z − y z ) R − ( z − y z ) β  L 17  − ( 1 − y − z + y z ) β  p 8  S  



(3)






  F ( x ) = x ( 1 − x ) [ ( 1 − y − z + y z ) ( β  p 8  S − β  p 4  S − R ) + ( z − y z ) ( β  L 17  − β  L 13  ) + y z  B 1  + y  F 1  −  M 1  ]  



(4)







Let us set the supervisor’s perceived earnings of Rigorous Inspection and Lax Inspection as    E R    and    E L   , respectively (Equations (5) and (6)). Then, the replicator dynamics equation of the supervisor can be expressed as Equation (7).


   E R  = −  M 2  + x z  B 2   



(5)






   E L  = −  F 2  − x z  L 23  − ( z − x z )  L 27  − ( x − x z ) k  p 4  S − ( 1 − x − z + x z ) k  p 8  S  



(6)






  F ( y ) = y ( 1 − y ) [ ( 1 − x − z + x z ) k  p 8  S + ( x − x z ) k  p 4  S + ( z − x z )  L 27  + x z (  B 2  +  L 23  ) +  F 2  −  M 2  ]  



(7)







Taking the regulator’s perceived earnings of Strong Supervision and Weak Supervision strategies as    E S    and    E W    (Equations (8) and (9)), the replicator dynamics equation of the regulator can be acquired (Equation (10)).


   E S  = −  M 3  − ( 1 − y ) G  



(8)






   E W  = −  F 3  − ( x − x y )  p 4  D − ( 1 − x − y + x y )  p 8  D  



(9)






  F ( z ) = z ( 1 − z ) [ ( 1 − x − y + x y )  p 8  D + ( x − x y )  p 4  D − ( 1 − y ) G +  F 3  −  M 3  ]  



(10)









4.3. Analysis of Evolutionary Mechanism


4.3.1. Contractors


When   ( 1 − y − z + y z ) ( β  p 8  S − β  p 4  S − R ) + ( z − y z ) ( β  L 17  − β  L 13  ) + y z  B 1  + y  F 1  −  M 1  = 0   is satisfied, it follows that   F ( x ) ≡ 0  . This indicates that there is a mixed evolutionarily stable strategy (ESS)   x =  x *    for the contractor.



According to Equation (4),     d F ( x )   d x     can be derived as follows (Equation (11)):


    d F ( x )   d x   = ( 1 − 2 x ) [ ( 1 − y − z + y z ) ( β  p 8  S − β  p 4  S − R ) + ( z − y z ) ( β  L 17  − β  L 13  ) + y z  B 1  + y  F 1  −  M 1  ] .  



(11)







If   y  F 1  + ( z − y z ) β  L 17  + ( 1 − y − z + y z ) β  p 8  S <  M 1  + ( z − y z ) β  L 13  + ( 1 − y − z + y z ) ( β  p 4  S + R )  , then         d F ( x )   d x       x = 0   < 0   and         d F ( x )   d x       x = 1   > 0  . This means that   x = 0   is the pure ESS of the contractor. If   y  F 1  + ( z − y z ) β  L 17  + ( 1 − y − z + y z ) β  p 8  S >  M 1  + ( z − y z ) β  L 13  + ( 1 − y − z + y z ) ( β  p 4  S + R )  , then         d F ( x )   d x       x = 0   > 0  ,         d F ( x )   d x       x = 1   < 0  , where   x = 1   is the other ESS. Hence, when the sum of penalties and perceived risk associated with Negative Management exceeds the sum of the net costs (with future returns deducted) and perceived risk under Positive Management, Positive Management emerges as the contractor’s ESS. Otherwise, Negative Management is the unilateral ESS. Obviously, the contractor’s evolutionarily stable strategies are affected by the supervisor and regulator. Figure 4a is the evolutionary phase diagram of the contractor’s strategy, where the arrows represent its evolutionary trends, and colored surface divides contractor’s strategic space into two parts.




4.3.2. Supervisors


When   ( 1 − x − z + x z ) k  p 8  S + ( x − x z ) k  p 4  S + ( z − x z )  L 27  + x z (  B 2  +  L 23  ) +  F 2  −  M 2  = 0  , there is   F ( y ) ≡ 0  , indicating the supervisor’s mixed ESS   y =  y *    remains constant over time.



Similarly,     d F ( y )   d y     (Equation (12)) can be derived from Equation (7):


    d F ( y )   d y   = ( 1 − 2 y ) [ ( 1 − x − z + x z ) k  p 8  S + ( x − x z ) k  p 4  S + ( z − x z )  L 27  + x z (  B 2  +  L 23  ) +  F 2  −  M 2  ] .  



(12)







If    F 2  + x z  L 23  + ( z − x z )  L 27  + ( x − x z ) k  p 4  S + ( 1 − x − z + x z ) k  p 8  S <  M 2  − x z  B 2    is satisfied, then         d F ( y )   d y       y = 0   < 0  ,         d F ( y )   d y       y = 1   > 0  . In this case,   y = 0   is one of the supervisor’s pure ESS. If    F 2  + x z  L 23  + ( z − x z )  L 27  + ( x − x z ) k  p 4  S + ( 1 − x − z + x z ) k  p 8  S >  M 2  − x z  B 2    is satisfied, then         d F ( y )   d y       y = 0   > 0  ,         d F ( y )   d y       y = 1   < 0  , then   y = 1   is the other ESS. Therefore, if the cost of adopting the Rigorous Inspection strategy is less than the potential losses incurred from Lax Inspection, the former is the supervisor’s unilateral ESS. Otherwise, Lax Inspection serves as the supervisor’s unilateral ESS. It is clear that the supervisor’s evolutionarily stable strategies are also influenced by the strategic choice of both the contractor and the regulator. Figure 4b illustrates the supervisor’s evolutionary phase diagram.




4.3.3. Regulators


If   ( 1 − x − y + x y )  p 8  D + ( x − x y )  p 4  D − ( 1 − y ) G +  F 3  −  M 3  = 0  , then   F ( z ) ≡ 0  , which indicates a constant mixed ESS   z =  z *    for the regulator.



With Equation (10),     d F ( z )   d z     can be obtained, as shown in Equation (13):


    d F ( z )   d z   = ( 1 − 2 z ) [ ( 1 − x − y + x y )  p 8  D + ( x − x y )  p 4  D − ( 1 − y ) G +  F 3  −  M 3  ] .  



(13)







If    F 3  + ( x − x y )  p 4  D + ( 1 − x − y + x y )  p 8  D <  M 3  + ( 1 − y ) G  , there are         d F ( z )   d z       z = 0   < 0   and         d F ( z )   d z       z = 1   > 0  , that is, the cost of extra supervision and law enforcement surpasses the risk under Weak Supervision, and thus   z = 0   is the regulator’s unilateral ESS. If    F 3  + ( x − x y )  p 4  D + ( 1 − x − y + x y )  p 8  D >  M 3  + ( 1 − y ) G  , then         d F ( z )   d z       z = 0   > 0  ,         d F ( z )   d z       z = 1   < 0  , which means that the extra cost of Strong Supervision is lower than that of Weak Supervision, and   z = 1   is the unilateral ESS of the regulator. It is clear that the regulator’s ESS is also influenced by the contractor and supervisor. Figure 4c is the phase diagram of the regulator’s strategy.






5. Discussion on Supervisory Strategies Considering the Contractor’s Risk Perception


According to the method in Section 3, supervisors and regulators are equipped to quantify the contractor’s risk perception with observable indicators, to predict their behavior, and to put forward tailored strategies for varying contractors. Let us take    T M  = 20  : the contractor will be classified as the optimistically biased type when    T i  ∈ [ 5 , 20 )  , the pessimistically biased type when    T i  ∈ ( 20 , 35 ]  , and the unbiased type when    T i  = 20  .



5.1. Simulation of the Contractor’s Risk Perception


Based on the status quo of China’s construction industry, there is a strong determination for the government to eliminate overage construction workers, whereas there is a weaker willingness on the part of the contractor to spend more on recruitment, and on that of the supervisor to perform additional inspections. Hence, let us take the initial probability of adopting Positive Management, Rigorous Inspection, and Strong Supervision as    x 0  = 0.2  ,    y 0  = 0.2  , and    z 0  = 0.8  , and the initial value of each parameter as follows:    M 1  = 4  ,    M 2  = 4  ,    M 1  = 2  ,   R = 2  ,   G = 2  ,    F 1  = 4  ,    F 2  = 2  ,    F 3  = 1  ,    B 1  = 2.5  ,    B 2  = 1.5  ,    L 13  = 5  ,    L 17  = 10  ,    L 23  = 1  ,    L 27  = 2  ,   k = 0.2  ,    p 4  = 0.15  ,    p 8  = 0.25  ,   S = 100  , and   D = 30  .



With these values, computer simulation tools can assist in predicting the contractor’s future performance. Matlab, known for its robust and exceptional simulation capability, is widely applied to construction management studies for simulating game trajectories and player behavior [50,52].



5.1.1. Optimistically Biased Contractors


By investigating the game trajectories of participating contractors with various types of optimism bias (Figure 5), a significant difference is seen in the overall gaming trends. As shown in Figure 5a, contractors with optimism bias can be further categorized into Type I and Type II. The Type I optimistically biased contractor shows minor bias (e.g.,   β = 0.55 ,   0.65 ,   … ,   0.95  ), with the game converging to the point     1 , 1 , 0    . This means that Positive Management is adopted by the contractor, Rigorous Inspection by the supervisor, and Weak Supervision by the regulator. The Type II exhibits more apparent optimism bias (e.g.,   β = 0.25 ,   0.35 ,   0.45  ), leading to the game’s convergence to the equilibrium point     0 ,  y *  , 1    . This reveals that Negative Management is adopted by the contractor, the mixed strategy of Rigorous Inspection and Lax Inspection by the supervisor, and Strong Supervision by the regulator.



According to Figure 5b, for the Type I optimistically biased contractor, the frequency of Positive Management keeps rising as the supervisor tightens supervision measures, with the exception of the contractor with   β = 0.55  . For Type II, its probability of adopting Positive Management persistently decreases. In Figure 5c, for Type I, a sudden decline appears in the probability of Strong Supervision when  x  and  y  nearly reach 1. For Type II, a determined motivation to Positive Management is shown, despite the frequency for Strong Supervision being close to   z = 1  .



In summary, Type I optimistically biased contractors, with a heightened perception of objective risk, demonstrate a continued tendency towards proactive management practices despite the relaxation of supervision. Conversely, with respect to Type II optimistically biased contractors, there appears to be an increasing difficulty for regulators to correct negative management behavior accompanied by the weakening of risk perception.




5.1.2. Pessimistically Biased Contractors


Unlike optimistically biased contractors, the evolutionary trajectories of the pessimistically biased contractor remain consistent across different risk perception coefficients (Figure 6). In Figure 6a, the game eventually evolves to the equilibrium point     1 , 1 , 0    , when contractors with pessimism biases participate. This means that the contractor is inclined to move towards ongoing and proactive management practices, and the supervisor is devoted to eliminating all OWs on the site. Then, the regulator’s human resources can be conserved and used for other purposes, making contributions to improve the welfare of the whole society. Moreover, the gaming dynamics in the contractor–supervisor and contractor–regulator interactions are similar to those of Type I optimistically biased contractors with   β ≥ 0.65   (Figure 6b,c). Contractors with more intense risk perception exhibit swifter improvements in Positive Management frequency.



Combined Figure 5 and Figure 6, it can be concluded that contractors with intense risk perception, including all pessimistically biased contractors and a part of the optimistically biased contractors (  β ≥ 0.55  ), have a strong self-driving force and an inclination towards managing positively. However, the changing speed of the strategy varies. In contrast, optimistically biased contractors with faint risk perception (  β ≤ 0.45  ) prefer to manage passively, requiring more attention from relevant supervisory parties. It is evident that the supervisor and regulator shall customize supervisory strategies based on the contractor’s RP, to enhance their motivation to conduct effective inspections.





5.2. Proposal of Supervisory Strategies


5.2.1. Supervisors


Supervisors can cultivate an image of strict inspections by increasing the frequency of routine inspections and intensifying penalties, thereby stimulating the contractor’s proactive engagement. To evaluate the effectiveness of this strategy, this study examines the strategic choice of the Type II optimistically biased contractor (  β = 0.4  ) and the pessimistically biased contractor (  β = 1.6  ) under varying initial probabilities of Rigorous Inspection    y 0    (Figure 7a) and penalties of dereliction of duty    F 1    (Figure 7b).



Comparing Figure 7a,b, it is apparent that raising penalties to a proper level works effectively in improving the contractor’s behavior, which performs well among all contractors. Nevertheless, increasing the initial probability of Rigorous Inspection is only applicable to the optimistically biased type.




5.2.2. Regulators


In the light of the construction enterprise credit evaluation policy in China, regulators can simultaneously utilize both punishments and incentives as means of supervision over contractors. To explore the impact of future losses and future returns on the contractor, this study sorts future losses and future returns into two qualitative levels: High and Low. Let us take the value of    L 1    under high future losses (HL) as    L 13 ′  = 7.5   and    L 17 ′  = 15  , that under low future losses (LL) as    L 13 ″  = 2.5   and    L 17 ″  = 5  ; and the value of    B 1    under high future returns (HR) as    B 1 ′  = 3.75  , and that under low future returns (LR) is    B 1 ″  = 1.25  . Consequently, four combinations are obtained: (HL, HR), (HL, LR), (LL, HR), and (LL, LR).



Comparing four combinations with the baseline (ML, MR), both increased future losses and future returns simultaneously incentivize contractors towards adopting positive management practices (Figure 8a). When future losses and returns are improved at the same time, the contractors’ motivation to manage OWs can be maximally boosted. The simulation results among contractors with varying RP indicate: integrating high future losses and high future returns is efficient for both optimistically and pessimistically biased contractors (Figure 8b). It enables contractors to shift more swiftly from Negative Management to Positive Management, and yields more evident improvements in the management tendency of the optimistically biased than the pessimistically biased contractors, as shown in Figure 8a.






6. Conclusions


In the light of risk perception, this study explains the reason for variances in contractors’ behaviors on managing overage workers. Given the proposed methodology for risk perception measurement, customized suggestions are provided for supervisors and regulators. This study’s main conclusions are as follows.



Firstly, supervisors and regulators can measure the contractor’s risk perception by evaluating indicators and comparing the evaluations with the group median. With the contractor’s workers management process and policies, nine candidate indicators are summarized. By assessing the correlation, validity, availability, and measurability, five indicators are selected: the hours of three-level training, the proportion of real-name registered workers, the frequency of applying the real-name channel, the number of the full-time safety personnel hired by the contractor, and the frequency of the contractor’s inspections.



Secondly, the contractor’s behavior is highly corelated with their risk perception. Each player has two pure ESSs (i.e., 1 and 0) and one mixed ESS in the tripartite evolutionary game. The optimistically biased contractor with   β ≤ 0.45   tends to manage negatively, where the game converges to     0 ,  y *  , 1    . This equilibrium point means that Negative Management is adopted by contractors, the mixed strategy of Rigorous Inspection and Lax Inspection by supervisors, and Strong Supervision by regulators. However, for the pessimistically biased contractor and for the optimistically biased contractor with   β ≥ 0.55  , the game evolves to     1 , 1 , 0    . This means that Positive Management is adopted by contractors, Rigorous Inspection by supervisors, and Weak Supervision by regulators.



Thirdly, tailored supervisory strategies are proposed. Supervisors can elevate the initial probability of Rigorous Inspection and penalties for dereliction of duty for optimistically biased contractors, whereas only the latter applies to the pessimistically biased ones. Regulators can adopt credit-based incentives and penalties. By comparing four combinations, the contractors’ willingness to positively manage can be maximized under high future returns and losses.



This study’s principal contributions include, on the one hand, developing a universal approach for risk perception measurement, which assists supervisors and regulators in enhancing supervision efficiency, thereby improving safety performance in the construction industry. Notably, it can also be applied in other high-risk sectors. The regulator’s capability to examine the enterprise manager’s risk perception can be enhanced by observing related factors (e.g., safety inspection frequency); hence, strategies can be formulated to reduce the risk of accidents. Another contribution consists in linking players’ utilities to the number of overage workers. Hence, the correlation between game situations and players’ payoff functions is further strengthened, thereby making the game and its analysis more consistent with reality.



However, there are still limitations in this study. For instance, due to the inherent ambiguity in the boundaries of risk perception, contractors are roughly categorized in this study, instead of being precisely classified. Additionally, when measuring the contractor’s risk perception, establishing the accurate relationship between the values of indicators and the coefficient of risk perception is hindered by data constraints. Further research can adopt existing indicators to establish a precise correlation between values and risk perception, assisted by machine learning models and available data.
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Figure 1. Research technical roadmap. 
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Figure 2. Stakeholders directly involved in the management of overage workers. 
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Figure 3. Variations in the number of overage workers across game situations. 
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Figure 4. Evolutionary phase diagrams. (a) Contractor; (b) supervisor; (c) regulator. 
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Figure 5. The game trajectories with the participation of various optimistically biased contractors. (a) Trajectories among optimistically biased contractor, supervisor, and regulator. (b) Trajectories between optimistically biased contractor and supervisor. (c) Trajectories between optimistically biased contractor and regulator. 
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Figure 6. The game trajectories with the participation of a pessimistically biased contractor. (a) Trajectories among pessimistically biased contractor, supervisor, and regulator. (b) Trajectories between pessimistically biased contractor and supervisor. (c) Trajectories between pessimistically biased contractor and regulator. 
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Figure 7. Simulation of supervisor’s supervisory strategies. (a) Increasing the initial probability of Rigorous Inspection. (b) Enhancing penalties for the contractor’s dereliction of duty. 
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Figure 8. Simulation of the regulator’s supervisory strategy. (a) Contractor’s performance under five combinations of future returns and future losses (taking the contractor with   β = 1   as the example). (b) Performance of contractors with varying risk perception under (HL, HR) and (ML, MR). 
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Table 1. Identification of candidate indicators for contractor’s risk perception measurement.
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Phase

	
Management Behavior

	
Exposure Pathway for OWs

	
Candidate Indicator

	
Basis






	
Before

	
Organizing

Physical Examinations

	
Unqualified physical examination index

	
a. Proportion of physically examined workers

	
[35]




	
Signing

Contracts

	
Exposure of the actual age during contract signing

	
b. Proportion of workers who have signed a contract

	
[36]




	
Conducting

Training

	
Slower response during training

	
c. Hours of three-level training

	
[37,38]




	
Registering

Identification

	
Exposure of the actual age during the registration

	
d. Proportion of real-name-

registered workers

	
[39]




	
During

	
Verifying

Identities

	
Failure of real-name verification

	
e. Frequency of applying the real-name channel

	
[39]




	
After

	
Inspecting

Construction Sites

	
Poorer physical fitness and agility performance at work

	
f. Number of the full-time safety personnel hired by the contractor

	
[40]




	
g. Frequency of the

contractor’s inspections

	
[41]




	
Verifying

Worker–Account

Alignment

	
Inconsistency between bank account owner and worker’s registered identification

	
h. Proportion of verified bank accounts

	
[36]




	
i. Proportion of workers paid by the contractor

	
[36]











 





Table 2. Assessment of candidate indicators for the contractor’s risk perception.
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Criteria

	
Assessments *




	
a

	
b

	
c

	
d

	
e

	
f

	
g

	
h

	
i






	
Correlation

	
H

	
L

	
H

	
H

	
H

	
H

	
H

	
H

	
L




	
Validity

	
Y

	
N

	
Y

	
Y

	
Y

	
Y

	
Y

	
Y

	
Y




	
Availability

	
N

	
Y

	
Y

	
Y

	
Y

	
Y

	
Y

	
N

	
N




	
Measurability

	
Y

	
Y

	
Y

	
Y

	
Y

	
Y

	
Y

	
N

	
Y




	
Decision

	
Out

	
Out

	
In

	
In

	
In

	
In

	
In

	
Out

	
Out








* In this table, H indicates a high correlation; L indicates a low correlation. Y means the indicator meets the requirement; N means the indicator does not meet the requirement.













 





Table 3. Meaning and data collection method of each indicator.
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	Evaluation Indicator
	Meaning
	Data Collection Method





	c. Hours of three-level training
	Total training hours workers received from the working team, project, and company.
	Inspecting workers’ training records [41].



	d. Proportion of real-name registered workers
	Proportion of workers with identification registered.
	On-site investigation, and compared to the data from the real-name management system [39].



	e. Frequency of applying the real-name channel
	Proportion of real-name-channel-activated days.
	Accessing data from the real-name management system [39].



	f. Number of the full-time safety personnel hired by the contractor
	Number of the full-time safety personnel employed by the contractor and in charge of checking the workers’ identity.
	On-site investigation.



	g. Frequency of the

contractor’s inspections
	Ratio of inspection times (by safety personnel) to the days during the project’s rush period.
	Examining safety inspection records [41].










 





Table 4. Grades and scores of values.
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Indicators (Unit)

	
Grades and Scores




	
A

(7 Points)

	
B

(6 Points)

	
C

(5 Points)

	
D

(4 Points)

	
E

(3 Points)

	
F

(2 Points)

	
G

(1 Point)






	
c. Hours of three-level training (Hours)

	
[32, +∞)

	
[28, 32)

	
[24, 28)

	
(16, 24)

	
(8, 16]

	
(0, 8]

	
0




	
d. Proportion of real-name registered workers

	
1

	
[0.9, 1)

	
[0.8, 0.9)

	
(0.6, 0.8)

	
(0.3, 0.6]

	
(0, 0.3]

	
0




	
e. Frequency of applying the real-name channel (Average times per day)

	
1

	
[0.9, 1)

	
[0.8, 0.9)

	
(0.6, 0.8)

	
(0.3, 0.6]

	
(0, 0.3]

	
0




	
f. Number of the full-time safety personnel hired by the contractor (Persons)

	
[6, +∞)

	
5

	
4

	
3

	
2

	
1

	
0




	
g. Frequency of the contractor’s inspections (Average times per week)

	
[7, +∞)

	
[6, 7)

	
[5, 6)

	
(3, 5)

	
(1, 3]

	
(0, 1]

	
0











 





Table 5. Symbols related to the number of overage workers.






Table 5. Symbols related to the number of overage workers.





	Symbol
	Meaning
	Note





	    N 0    
	Initial number of on-site OWs existing objectively.
	    N 0  =  N 0 ′    



	    N 0 ′    
	Number of OWs identified by contractor and supervisor.
	    N 0  =  N 0 ′    



	    N 0 ′    
	Number of OWs identified by regulator.
	   0 ≤  N 0 ″  ≤  N 0 ′    



	   N  1 s     *
	Number of OWs eliminated by contractor in each situation.
	   0 ≤  N  1 s   ≤  N 0 ′    



	    N  2 s     
	Number of OWs eliminated by supervisor in each situation.
	   0 ≤  N  2 s   ≤  N 0 ′    



	    N  3 s     
	Number of OWs eliminated by regulator in each situation.
	   0 ≤  N  3 s   ≤  N 0 ″    



	   Δ  N s    
	Number of OWs after contractor’s and supervisor’s elimination.
	   Δ N s ≥ 0   



	   Δ  N s ′    
	Number of OWs uneliminated.
	   Δ  N s ′  ≥ 0   







* s refers to the game situation number (  s ∈ { 1 , 2 , … , 8 }  ) in this paper.













 





Table 6. Parameters and meanings of utilities.
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	Parameter
	Meaning
	Note





	    M 1    
	Contractor’s Additional Management Costs.
	    M 1  > 0   



	    F 1    
	Contractor’s Penalties for Dereliction of Duty.
	    F 1  > 0   



	  R  
	Contractor’s Additional Recruitment Costs.
	   R > 0   



	    L 13    
	Contractor’s Future Losses in the 3rd situation (P, L, S).
	    L 13  > 0   



	    L 17    
	Contractor’s Future Losses in the 7th situation (N, L, S).
	    L 17  > 0   



	    B 1    
	Contractor’s Future Returns.
	    B 1  > 0   



	  β  
	Contractor’s Risk Perception Coefficient.
	   β > 0   



	    M 2    
	Supervisor’s Additional Inspection Costs.
	    M 2  > 0   



	    F 2    
	Supervisor’s Penalties for Dereliction of Duty.
	    F 2  > 0   



	  k  
	Coefficient of Supervisor’s Joint Liability for Accidents.
	   0 < k < 1   



	    L 23    
	Supervisor’s Future Losses in the 3rd situation (P, L, S).
	    L 23  > 0   



	    L 27    
	Supervisor’s Future Losses in the 7th situation (N, L, S).
	    L 27  > 0   



	    B 2    
	Supervisor’s Future Returns.
	    B 2  > 0   



	    p 4    
	Probability of Accidents in the 4th situation (P, L, W).
	   0 <  p 4  < 1   



	    p 8    
	Probability of Accidents in the 8th situation (N, L, W).
	   0 <  p 8  < 1   



	  S  
	Direct Loss of Accidents.
	   S > 0   



	    M 3    
	Regulator’s Extra Supervision Costs.
	    M 3  > 0   



	    F 3    
	Regulator’s Penalties for Dereliction of Duty.
	    F 3  > 0   



	  D  
	Regulator’s Regulatory Responsibility of Accidents.
	   D > 0   



	  G  
	Regulator’s Enforcement Costs.
	   G > 0   










 





Table 7. Payment matrix.






Table 7. Payment matrix.





	
Regulator

	
Contractor

	
Supervisor




	
Rigorous Inspection

	
Lax Inspection






	
Strong

Supervision

	
Positive

Management

	
    E 11  = −  M 1  − R +  B 1    

	
    E 13  = −  M 1  − R − β  L 13    




	
    E 21  = −  M 2  +  B 2    

	
    E 23  = −  L 23  −  F 2    




	
    E 31  = −  M 3    

	
    E 33  = −  M 3  − G   




	
Negative

Management

	
    E 15  = − R −  F 1    

	
    E 17  = − R − β  L 17    




	
    E 25  = −  M 2    

	
    E 27  = −  L 27  −  F 2    




	
    E 35  = −  M 3    

	
    E 37  = −  M 3  − G   




	
Weak

Supervision

	
Positive

Management

	
    E 12  = −  M 1  − R   

	
    E 14  = −  M 1  − R − β  p 4  S   




	
    E 22  = −  M 2    

	
    E 24  = − k  p 4  S −  F 2    




	
    E 32  = −  F 3    

	
    E 34  = −  p 4  D −  F 3    




	
Negative

Management

	
    E 16  = − R −  F 1    

	
    E 18  = − β  p 8  S   




	
    E 26  = −  M 2    

	
    E 28  = − k  p 8  S −  F 2    




	
    E 36  = −  F 3    

	
    E 38  = −  p 8  D −  F 3    
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