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Abstract 

With the full swing of computer technology, evacuation models are constructed and 

simulated via computers to study the various phenomena and behaviors during the 

evacuation process. They open unique potential opportunity to evaluate the architectural 

design and provide the decision support for the emergency evacuation plans. This paper 

details a capacity constrained route planner (CCRP) algorithm, which is used to optimize 

evacuation path, and the distance map based on sub-goal cellular automata (CA) is also 

proposed to simulate the evacuation scenarios. Two evacuation scenarios are further 

discussed, and the experimental results strongly suggested that the sub-goal CA model 

could simulate the evacuation scenarios and evaluate the emergency evacuation plans 

effectively and finally help us penetrate to the essence of reality. 

 

Keywords: Evacuation Model; Capacity Constrained Route Planner; Cellular 
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1. Introduction 

With the rapid development of social economy and acceleration of the process of 

urbanization and industrialization, huge architectures like airports, hotels, stations, 

markets, and other high buildings have mushroomed all over the world. How to direct the 

herd out of those places in emergency, is crying for answer[1,2,3,4]. The key to address 

these challenges is the ability to account the optimum emergency response in building 

evacuation as the most important part in evacuation plan. Traditionally, evacuation 

environment are described as spatial network, and crowds are described as stream. Lots of 

works have been done by using spatial network and stream to construct the evacuation 

model, Hamacher and Tjandra summarized the linear programming (LP) to solve the 

cheapest evacuation route[5]. 

In recent years, there has been an ever-increasing interest in the use of cellular 

automata (CA) model [6]in traffic flow model [7,8,9], which provided the basic 

foundation of crowd flow. To address the efficiency and validation problems in 

evacuation model, this paper proposes a CA model based on sub-goal model, which is 

simplified and improved from the traffic flow model (TFM), and capacity constrained 

route planner (CCRP) algorithm [10] is introduced in this model to solve the evacuation 

path. The evacuation scenarios are simulated by the distance map, which is obtained by 

algorithm very similar to the Dijkstra algorithm.
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The rest of the paper is organized as follows: In Section 2 the CCRP algorithms are 

described. The definition of CA based on sub-goal and the distance map are proposed in 

Section 3. The experimental setup and the results of performance comparison are reported 

in Section 4. The final section summarizes the result. 

 

2. Problem Statement and Preliminaries 
 

2.1 Algorithm Initializations 

The description of CCRP algorithm Initializations are divided into four parts as 

following: 

Input: 

(1) Spatial evacuation network, G(N,E): G is evacuation network, N is the set of 

points, and E is the set of edges. 

For any node n∈N has two properties: 

Maximum_Node_Capacity(n): The max capacity of node, positive integers. 

Initial_Node_Occupancy(n): The initial pedestrian’s number of node, positive 

integers. 

For any edge e∈E has two properties: 

Maximum_Edge_Capacity(e): The max capacity of edge, positive integers. 

Travel_time(e): The time of passing through the edge, positive integers. 

(2) S: Source nodes set, S∈N. 

(3) D: Target nodes set, D∈N. 

Output:  

The output of algorithm is an evacuation plan, and it includes a set of initial 

position to target position path and evacuation path of each pedestrian. The number 

of pedestrian should not exceed the capacity of nodes and edges at the same time.  

Goal:  

(1) Achieve the shortest evacuation time. 

(2) Calculate the evacuation plan by using less time. 

Constraints: 

(1) Evacuation plan should follow the rule of first-in first-out (FIFO). 

(2) The simulation should reflect the influence of jams. 

(3) The time of solving process and space complexity should be actual operation.  

 

2.2 Algorithm Description 

The output of algorithm is an evacuation plan, and it includes a set of initial 

position to target position path and evacuation path of each pedestrian[11,12]. The 

number of pedestrian should not exceed the capacity of nodes and edges at the same 

time. 

CCRP is a heuristic optimization algorithm, which can calculate the second best 

evacuation plan result in the complexity evacuation network with large amount 
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evacuate pedestrians[13,14,15]. According to the algorithm initializations, the 

algorithm process is described as follow: 

(1) Evacuation network preprocess: Add a super source node S0 to the evacuation 

network, and add the edges that connect to the S0, assign the value to the two 

properties of edge: 

Maximum_Node_Capacity(e)=∞, 

Travel_time(e) =0. 

(2) Loop process: for and source node s (s∈S) with pedestrian in it, then loop start. 

(a) Take source node S0 as original node, and calculate the shortest path from S0 

to all target nodes D by using Dijkstra algorithm. Let R<n0, n1,…nk> 

indicates the shortest path from source node s (s∈S) to target node d (d∈
D), and let <t0, t1, … , tk-1> indicates time plan of R (ni(i=0,1,…k) means the 

nodes of path, and ti(i=0,1,…k-1) means departure time from the node). 

Then we have: 
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(b) Calculate the pedestrian’s number from the node s by: 
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(c) According the person number recalculates the surplus capacity of nodes and 

edges by: 
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iv. }  

(d) Loop end. 

(3) Output the evacuation plan. 

 

2.3 Algorithm Analysis 

In Section 2.2, super source node S0 is introduced to the evacuation network 

preprocesses, and it is connected to the other source node by edge, which has 

infinitely capacity and 0 travel time. The fastest path of any source nodes to  any 

target nodes is determined by executing fastest path algorithm start with S0 only 

once. The comparison between CCRP and the linear programming (LP) algorithm is 

shown in table 1. 

Table 1. Algorithm Comparison 

Algorithm Time Complexity Solution type 

CCRP 

LP 

O(p•nlogn)  

At least O((T•n)6)        

suboptimum 

solutionoptimum 

solution 
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In table 1, n is the number of nodes, p is the number of evacuate people, T is the 

upper limit of evacuation time. The result shows that the efficiency to get near -

optimal result of CCRP is far superior to the linear programming algorithm, 

especially in the complex environmental inner buildings with large number of 

evacuate people. 

 

3. CA Model based on Sub-Goal 
 

3.1 Model Description 

In this model, escape room is equally divided into W×H square grid, each grid present a 

Cellular, and W, H means the size of X, Y axis[16]. In a same time step, each cellular has 

two states: empty or occupy. In most cases, 0.4×0.4m
2
 grid has highly efficient 

computation [17], thus we use it as a default grid in the evacuation model. 

In our evacuation model, position of pedestrian is synchronous updated, and the new 

status of cellar is determined by the neighbor which is defined as the all cellars within 2 

steps around the current cellar. In each time step, person can only move 1 step or stay in 

current position. The time step is determined by pedestrian moving speed. It's been 

observed that the average speed is about 1.3 m/s in normal case, for the tense situation 

speed will be 1.8 m/s, which the associated time step will be 0.4/1.8≈0.22s. In the 

evacuation process, the moving principles are as following: 

(1) Try to moving towards the nearest exit. 

(2) Try to moving towards the lower crowd density. 

(3) Steer away from the obstructions. 

 

3.2 Sub-Goal Definition 

Inside the building, the visible range that pedestrian can see is limited in the small 

space; pedestrian don’t know the situation outside the space. When the fire broke out, the 

first step of evacuation is leaving the current position, and looking for the evacuation path 

of next step. Every moment, pedestrian are in the particular space, before they leave the 

space, all the movement are relevant to the information of the space. According the floor 

plan of the building, it can be divided into multiple small and simple subspaces which are 

completely sealed and consisted of walls and exits. For those public spaces like corridor, 

stair, lobby, we can seal them with virtual wall and generate the subspace. The connection 

that joins the subspace is defined as exit of subspace and considered as sub-goal of 

pedestrian inside the current subspace. 

Before the evacuation, base the globe evacuation environment and crowd distribution 

circumstance, system choose the exit and best evacuation path for every evacuate 

pedestrian by using the CCRP algorithm. After evacuation begins, pedestrian in the 

subspace will move to the next sub-goal until they reach the final exit. 

The example of the sub-goal definitions which are marked with green and blue color is 

shown in Figure 1. The building floor plan has 5 rooms and 1 corridor, each room has a 

door connect to corridor, and the corridor connects to 2 final exits. According the sub-

goal definition method, each room is defined as a subspace, the door of the room is 

defined as sub-goal, the corridor is divided into 3 dependence subspace by the blue virtual 

walls and the connection of subspace is defined as their sub-goal. 
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Virtual 

wall
Wall

Exit

Figure 1. Example of Sub-Goal Definition                                                               
(Green and Blue Segments is Sub-Goal) 

 

3.3 Distance Map Generation 

Distance map is a grid map covering the building floor plan, and a value is stored in 

each grid, the shortest distance between the current grid and the sub-goal of current space 

is recorded in the value. In the model we proposed, the distance unit is time step. From 

the distance map definition, it will be seen that each distance map should correspond to a 

sub-goal, but each sub-goal may correspond to two distance maps because every exit 

(including virtual exit) should connect two subspaces. The value stored in grid is not only 

representing the linear distance between the current grid and the current sub-goal, but also 

representing the influence of static obstruction such as walls. 

The purpose of distance map is to ensure that people move to the grid which is near the 

current sub-goal during the evacuation, and the other purpose is to guarantee the people 

avoiding the static obstruction without extra obstruction detection which is promoting 

efficiency of algorithm. 

The steps of generation are as following: 

(1) Identifying the border of subspace covered by distance map (Xmax, Ymin, Xmax, 

Ymax), and identifies the grid coordinates of the target exit. In the distance map, each 

grid stores two variables: (minDistance, available). minDistance indicate the shortest 

distance between the current grid and the current sub-goal, available indicate 

whether the current grid is null. It will have the value 1 when the grid is null, 

otherwise it will have the value 0. Before the distance map generation, all the 

minDistance of the grid are assigned an infinite number (e.g. 99999), the grids of the 

sub-goal exit and are assigned value 0, grids of the obstructions are assigned 0 and 

others are assigned 1. 

(2) Set up a queue of grid Queue<Grid>, and add all the grid of sub-goal exit to the 

queue. 

(3) (3)Get and remove the grid at head of the queue, and mark it as Gridcur (its 

minDistance written as minDistancecur). In the recurring pattern, check all the 

cellars surrounding the grid, and mark those surrounding cellars as Gridadj (its 

minDistance written as minDistanceadj). If available value of Gridadj is 1 and 

minDistanceadj >minDistancecur +1, then minDistanceadj = minDistancecur +1, 

and insert Gridadj to the tail of the queue. In the searching surrounding grids process, 

it needs to check the boundary which is ensure calculation include all the grids inside 

the subspace covered by distance map. 

(4) Repeat the step (3) until the grid queue is empty. 

It can be seen from those steps, the generation of distance map is similar to Dijkstra 

algorithm, it takes those grids which are not occupied by the obstructions, and the node 

and the neighbor node are connected by edge which has weight 1. The generation process 

can be considered as the solution of shortest distance between the start node which is sub-
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goal and the other nodes in the network. The distance map result is shown in Figure 2, and 

the Figure 3 shows that the distance map results with the obstruction. 

 

16 15 14 13 12 11 10 10 11 12 13 14 15 16 

15 14 13 12 11 10 9 9 10 11 12 13 14 15 

14 13 12 11 10 9 8 8 9 10 11 12 13 14 

13 12 11 10 9 8 7 7 8 9 10 11 12 13 

12 11 10 9 8 7 6 6 7 8 9 10 11 12 

11 10 9 8 7 6 5 5 6 7 8 9 10 11 

10 9 8 7 6 5 4 4 5 6 7 8 9 10 

9 8 7 6 5 4 3 3 4 5 6 7 8 9 

8 7 6 5 4 3 2 2 3 4 5 6 7 8 

7 6 5 4 3 2 1 1 2 3 4 5 6 7 

      0 0       

      Exit       

Figure 2. Example of Distance Map Result 

 

16 15 14 13 14 15 16 16 15 14 13 14 15 16 

15 14 13 12 13 14 15 15 14 13 12 13 14 15 

14 13 12 11   16 16   11 12 13 14 

13 12 11 10   17 17   10 11 12 13 

12 11 10 9       9 10 11 12 

11 10 9 8       8 9 10 11 

10 9 8 7 6 5 4 4 5 6 7 8 9 10 

9 8 7 6 5 4 3 3 4 5 6 7 8 9 

8 7 6 5 4 3 2 2 3 4 5 6 7 8 

7 6 5 4 3 2 1 1 2 3 4 5 6 7 

      0 0       

      Exit       

Figure 3. Example of Distance Map Results with the Obstruction 

Compared with Figures 2 and 3, the distance between the grid behind the concave 

obstruction and sub-goal is longer than the other grids, it simulated the circumstance that 

pedestrian need to move afar to get round the obstruction. 

 

3.4 Attraction Calculation 

In this paper, we use the John von Neumann neighborhood [18]to demonstrate the 

experiment, and the neighborhood of each cellar is defined as the scope including the 

cellars in the three steps’ range, the neighborhood is shown in Figure  4. 
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Figure 4. John von Neumann Neighborhood with Three Steps 

In the John von Neumann neighborhood, the movement direction has five types: up, 

down, left, right and stay at current position. The cellar attraction model is introduced 

which is used to calculate the attraction and choose the target cellar when the shortest 

distances are the same. In the model people choose moving to cellar has high attraction 

which is different from the probability model. In one time step, five movements of cellar 

are corresponded to different attraction which is shown in Figure 5. 

 

P-1,-1 P-1,0 P-1,1

P0,-1 P0,0 P0,1

P0,1 P1,0 P-1,1

 

Figure 5. Moving Directions and Attraction of CA 

Cellar attraction calculation condition: assume that Grid1, Grid2 are the neighbor 

cellar of current people, and they has equal shortest distance to the sub-goal. If they are 

null, then calculate their attraction respectively. 

Cellar attraction calculation method: assume that Gridadj is the cellar that needs 

calculate the attraction and assign the initial value 0. Check the neighbor of Gridadj 

according to priority, if any neighbor is null and its shortest distance less than Gridadj’s, 

then Attraction=Attraction+5; if any neighbor is null and its shortest distance equal to 

Gridadj’s, then Attraction=Attraction+1; if any neighbor is null and its shortest distance 

larger than Gridadj’s, then Attraction doesn’t change; if any neighbor is not null, then 

Attraction doesn’t change. 

In the calculation process, Attraction+5 is to ensure people choose the cellar has small 

shortest distance. Attraction+1 to ensure people choose the cellar has low crowd density. 

Cellar status update rules include: 

(a) If neighbor has only one Gridadj, and it is up to requirements: the shortest distance 

(minDistanceadj) less than the shortest distance of current cellar, and it is null 

(available=1), then choose the Gridadj as the target cellar; if there are multiple 

cellars meet the requirements, then calculate their attraction and choose the cellar that 

has max attraction as target cellar; if there are multiple cellars meet the requirements 

and they have same attraction, then choose the random one. 

(b) If there are no cellars meet the requirements in (a) but there are cellars meet 

following qualifications: the shortest distance (minDistanceadj) to the sub-goal equal 

to the shortest distance (minDistancecur) of current cellar, and current cellar is null 
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(available=1), then calculate the attractions of cellars, and choose the cellar that has 

max attraction as target cellar; If there are multiple cellars meet the requirements and 

they have same attraction, then choose the current cellar as target cellar. It is 

considered that people choose not to move to conserve energy when the attractions 

are the same. 

(c) If there are no cellars meet the requirements in (a), (b) and there do not exist the 

cellar that has null value neighbor (available=1) and the shortest distance less than 

the current cellar’s shortest distance minus 1 (minDistancecur–1), but there are 

cellars meet following qualifications: the shortest distance (minDistanceadj) to the 

sub-goal greater than the shortest distance (minDistancecur) of current cellar which 

has null value, and there are neighbor’s shortest distance is less than current cellar’ s 

shortest distance in the two steps of  John von Neumann neighborhood. People 

choose the cellar that meets the requirements as target cellar. If there are multiple 

cellars meet the requirements, and then choose a random one as target cellar. It is 

simulated that people prevent from the jam and make a step backward. 

(d) It will be conflicts when more than one people have same target cellars, the solution 

is equal probability choose one people to move and others stay in position. 

 

4. Experiment and Analysis 

 

4.1 Experiment Initial Parameters Description 

The experiment environment is shown in Figure 6a. The floor plan in this case has 

three subspaces and three sub-goals, and there are four rectangle obstructions marked in 

gray. The initial position of 50 pedestrians is randomly distributed in the floor plan, which 

is shown in Figure 8b[11]. Base on the sub-goal CA model we discussed, we perform a 

multiple subspace evacuation simulation which means that pedestrian need to pass 

through many subspaces before they get to the final exit. In this case, pedestrian in 

subspace1 will set the sub-goal to sub-goal3 after they get to the sub-goal1, and 

pedestrian in subspace2 will set the sub-goal to sub-goal3 after they get to the sub-goal2. 

 

Subspace1
Subspace2

Sub-goal1 Sub-goal2

Subspace3

Sub-goal3

 

(a) (b) 

Figure 6. Floor Plan and Initial Position of Pedestrians 

 

4.2. Result of Evacuation Process 

According to the experiment environment in 4.1, we simulate the evacuation process 

by sub-goal CA model and traditional CA model respectively. The evacuation process 

during the 14
th
 time step is shown in Figure 7. Result in Figure 7a is based on sub-goal 

CA model, and pedestrians in subspace1 and subspace2 are moving towards sub-goal1 

and sub-goal2 separately. This result conforms to our expectation. In Figure 7b, there are 
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several pedestrians circled by red ellipse. Because the target of those pedestrians is sub-

goal3 and they do not walk towards sub-goal1 and subgoal2 in priority. This result shows 

that traditional CA model will take more time to finish the evacuation process. 

 

 

(a) (b) 

Figure 7. Evacuation Process during the 14th Time Step 

 

4.3 Result of Evacuation Efficiency 

In order to compare the evacuation efficiency more precisely, we calculate the 

evacuation time of sub-goal CA model and traditional CA model respectively. Based on 

the experiment environment in 4.1, we set the population of evacuation from 40 to 130 

which divided into 10 groups, and we will run each group 10 times and take the mean to 

eradicate the discrepancies. 

 

Figure 8. Average Evacuation Time with Subspace 

Figure 8 shows two fitting straight lines of average evacuation time by sub-goal CA 

model and traditional CA model. The height of sub-goal CA model’s fitting straight line 

is lower than traditional CA model’s, which indicate that the average evacuation time of 

sub-goal CA model is shorter than traditional CA model. 

To eliminate the difference between sub-goal CA model and traditional CA model, we 

set up a floor plan without subspace to redo the experiment. The floor plan only has one 

exit and shown in Figure 9a. We also use the same pedestrian group to calculate the 

average evacuation time, and the result is shown in Figure 9b. 
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EXIT
 

(a) (b) 

Figure 9. Average Evacuation Time without Subspace 

From Figure 9b we can see that the evacuation efficiency is nearly the same between 

sub-goal CA model and traditional CA model when there is no subspace in the floor plan. 

 

5. Conclusion and Future Works 

This paper details an evacuation simulation method based on sub-goal CA, which 

uses CCRP algorithm to calculate the shortest path and distance map to indicate 

evacuation floor plan. In the evacuation process, evacuation spaces need to be 

reasonably demarcated and subspaces with the sub-goal are generated. When people 

moving in the subspace, they consider the shortest path to the current sub-goal 

instead the global path, and people pass around the obstruction by the distance map.  

However, the building interior evacuation process in reality is very complex, and 

it is affected by many factors [1,2,3,4]. In the future, we will focus on the 

personality of individual pedestrian such as age and height in evacuation process by 

multi-agent model. On the other hand, we need to consider the dynamic environment 

of building interior, such as: fire spreading, smoke diffusion. In summary, the 

evacuation simulation should as approximate the reality as possible.  
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