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ABSTRACT 

The fact of overpopulation in many countries drags the attention to the need of predicting the human crowd 

behaviour through the development of reliable models that can be used to plan building evacuation processes in 

emergency situations. Computer based models that simulate human crowd dynamics prove to offer the optimum 

solution in such cases. This paper presents a model to simulate the behaviour of human crowd using the artificial 

potential fields to describe the interaction forces between each crowd member and the environment on one side 

and amongst the crowd members on the other side by adopting the mutual interactions rules that appear in many 

biological systems such as bird flocks and fish schools. Rather than simulating the individual based behaviour of 

each crowd member, a collective behaviour through the interactions amongst the crowd members is simulated 

adding more realistic flavour to the predicted crowd behaviour which is vital to plan the evacuation processes of 

buildings especially those with complex structures such as buildings with narrow corridors and bottlenecks. 

Numerical results that match the real observed behaviour of human crowds in building evacuation processes 

prove the efficiency and the applicability of the model. 

 

Key words: Physical systems, Modeling and simulation, Pedestrian dynamics, Artificial potential fields, 

Lyapunov stability. 

 

INTRODUCTION 

Evacuation of a crowded building in emergency situations may result in the loss of lives and the injury of many 

people. Moreover, the complex internal structure of buildings such as narrow corridors and bottlenecks may 

render difficulty in speedy escape. Aggregation of people in crowds can be highly unsafe in different situations 

such as fire alarms, which can become disastrous and many people can be badly injured or killed through crowd 

pushing forces just as they can be hurt by smoke and flames [1, 2]. Also, large numbers of people moving in a 

constrained environment, even if they are in a non emergency situation, can also find themselves in dangerous 

conditions such as the gathering of millions of Muslims at the Hajj [3, 4]. 

The crowd dynamics has been studied over the years using many approaches [5-10], some of which 

depend on recorded observations
   

and empirical data [6, 10], while others use the computer based modeling that 

proves technical to plan evacuation scenarios for buildings especially those of complex structures as the computer 

model can be used to examine the effects of different incident assumptions and parameters through its ability of 

multiple-running [6, 11-13]. Computer models are used in planning designated walking routes for large urban 

festivals [14], interactions between military and civilian groups in wartime [15], estimating time for people to 

evacuate a high-rise building [16], and many other applications. There are different approaches for modeling, 

some of them are based on traditional numerical-continuous techniques adapted from physics [17] while others 

are based on discrete modelling techniques like cellular automata [18].  

The majority of the available studies investigate human crowds as collection of isolated individuals that 

happen to exist close to each other, rather than individuals who have social ties such as friends or family 

members, each having his own speed and destination point [5, 6, 7, 11, 19, 20]. A number of simulation models 

have been proposed such as queuing models [21], transition matrix models [22], and stochastic models [23], 

which are partly related to each other. In addition, there are models for the route choice behaviour of pedestrians 

[24]. None of these concepts adequately takes into account the collective behaviour effects occurring in pedestrian 



 

 

crowds. However, some models has recently present methods to simulate collective behaviour in crowds such as 

social force models [25, 26], “cellular automata of pedestrian dynamics” [18, 27] and “AI-based models” [28]. 

The behaviour of a human crowd in constrained environment seems to have certain properties that emerge 

from the collective behaviour of individuals within the crowd [25, 26]. Like aggregations of members in many 

physical systems that have their own emergent dynamics, there is an interest in determining the basis of collective 

behaviour effects and properties of large groups of people that move through restricted environments such as 

narrow corridors and bottlenecks. Considering crowd behaviour especially in emergency situations, it is worth 

noting that the groups of humans are driven by social forces, which are mainly resulted from mutual interactions 

amongst the crowd members in a way that appears in many other physical systems such as animal herds, fish 

schools, bird flocks and ant colonies [29]. 

 

The model presented here [30] is considered as an extension of earlier work published by the author [5, 7], in 

which the forces amongst the crowd members were simulated on an individual basis. In this paper, the social 

potentials model is used to predict the crowd behaviour during challenging evacuation situations. The social 

forces amongst the crowd individuals are taken into consideration to add extra realistic flavour to the predicted 

crowd behaviour as will be explained in section II. In scetion III, the stability of the system is discussed. Section 

IV presents the numerical results and discussion. Finally, conclusions are presented in section V.  

 

THE MUTUAL-INTERACTION POTENTIAL FIELDS MODEL 

As crowd behaviours arise from interactions amongst members of large groups of people, computer modelling has 

become a key tool to study the foundations of crowd behaviour and to predict crowd movement through different 

environments. Many of these models are based on the ‘physics’ of crowd motion [31, 32]. The idea that many 

physical systems attempt to relax their configuration to a minimum-energy state was adopted in my previous work 

[5, 7] to successfully simulate the crowd behavior using the artificial potential field method for describing the 

interactions amongst members in crowds on an individual basis.  

The artificial potential fields (APF) has been used in models that describe the interactions amongst the 

members of physical systems that depend on weak long-range attraction and strong short-range repulsion where 

both attractive and repulsive fields are formed separately and then added to form a global potential field [5, 7, 33]. 

Genralized Morse potential (GMP) is preferred to be used for both the attractive and repulsive potentials because 

its exponentially decaying nature which defines a realistic way of constructing the field [33-35] as well as its 

simpler computations required especially when dealing with a large number of individuals, avoiding 

disadvantages of former attempts that were presented in the field of pedestrian dynamics which either did not 

present realistic way to define the interactions amongst the crowd members [36, 37] or were based on methods 

that demand high calculations especially for large crowds [38, 39].  

 

The model in this paper is considered for the i
th
 individual with mass mi, position ri and velocity vi. The model 

includes a dissipative force (-βivi), which is similar to simple friction that directly acts upon the i
th
 individual, to 

prevent group members from violent motion within the group, the positive coefficient βi is chosen to control the i
th
 

individual’s speed. The potential fields are defined by assigning repulsive potentials (repulsive forces) to the 

obstacle positions while assigning attractive potentials (attractive forces) to the goal position. The model 

components which determine behaviour of each individual in each time period of the simulation are defined to 

achieve collective behaviour amongst the crowd members by assigning social potentials of weak long-range 

attraction and strong short-range repulsion between each individual and the other crowd members. The 

environmental potential affecting the i
th
 individual is characterised by attractive goal and repulsive obstacle 

potential fields of strengths Cig and Cio with ranges lig and lio respectively, where Cig, Cio,  lig and lio  are positive 

constants. The interaction potential is characterised by constant attractive and repulsive potential fields of strength 

Ca and Cr with ranges la and lr respectively, where Ca, Cr,  la and lr  are positive constants. The ratios l and C, 

which are the potential range ratio and the potential strength ratio, are defined to equal (lr / la) and (Cr / Ca) 

respectively. The equations of motion of the ith individual are as follows: 
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where the global potential function Vglobal(ri) corresponding to the i
th
 individual can be defined as: 
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where No is the total number of point obstacles that constitute the boundaries (walls), Np is the number of crowd 

members, rg is the goal position and roz is the z
th
 obstacle point position. This way of defining the model elements 

has the advantages of taking the physical terms of velocity and acceleration into account as well as the relatively 

simple required calculations. It also gives the model the advantages of adaptation to real situations especially in 

crisis situation, in addition to the employment of generalized morse potential to define the social forces amongst 

the individuals that gives more realistic flavour to the model.  

  Figure1 shows an example of the interaction potential, which represents weak long-range attraction and 

strong short-range repulsion interactions. The domination of the repulsion potential at low inter-member distances 

and the domination of the attraction potential at large inter-member distances, which appear in interactions 

amongst members of many biological systems [40], is clear in figure1. The comfortable distance d
*
, which is the 

distance between two interacting agents resulting from the equilibrium of the repulsion and attraction interaction 

potentials terms in Eq. (3), can now be calculated for the model as follows [40]:  
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The comfortable distance d*, which occurs when repulsion and attraction potential equilibrate, is shown in 

Figure1. An explicit expression for the social interaction forces )( ininteractio rF  acting on i
th
 agent, due to the social 

potentials is:  
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where ijr̂  is the unit vector in the direction of the vector ijr . In an (obstacles/goals) free environment, the 

total force ),( iitotal vrF that acts upon the i
th 

individual amongst the crowd according to the model is defined as: 
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Fig.1 The social interaction potentials for parameters (Ca =0.4, Cr =2, la =1, lr =0.5) 

 

STABILITY ANALYSIS 

The approach adopted to prove the stability of a system of interacting particles [40] is now used to prove that the 

behaviour of crowd members’ simulated by the social potentials model is Lyapunov stable, where the system 

members tend to relax into a minimum energy state [41]. 

Firstly, we will discuss the model during the regime when the only forces that affect the crowd members 

are the social interaction forces. Considering the potential field defined in Eq. (3), the potential field is now a 

function of the social potential interaction parameters Ca, Cr,  la and lr . According to the equations of motion and 

assuming unit mass, the equation of motion of a single individual i at position ri is: 

 

                    (7) 

 where )( iglobalV r  is the global potential that affects the i
th
 individual. From Eq. (3) and for an (obstacles / 

goals) free environment, the global potential function for a single individual at position ri , which is affected only 

by the social forces amongst the crowd, can be defined as: 
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 The system effective energy , for Np members of the crowd, will be defined as follows: 
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so that its time derivative is 
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 Substituting from Eq. (2) in Eq. (10), it can be seen that 
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 Since β > 0, it is clear that 0  and therefore the system is Lyapunov stable [40, 41]. 

Secondly, the tendency of crowd individuals to reach the goal position in an environment, which contains 

obstacles and a goal point, is discussed on an individual basis to simplify the problem. According to Eq. (1-3) and 

for a single individual at position ri, it can be seen that:   

)()( ioobstaclesiiggoaliii VV rrvr                         (12) 

where )( iggoalV r  is the potential field of a single goal and )( ioobstaclesV r  is the obstacles potential field that affect 

the i
th
 individual. However, from Eq. (3) it can be seen that 
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where No is the number of obstacles. Then, from Eq. (13) it can be seen that 
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Noting that Cio is given very small values compared to Cg to avoid formation of local minimum inside the trap 

[7], then the term 0)(  ioobstaclesiV r , then Eq. (12) will approximate as 

 

)( iggoaliii V rrr   
                          (15)  

 

which is the equation for a damped oscillator (due to the linear dissipation term) with an external forcing term 

generated by the goal [42]. This indicates the tendency of each individual to move to the goal position and then 

come to rest. 

 

NUMERICAL RESULTS AND DISCUSSION 

From the recorded observations of real behaviour of humans [6] , the behaviour of people in emergency situations 

is too unmanageable to be predicted because when people panic, they get nervous and try to escape in a speedy 

random fashion. However, if people do not panic in emergency situations, they seem to follow the crowd 

members, who succeed to evacuate, with relatively higher speed than that in the normal conditions [6].  



 

 

 
(a) t= 10 

 
(b)  t= 55 

 
(c)  t =  70 

 
(d)  t = 125 

 
(e) t = 140 

 
(f) t = 147 

 

Fig.2. Simulation of crowd members that attempt to leave a trap to the exit and succeed, t = 0 : 147 



 

 

The simulation results shown in Fig. 2 demonstrate the behaviour of a 35 individuals crowd from random initial 

positions and velocities during an evacuation situation from a room passing through a bottleneck then along 

narrow corridor that leads to the exit. Buildings with such complex structures are challenging during the planning 

of evacuation processes according to the reactive problem that may occurs and some of the individuals may be 

trapped in one of the corners which is considered as a drawback of using artificial potential field method in such 

cases. This problem is taken into consideration when choosing the social potential interaction parameters of the 

global potential field function. The assigning of faint repulsion potential from the walls while assigning strong 

goal attraction potential proves effective to solve the problem [7] and lead all the crowd members to the exit as 

shown in Fig. 2. 

From the simulation results shown in Fig. 2, it can be seen that some individuals pass the bottleneck 

according to their close initial positions to the neck as shown in Fig. 2(a), hence the rest of the individuals seem to 

follow them and aggregate around the neck as shown in Fig. 2(b-d). Following the succeeding individuals is due 

to the weak long-range attraction social potential amongst the crowd members which helps the aggregated 

members at the bottleneck to evacuate the room and to pass the corridor in a line which can be clearly seen in Fig. 

2(b-e). The process continues until each individual reaches the destination point while keeping a distance from its 

nearest neighbour in the crowd, as shown in Fig. 2, due to the strong short-range repulsion social potential 

amongst the crowd members. It is worth noting that as the evacuation process continues, the number of 

individuals left in the room decreased which leaves larger spaces amongst the individuals and the evacuation 

process becomes faster with time as can be noted in Fig. 2 (d-f). 

Crowd members then tend to come to rest when reaching the goal point in a way that matches the stability 

analysis of the model which proves that the crowd members tend to relax into a minimum energy state at the goal 

position. This achieves the real features of crowd members, who desire not to move too far and tend to reach their 

destinations through the shortest path while avoiding other members in the crowd. Also this matches the observed 

data that attempted to be simulated by other models [43-45] yet with lower calculations required.  

Figure 3 demonstrates the behaviour of human crowd members that attempt to leave a room through a 

narrow corridor from random initial positions and velocities. Figure 3.a) shows the crowd predicted behaviour 

simulated by the model, while Fig.3.b) shows a formerly published [46] recorded observation of real human 

crowd in same situation. The simulated behaviour of the crowd predicted by the model seem to be similar to 

recorded observations for real behaviour of human crowd as can be seen in individuals’ behaviour of their 

aggregation around the neck, keeping a distance from each others, and leaving the room in a line. 

 

  
(a) T 

 

 
(b)  

 

Fig.3 Simulation of crowd behaviour at bottleneck using the social potentials model  

versus video recordings [46] of real crowd behaviour in similar situation. 



 

 

 

 

CONCLUSIONS 

This paper presents a computer based model to predict human crowd dynamics during evacuation processes. The 

model is considered as a modification of previous work, which predict crowd behaviour on an individual basis [5, 

7], through the inclusion of the social interaction forces amongst the crowd members. The model employs the 

weak long-range attraction potentials and strong short-range repulsion potentials to express the social forces 

amongst the crowd members mimicking the interaction forces that appear in many biological systems such as 

animal herds and ant colonies. The model uses an efficient way to describe the motion through taking the physical 

terms of velocity and acceleration of each crowd member into account. Also, the possibility to alter the 

parameters in the global potential equation, which represents the environment in which the crowd exist, makes the 

model capable of avoiding the reactive problem that is considered as a common drawback when simulating the 

human crowd behaviour in buildings with complex structures such as buildings with narrow corridors and 

bottlenecks. This way of defining the model elements gives the model the advantages of adaptation to real human 

behaviour as well as the relatively simple required calculations. The stability analysis proves that, using the social 

potentials model, crowd members tend to relax into a minimum energy state which achieves the real behaviour of 

human pedestrians who desire to reach their destinations through the shortest path while avoiding the obstacles 

and other individuals. The numerical results which match the real observed data in similar situation show the 

ability of the model to predict the human crowd behaviour in a way that it can be used effectively to plan the 

evacuation processes of complex structured buildings with the possibility of changing many parameters to adapt 

the different emergency situations scenarios. 
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