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Abstract 

In an evacuation process involving multi-exits, exit selection behavior is a significant concern for safe facility design. We 
improve the least effort algorithm to investigate pedestrian exit route decisions in simulated evacuations, considering crowd 
density around two exits. This modification extends the algorithm to support altering targets in the case of asymmetrical exits. 
We conduct simulations given some special distribution of pedestrians. Pedestrian exit selection behavior and herding behavior 
are clearly demonstrated. Moreover, the model is applied to identify the relationship between exit separation and evacuation time. 
The total exit flow rate against different initial crowd densities is also discussed. 
 
© 2014 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of PED2014.  
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1. Introduction 

Research on pedestrian evacuation has become a hotspot in recent years, due to an increase in emergency 
incidents such as fire, earthquake and explosion. Great losses may occur if pedestrian evacuation is not successful. 
Egress behavior is always a significant concern in an evacuation process, especially when involving multi-exits. Exit 
selection behavior is an important factor in safe facility design. It also has an effect on an effective evacuation plan. 
There is a need to investigate the pedestrian exit choice and its influence on evacuation processes. 
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Mathematical and physical tools have been widely used to investigate evacuation problems. Modeling, for its 
simplicity and flexibility, enables researchers to present various characteristics of human behaviors. It has become 
one of the most important methods to study pedestrian dynamics. Models are usually divided into two categories, 
namely continuous models and discrete ones. The social force model presented by Helbing et al. (2000) is a 
representative continuous model. It was a successful approach to reproduce the escape panic of humans, “faster is 
slower” and “freezing by heat” phenomena. Some researchers [Parisi and Dorso (2005); Saboia and Goldenstein 
(2012); Suzuno et al. (2013)] modified this model to study different evacuation problems. Due to the complex rules 
of continuous models, their calculation efficiency is not high. Discrete models, such as the cellular automaton (CA) 
model (Weng et al. (2006)), lattice-gas model of biased random walkers (Muramatsu et al. (1999)), multi-grid model 
(Song et al. (2006)), floor field model (Kirchner and Schadschneider (2002)) and mean field model (Nagatani 
(2001)), can describe crowd behavior well, and run faster than continuous models on the same hard condition. The 
cellular automaton approach has been employed to investigate pedestrian movement in an open area, collision 
avoidance, panic spread (Fu et al., 2014) and collective phenomena such as jams, blocks and clogging (Weng et al. 
(2006)). It has also been used to ascertain evacuee route and exit selection behaviors (Lim (2011), Fang et al. 
(2010)). However, many CA models do not discuss pedestrians’ ability to select the exit route (Zainuddin and Aik 
(2012)). They render occupants’ decision limited by the distance to an exit rather than surrounding factors. 

Pedestrian movement is always targeted at a specific physical location. In this case we can usually observe least 
effort path selection behavior in pedestrian movement (Sarmady et al. (2009)). Sarmady et al. (2009) presented a 
variation of the least effort movement model using cellular automata. They considered the effect of pedestrian 
groups on crowd movement, and simulated pedestrian movement toward a target location in a simple walkway 
scenario. However, in the case of multiple targets, such as asymmetrical exit layout, how to identify a pedestrian’s 
target with this algorithm has not been well investigated. As pedestrians have different characteristics and decision-
making abilities, it is not suitable to randomly select an exit or the same exit. Thus, the exit route choice should be 
examined with this algorithm when the target is not determined, and surrounding factors should be considered.  

In this paper, it is aimed to modify the least effort algorithm and incorporate crowd density to model pedestrian 
exit selection behavior. The remainder of this paper is organized as follows: firstly, the specific model is elaborated, 
and simulations are performed in the case of special distribution of pedestrians in a two-exit room. Then the 
influence of parameters in this model on exit selection behavior is discussed. We also employ our model to study the 
relationship between exit separation and evacuation time. In addition, the total exit flow rate against different initial 
crowd densities is analyzed. Finally, conclusions are stated. 

2. Model 

The modeling space is presented by two-dimensional cells with a size of W × H. Each cell is an identical square 
area of 0.4 m × 0.4 m, and may be empty or occupied by an obstacle or individual. We hypothesize that a pedestrian 
may move towards 8 directions and to one cell at each time step, as demonstrated in Fig. 1. For a pedestrian may 
prefer the shortest path to a target (e.g. an exit) which needs the least effort, the Moore neighboring cell nearer to a 
target has a higher probability for a pedestrian to move to. According to the desirability of neighboring cells, 
probabilities (Pi, j) are calculated (Sarmady et al., 2009) as follows: 
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where Dmin = Min (Di, j), Di, j  0, and ni, j = {0, 1}. Di, j denotes the Euclidean distance between neighboring cell (i, j) 
and a target. If the target is one of the Moore neighboring cells and not occupied, the probability of moving into this 
target will be 1. Dmin / Di, j represents the ratio of the distance of cell (i, j) to the target compared with the minimum 
distance of neighboring cells to this target.  ni, j equals 1 if cell (i, j) is occupied, and then the probability of moving 
into this occupied cell is 0. Otherwise, the value of ni, j is 0. After all the values of Pi, j are calculated, we need to rank 
them. The first index point representing the highest value of Pi, j should be selected most of the time. As noted in Ref. 
(Sarmady et al., 2009), a normal distribution with the mean value of 1 and standard deviation of 0.5 is employed to 
generate random numbers which can be rounded to the nearest integer index numbers.  

In a two-exit scenario, there are two targets for pedestrians. We should propose a method to identify pedestrian 
exit selection. Thus a variable Ex is used to estimate the probability that exit x (x = 1, 2) is selected as a pedestrian’s 
target at each time step.  
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(1)
,i jD  and (2)

,i jD  represent the distance of neighboring cell (i, j) to exit 1 and 2, respectively. P1 denotes the 
probability of reaching the nearest exit (Eng Aik and Wee Choon, 2012). Formula (4) indicates that the shorter the 
distance of a pedestrian to an exit is, the higher the probability of the pedestrian selecting this exit will be. (1)

iN  and 
(2)
iN  represent the number of pedestrians in the room who are nearer than pedestrian i to exit 1 and 2, respectively. 

Ntotal corresponds to the total number of remaining pedestrians in the room at each time step. P2 denotes the 
probability of congestion in the exit area. Thus crowd density is considered in our model. In addition,  is a 
parameter that defines the degree of impatience in an evacuation process. It may influence a pedestrian’s exit route 
choice, as highlighted in Ref. (Eng Aik and Wee Choon, 2012).   

 

 

Fig. 1. Possible transitions for a pedestrian and the corresponding probabilities Pi, j. 
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  t = 0                                                                      t = 17 

    

t = 0                                                                      t = 6 

Fig. 2. Snapshots of simulation results of different initial distributions of pedestrians in a two-exit room: (a) near the left side of exit A; (b) near 
the left side of exit B.  

According to the transition probabilities and exit selection probability above, we alter all pedestrians’ movement 
in the room with random shuffled sequential update at each time step. Each time step corresponds to 0.4 s. 
Pedestrians who leave the room will not be considered at the next time step. 

3. Simulation and results 

We test the proposed model in a cellular space of 18 × 24 cells with two exits (A and B). Each exit occupies two 
cells, as illustrated in Fig. 2. Cells marked in green are occupied as the wall. Initially, 60 pedestrians marked in red 
are near the left side of exit A in Fig. 2 (a) and exit B in Fig. 2 (b). This non-uniform distribution of pedestrians 
allows us to clearly investigate exit selection behavior. Here we just select  = 0.5 to obtain simple simulation 
results. The influence of parameter  on exit selection behavior will be discussed later. From the snapshots of 
simulations at some time steps, we can see that most of pedestrians prefer a nearer exit at the beginning.  However, 
some will alter their exit choice after the crowd density in this exit area increases, and congestion occurs. This 
phenomenon is consistent with descriptions in some other models (Eng Aik and Wee Choon, 2012) or experiments 
(Fang et al., 2010; Zainuddin and Aik, 2012). 

As stated above, parameter  indicates impatience of pedestrians, and affects the evacuation process. Thus we 
examine its influence on exit selection and evacuation time (see Fig. 3) in scenarios shown in Fig. 2. When 
pedestrians are near exit A (B), more occupants will select exit A (B), but the number decreases as the value of 
parameter  increases. In contrast, the number of evacuated occupants from exit B (A) grows with an increase in the 
value of , i.e., an increase in impatience and the weighted value of crowd density. The growth rates of occupants 
evacuating from exits B and A respectively in Fig. 3 (a) and (b) are different. The former increases slowly when  < 
0.3, and decreases when  > 0.6, finally leveling off. However, the latter decreases markedly at the beginning, and 

a 

b 
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remains unchangeable when  > 0.6. This difference at the beginning may result from the initial pedestrian 
distribution.  As the weighted value of the distance to an exit has more influences on pedestrians near exit A than 
crowd density in Fig. 3 (a) (corresponding to Fig. 2 (a)) when the value of  is small, and most of those pedestrians 
are further away from exit B, resulting in no evident varying in the number of occupants evacuating from each exit. 
Nevertheless, in Fig. 3 (b) (corresponding to Fig. 2 (b)), with the value of  increasing, more pedestrians will select 
exit A after they move close to exit A, and consider crowd density around exit B. As to total evacuation time in both 
scenarios, it falls slightly with the value of  increasing. However, the evacuation time in Fig. 3 (b) is less than that 
in Fig. 3 (a), because herding behavior in Fig. 3 (a) is more evident. Therefore, incorporating crowd density, 
especially increasing the weighted value of crowd density in our model, can not only reproduce intelligent exit 
selection behavior under different conditions, but also reveal pedestrians’ decision-making ability, which will 
impact on evacuation time. 
 

      
 

      

Fig. 3. Influence of different values of parameter  on evacuated occupants and evacuation time in the room shown in Fig. 2.

A suitable multi-exit design given exit selection behavior is important to improve evacuation efficiency. Here we 
employ our model to investigate the relationship between exit separation and evacuation time in a room with a 
symmetrical layout of two exits, as illustrated in Fig. 4. The room size is L × D. d denotes the exit width. s 
represents exit separation. Initially, pedestrians are randomly distributed in the room. From Fig. 5, we can see that 
when  > 0.1, it has no evident influence on total evacuation time given the same exit separation, because of the 
symmetrical layout of two exits. However, the total evacuation time markedly increases if  < 0.1, which indicates 
that crowd density is nearly neglected. This further suggests that considering crowd density is necessary in exit 
selection. For succinctness, we set  = 0.5 and d = 3 cells. Then two scenarios, namely L × D corresponding to 100 × 
24 cells and 50 × 18 cells, with different numbers of pedestrians and values of s are established to examine optimal 
exit separation. As shown in Fig. 6, total evacuation time decreases firstly, and then increases with an increase in 
exit separation. The optimal exit separation inducing the least evacuation time is in the range of 6 ~ 8 cells and 4 ~ 6 
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cells when L × D corresponds to 100 × 24 cells and 50 × 18 cells, respectively. This result is in conformance to Ref. 
(Zhao et al., 2006), which demonstrates that the optimal exit separation is approximately 0.3D with a discrete ‘social 
force’ cellular automaton model.  

 According to the optimal exit separation, we discuss the total exit flow rate in the case of L × D (50 × 18 cells), 
as stated above. Because of the symmetrical layout of two exits and randomly distributed pedestrians in the room, 
the difference in flow rate of each exit is not evident. Hence we focus on the total exit flow rate. Here, we use s = 6 
cells,  = 0.5 and d = 3 cells. Crowd density ( ) in the room varies, and its corresponding value of flow rate is 
obtained by averaging over 500 different initial pedestrian distributions. From Fig. 7, we can see that the flow rate 
increases with an increase in crowd density, and reaches a maximum value (approximately 5.6 persons/(s·m)) after  
= 4 persons/m2. 

 

 

Fig. 4. A symmetrical layout of exits. 

 

               

Fig. 5. Influence of the value of  on total evacuation time given different exit separations (s) in scenarios: (a)  L × D = 100 × 24 cells, 1015 
pedestrians initially; (b) L × D = 50 × 18 cells, 440 pedestrians initially. 
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Fig. 6. The relationship between total evacuation time and exit separation for different numbers of pedestrians and system sizes: (a) 100 × 24 cells; 
(b) 50 × 18 cells. 

 

Fig. 7. The plot of mean flow rate against crowd density for the optimal exit separation. 

4. Conclusions 

In this paper, we have adopted the least effort cellular automaton algorithm to model exit selection behavior in 
evacuation processes by considering impatience of evacuees and crowd density in the exit areas. The proposed 
model enables pedestrians to determine their best evacuation exit according to the distance to a target and 
congestion. Pedestrian movement is updated according to the transition probabilities and exit selection probability in 
the model. Hereby, exit selection behavior is investigated in scenarios with the asymmetrical or symmetrical exit 
layout. Simulations show that pedestrians may alter their exit route though the exit is further. The weighted values of 
distance to an exit and crowd density have an influence on the number of pedestrians evacuating from both exits and 
total evacuation time. This can be employed to identify different cases in evacuation processes. Moreover, exit 
selection behavior is important for safe facility design, which is investigated by simulating pedestrian egress 
behavior in the case of varying exit separation. The optimal exit separation resulting in the least evacuation time is 
obtained, consistent with conclusions in other references. This further reveals the feasibility of our model in exit 
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selection study. We also discuss the total flow rate under different crowd densities. Those results are helpful in 
evacuation organization.  

The proposed model can be extended by considering effects of impatience on pedestrian movement velocity. 
What’s more, in future work, some related experiments will be conducted to validate our model. Thus values of 
model parameters can be identified according to experimental data.   
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