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Abstract


Purpose—Through the study, we discovered the key factors for decision makers involved in public crisis governance with respect to deciding whether to cooperate or not, and to understanding how they relate to governance performance. Methodology—This study extends the classic NK model, constructs an agent-based model to simulate the decision-making process of collaborative public crisis governance, and analyzes the effects of individual trust level, the level of cooperative relationship between individuals, and the standard deviation of the individual trust level on governance performance. Findings—This study found that when the complexity of a public crisis event is high, a high level of trust in the participants and a slightly lower level of inter-individual partnership would be appropriate in order to improve the responsiveness of governance decisions. If a small number of high-quality governance decisions are pursued, and there are high levels of trust and standard deviations of trust levels of the participating governance agents, as well as a strong level of partnership between individuals, it will result in more in-depth, comprehensive and high-quality governance decisions. Value—Although this study has slight shortcomings concerning the homogeneity of the choice of participating governance agents and the sensitivity of the simulation experiment, it has some theoretical contributions regarding decision making for collaborative public crisis governance.
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1. Introduction


So-called “public crisis management” is a government’s activities aimed at reducing and avoiding serious harm caused by crises during the occurrence and progression of public emergencies, and their efforts to make the necessary decisions and conduct follow-up management of crises according to the public crisis-governance plan [1]. However, with the rapid development of the global economy, countries around the world have entered an era of risk with frequent outbreaks of public crises. Faced with the increasing prominence of the destructive, dynamic, random, and non-linear nature of public crisis events, a single government decision can no longer meet the needs of public crisis governance. In response to complex and volatile public crisis events, the United Nations Global Crisis Response Team, in collaboration with relevant agencies, has discussed the collaboration of multiple agents in disaster response and efforts to reduce the impact of disasters, as well as the reporting and sharing of information in support of national, regional, and global disaster-response efforts [2]. They have also suggested that a social governance community should be established in the face of public crises to ensure that all groups in a society can participate in governance activities. From this perspective, the public crisis-governance model should be shifted from the traditional model of single government management to one in which the government, enterprises, social groups, and citizens participate together. This is a collaborative model of public crisis governance that integrates online and offline elements, thus effectively enhancing the effectiveness of public crisis governance [3].



In fact, the essence of collaborative public crisis governance is an innovative solution mechanism that mobilizes multiple social agents to form a governance group to respond to public emergencies [4]. Waugh [5] has suggested that the efficiency of the decisions of the participating governance agents determines the overall performance of crisis governance. According to TPB theory, an individual’s decision-making behavior is not 100% voluntary, but is limited by the perception of self-behavioral control, that is, the individual’s willingness to act [6]. This shows that individual behavioral intentions can determine individual decisions and can be maximized to obtain optimal decisions. However, in the process of collaborative public crisis governance, the willingness of participating parties to act collaboratively often changes due to relational, perceptual, efficacy, social, and interactive factors, thus affecting the performance of collaborative public crisis governance. In a study, Steven [7] states that individuals with a preference for synergistic behaviors contribute to an improvement in overall management performance. As psychological research becomes more sophisticated, more and more studies are proving this point [8,9]. For this reason, some studies have introduced the behavioral assumption of synergistic willingness [10]. However, the impact of individual willingness to collaborate on the performance of collaborative public crisis management is still underappreciated in theoretical studies.



This study’s focus on the collaborative willingness of participants in public crisis governance stems from observations of the behavior of groups involved in the governance of public health emergencies in the aftermath of COVID-19. Individuals participate in public crisis governance mostly from their own will, and their trust and partnership with other individuals are the main factors that govern the actions of participating subjects [11]. However, due to the different social divisions of individuals, each participant has a very different education and perception of change, which often directly affects the individual’s own sense of trust and perception of partnership. This determines the differences in individual willingness to collaborate, which seriously affects the quality of public crisis-governance decisions and is an important concern for timely and effective public crisis governance.



For the study of public crisis performance, traditional assessment models assume that the relationship between variables is linear. However, in complex crisis situations, where causal relationships are often nonlinear and of individual intention, too-simple linear models cannot accurately capture this complexity. This paper introduces the individual collaborative willingness into the process of collaborative governance of public crises, and considers the participating subjects to be intelligent entities with autonomous decision-making ability. Through the three aspects of perceiving the environment, reacting, and interacting with other agents or the environment, this paper explores the influence of individual collaborative willingness on the performance of collaborative governance of public crises, with a view to providing theoretical reference for the participation of multi-agents in collaborative governance of public crises. Kyle et al. [12] defined individual limited rationality as an individual’s partial attention to the problem space in their study of the impact of individual limited rationality on crowdsourcing performance based on the NK model, which provides a modeling idea for this paper to study individual willingness to collaborate. The parameters in the NK model include the number of genes N, the number of interactions K, and the number of alleles A. Mooweon et al. [13] addressed the response to team restructuring and collective problems based on the NK model, which provides ideas for conducting quantitative research on collaborative governance of public crises. Based on the findings of scholars, this research defines individual willingness to collaborate as individuals’ partial attention to the problem space and considers three dimensions of willingness to collaborate: the level of individual trust, the level of partnership between individuals, and the standard deviation of the level of individual trust. By introducing individual willingness to collaborate and extending the classical NK model, an agent-based model of the collaborative governance process in public crises is constructed. The effects of individual trust level, the level of partnership between individuals, and the standard deviation of individual trust level on the performance of collaborative public crisis governance are also explored.



The remainder of the paper is organized as follows. Section 2 presents a literature review. Section 3 displays the models. Section 4 discusses simulation results. Section 5 provides the conclusions.




2. Literature Review


2.1. Collaborative Public Crisis Governance


In recent years, countries around the world have been repeatedly threatened by public emergencies that have caused serious damage to economies and societies. In order to respond to the complexity of public crisis events, governments at all levels need to adopt new tools and methods to improve the speed and accuracy of public crisis-management decisions. In recent years, collaborative governance has become one of the governance approaches in the field of public administration to respond effectively to emergencies. Since the concept of collaborative public crisis management was proposed, many scholars have conducted a series of studies on collaborative public crisis management based on the practice of emergency management, and a large amount of research results have been formed. Logar et al. [14] summarized the research results of collaborative public crisis management in the past decade and found that the current understanding of the academic community is not uniform, but generally agreed that collaborative public crisis management has four basic characteristics. Firstly, there is a synergy of multiple agents in the process of public crisis management. Secondly, the occurrence of a public crisis event is usually a complex task that is difficult for a single governance entity to tackle alone. Thirdly, participating governance agents can choose to accomplish their governance tasks through collaboration or independently. Finally, collaborative public crisis management is a collaborative, multifaceted, shared-governance task-solving mechanism. Based on the basic features of collaborative public crisis management, this research focuses on how the subjects involved in the collaborative public crisis-management decision-making process can make quick decisions through self-learning, self-adaptation, and self-organization in a complex and changing environment, and can continuously optimize their own decisions so as to promote the optimal decision-making of the collaborative group.




2.2. NK Model


For public crisis events, the adoption of a collaborative governance approach to address governance issues includes aspects of ex ante prevention, ex post control and ex post treatment [15]. A governance task will often have multiple decision options, and although it is difficult to judge the merits of governance decision options initially, it can be determined that potential decision options for a governance task have many dimensions, and that the synergy of these dimensions affects the performance of the overall governance decision. At the same time, all potential decision options form a problem space, and the essence of a governance decision is the process of searching for a satisfactory decision option in the problem space by the participating governance agents [16]. Based on existing research findings, we find that the NK model is well suited to explore the problem of self-learning, self-organization, and self-adaptation of individuals in adaptive landscapes to adjust their own decision-making options in order to drive optimal group decisions, and to effectively characterize the decision-making process.



The NK model was originally applied to the problem of biological evolution in biology [17]. When analyzing at the genotype level, Kauffman [18] proposed the NK model, a new approach to biological evolutionary fitness that can be simplified. By optimizing Wright’s concept of adaptive landscape, Kauffman constructs a topology for mapping gene attributes to their adaptive production, analyzes the correspondence between the number of genes a species contains (N) and the number of interactions affecting genes (K), and ultimately concludes that the NK model is a better global overall optimal adaptive result obtained with the help of a continuous search for local optima. Following this, Levinthal [17] synthesized the NK model with simulation tools and introduced it into organizational management research. He pointed out that the correlated effects of different attributes of the organization can make the fitness landscape rugged, where N denotes the number of decisions contained in the organization, with two choices for each decision, then the fitness landscape contains     2   N     possible combinations of decisions, and the parameter K denotes the ruggedness of the fitness landscape, that is, the complexity of the task. The application of the NK model to the fields of self-organization, adaptive behavior and organizational behavioral performance has validated the applicability of the NK model in management, while advancing the development of adaptive landscape theory in organizational behavior and strategic management. Theoretically, organizational management problems can all be assumed to be an efficient combination of multiple interdependent decision factors, and the complex adaptability of organizational management problems can be clearly characterized through the NK model [19].



Today, NK models have been widely used in social science research areas such as organizational management systematization [20], supply chain management [21], innovative product development [22], industrial green innovation [23], and problem solving [7]. In subsequent studies, scholars have explored how individual decision-making behavior affects collective problem solving through the NK model. For example, Lazer [19] studied the impact of different network topologies on collective problem solutions based on the NK model. Vuculescu [24] combines the NK model with a multi-subject simulation model to address the decision-making behavior of individuals in organizations faced with complex problems. The above research results provide a reference idea for this research to carry out quantitative research on collaborative public crisis management, which is an important theoretical basis for the modelling of this paper.




2.3. Willingness to Collaborate


Willingness to collaborate is the key for individuals to decide whether to start cooperation or not. Most scholars believe that the stronger the individual’s willingness to collaborate, the more it helps to trigger collaborative innovation behavior and the more effective the group collaborative behavior [25]. Dan et al. [26] explored how manufacturers’ willingness to cooperate in the supply chain not only accelerates the cooperation process, but the positive spillover effect can also benefit manufacturers by enabling them to gain more profits. One of the main motivations for the collaborative governance model as an efficient way of governance in public administration is the willingness to share information, which can significantly contribute to the effectiveness of collaborative action [27]. Willingness to collaborate can lead to positive behavior by individuals through actively seeking cooperation. Groups with a strong willingness to collaborate generally have a greater awareness of the need to proactively seek external cooperation and resources. For public crisis management, collaborative willingness can effectively mobilize the participation of multiple social agents and effectively coordinate social capital to improve governance performance [28]. Some scholars classify the willingness to collaborate as an internal factor, which is a manifestation of individual subjectivity, mainly in the form of relational, perceptual, and efficacy factors [29]. However, some scholars have pointed out that willingness to collaborate is influenced by external factors. In the case of public crisis management, interactional and social factors have a positive impact on individual willingness to collaborate [30]. Compared to research on other aspects of collaborative governance, there is less scholarly research on the willingness to collaborate.



With regard to the factors influencing willingness to collaborate, scholars in psychology have identified sustained and effective collaborative innovation as one of the key drivers of participants’ strong willingness to collaborate [31]. However, lasting collaborative innovation requires the full trust of individuals in the outside world and the support of good partnerships between individuals. Since the level of trust of individuals in the outside world is closely linked to the ability of individuals to form good partnerships with each other, we need to focus on the problem space of the level of trust of individuals. On those dimensions that are important or easily observable, direct or indirect experience is used to draw causal links and patterns between individual trustworthiness and inter-individual partnerships. This paper draws on the research method of the mental model [32] to construct a “trust representation” rule model suitable for this study, using the sparsity of individual trust-representation dimensions to interpret the degree of partnership between individuals. Individuals’ willingness to collaborate, then, is mainly reflected in their subjective representations of trust, which form their mental model of the problem of collaborative governance of public crises.



Although previous studies have mentioned that the external environment can cause changes in individual trust representations, few scholars have investigated how trust representations affect the evolutionary process of individual self-learning and self-adaptation, and how the level of trust at the individual level affects the synergistic performance at the group level. Brown [33] considered individual willingness to cooperate in building distributed teams and suggested that individual trust is a core element of virtual collaboration formation. The changing external environment also affects the level of individual trust and thus the performance of distributed teamwork. Kyle et al. [12] proposed the Interpersonal Communication Model framework (ICM) to explore the impact of the external environment on individuals’ propensity to trust, perceived trustworthiness, willingness to communicate, and ultimately on their willingness to cooperate and sustainability of cooperation. From this, we can see that these scholars have only focused on the influence of individual willingness to collaborate on individual self-adaptation, but have not considered the influence of individual willingness to collaborate on group collaborative behavior.



To fill the gap, this study draws on Mooweon et al.’s definition of collaborative willingness, which is the willingness of members within an organization to collaborate with each other subjectively in order to accomplish the organization’s goals. Three dimensions of willingness to collaborate are represented using trust representations: the level of individual trust, the degree of inter-individual partnership, and the standard deviation of the level of individual limited rationality. The level of individual trust reflects a comprehensive assessment of an individual’s reliability, honesty, and competence in a given context. The degree of inter-individual partnership reflects the depth and efficiency with which multiple subjects collaborate with each other under a common goal or task. It is a measure of the level of trust, communication, resource sharing, and coordination between individuals. The standard deviation of an individual’s limited level of rationality reflects the degree of variation in individual trust levels. A series of simulation experiments are also used to explore the effects of individual trust levels, the degree of partnership between individuals, and the standard deviation of individual trust levels on the performance of collaborative public crisis management, thereby filling the gaps in existing research. Table 1 lists some selected research works.





3. The Models


3.1. Basic Model


This study draws on the findings of Kauffman [21] to construct an agent-based model that simulates the decision-making process of collaborative public crisis management based on the NK model, which provides a reference for quantitative research on collaborative public crisis management. The basic model is as follows.



3.1.1. The Problem Space of Public Crisis-Governance Tasks


When the public crisis-governance task includes     N   decisions, we use   N  -dimensional binary numbers to represent the decision choices. The choice of each decision can be 0 or 1. Then the problem space of the public crisis-governance task is of size     2   N    , if when   N = 2  , the problem space is   σ =   00 , 01,10,11    . Also, because in the governance decision process each decision does not exist independently, there are interactions between decisions, so let   K   be the interactions between decisions, and   K ∈   0 , N − 1    .   K = 0   means that there is no influence between decisions, and     K = N − 1   means that each decision is influenced by other decisions, which also indicates that when   K   is larger decisions are more likely to be influenced by other decisions. Therefore, the value of K also indicates the complexity of the task of public emergency management.




3.1.2. Decision-Making Program for Individual Governance Tasks


When a public emergency occurs, it is assumed that there are   M   individuals involved in the process of public emergency governance, each with their own decision-making options for governance tasks. As the individual decision options correspond to the governance task of an unexpected public event, an   N  -dimensional binary array is also used to represent the decision options for the individual governance task.




3.1.3. Adaptive Adaptation of Individual Governance Decision-Making Options


As this study is concerned with maintaining collaboration and cooperation with other individuals in the process of completing decisions on governance tasks, individuals rely on their own adaptive behavior to continually adjust their decision-making options for governance tasks. By changing the decision in any one of the N dimensions of the decision solution [22], the quality of the decision solution is compared and analyzed to see whether it has improved, and if so, it is adopted; otherwise, it is not.




3.1.4. Evaluation of Decision-Making Options for Public Crisis Management


The evaluation of public crisis-governance decision-making options includes both the evaluation of decision-making options for individual governance tasks and the evaluation of public crisis-governance performance. In general, the assessment of a decision option for an individual governance task can be represented by the performance of that decision in the task-adaptation landscape. Assume that a decision     i     in a public crisis-management decision scenario takes the value       a   i    , and use a randomly generated value from a continuous uniform distribution of   [ 0,1 ]     to denote the contribution of that decision as     c   i    . The contribution of each decision in a public crisis-governance decision scenario to task governance performance is influenced not only by its own taking, but also by the   K   decisions of other participating governance agents with which it cooperates [17,22]. Denoting the   K   decisions by the vector     a   k    , the contribution of any decision   i   to the performance of the governance decision programme is calculated as shown below.


    P   i   =   c   i       a   i   ,   a   k      



(1)







However, the overall performance of a public crisis governance decision program is represented by the average size of the contribution of the   N   decisions of the collaborative governance agents, which is calculated as:


  P =      ∑  i = 1   N      c   i       a   i   ,   a   k         N     



(2)







Regarding the performance of collaborative public crisis governance, scholars’ studies have shown that it can be measured by the number of subjects involved in governance, the quality of emergency decisions, the timeliness and openness of information management, the adequacy of constraints and monitoring mechanisms, and the reciprocity of rights and responsibilities [39,40,41]. However, Waugh argues that the adequacy of constraints and monitoring mechanisms, as well as the reciprocity of rights and responsibilities, are highly subjective and difficult to use as a valid measure of public crisis governance performance. Thus, the number of agents involved in governance and the quality of emergency decisions are better ways to measure the performance of public crisis governance [12]. McGuire further elaborates on Waugh’s view that the average quality of emergency decisions of multiple actors involved in governance should be used to measure crisis-governance performance. He emphasizes that improvements in the quality of decisions made by each of the subjects involved in governance will affect the overall performance of collaborative public crisis governance [42]. Therefore, this research follows McGuire’s findings and uses the average quality of emergency decisions of the participating agents to represent collaborative public crisis-governance performance.





3.2. Extended Model


Regarding the participation of multiple agents in public crisis governance, some scholars have pointed out that the willingness to collaborate has an impact on public crisis governance performance, but the results vary considerably. For example, Dan [26] and Lette [43] argue that willingness to collaborate and governance performance have a mutually reinforcing effect. An increased level of willingness to collaborate contributes to improved governance performance, while the degree of governance performance also influences the change in collaborators’ willingness to collaborate. In contrast, Jarmai [44] argues that the willingness to collaborate is not conducive to team innovation and only contributes to overall team performance in a competitive relationship. In this study, we refer to the research results of Kyle et al. [12], characterize individual willingness to collaborate by introducing individual trust level, inter-individual partnership degree, and standard deviation of individual trust level, and modify and extend the basic NK model with three covariates, as shown in Figure 1.



3.2.1. Level of Individual Trust


In this paper, the level of individual trust (LIT) is expressed using the trust-representation dimension scale [45,46]. When the dimension of the adaptive landscape is   N  , the dimension of the trust representation is then   N 1 ( N 1 = N ∗ L I T )   and the problem space of the trust representation should be     2   N 1    . There are     2   N − N 1     decision configurations in the trust-representation problem space for each decision configuration with its corresponding adaptation landscape. This can be understood as the property that each point in the problem space of the trust representation corresponds to     2   N − N 1     points in the fitness landscape. Thus, assuming that the fitness value of each point in the trust-representation problem space is less than or equal to the average fitness value of     2   N − N 1     points in the fitness landscape corresponding to this point, then:


    b   i   ∈   2   N 1   ,   b   k   ∈   2   N − N 1   ,   a n d     b   i   ≤      ∑  k = 1   N      b   k       N     



(3)







Then, the individual chooses the point with the highest fitness in the problem space of trust representations as their own trust representation, thus completing the “climbing” process in the fitness landscape over and over again. It is worth noting that although the trust-representation fitness value is an unbiased estimate of the fitness value of the true landscape, the participating governance subjects cannot use the trust representation to predict the fitness value of a specific point in the fitness landscape. That is, the trust representations of the participating governance subjects do not fully reflect the true problem space.




3.2.2. Level of Inter-Individual Partnership


Psychology focuses on the relationship between inter-individual partnerships and individual levels of trust. According to Denrell [47], partnerships between individuals require that “all individuals in the group have the same level of trust”. As this study focuses on the influence of individual trust levels on the problem space, the level of inter-individual partnership is understood to mean that some individuals within the group have the same level of trust. This paper then defines the degree of inter-individual partnership as the extent to which individuals build a centralized rather than a random distribution of the dimensions of trust representation. Thus, often the higher the level of partnership between individuals, the more compact the dimensions of individual trust representations, meaning that trust representations are built by concentrating on a few dimensions. Conversely, the lower the level of partnership between individuals, the looser the dimensions of individual trust representations, meaning that the trust representations built by individuals fall on multiple dimensions. This results in a very small number of individuals building a trust representation in a given dimension. To better reflect the connotation of the level of inter-individual partnership (  L I I P ,   a n d   L I I P ∈   0 , 1    ), this paper expresses   L I I P   as the ratio of the dimensions in the problem space of the governance task that are not characterized by any individual building trust to those that are potentially likely not to be characterized by any individual building trust. This is shown by Figure 2.



As can be seen in Figure 2, when   N = 10   and   L I T = 0.1  , the trust-representation rules corresponding to the two cases of low level of partnership between individuals (  L I I P = 0  ) and high level of partnership between individuals (  L I I P = 1  ) are different for a governing group consisting of   M   (  M = 10  ) individuals. Where the blue area indicates that the corresponding individual builds a trust representation on that dimension. When   L I T = 0.1  , each individual builds a trust representation on 1 (  10 × 0.1  ) dimension, without considering individual differences in trust levels. If all individuals build trust representations on the same dimension, then the dimensions of the problem space that potentially may not be built by any individual are:


  N − i n t   N ∗ L I T   = 9  



(4)




where int is a function for rounding.



In Figure 2a, there are individuals building trust representations in each dimension and the dimension of the problem space that is not built by any individual is   0  , meaning that   L I I P = 0 / 9 = 0  . In Figure 2b, all   10   individuals build trust representations in the same dimension and the dimension of the problem space that is not built by any individual is   9  , so   L I I P = 9 / 9 = 1  .



From this, the   L I I P   rule algorithm can be defined as:


     N ∗ L I T   N ∗   1 − L I T   ×   1 − L I I P   + N × L I T     



(5)







At this point, the larger the   L I I P  , the greater the likelihood that the trust representation will be concentrated in the front dimension of the problem space when   L I T     is certain.




3.2.3. Standard Deviation of Individual Trust Level


To further consider the case where there is variation in the trust level of individuals in the governance group, this paper assumes that the trust level of individual   i   conforms to a normal distribution, and therefore the trust level of individuals is assigned a random value     L I T   i     that conforms to a normal distribution; that is,     L I T   i   ~ N   L I T ,   L S D   2      , and     L I T   i   ∈   0 , 1    ; the mean of the normal distribution is   L I T  , which reflects the average trust level of all individuals; the standard deviation is   L S D  , which reflects the variability of the trust level of individuals [34,48]. Specific explanations are provided in Table 2.






4. Simulation Results and Discussion


In this research,   N e t l o g o   6.0.4   software was used for the agent-based model-simulation experiments [49]. The experimental parameters are shown in Table 3, where   N = 16   and   K = 9   were set by default according to Rivkin [50] and Oyama [12], while a sensitivity analysis was conducted for both   N = 8   and   N = 12  , respectively, to ensure the rigor of the simulation results and they were found to be consistent with the findings for   N = 16  . According to Miller et al. [51,52,53], a group size of   M = 150   can reflect large-scale group characteristics. The initial values of the other variables are set to   L I T = 0  ,   L I I P = 0  , and   L S D = 0   respectively. To avoid randomness, each experiment was run 100 times with different random number seeds for 150 cycles each, and the average result of the last cycle of the 100 experiments was used as the basis for analysis, along with the effect of each experimental parameter on the results according to a power-variance theory perspective [19].



The experimental process of this paper is as follows:



First, we focus on the impact of individual trust levels on the performance of collaborative public crisis management.



Second, the level of inter-individual partnership is introduced to focus on the impact of the level of inter-individual partnership on the performance of collaborative public crisis management under different levels of individual trust.



Finally, the standard deviation of individual trust level was incorporated into the experimental process to investigate the impact of the interaction terms in individual trust level, level of inter-firm partnership, and standard deviation of individual trust level on the performance of collaborative public crisis governance. The process is shown in Figure 3.



4.1. Impact of Individual Trust Levels


Figure 4 depicts the impact of individual trust levels on collaborative public crisis-governance performance at different levels of public crisis-governance task complexity. As the figure shows, on the one hand, task complexity has a negative impact on collaborative public crisis-governance performance, which means that the higher the task complexity, the lower the collaborative public crisis-governance performance. On the other hand, the level of individual trust has a positive impact on the performance of collaborative public crisis governance. Except for the case of task complexity   K = 0  , the performance of collaborative public crisis governance gradually increases as the level of individual trust increases when the complexity takes other values. The impact of individual trust levels on collaborative public crisis-governance performance is particularly significant when task complexity takes on higher values.



This suggests that when the interaction between public crisis-governance task decision items is greater and the adaptive landscape of the problem space is more rugged, it is more difficult for individuals to search for governance task decision options in the adaptive landscape and they are more likely to fall into the local optimum trap (as shown in Figure 5). Higher levels of personal trust can provide individuals with a better starting point for their search as they navigate through the rugged adaptive landscape, avoiding prematurely falling into a local optimum, which can effectively improve overall governance performance.




4.2. Impact of the Level of Inter-Individual Partnerships


Figure 6 depicts the impact of the level of inter-individual partnership on collaborative public crisis-governance performance at different levels of trust. As can be seen from the figure, when the level of individual trust is low (  L I T < 0.4  ), the level of inter-individual partnership has little effect on the performance of collaborative public crisis governance. The reason for this is that lower levels of individual trust have less of an impact on public crisis governance, so that the level of inter-individual partnership in the corresponding condition has an even smaller or a negligible impact on collaborative public crisis-governance performance. However, the higher the level of individual trust (  L I T > 0.4  ), the greater the level of partnership between individuals, the higher the public crisis governance performance. Therefore, we can see that the level of inter-individual partnership has a positive impact on public crisis-governance performance, but is dependent on the level of individual trust.



In general, individuals building trust representations in different dimensions can increase the diversity of decision options for governance tasks, thus contributing to the long-term improvement of collaborative public crisis-governance performance. However, an interesting finding of this research is that at the initial state, the diversity of decision-making options of the participating governance agents is lower, which means the higher the level of inter-individual partnership, the higher the collaborative public crisis-governance performance. To better explain this, this paper analyzes the distribution pattern of the final performance of the 150 participants’ governance decisions at different levels of inter-individual partnership when the level of individual trust is high (  L I T = 0.8  ), as shown in Figure 7. It can be seen that when the degree of partnership between individuals is low (  L I I P = 0 ,   0.3  ), there are a few very high performing governance decision options. When the degree of inter-individual partnership is very high (  L I I P = 1  ), although no very high performing governance decision options emerge; the vast majority of governance decision options outperform those with a low degree of partnership.



With a high level of inter-individual partnership, why do most participating governance agents have relatively high performance in their decision-making options? To further understand the underlying reasons, this research assumes a high level of individual trust (  L I T = 0.8  ) and observes the evolution of the diversity of decision-making options of the participating governance agents under different levels of inter-individual partnership, as shown in Figure 8. As can be seen from the figure, when the level of inter-individual partnership is higher, the diversity of decision-making options of participating governance agents is lower, meaning that increasing the level of inter-individual partnership reduces the diversity of decision-making options for collaborative public crisis governance, verifying the negative effect of the level of inter-individual partnership on the level of diversity of governance decision-making options. When the level of partnership between individuals is very high (  L I I P = 1  ), although the initial level of diversity in the group is low, individuals adjust their decision options by “climbing” and “jumping” local optimality traps in the problem space. The level of diversity of decision options in the group shows a process of increasing and then decreasing, and we can understand this phenomenon as a process of self-learning and self-adaptation of the collaborative governance group driven by the individuals. This is the reason why the performance of public crisis governance is improved, as individuals continue to explore and find better solutions, while they navigate the problem space to reach the overall optimum. This is what has been referred to in the literature as “Transient Diversity” [54]. Conversely, when the level of partnership between individuals is low (  L I I P = 0  ), although the initial group decision is more diverse, with the process of individual wandering in the problem space it is very easy to fall into the local optimal trap, then it is also difficult to reach consensus between individuals in the group, which is not “Transient Diversity”, so the performance of public crisis governance does not improve greatly.



When the complexity of a public crisis event is high, it is easy for the participating governance agents to fall into the trap of local optimality in the problem space during the search for the optimal decision solution. When individuals start their search from widely different positions, the potential for falling into different local optimality traps increases, resulting in a relatively high and low variation in the diversity of decision options in the governance process, without “Transient Diversity”. The result is poor consistency in decision-making options for collaborative governance groups. However, when individuals are searching from similar starting positions, the potential for individuals to fall into different local optima is reduced, and the participating governance agents experience “Transient Diversity”. Then, the diversity of decision options will be lower than the initial state, which means that it will be easier to reach a consensus among the participating governance agents to obtain a deeper governance decision option, and therefore the final public crisis-governance performance will be improved accordingly.




4.3. The Effect of the Standard Deviation of the Level of Personal Trust


In the above study, differences in the standard deviation of individual trust levels (LSD) were not considered. This section further analyzes the impact on the performance of collaborative public crisis governance when the standard deviation of individual trust level (LSD) is not zero.



According to the regression results in Table 4, it is clear that the level of individual trust has a significant effect on the performance of collaborative public crisis governance, and the interaction term between the level of individual trust and the level of partnership between individuals has a significant effect on the performance of collaborative public crisis governance, which supports the validity of the above analysis. However, the effect of the standard deviation of individual trust levels on the performance of collaborative public crisis governance was not significant, nor was the interaction term between the standard deviation of individual trust levels and the level of partnership between individuals on the performance of collaborative public crisis governance. The interaction terms of individual trust level, level of partnership between individuals, and standard deviation of individual trust level also had no significant effect on the performance of collaborative public crisis governance. However, the interaction term between individual trust level and the standard deviation of individual trust level has a significant effect on the performance of collaborative public crisis governance at the 0.05 level. In summary, compared to LIT and LIIP, LSD only explains a small difference in the performance of collaborative public crisis governance, and it is a minor factor.



As the effect of   L I T × L S D   on public crisis-governance performance is significant at the 0.05 level, we further analyze the mechanism of their interaction. Figure 8 shows the impact of LSD and LIT on public crisis-governance performance when the LIIP takes on different values. The differences in the performance of collaborative public crisis governance in Figure 9a–d is significant when the LIIP takes different values and the level of individual trust is large (  L I T = 0.6   o r   0.8  ). However, when individual trust levels were low (  L I T = 0.2   o r   0.4  ), there was no significant difference in the performance of collaborative public crisis governance. This can be interpreted as the impact of the LSD and LIT interaction terms on the performance of collaborative public crisis governance being dependent on LIT. To further illustrate the reason for this, when we look at the distribution of the final performance of the 150 participating governance agents when   L I I P = 0.7  ,    L I T = 0.2  , and   L I T = 0.8  , respectively, the distribution of the final performance of the decision options for the 150 participating governance agents when the LSD is taken to be different is shown in Figure 10. It can be seen that when   L I T = 0.2  , the standard deviation of individual trust levels is increased, which means that some individuals with significantly different trust levels are introduced, but these individuals still have generally low trust levels and therefore have a very small impact on public crisis governance performance. When   L I T = 0.8  , increasing the standard deviation of individual trust levels is equivalent to introducing individuals with greater variability in trust levels, thus increasing the process of individuals experiencing “Transient Diversity” and ultimately improving public crisis-governance performance to a certain extent. Therefore, whether LSD has an impact on public crisis-governance performance relies on LIT.




4.4. Discussion


This study extends the classical NK model by introducing individual willingness to collaborate and constructs an agent-based model that simulates the decision-making process of collaborative public crisis governance, and investigates the effects of individual trust levels, the level of partnership between individuals and the standard deviation of individual trust levels on the performance of collaborative public crisis governance. The simulation results found the following: (1) The complexity of public crisis events has a negative impact on the performance of collaborative public crisis governance. However, when the complexity of the task is high and the trust level of individuals is high, the performance of collaborative public crisis governance gradually increases, which indicates that individuals with high trust level can overcome the governance obstacles caused by the complexity of the task and thus achieve higher collaborative public crisis-governance performance. (2) The level of individual trust and the level of partnership between individuals have a positive impact on the performance of collaborative public crisis governance, and can contribute to the improvement of collaborative public crisis-governance performance. The standard deviation of inter-individual partnership level and individual trust level also have a positive influence on the performance of collaborative public crisis governance, but both depend on the level of individual trust. This suggests that the key factor in collaborative public crisis-governance performance is the level of individual trust. (3) The standard deviation of individual trust levels explains only a small part of the variation in collaborative public crisis-governance performance compared to individual trust levels and inter-individual partnership, and is a minor influence. In other words, the effect of individual differences on the performance of collaborative public crisis governance is secondary to the above two factors, and is not a decisive factor.





5. Conclusions


5.1. Research Contribution


The findings of this paper have some reference value for collaborative public crisis governance. When faced with a public crisis event, decision-makers need not be overly concerned that the complexity of the event will make it difficult for governance agents to make effective decisions that affect overall governance performance. Instead, the focus should be on how to increase the level of trust of subjects involved in public crisis governance, including trustworthiness, responsibility, achievement, risk perception, self-efficacy, and participation efficacy. Through them, we can increase the proportion of the parsimonious problem space that individuals can search as a percentage of the overall problem space, which can promote the overall optimal performance of collaborative public crisis governance. A low level of partnership between the agents involved in governance increases the diversity of public crisis governance options. Conversely, a high level of partnership between the agents involved in governance can increase the completeness of public crisis-governance solutions. This allows for the selection of appropriate governance decisions for different public crisis events.




5.2. Research Limitations


There are also some limitations and shortcomings in this paper. In order to eliminate the effect of differences in the social attributes of the subjects involved in public crisis governance on the simulation results, it was set up so that the subjects of public crisis governance were homogeneous and their social attributes had negligible influence on their decisions, so that it was not possible to prove whether this had an effect on the simulation results. In addition, the computational complexity of the NK model prevents the dimensionality of N from being too large. In this paper, sensitivity analysis is carried out for N of 8, 12, and 16 and the default setting of N = 16 is used for simulation experiments.








Author Contributions


Methodology, S.-n.S.; Software, S.-n.S.; Validation, Y.W.; Investigation, J.-j.H.; Resources, Y.-s.Z.; Data curation, R.G. All authors have read and agreed to the published version of the manuscript.




Funding


This paper was supported by grants from Philosophy and Social Science Fund of Shenyang (Grant No. SY20230216Y).




Data Availability Statement


The data used to support the findings of this study are available from the corresponding author upon request.




Acknowledgments


The authors sincerely appreciate the anonymous referees and editors for their time and patience devoted to the review of this paper as well as their constructive comments and helpful suggestions.




Conflicts of Interest


The authors declare no conflicts of interest.




Nomenclature




	
Parameters

	
Acronyms




	
   N   

	
the number of genes

	
   L I T   

	
level of individual trust




	
   K   

	
the number of interactions

	
   L I I P   

	
level of inter-individual partnership




	
     a   i     

	
a decision   i   takes the value

	
     L I T   i     

	
a random value that conforms to a normal distribution




	
     c   i     

	
contribution of a decision   i  

	
   L S D   

	
standard deviation




	
     a   k     

	
k decision-making

	

	




	
   M   

	
number of individuals in the partnership
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Figure 1. An extended NK model for collaborative public crisis governance. 
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Figure 2. Rules for building trust representations for individuals at different LIIPs when   N = 10  ,   M = 10  , and   L I T = 0.1  . 
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Figure 3. Extended NK model agent-based model-simulation flow chart. 






Figure 3. Extended NK model agent-based model-simulation flow chart.



[image: Mathematics 13 01592 g003]







[image: Mathematics 13 01592 g004] 





Figure 4. The relationship between individual trust levels and collaborative public crisis-governance performance in situations of varying task complexity. 
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Figure 5. Individual adaptive wandering and local optimum traps. 
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Figure 6. The relationship between the level of individual trust, the level of inter-individual partnership, and the performance of collaborative public crisis governance. 
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Figure 7. Distribution of the performance of the 150 participating governance agents’ decision-making options under different levels of inter-individual partnership. 
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Figure 8. The evolutionary process of the diversity of decision-making options for subjects involved in governance with different levels of inter-individual partnership. 
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Figure 9. The effect of different conditions on the performance of decision-making options of governance agents under different standard deviations of trust levels. 
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Figure 10. Distribution of the performance of the 150 participating governance agents’ decision-making options under different standard deviations of trust levels. 
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Table 1. A brief summary of most relevant works.
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Ref.

	
Method.

	
Shortcoming

	
Finding






	
Sutherland M et al. [34]

	
This paper collects data from the two peaks of the COVID-19 crisis for data analysis, and the findings suggest that during crises, citizens focus on short-term issues and seek immediate results in terms of preparedness and readiness.

	
First, the existing research literature has rarely explored the combination of trust relationships between stakeholders and governance performance. Second, there is insufficient analysis of the disruption of decision-making processes of certain individuals or groups as a result of power imbalances. Finally, fewer studies have explored the evolutionary trend of willingness to cooperate through simulation modeling.

	
Firstly, this study considers the influence of internal and external factors on the willingness of public crisis-governance agents to collaborate, which is categorized into three dimensions, namely, the level of trust, the degree of partnership, and the standard deviation of the level of trust. Secondly, based on the classical NK model, they proposed to construct an agent-based model of agents’ adaptive learning behaviors. Finally, Netlogo 6.0.4 software was used to conduct agent-based model-simulation experiments.




	
Parker, C.F et al. [35]

	
This paper utilizes the Collaborative Governance Database to empirically explore the core theoretical assumptions of collaborative governance in the context of crisis management, and the results of the study confirm that crises are rapidly evolving and are dynamic events that require adaptation, adjustment, and innovation by different players.




	
Ke, Y et al. [36]

	
This paper adopts a quantitative approach to the study of collaborative public crisis management in the context of big data.




	
Wei, S.J [37]

	
To address the objective of the study, a quantitative research approach is used along with a cross-sectional research design. Results of this study reported important findings which have contributed to the literature and practice.




	
Bentzen, TO et al. [38]

	
This article explores whether the COVID-19 crisis has broken the reform deadlock. Based on a handful of recent surveys and interviews conducted by Danish public sector organizations, the authors look at crisis-induced transformations in local public administration.











 





Table 2. Parameter explanation.
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Variables

	
Variable Expression

	
Explanation






	
Independent variables

	
LIT

	
Trust level

	
It reflects a comprehensive assessment of an individual’s reliability, honesty, and competence in a given context.




	
LIIP

	
Level of partnership

	
It reflects the depth and efficiency with which multiple subjects collaborate with each other under a common goal or task.




	
LSD

	
Standard deviation of confidence level

	
It reflects the degree of variation in individual trust levels.











 





Table 3. Experimental parameters.
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Variables

	
Variable Expression

	
Variable Value






	
Fixed variables

	
M

	
Size of governance group

	
150




	
N

	
Governance task decision item

	
16




	
K

	
Complexity of governance task

	
0, 1, 3, 5, 7, 9




	
Independent variables

	
LIT

	
Trust level

	
0, 0.2, 0.4, 0.6, 0.8




	
LIIP

	
Level of partnership

	
0, 0.3, 0.7, 1




	
LSD

	
Standard deviation of confidence level

	
0, 0.05, 0.1, 0.15, 0.2




	
Dependent variable

	
CGP

	
Crisis governance performance

	
——











 





Table 4. Sig. values for LIT, LIIP, LSD regression analysis.
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	Sign.
	Performance





	   L I T   
	0.003



	   L I I P   
	0.317



	   L S D   
	0.919



	   L I T × L I I P   
	0.007



	   L I T × L S D   
	0.046



	   L I I P × L S D   
	0.593



	   L I T × L I I P × L S D   
	0.124



	     R   2     
	0.486
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