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Abstract: Obstacle removal in crowd evacuation is critical to safety and the evacuation system efficiency. Recently, many researchers proposed game theoretic models to avoid and remove obstacles for crowd evacuation. Game theoretical models aim to study and analyze the strategic behaviors of individuals within a crowd and their interactions during the evacuation. Game theoretical models have some limitations in the context of crowd evacuation. These models consider a group of individuals as homogeneous objects with the same goals, involve complex mathematical formulation, and cannot model real-world scenarios such as panic, environmental information, crowds that move dynamically, etc. The proposed work presents a game theoretic model integrating an agent-based model to remove the obstacles from exits. The proposed model considered the parameters named: (1) obstacle size, length, and width, (2) removal time, (3) evacuation time, (4) crowd density, (5) obstacle identification, and (6) route selection. The proposed work conducts various experiments considering different conditions, such as obstacle types, obstacle removal, and several obstacles. Evaluation results show the proposed model’s effectiveness compared with existing literature in reducing the overall evacuation time, cell selection, and obstacle removal. The study is potentially useful for public safety situations such as emergency evacuations during disasters and calamities.
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1  Introduction

In an emergency, whether it is natural like a fire and earthquake, or man-made activity, like a terrorist attack; efficiently evacuating a crowd can be critical to minimize the casualties and damage to properties and the environment. Crowd evacuation is a complex procedure and topic both in city and building designing, robotics, etc., as it involves the behavior of large groups of people experiencing panic, fear, or confusion. There are many models developed for crowd evacuation, like the simulation of pedestrian dynamics force-based model [1,2]. Pedestrian flow is presented by fluid motion [3]. In [4,5], grid cells represent the space set. In [4], the lattice gas model was used to study the pedestrian flow properties to simulate crowd evacuation from a hall. However, like all models, the lattice gas model has some limitations that include evacuees moving discretely and simple rules governing their movements; this assumption may be suitable for some crowds, but it may not accurately reflect the behavior of individuals in large and complex groups.

In [6], two factors namely, conflict and pedestrian direction cost occurred while pedestrians moved to remove the obstacles from the exit. In [7,8], Agent-based Modelling (ABM) is used to simulate the evacuation of the crowd from the arena. In contrast, this model requires detailed data on the behavior and properties of individuals in the crowd, which may not be available in real-world scenarios. It is computationally expensive and requires significant processing power to simulate large groups, which are some of the limitations of this model. In [9], the critical properties of ABM are autonomy, responsiveness, proactivity, and social interaction, which makes it a perfect fit for scenarios requiring autonomous and adaptable participant agents. In [10], these models have advantages and dis-advantages as they can produce self-organized and collective phenomena like the fast-er-is-slower effect, lane formation, etc. In [11], the researcher proposes the ABM approach as an extended social force model that incorporates group structures and dynamics and applies it to simulate pedestrian crowds in various scenarios with limitations like computational complexity, data collection, and simplified group structures. In [12], the researchers utilize a multi-agent system (MAS) approach to propose a model that combines individual pedestrian behavior with the behavior of trained leaders who help the crowd during building evacuation. The MAS approach allows for modelling pedestrians’ and trained leaders’ individual and collective behaviors and their interactions. The limitations of the proposed model include simplified assumptions about human behavior and the lack of validation for its effectiveness in real-world scenarios. In [13], the limitations ad-dressed in the social force model for pedestrian crowd evacuation simulation during emergencies include the assumption that trained leaders consistently positively impact evacuation results, disregarding cognitive processes, which may not hold in real-world scenarios. Reference [14] proposes an agent-based model for simulating crowd behavior during emergencies. The model incorporates psychological models, roles, and communication to capture the behavior of individuals and groups within a crowd. Reference [15] proposes an agent-based model for simulating crowd behavior that incorporates the general adaptation syndrome (GAS) theory to capture the effects of stress and fatigue on individuals. The limitations of the model addressed are that the model focuses on the behavior of individuals within a crowd and does not consider external factors that may impact crowd behavior, such as environmental conditions. Reference [16] proposes a game-theory-based model for simulating pedestrian evacuation behavior in emergencies. The proposed model considers individual preferences for exit routes to optimize evacuation time and minimize congestion, but its practical application in real-world scenarios with large crowds is limited due to significant computational resource requirements. In [17], the authors propose a game-theoretical model that simulates herding behavior in human crowds, accounting for emotional and rational factors in emergency evacuation scenarios. Still, limitations include assumptions of perfect information, static emotions, decision-making, and discussions on evacuation routes affected by obstacles and crowd dynamics with various configurations [18,19]. To improve the overall crowd evacuation efficiency a suitable layout of obstacles is the best choice [20]. During crowd evacuation, the selection of exits is a crucial factor that reflects the behaviors of evacuees, with distance to the chosen exit typically being one of the most significant factors [21]. In [22], cellular automata (CA) model is used by applying game theory (GT) to investigate the choice of exit by pedestrians. One of the limitations is that the model assumes individuals have a static level of choice firmness, which may not accurately capture the decision-making process of real individuals who multiple factors can influence in a dynamic environment. In [23], evacuation models are divided into two types: The macroscopic and the microscopic models. In macroscopic models [24], the pedestrian characters resemble fluid dynamics and are often implemented in crowd simulations without adequately considering their behaviors. Microscopic models, a simulation model, capture the behavior of respective agents within a crowd during evacuations. The model operates at a microscopic level, meaning that it simulates the behavior of individual agents such as pedestrians or vehicles, rather than analyzing the overall movement of the crowd. Microscopic models have been divided into the social force model and the CA model [25].

In this research, a game theoretic model that incorporates removing large obstacles to simulate crowd evacuation has been proposed. Game setup exhibits several levels of cooperation and competition (payoff) between the players (evacuees). The payment of one player is equivalent to the gain of another and so on. This can be segregated into support, oppose, and evade categories. We considered a room with four exits at different locations, where we created different scenarios for obstacles placement which volunteers will remove. We employ the Next Cell Conflict (NCC) game to solve the conflict between the evacuees as they select the same desired cell to move in. We used the volunteer selection game to choose the group of volunteers [26]. Once selected, a task allocation game is employed which will explain how the large obstacles are removed by the volunteers when more large obstacles exist. In this regard, two types of factors exist: 1. Conflict when two or more evacuees want to move to one grid cell 2. Evacuees must decide whether to become a volunteer or not to remove the obstacles from the exit. To determine the movement of evacuees, we have used Floor Fields [27]. Parameters affecting the evacuation process are the placement of obstacles, removing obstacles from the exits, selection of volunteer group, time spent removing the obstacle, and repulsive floor field (RFF) strength to see obstacles from a distance. Eventually, we conducted various experiments that are shown through graphs and simulations. To summarize, following are the main contributions of the study:

1.    A detailed model-based analysis of crowd evacuation during disaster/emergency has been investigated while considering various levels of cooperation and competition among evacuees.

2.    A comprehensive literature review has been performed to figure out details about the type of games used in different occasions/situations.

3.    To address real-life situations, different scenarios for obstacle placement and size of obstacles are investigated in the proposed game theoretic model.

4.    By investigating several games and situations, the overall evacuation time and efficiency of crowd evacuation has been improved.

5.    Three games are introduced for volunteer selection, next cell selection, and task allocation to adequately evacuate the crowd and remove the obstacles of various sizes from the exits.

The rest of the paper is divided into eight sections. Section 2 provides literature review and the related worktable of state-of-the-art in game theoretic evacuation. Section 3 presents the crowd evacuation model and the table of abbreviations. Section 4 provides the game theoretic evacuation. Section 5 presents the game simulation. Section 6 presents the results of the experiments. Section 7 presents the discussion, limitations, and future work, and finally, Section 8 concludes the paper.

2  Literature Review

Game theory (GT) is the best tool to resolve conflict and cooperation issues in decision-making, where both exist simultaneously [28]. The authors use a noncooperative multistep game framework to represent the decision-making processes of different stakeholders in a crisis scenario, including authorities, victims, and potential attackers. The model considers the interdependencies between different events and stakeholders and seeks to identify optimal strategies for managing them. Some of the limitations are assumptions about the rationality that the model assumes that all stakeholders behave rationally and make optimal decisions based on their preferences and beliefs. Human behavior is often influenced by emotions, biases, and other factors that may not be captured by a purely rational model. The model is based on a lattice gas approach that represents individuals as particles that move and interact with each other based on simple rules. The model includes factors such as pedestrian density, panic intensity, and obstacles in the environment. The limitations of this model include simple representation of human behavior, limited applicability [1]. A cellular automaton model for simulating the evacuation process in the presence of obstacles. The model represents individuals as cells in a grid-like environment and simulates their movement based on a set of predefined rules. The model also incorporates obstacles in the environment, such as walls and obstacles, which affect the movement of individuals. However, individuals behaving according to a set of predefined rules and do not consider complex decision-making processes or emotional factors is one of the limitations [29]. Reference [30] proposes a cellular automata model that integrates spatial games and memory effects to simulate crowd evacuation behavior in emergency situations. The model represents individuals as agents with spatial memory and simulates their movement based on a set of predefined rules that include strategic decision-making based on spatial games. The model assumes that individuals behave rationally and make strategic decisions based on spatial games. However human behavior during emergency situations may be influenced by a wide range of factors, including emotions, social norms, and cognitive biases, which are not captured by the model is one of the norms. In [26], a GT-based simulation model for evacuation is proposed. The model uses a combination of social force model and game theory to simulate the evacuation process, considering the removal of obstacles. The GT component involves the decision-making of agents to determine the best exit route and avoid congestion, while the social force model is used to calculate the movement of agents based on their interactions with each other and the environment. The study in [31] is a decision-making model based on Bayesian GT where the model considers the decision-making process of individuals during an evacuation, considering their rationality, perception of risk, and social interactions. One of the limitations of this model is that it does not consider the psychological and emotional factors that may affect the decision-making and behavior of agents during an evacuation. Additionally, the model assumes that agents have perfect information about the environment and the location of obstacles, which may not always be the case in real-world evacuation scenarios. Reference [32] is a game-theoretic approach where model aims to investigate how the cry wolf effect affects evacuation decisions in emergency situations. The cry wolf effect refers to situations where people become skeptical of warnings because they have received false alarms in the past. Reference [33] is an evolutionary game-theoretic approach. The approach involves modeling the potential crowd behaviors using evolutionary GT, which considers the interactions and decisions of individuals within a group during an evacuation. The model aims to identify the critical factors affecting evacuation dynamics and predict the possible outcomes of different crowd behaviors. One of the limitations of this approach is that it assumes rational and selfish behavior of the individuals within the crowd, which may not always be the case in real-world emergency situations. Reference [34] is a cellular automaton model that integrates GT to resolve conflicts during the evacuation process. The limitations of this model are the model assumes all individuals are rational decision-makers who always act in their best interest, which may not be the case in real-world emergency situations. The model does not consider differences in physical ability, knowledge, and behavior of individuals during the evacuation process and the impact of social influence on the decision-making process of individuals during the evacuation process. In [35], authors examined pedestrian evacuation in a hall using a cellular automaton model incorporating game strategy updates. The researchers investigated the correlation between the pedestrian flow rate and evacuation time, as well as the effect of noise on the variation of cooperative proportion over time, for various initial cooperative proportions. Reference [36] is a lattice gas model coupled with an evolutionary GT. The model considers the interactions between pedestrians and obstacles, and their decision-making process to reach their destinations. The evolutionary game aspect of the model allows for the emergence of cooperation and competition among pedestrians. The limitations of the model include the assumption of a homogeneous pedestrian population with identical preferences and capabilities. The model also does not consider the impact of individual characteristics such as age, gender, or physical disabilities as well as the effect of panic or other unexpected events that may occur during an evacuation. These are potential considerations for future work. Table 1 provides a summary of game types used in crowd evacuation studies while Table 2 provides characteristics and links to simulation platforms frequently used in the literature.
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In contrast to the games utilized in the literature, the proposed study involves multiple games instead of single game especially in the emergency evacuation scenarios which is evident in Table 1. Multiple games help to address the behavior modelling more adequately and precisely considering various aspects and scenarios. Such as volunteer selection, next cell selection, and task allocation to adequately evacuate the crowd and remove the obstacles of various sizes from the exits. This makes strategically sturdier, helps in an improved payoff and better goal achievement in an emergency evacuation situation. Additionally various topologies of players and hazards are considered with different types of exits to comprehend the situation.

3  Proposed Crowd Evacuation Model

In the proposed model, we consider a room in a building which is represented by a grid of square cells of equal size. The room has multiple exits, and at least one of the exits is blocked by obstacles, where the size of obstacles may be small or large. The size of small obstacles is like the size of one grid cell, which can be easily removed by a single agent. However, large obstacles can occupy multiple grid cells and can only be removed by a group of agents. The number of agents required to remove these large obstacles depends on the size of the obstacles. We assume that dozens of pedestrians are inside the room during the evacuation. Moreover, the pedestrians are of two types: (a) evacuees or departer and (b) volunteers or aides. The volunteer voluntarily decides to remove obstacles to open the exits/paths, whereas an evacuee follows the instructions given by the volunteer, i.e., volunteers help evacuees, and evacuees cooperate with volunteers in turn. Furthermore, evacuees may decide to leave the room or not, and they may choose the appropriate exit. The proposed taxonomy is shown in Fig. 1. The game setup is comprised of five parts namely, behavior that represents possible players’ behaviors during the evacuation, targets represent the possible outcomes in the form of adequate evacuation tasks, environment features represent the spatial layout of the evacuation site, scenarios represent possible type of emergency events while techniques represent the solution games and their evaluation criteria.
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Figure 1: Proposed taxonomy for crowd evacuation using game theory

3.1 Transition Probability

Transition probability refers to the probability of a pedestrian moving from one cell or location to another in the evacuation area. This probability is influenced by various factors, such as the pedestrian’s current location, the density of other pedestrians in the surrounding area, the presence of obstacles or hazards, and the pedestrian’s preferred direction of movement.

We use Moore’s Neighborhood [26], where an evacuee will move in eight directions. The Von Neumann neighborhood is also possible, but it will restrict the evacuee from moving in only four directions. A room is represented by grid cells composed of rows and columns. Rows are represented by vj. The following equation can compute adjacent grid cells transition probability:

P(u_i,v_j)=(1−q)∗P(u_i−1,v_j−1)+q4∗[P(u_i−1,v_j)+P(u_i−1,v_j+1)+P(u_i,v_j−1)+P(u_i,v_j+1)+P(u_i+1,v_j−1)+P(u_i+1,v_j)+P(u_i+1,v_j+1)](1)

whereas in Eq. (1), P(u_i,v_j) represents grid cells transition probabilities of evacuees/pedestrians. q is the evacuee/pedestrian probability when they select to move to one of the eight directions except moving in a straight direction, which is represented in Fig. 2. In Eq. (1), we assume that an evacuee only moves in eight directions, where the current probability of an evacuee can be calculated by using the previous transition probability of adjacent grid cells. The use of an extended Moore’s neighborhood in crowd evacuation allows for a realistic representation of the interactions between individuals in a crowd. In the extended Moore’s neighborhood, everyone’s movement is influenced not only by their immediate neighbors but also by those in the diagonal direction. This allows for a more accurate representation of the potential for individuals to move in a diagonal direction during an evacuation, which can be necessary for avoiding obstacles or congestion. For the calculation of extended Moore’s neighborhood, Eq. (2) is used:
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Figure 2: Transition probabilities. (a) Through quadrants; (b) Through Moore’s neighborhood

P(u_i,v_j)=(1−q)∗P(u_i−1,v_j−1)+q8∗[P(u_i−2,v_j−2)+P(u_i−2,v_j−1)+P(u_i−2,v_j)+P(u_i−2,v_j+1)+P(u_i−2,v_j+2)+P(u_i−1,v_j−2)+P(u_i,v_j−2)+P(u_i,v_j+2)+P(u_i+1,v_j−2)+P(u_i+1,v_j+2)+P(u_i+2,v_j−2)+P(u_i+2,v_j−1)+P(u_i+2,v_j)+P(u_i+2,v_j+1)+P(u_i+2,v_j+2)](2)

Eq. (2) recursively computes the probabilities at position (u_i,v_j) based on its neighboring cells. An evacuee can move in eight directions based on Moore’s Neighborhood, as shown in Fig. 2a. However, agents can only move to four adjacent cells in the Von Neumann neighborhood, as shown in Fig. 3. The gray shades show evacuee (maroon color) can move in these directions.
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Figure 3: Neighborhood types. (a) Extended Moore’s neighborhood; (b) Moore’s neighborhood; and (c) Von Neumann neighborhood

In the proposed model, the size of the room is 80 × 80 meters, and it has square grid cells. The highest Floor Field (FF) is assigned to grid cells of walls, preventing evacuees from crossing walls. The exits are given the lowest value, so evacuees follow the direction towards the exits. Initially, each cell is unoccupied, but later the cells may be occupied by obstacles and pedestrians. The size of the cell is 0.4 m2 × 0.4 m2. Only one pedestrian can occupy an empty grid cell at a certain time instant. All the evacuees are distributed randomly inside the room with density φ. The changing effects of all pedestrains and exits are captured by (a) static floor field (SFF); (b) dynamic floor field (DFF); (c) repulsive floor field (RFF); and (d) interactions among pedestrians. Table 3 lists the abbreviations and their meanings used in the study.
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3.2 Floor Fields

The evacuees move toward the exits using the floor fields mentioned in Section 3.1, as room is composed of grid cells and after determining the location of exits, where boundary of walls and obstacles are given constant value. The boundary of walls and obstacles have the highest value because they will help evacuees/pedestrians to avoid them.

3.2.1 Static Floor Field (SFF)

Static floor field means the values of walls and obstacles will not change and is not time dependent, e.g., windows shape, exit location, etc. A SFF helps to find and choose the shortest distance to the specific emergency exit that helps to evacuate the pedestrians from the area [50]. In this research, we assumed a room composed of 16 × 16 grid cells with four exits at different locations and blocked with four different obstacles. Obstacles are placed in front of doors, composed of two grid cells. Doors are also composed of two grid cells, as shown in Fig. 4. The circle in red color indicates the hazard area. SFF for room of cells (u_i,v_j) is represented as Sstatic(u_i,v_j) and its working rules are proposed in [29]. Adjacent cells to walls, values are assigned according to mentioned rules:
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Figure 4: SFF distribution. Doors contain lowest value, “0”, and consist of two grid cells. The room’s walls contain the highest value, “100”, so no evacuee can surpass the walls

For the cells in the vertical and horizontal direction, the value is computed as follows:

a)   The total value of the previous cell +1, whereas the diagonal direction value is computed as the total value of the previous diagonal cell +1.5.

b)   Step a is represented until all cells are computed.

c)   Obstacles are given the highest value.

3.2.2 Dynamic Floor Field

DFF helps the pedestrians in movement, when DFF changes, as it depends on time, the number of pedestrians will also change, i.e., pedestrians shuffle inside the room with a new location and assign new floor fields value. DFF is used in evacuation processes because it helps in pedestrians’ motion as it is used to assign non-negative weight to each cell. Using DFF in evacuation models, pedestrians who move to their desired cells/exits leave a trace in the form of a boson behind called a virtual trace with its properties [51]. Two dynamics of DFF are diffusion and decay, to represent them, two procedures metrics are used, i.e., ∝∈[0,1]. So, the DFF process can be computed as:

Ddynamic(u_i,v_j)=Ddynamic(u_i,v_j)(T,α,δ)(3)

The process of diffusion is computed as follows:

Ddynamic(u_i,v_j)(T+1)=Ddynamic(u_i,v_j)(T+0.5)−αDdynamic(u_i,v_j)(T+0.5)+α8[Ddynamic(u_i−1,v_j+1)(T+0.5)+Ddynamic(u_i,v_j+1)(T+0.5)+Ddynamic(u_i+1,v_j+1)(T+0.5)+Ddynamic(u_i−1,v_j)(T+0.5)+Ddynamic(u_i+1,v_j)(T+0.5)+Ddynamic(u_i−1,v_j−1)(T+0.5)+Ddynamic(u_i,v_j−1)(T+0.5)+Ddynamic(u_i+1,v_j−1)(T+0.5)](4)

whereas in Eq. (4), Ddynamic(u_i,v_j) represents the DFF for grid cells (u_i,v_j), T represents time ticks and 0.5 represents half of the time. Here, (T+0.5) in Eq. (4) represents a half step in the diffusion process. It allows for accurate dynamics modelling because it considers the changes in the field that occur in full-time steps. The parameter ∝ represents the total rate of diffusion, and the value 1/8 is used for the weight to contribute from adjacent cells and helps calculate the updated field at a time (T+1). The process of decay is computed as follows:

Ddynamic(u_i,v_j)(T+0.5)=Ddynamic(u_i,v_j)(T)−δDdynamic(u_i,v_j)(T)(5)

In Eq. (5), Ddynamic(u_i,v_j)(T) represents the DFF at time T. δ represents the decay rate, and (T+1) represents the next time step in the model. Eq. (4) shows the reduction in evacuees’ density each time evacuees exit the room, modelled as a density φ of the current density. In some situations, pedestrians stuck in a jam can exchange their positions with neighbours, as shown in Fig. 3. This way, the equation for jam is as follows:

Ddynamic(u_i,v_j)(T+1)=Ddynamic(u_i,v_j)(T)+γ[Ddynamic(u_i−1,v_j)(T)+Ddynamic(u_i+1,v_j)(T)+Ddynamic(u_i,v_j−1)(T)+Ddynamic(u_i,v_j+1)(T)−4Ddynamic(u_i,v_j)(T)](6)

In Eq. (6), γ represents the jam rate. Eq. (6) shows the increase in crowd density at each time step as evacuees become stuck in a jam and cannot move. The cell exchange mechanism also allows the volunteers to advance toward the obstacles. Fig. 5 explains the next cell selection by exchanging the positions per their direction of movement refers to a method used in some crowd evacuation models where pedestrians select their next move based on the direction, they are currently moving in. Specifically, pedestrians swap their positions with each other in the cell they want to move to as shown in Figs. 5c and 5d if that pedestrian is moving in the same direction as they are.
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Figure 5: Next cell selection by exchanging the positions per the direction of movement

This allows for smoother and more efficient movement in the crowd as pedestrians are less likely to collide or obstruct each other. The evacuees move toward the exits using FF mentioned in Section 3. The SFF is a constant value assigned to each grid cell based on its shortest distance from a specific emergency exit and room geometry. The DFF changes over time based on the environment of the other pedestrians. It captures the current situation and changes with time, such as the psychology/behavior based on the density of the pedestrians. The DFF has a decay rate and diffusion, updated at each time step. The diffusion does not change the grid cell value of the obstacles. The volunteers remove the obstacle due to this distinct role. Further, volunteers’ movements are not affected by the DFF. During the obstacle removal, the evacuee should create minimum hindrances for the volunteers, and the space near the obstacles should be clear, especially when there are large obstacles. To handle this issue, we employ RFF [52]. In [26], a floor field has been presented to remove small obstacles, and the evacuee predicts the movement of the volunteer. However, in our model, multiple agents collectively push a large obstacle to clear the path for evacuation. Moreover, if the sum of the forces applied by all the agents in a group is toward the destination which results in the obstacle will move towards the destination. The heading vector (H→) of the group is computed based on a sum of individual direction vectors of each volunteer in a group:

H→=Vcjejθi∥∑i∈Vcjejθi∥(7)

where j is the jth obstacle, Vcj denotes the volunteers trying to remove obstacle j, Vcj denotes the volunteers trying to remove obstacle j. θi is the heading of the ith volunteer in the group and e is direction of volunteers. RFF is updated based on the collective heading of the group. Eq. (7) presents the average direction of crowd evacuation, given a set of evacuees with velocity vectors Vcj and orientation angles θi. The denominator is the magnitude of the sum of all the velocity vectors in the crowd, and the numerator is the sum of all velocity vectors, each multiplied by their respective orientation angles. In the proposed model, Eq. (7) simulates the collective behavior of individuals as they move away from danger or obstacles. The presence of obstacles can alter the average direction of evacuation, and the removal of obstacles by volunteers can impact the overall evacuation process. The dynamics of the RFF are like the DFF; it has a decay rate and diffusion rate. The area in the cone of vision is called the region of interference (ROI) of the obstacle. The size of the ROI depends on the size of the obstacle. The purpose of RFF is to handle a situation where volunteers remove obstacles, and the pedestrians keep enough free space available to move the obstacles. This floor field is like the repulsive behavior in a swarm. Furthermore, RFF cannot be computed based on individual volunteers’ direction in the group. Hence, the sum of the directions of a group has been considered.

4  Game Theoretic Evacuation

The SFF, DFF, and RFF determine the movement of the normal pedestrian. However, once a pedestrian becomes a volunteer, the movement is computed based on the removed obstacles to new position. To simplify the proposed model, the destination of the obstacle is predefined, and the volunteer floor field (VFF) is computed to guide the volunteers to push the obstacle to that destination. It is further assumed that no two obstacle destinations cross each other. This floor field is computed using the shortest path between the obstacle and the destination. The shortest path is computed using the A* algorithm. Game theory can be applied to model the behaviors of agents in conflict-of-interest situations, i.e., cooperative, and non-cooperative. The agents, also called players, are required to predict/know the decisions of each other. Sometimes, there may be conflicts between two players because both have the same interest. We use the volunteer selection game, next-cell conflict game and task allocation game to remove the conflict between players.

4.1 Next-Cell Conflict Game

The evacuees update their movement simultaneously and compute their next cell using floor fields. However, conflict may arise because multiple evacuees may choose the same cell as their next destination. Only one evacuee is allowed to occupy an empty cell, and if multiple evacuees wish to move into the same cell, there should be a mechanism to regulate this movement. We have used the Chicken Game (CG) to resolve such conflicts. The pedestrian decides to cooperate (C) or defect (D). If one of the evacuees does not cooperate, he/she will be allowed to move with payoff (−c), whereas the cooperative evacuee will not move but get payoff (0). If both evacuees do not cooperate, both get a payoff (v − c) and are equally probable to be selected. The payoff to get into the desired cell is v, and the cost of defection is c. If both evacuees decide to cooperate (C), both will remain motionless and be awarded (0) payoff. The utility function is described in Eq. (8).

UF(u_i,v_j)={1/m;ifG(xj)=0[forallcooperative](−c).L(xj);ifG(xj)>1(1−c).L(xj);ifG(xj)=1(8)

where UF is a utility function of cells (u_i, v_j), 1/m is the payoff. If all evacuees in the game are cooperative, they will get their desired location. If anyone evacuee is willing to compete, they will get (1-c), and others will get 0. If at least two evacuees compete, they will get -c, and the other will get 0. L(xj) indicates the function, and when xj competes, the L(xj) = 1; otherwise, 0 and G(xj) represent the total number of competitive evacuees. The NCG payoff matrix is in Fig. 6.
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Figure 6: Payoff matrix for selection game

4.2 Volunteer Selection Game

We have used the volunteer dilemma game to analyze volunteer selection. The pedestrian in the ROI of the obstacle decides either to remove the obstacle or not. A pedestrian who decides to remove the obstacle becomes a volunteer. A volunteer dilemma is a social dilemma game in which a person in a group must choose either to make a costly contribution and deliver benefits to all other members of the group or avail themselves of a free ride on the contributions of others. A game in which only one person contributes to deliver benefits to all members of the group is called a volunteer game their [53]. The task of the volunteer is to remove the obstacles and guide the evacuees so that they can evacuate from the area safely. Dikemann first introduced the volunteer’s game in 1985 in social sciences. It is an N-person game in which public goods are produced if only if one player decides to pay the cost. The strategy depends on the willingness of evacuees to remove the obstacle from the exit. Each player in an ROI chooses either Volunteer/Aide (A) or Abstain (I). The benefit received by individuals for participating in volunteering efforts is presented in Eq. (9).

bI={b,ifK<q,0,ifK≥q,(9)

where bI is th benefit received by individual. K is the total number of volunteers in a collective manner. It is determined on comparison between the values of K and q. Where if K < q is true, then the number of volunteers required is then the threshold q, and then the individual receives a benefit of b. If K ≥ q means the number of volunteers required is equal to or greater than the threshold q, then the individual receives no benefit.

bA={b,ifK<q,0,ifK≥q,(10)

UI=∑i=1N⁡f(v−bI)(11)

UA=∑i=1N⁡f(v−bA)−p(12)

Eq. (11) is used in the context of the volunteer selection problem, where the main goal is to remove the obstacles near exits. In a crowd evacuation scenario where obstacles need to be removed, the volunteer’s dilemma game can be used to choose potential volunteers in the following manner:

1.    Evacuees decide whether to become a volunteer or not to remove the obstacles based on their self-interest and pay the cost (p) of volunteering.

2.    If the number of volunteers (Nv) is equal to or greater than a certain threshold (s), then public good (obstacle removal) is produced, each volunteer gets a maximum payoff v.

3.    If the number of volunteers is less than the threshold, then public good is not produced, and each evacuee incurs a cost (s > p) for the failure to remove the obstacles.

4.    The decision of each evacuee depends on their self-interest and the expected payoff from volunteering or not volunteering is represented in Eq. (13).

Ui=[Nv≥s]∗(v−p)+[Nv<s]∗(−s)(13)

In Eq. (13), Ui is evacuee ith payoff, Nv is the number of volunteers, s is the threshold for producing the public good, v is the maximum payoff for producing the public good, p is the cost for each evacuee to volunteer, and s > p is the cost for each evacuee if the public good is not produced. The value of K depends on the number of volunteers required to remove all obstacles near the exit. This is required to be computed in a decentralized fashion, which is possible using crowd wisdom. The problem associated with crowd wisdom to estimate the total number of volunteers required may be difficult.

4.3 Task Allocation Game

Once we have enough volunteers to remove obstacles, the next issue is to explain how the volunteers would remove large obstacles, specifically if there is more than one large obstacle. The volunteers must decide to remove one of the obstacles in a decentralized manner. We have employed the decentralized version of Minority Game (MG), in which players only decide based on their neighborhood. The players get local information and act regardless of the global situation. Each evacuee has a gene that defines the probability (p) of the player’s decision to choose an action that the strategy predicts. A player, who decides based on trends, has more chance to be in the minority. This divides the population of players into two groups. The number of volunteers required to remove the obstacles is a cutoff for the game. We use arbitrary cutoff (ϕ) instead of 50 % (N/2) in crude MG. It has been shown in [54] that even if the cutoff is very small (compared to N/2), it behaves similarly to MG.

5  Game Simulation

In this model, every pedestrian has its state. The state of the pedestrians is composed of factors including evacuee position (P), cell position (C), density (φ), heading direction (HD), and a set of strategies for games. The crowd evacuation process of the proposed model is shown in Fig. 7. It describes the phases of the simulation:

[image: images]

Figure 7: Flow chart of the proposed system

1.    The system is initialized; all evacuees are distributed randomly within a room. The simulation is stopped if the evacuation process is completed.

2.    If players sense the possible jam in their visibility range, they decide to wait until their frustration level is high enough to change their exit; secondly, it depends on the type of jam; if it is due to an obstacle, they may decide to be a volunteer.

3.    If players are in the ROI of obstacles, the pedestrian plays a volunteer selection game (public good game), a social dilemma game.

4.    If an obstacle is small (and it is in a single cell) and it is in the cone of the vision of the volunteer. The floor field between the object and the destination will be updated.

5.    If obstacle(s) is(are) large, then volunteers will play a task allocation game. Those in the minority will be part of a collective (group) to remove that large obstacle. The floor field for that object will be updated.

6.    All the evacuees, including volunteers/aide and other departers/evacuees, select one empty cell, which will be their desired cell, in which they are willing to move in. If one or more than one selects one desired cell, conflict will occur. Next Cell Selection game will be played to solve this conflict. This game will create a sequence of pedestrians who wish to go to the desired cell.

7.    SFF and DFF will be updated when volunteers remove obstacles.

8.    When the positions of evacuees, volunteers and obstacles have been updated, DFF will be updated again. In this phase, if the aide wants to unaided themselves, their positions will be updated, and they will become evacuees.

5.1 Simulation Environment

Netlogo is used to perform simulations of the proposed work. The pedestrians were uniformly distributed in the arena with density Pd; they could interact with each other in Moore’s neighborhood. The Evacuation time Et is the number of ticks (discrete simulation steps) required to evacuate all the pedestrians completely; moreover, AEt is the average evacuation time. Fig. 8a shows a room of size 80 × 80 with four exits of different sizes, Fig. 8b shows the initial population in that room, and Fig. 8c shows the evacuation process, where one of the exits E–I is blocked, jamming happens in front of it.
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Figure 8: (a) The evacuation arena of size 80 × 80 with four exits of size E–I =3, E–II = 2, E–III = 2, E–IV = 1; (b) Initial population; (c) Exit E–I is blocked by a large obstacle and jamming in front of it, volunteers will collectively remove the obstacle

Fig. 9 shows two experiments for different numbers of exits. In Figs. 10a and 10b, if exit is blocked by an obstacle, there are two possibilities for evacuees to choose either nearest exit or go to random exit. In the case of nearest exit, there is a chance of jamming but when they choose other exits then they travel more. If the obstacle is placed at the front of the exit. Agent decides whether to remove the obstacle or go to other exits. Density of crowd and time of obstacle removal is changing with time. It is proven that re-moving obstacles is good. Parameters are: Time, density of crowd, how much time it will take to remove? And how much time it will take to move to another exit? In few times, nearest exit selection has more time because nearest exit is crowded. In random case, the population is not crowded on one exit. That is why random exit takes less time in obstacle removal as density of people increased. Similar situations observed in the studies [55,56].
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Figure 9: Evacuation time for obstacle removal or moving to another unblocked exit
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Figure 10: (a) Completely blocked as alpha = 0, if alpha < = 2, then evacuees cannot cross it, (b) obstacle completely removed, (c) move the obstacle to the center (d) obstacle on the sides of the exit (e) other shapes of the obstacles (f) small-size obstacles that the single volunteer can remove

6  Results and Discussion

6.1 Collective Obstacles Removal

Evacuees choose an appropriate exit and move towards that exit using floor fields. They do not know any blockage status of the exit until they come into the region of influence of the obstacles. They may move toward another supposedly unblocked exit if the exit is blocked. The more time they spend in a jam, their frustration level increases, which increases the probability of changing their mind and moving toward another exit. However, the movement of the pedestrians toward the new exit may create a jam/herding situation. There may be an additional risk of travelling toward the other exit, which may be blocked completely. Some evacuees may decide to remove the obstacles [26]. Fig. 10 depicts various types of obstacles and their possible positions.

Moreover, in most cases, the obstacles may be large and heavy, which is impossible for a single evacuee to remove. In this case, some of the evacuees (volunteers) must cooperate to remove those obstacles. Two aspects of cooperative obstacle removal have been analyzed. First, the volunteer dilemma is analyzed, where at least one agent should volunteer, which will benefit the whole population; however, for large obstacles removal, more than one evacuee must volunteer. Secondly, sufficient volunteers should cooperate to remove the large obstacles collectively. There is no leader in this situation and no communication or negotiation mechanism to recruit additional volunteers. The volunteers should cooperate in a decentralized way. If the obstacles were not removed due to volunteer rate or lack of cooperation for collective removal, it would increase the frustration level, and evacuees may move toward the other exits, and they may interfere with the evacuees moving toward this blocked exit, which may create jamming around the blocked exits.

It will also increase the number of evacuees at other exits as well. This jamming effect increases the evacuation time. Fig. 11 shows that the evacuation time increases for the lower densities, e.g., when the value of μ is less than 120 and 150, shown in Figs. 11a and 11b, respectively. The reason for this is the large number of agents near the blocked exit. However, for the higher densities, the evacuation time increases with an increase in μ. The jamming decreases gradually as pedestrians move towards the other exit and exits are opened by the volunteers. This shows that it is desirable to remove obstacles as early as possible; otherwise, after a certain time, obstacle removal will increase the efficiency of the evacuation process. Fig. 11c shows the number of agents at the exits on different values of the μ. It Illustrates that the jamming effect decreases over time; however, it in-creases the number of evacuees at unblocked exits, thus increasing the evacuation time.
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Figure 11: Moving obstacles to the center (case-II) for the population p = 0.2 (a) size of an obstacle is 5 (b) size of an obstacle is 9 (c) size of an obstacle is 13

The evacuation by the selected exit through diffusion is shown by color scheming (Fig. 12). The lighter color shows that these evacuees will evacuate first, and the dark color shows they are far from the exit.

[image: images]

Figure 12: Distance to the exits

6.2 Type and Number of Obstacles Removed

We investigated the effect of several different obstacles on the evacuation process. The volunteers start to remove obstacles and cooperate to remove obstacles after μ timestamps. Removing the obstacle as soon as possible is desirable, as shown in Fig. 13. We have studied the impact of obstacle removal on evacuation concerning with the μ. If obstacles are partially removed, then it decreases the evacuation flow rate. Fig. 13a shows the effect of exit selection. In this experiment, there are multiple unblocked exits. If all the agents select the nearest exit, it has been noted that jamming occurs in that direction, and a huge flow toward that exit increases the evacuation time compared to random exit selection. In Fig. 13b, we have compared evacuation time for the cases of (i) removing obstacles by volunteers and (ii) evacuees moving to the other exit. The results show that it is better to remove the obstacle. It has been stated earlier that evacuation time in case (ii) increases due to jamming, extra distance travelled by the agents and the number of evacuees at remaining unblocked exits.
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Figure 13: Mu-Value-III volunteer effect with exit size 3 (a) population size p = 0.1 (b) population size p = 0.2 (c) population size p = 0.3

There are three possible options to remove the large/small obstacles:

Case I – Remove Completely: In this case, it is considered that the combination of small and large obstacles has blocked the exit. The obstacle’s width is smaller than the exit, and the volunteer’s matters have taken those obstacles outside the arena or away from the exit (Dobs > 7). Fig. 14b shows that the obstacles have been removed completely.
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Figure 14: Evacuation process, (a) jamming occurs at exit-III (b) (c) the frustration level of evacuees increases over time, and some of the evacuees decide to change here exit, and (d) a large obstacle has been removed, but most of the evacuees have already changed

Case II – Center: It is extremely challenging to move very large obstacles to Dobs > 7 due to the large number of evacuees, the shape/weight/size of the obstacles, and consensus among the volunteers. In literature, it has been shown that obstacles in front of an exit at certain distances may improve evacuation/increase flow rate. We have investigated the effect of obstacles at different distances for the exit on evacuation efficiency. Fig. 14c shows the obstacle removed to the center in front of the exit.

Case III – Sides: One of the feasible options to remove obstacles is to place the obstacles on the sides of the exits. In this case, the exit can be opened parts as well. We have investigated the effect of the size and distance of obstacles from the exit. Fig. 14d shows the obstacles that have moved to the sides of the exit. This depicts the large obstacle at α = 1.

The results of experiments to move in front of the exit (Case-II) are shown in Fig. 11 for population Pd = 0.2. The experiments were conducted for three obstacle lengths {5, 9, 13}, Three widths of the exit {1, 3, 5} and five distances of obstacle from the exit {1, 2, 3, 4, 5}. The results have also been compared to completely removing the obstacle (Case-I). The results in Fig. 14 show that the obstacles have slightly improved evacuation time in front of the exit. We could not find a relationship between obstacles position and evacuation efficiency. It largely depends on the width of the exit, the size of the obstacles, the distance of the obstacle from the exit and the position of the exit. It is not easy to find an optimized combination of these parameters. Fig. 15 shows different types of obstacles and their possible positions in an arena. We have investigated the effect of different obstacles, their positions and the distance between the obstacle and the exit. The results for Case-III, in which the obstacles are moved to the sides of the exit, are shown in Fig. 15 for population density Pd = 0.2. The experiments were conducted for three obstacle lengths {5, 9, 13}, Three widths of the exit {1, 3, 5} and four distances of obstacle from the exit {partial, 0, 2, 4} were considered. The results show that distance of the obstacle is directly proportional to the evacuation time. If the distance is more than 7, then the obstacle does not affect the evacuation time. We have noticed that it is a reasonable choice to remove the obstacle to the sides; however, the distance should be at least more than 4.
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Figure 15: Population p = 0.2 (a) Obstacle size 5 (b) Obstacle size 9 (c) Obstacle size 13

7  Discussion, Limitations and Future Work

The experimental results show that cooperative obstacle removal is a complex task in emergencies due to its aspects in social interaction and social dilemmas, environmental and behavioral complexities [57]. The study presents a detailed analysis of cooperation and competition in emergencies. The proposed method attempts to understand cooperation in removing large obstacles in an emergency evacuation but has limitations. The consensus among the volunteers to move the obstacle towards a certain point is challenging. Besides consensus, the rotation and movement of a large obstacle are very difficult to simulate. The obstacles, especially large ones, may support debris; if volunteers attempt to remove them, it may cause further damage. In the proposed model, we have ignored this aspect. It is very difficult to analyze obstacles’ different shapes, orientation, and weight. Furthermore, this work can be improved in the following directions:

1.    A consensus must be developed to remove the obstacles in a suitable direction.

2.    Sometimes, agents move in a group of clusters (e.g., friends, families, pets, etc.), and such group dynamics are linked to the volunteering rate.

3.    It would be interesting to study further the effect of failure on the volunteering rate to produce enough volunteers to remove obstacles.

8  Conclusions

In this study, a crowd evacuation model integrated with game theory to investigate cooperation and competition for large obstacle removal has been presented. Minority and public-based games have been employed to describe volunteer behavior and their dynamics of choosing specific obstacles in a decentralized way. A good public game helps in selecting potential volunteers depending on their willingness, while the minority games help analyze how they reach collective solutions to remove the large obstacles. During the movement, conflict may arise because more than one agent may wish to move to the same cell; such conflict was handled using Chicken game. This game creates a sequence for that agent and allows it to occupy that cell. The assumed large obstacles vary in size and type, and block the exits, hence hindering the evacuation. In this regard, various case studies (scenarios) have been created to investigate large obstacle removal, such as the placement of obstacles in front of the exit (center), on the sides of the exits, removing obstacles completely, and so on. Removing obstacles to the center improves the evacuation time, depending on the parameters. It was observed that while removing obstacles aside, it is better to put them away from the exits. However, the volunteers pay higher costs. In most cases, evacuees would remove obstacles because it is better than moving toward another exit. Removing obstacles from exits increases the efficiency of the overall system. In the future, the model can be extended to investigate various combinations of games with dynamic payoffs while considering complex and constrained real-life scenarios.
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Table 3: Abbreviation and meaning used in the study

Symbols Meaning Symbols Meaning Symbols Meaning
1 Pedestrian q Probability of 0, Heading of ith
random evacuee volunteer in a
distribution group
density within a
room
P Transition Sevatictui-v ) SFF for grid cells  j* j is the j*
probability (u_i, v_j) obstacle
FF Floor field o Diffusion rate V. Set of
volunteers
trying to
remove
obstacle j
SFF Static floor field & Decay rate NCG Next cell
Conflict
RFF Repulsive floor T Time tick C Cooperative
field
u_i Number of Rows  Démemicwivp— Dynamic floor D Defect
in grid cell field for gird cell
(u_i, v_j)
v_j Number of % Jam Rate CG Chicken Game
columns in grid
cell
P, Arena with E, Evacuation time A4, Average
density evacuation time
ROI Region of H, Heading direction P Evacuee
Influence position
C Cell Position %) Arbitrary cutoff  TAG Task allocation

game
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Table 1: Summary of game types used in crowd evacuation

Ref. Game Players Strategy & Achieved Situation & Payoff
goal

[37] Zebra crossing Cyclist, car Reduction of car speed  Zebra crossing by

Game drivers when cyclists cross the cyclists. They are
road which is opposite given more rights
to the actual rule than cars

[38] 2 x 2 symmetric Pedestrians Conflict resolution with  Movement of

game (rules taken  (behavior aspects) Prisoners Dilemma, individuals,

from Prisoners Stage Hunt games rules  cooperative and

Dilemma, Stage non-cooperative

Hunt games) conflicts

[39] Multistage game  Evacuees Emergency exit Evacuees exit
selection psychological  selection in the
modeling emergency

[40] Agent based Evacuees/occupants Evacuees modeling by Two type of

approach using including uncertainty uncertainty

GT factor parameters used in

the payoff function

[41] Nash equilibrium  Evacuees Exit selection process, Evacuees exit

(NE) with pure (N-players) adaptive strategy, selection by best

strategies game optimum iterations for ~ response payoff
equilibrium function

[42] Evolutionary GT  Pedestrians Optimized, guiding the  Pedestrians crossing

crossing the road  adventurer’s illegal behavior analysis
behavior making for without supervising
good direction

[43] Snowdrift GT Cooperative and ~ Growth of fear index Complex interaction

with CA model defective and cost coefficient will ~ behavior among the

pedestrian lengthen the evacuation  conflicting
time pedestrians

[35] CA model with Cooperative and  Effect of initial Pedestrian flow rate

GT strategy defective cooperative proportion  and the evacuation

update pedestrian and strength of noise on  time as payoff
evacuation method

[33] Evolutionary GT  Agents Crowd disaster is solved Crowd dynamics

Approach with risk-aware and planning at large
neutral agents that leads  gatherings. Cost
to threats associative payoff.

[44] N-persons non Crowd in Risk degree evaluation ~ Multi-exit

cooperative game  emergency by entropy optimization evacuation.
with Monte Carlo Maximum flow rate
simulation as payoff weighing

factor

[26] CA model with Pedestrian Reciprocity can be Room with obstacles.

GT (volunteer achieved among Obstacles based
dilemma and pedestrians, increases payoff like type, size,
yielder game) the efficiency of the distance

process

[16] Non-cooperative  Evacuees Individuals interact Evacuation in

GT with one another while ~ multi-exit area. Sum
egressing in a multi-exit  agent profile-based
area payoff.

[45] Agent theory, GT  Passengers Ship’s passengers’ Exit selection,
behavior, predict the obstacle avoidance,
evacuation time more conflict
accurately selection-based

payoff

[46] N-person Agents, Traffic Decreasing the Traffic bottleneck by

Prisoner’s interruption probability  a lane-closing

Dilemma by stochastic Nishinari— section. Interruption
Fukui-Schadschneider  probability based
model payoff method

[32] Cry Wolf effect Evacuees Threat detection can Evacuees that face

and GT prevent large false alarm or any
inefficiencies linked to threat. Evacuee and
the cry wolf effect authority cost as
Refining equilibria with  payoff model
the intuitive criterion

[47] Snowdrift GT Pedestrians Pedestrians’ smaller Interaction between

(cooperator and density induces less complicated
defector) evacuation time pedestrians represent
the payoff

[48] Lane-changing V2v Predicting Traffic lane changing

model based on communication lane-changing behavior  behavior. Payoff is

GT approach using calibration based on target and
approach lag vehicles

[49] Evacuees game Evacuees Crowd behaviors in Crowd cooperative

FF model

emergency evacuation
(cooperative/competi-
tive)

and competitive
behaviors. Payoff is
based on a unity
function
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Table 2: Characteristics and link to simulation platforms (open source)

Simulators Environment Link

Netlogo 2D/3D https://ccl.northwestern.edu/netlogo/

SIMULEX 3D https://www.iesve.com

Pathfinder 3D https://www.thunderheadeng.com/pathfinder/
compare/

MATSim GIS based https://www.matsim.org/

FDS-SVM 3D https://pages.nist.gov/fds-smv/downloads.html

JuPed Sim 3D http://www.jupedsim.org

Pyro Sim 3D https://www.thunderheadeng.com/pyrosim

MassMotion 2D/3D https://www.oasys-software.com/products/pedestrian-
simulation/massmotion/

PTV Viswal 3D https://www.ptvgroup.com/en/solutions/products/ptv-
viswalk/

LEGION 3D https://www.bentley.com/en/products/brands/legion

PEDSIM https://people.revoledu.com/kardi/research/pedestrian/
MicroPedSim

Micro- 2D https://fseg.gre.ac.uk/exodus/exodus_registered_

PedSim visitors.html

SIMWALK 2D/3D https://www.simwalk.com/

Building 3D https://fseg.gre.ac.uk/exodus/air.html

EXODUS
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