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Abstract

The fitted pedestrian modeling is vital to construct realistic pedestrian movement dynamics based on the simulation objective. The inclusions
of realistic human characteristics are essential in building a realistic pedestrian model to re-enact the actual movement of the crowd, especially
during a panic situation. This study compared the discrete approach CA model with the continuous approach ABM model and the enhanced
ABM-SFM model using 30 pedestrians in a sample layout to validate and improve the near realistic pedestrian simulation model. The ABM
and ABM-SFM maodels were integrated with the Pythagorean Theorem (PT) to imitate the driving forces in the desired motion. The results
showed that CA localization can imitate pedestrians' sudden, unorganized panic but cannot mimic human intelligence in decision-making
and forces avoidance. ABM and ABM-SFM models were on par for the first 10 pedestrians evacuated. However, the ABM-SFM model
reduced travel distance by 37.50% and evacuation time by 9.04% after 20 pedestrians were evacuated. Overall, the travel distance for escaped
30 pedestrians with the ABM-SFM model was 39.29% longer, and the evacuation time was 13.96% longer than ABM. The ABM model
simulates the pedestrians’ movement towards the nearest exit point to form the “fast escape” approach. In contrast, the ABM-SFM model
simulates the “safe escape” to provide balance usage of exit points.

Keywords: Cellular Automata Model, Agent-Based Model, Social Force Model, Pedestrian Modeling, Pedestrian Simulation.

1. INTRODUCTION

The panic-inducing events such as earthquakes, stampedes, floods, fires, bombings, and others have killed people and severely
impacted the crowd evacuation. Pedestrian movement has emerged as one of the most global concerns, particularly regarding
human safety and the crowd management of evacuation processes in emergencies, specifically in closed areas. Crowd
management has become an essential critical feature in guaranteeing pedestrian safety and the ability to generate new innovative
ways of supervising and mitigating crowd movement. Hence, one of the research areas under crowd management is the
simulation of the pedestrians’ movement by combining the technology in artificial intelligence and human actions and response
strategy. Based on research by [1], the development of pedestrian dynamic movement models can help plan public spaces for
safety and evacuation.

During an emergency, the pedestrians will make sudden and unexpected changes in movement intention and direction for life-
saving measures. Unlike the normal situation where the pedestrian moves with a positive attitude towards surroundings and
interacts with the other elements such as other pedestrians and obstacles, the panic situation will create unrealistic behavior,
agitate, confusion, with a negative attitude towards surroundings while having a fear of physical impact (collision). Based on
research by [2], pedestrian decision-making is led by brain reasoning and causes a physical reaction. However, based on
research by [3], during the evacuation process, the decision making always influenced by the mental state of the pedestrians,
causing an impact on their behavior. Furthermore, the emotion of the pedestrian will also contribute to the strong influence on
the subconscious behavior during the evacuation process. There is a vague boundary between brain reasoning and view
reasoning during movement activity for evacuation. The subconscious behavior might have caused the pedestrian to move
towards the nearest exit for evacuation. However, the view impact can also occur as, in reality, during the evacuation process,
the pedestrians will move and use their eyes to view the condition near the exit points to find the right exit to escape. The
pedestrians will keep on finding the less forces exit point due to the desire to reduce the anxiety impact that can be caused by
physical contact and lead to fatal injuries such as stampedes.
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There are a lot of cases reported on closed area incidents that instigated severe injuries and fatality [4-9]. Those accidents
occurred due to the complex layout arrangement and structures, the narrow passageways, large crowds, the lack of air circulation
system, and the poor evacuation assistance. Based on the observation of these incidents, during the panic situations, the
pedestrians failed to escape from a building in time because of wrong exit selection, failure to avoid obstacles, and heavy
physical collisions and pressure that caused many losses. Due to these losses, many researchers study pedestrians’ movements
and behaviors in a crowd, especially in evacuation situations [1, 4, 7]. The study area involves real-life experiments and
computational-aided simulations to simulate the actual situation and predict pedestrian behavior and movement. The primary
purpose of the simulation is to predict the outcomes of fatal incidents that are impossible to run in real life. This response
planning and countermeasure are also managed to model a layout design standard to prevent undesirable life-threatening and
fatal injuries situations from happening. Hence, the pedestrian simulation needs to be simulated realistically to imitate the
realistic features of human intelligence for the pedestrians’ evacuation process; movement, behavior, and intention.

Nowadays, a variety of pedestrian models have been proposed for modeling the pedestrian simulation, including particle flows,
discrete cellular automata model (CA), agent-based model (ABM), social force model (SFM), rule-based model, and optimal-
velocity model (OV) [1, 10]. These numerous models were able to imitate realistic pedestrian movement based on the various
research objectives to imitate certain features in human behavior. However, not all models are able to simulate the high-density
pedestrians due to the model’s algorithms and the realistic pedestrian movement, especially during evacuation [10]. In this
research, the objective of modeling the realistic pedestrian movement is to highlight the self-organization of the pedestrian
during the movement process for evacuating from a closed area in a panic situation.

Pedestrian movement process always has been associated with a self-organizing approach due to the satisfaction and desire to
decide their destination [6, 11-13]. Based on research by [10], there are three basic pedestrian movement characteristics during
a panic situation; goal, attraction, and repulsion. These characteristics are able to be affected by the capacity, density, and
familiarity of the agents with the surroundings. Even though crowd movement can be seen as a macroscopic phenomenon,
however, the behavior and decision-making can be highlighted as the microscopic interaction between each of the pedestrians.
Research by [14] had classified the microscopic pedestrian modeling during evacuation as decision-based, velocity-based, and
acceleration based. These key features can be derived from the discrete model and continuous model of pedestrian modeling.

There are some other researches that had discussed on the suitable models on modeling the pedestrian movement behavior
during panic situation by highlighting the continuous models as the optimal choice for pedestrian modeling [12, 14-17].
Whereas, [1] discussed the previous research of using the discrete approach in simulating the incidents that involve the
spreading of the incident’s area and decided the continuous model is more suitable for dynamic movement of the pedestrians.
Hence, based on the findings, this research proposed the experiments to determine the impact of discrete approach and
continuous approach on the travel distance and evacuation time for the pedestrian to escape from a closed area. This research
also would like to highlight the idea of integrating the models under the continuous approach, ABM and SFM model as the
optimal approach to model the pedestrian simulation in a closed area layout during a panic situation without involving any
spreading incidents area. The aims of the simulations are to ensure the pedestrian escapes the layout safely in the shortest time
and shortest travel distance possible.

2. Pedestrian Modeling
2.1 Discrete Model: Cellular Automata (CA)

A discrete model in simulation is the discontinuous and instantaneous changes that happened based on rule based model in an
event. A Pedestrian is a complex entity that has several probabilities in making a neighboring movement for every time step.
Previous research has shown that pedestrian movement as a discrete microstructure entity can imitate human decision-making
in deciding the possible next state of movement direction [1, 18, 19].

Computer system modeling using cellular automata (CA) is discrete microstructure modeling. Based on [10], the fastest and
the least expensive computation. This theory of cell self-reproduction was first founded by John Von Neumann, and it has since
been applied to numerous computer simulations of object motion. A single cell of CA will be known as a cellular automaton
that occupies a grid cell that will be surrounded by a finite number of states known as the neighboring cells. Figure 1 shows the
finite number of movement directions for the CA model.
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Figure 1. Moore Neighborhood movement transition probabilities

Figure 1 shows a cellular automaton as indicated in a blue color round that occupied one of the grids and the immediate
neighboring cells’ states (9 cells including the occupied cell) that are able to be reproduced. For each of the cells in the grid,
there will be two possible states of cell availability; 1) occupied or 2) unoccupied.

2.2 Continuous Model

The continuous models can form a realistic movement simulation based on pedestrians’ interaction, internal motivations, and
route deviation forces on pedestrians’ decision-making. The continuous model can be divided into; the Agent-based Model
(ABM) and Social Forces Model (SFM).

2.2.1 Agent-based Model (ABM)

The Agent-based Model (ABM) is an individual autonomous agent model reproduced by analyzing the entire system. The ABM
is frequently compared to the CA because both consider the individualistic ideal of the model approach. However, the CA
approach addresses the finite state of neighboring movement with a finite number of rules. In contrast, the ABM approach
extends the limitation by adapting the agent to the current phenomenon for a more realistic simulation. [20] have stated that the
simulation model with a discrete model is restricted to pre-determine routes, while ABM can provide a realistic representation
of movement patterns.

The pedestrian movement simulation modeling based on the ABM will be able to simulate the pedestrian's interaction and
decision-making within the surrounding environment. Figure 2 shows the interaction of the ABM model with the neighbor cells
and environment.
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Figure 2. ABM modeling on local neighborhood transition and shortest path finding towards the nearest exit

Based on Figure 2, the pedestrian (blue round symbol) is the unique entity that will observe several probabilities of making the
neighboring movement based on the behavioral reflection of the surrounding environment (neighboring microstructures) [21].
In Figure 2, the pedestrian will keep on checking the neighbor cells for the occupied and unoccupied status while checking the
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distance measurement from the unoccupied cells towards the available exit to find the nearest exit point. The characterization
demonstrated the rational boundary of the human brain's intelligence.

Every pedestrian will move cautiously in the neighboring microstructure in order to avoid any possible physical interactions
between pedestrian-pedestrian and pedestrian-obstacle. With geometric approach movement, this fine-scale pedestrian behavior
model has a powerful optimal neighborhood assessment. However, the ABM-based pedestrian modeling's optimality will be
limited by the global spatial interaction and accessibility approach [22]. As a result, during a panic situation, the chaos and
scattered movement of the ABM-based pedestrian simulation will cause massive route deviations, which may result in
unorganized movement, leading to "freezing-by-heating" and "faster-is-slower" effects, as reported by [11].

2.2.2 Social Force Model (SFM)

The Social Force Model (SFM) is a microscopic agent modeling approach that uses the surrounding structures and elements as
influence factors on subsequent reproduction, which is interpreted as the force. According to the research of [12] and [23], the
forces are exerted not only by the agent's environment but also by the agent's internal motivation for the next reproduction.
Research by [1] has mentioned that the key factors of SFM are; desired speed, desired destination, and physical interaction
factors. As a result, in the case of the SFM approach to pedestrian movement modeling, realistic human nature and behavior in
the space, particularly during a panic situation, will be able to imitate human intelligence, decision-making under pressure,
human eyes' vision, and self-organization during the evacuation process that model the dynamic behavior of pedestrians [1, 24].

The SFM modeling of pedestrian movement revealed the social psychology impact on human interaction and behavior that is
influenced by the situation and the presence of other entities in the surroundings. Based on Figure 2 in the ABM approach, the
pedestrian model based on SFM is designed similarly, however focusing more on the global convergence attitude that caused
larger characteristics to evolve under the environmental conditions.

3. Experimental Setup and Structure

This research simulation will be constructed based on a sample grid with 20x20 cells with 0.6 m each, including the walls, to
represent the 116.64 square meters (s/m) of walking area (not including the wall) with randomly generated 20 static obstacles
and 30 pedestrians as the dynamic obstacles. Figure 3 shows the layout grid.
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Figure 3. The grid of sample layout
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Note- The blue colour rectangles are the walls, the black colour rounds are the pedestrians, the green colour rectangles are the
obstacles, the yellow colour rectangles are the doors and the white colour rectangles are the floor. The doorways will be tag as
El, E2, E3, and E4.

Based on Figure 3, the simulations were conducted based on the panic situations that were accompanied by the basic setup of
pedestrian movement speed during a panic situation, 3.0 ms-1 for every time step [11, 25, 26]. The experiment will be set based
on the panic situation in the layout to justify the features identified by the previous research and analyze the correlation of the
models’ algorithm on the localization search, globalization search, and the travel distance and evacuation time. Through this
research, the evacuation time (seconds) taken by the 30 pedestrians to evacuate and leave the spatial layout will be recorded,
and the pedestrian’s travel distance (meters) will be measured.

The experiment will be divided into three approaches of pedestrian simulation modeling; 1) CA model, 2) direction-based ABM
model, and 3) direction and social force-based ABM-SFM model.

3.1 CA Model Framework

The discrete-based pedestrian behavior modeling is designed using the CA model as shown in Figure 4.
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Figure 4. CA model framework

The pedestrian cell will be marked inside the grid as the target object to move. The two-dimensional cells will be generated
with eight adjacent cells, and the pedestrian cells will be the middle cells. Since this research uses the enhanced Von Neumann
with the Moore Neighborhood approach, the eight adjacent neighbor cells' status will be examined to find the occupancy status.
The status will be determined with binary numbers as the unoccupied cell will be assigned as 0, and the occupied cell will be
set with 1. Suppose all of the adjacent cells are fully occupied and unavailable. In that case, the pedestrian will remain in a
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similar cell for a simulation time step to imitate the situation of being unable to move because the surrounding neighbors are
obstacles.

The pedestrian will repeat the process by determining the status of the adjacent cells in the next time step. However, if one or
many vacant adjacent neighbor cells have existed, the pedestrian will randomly select the unoccupied cells for movement
transition. The pedestrian will examine the unoccupied adjacent cells to find a door. Suppose the pedestrian is not able to find
an exit. In that case, the pedestrian will make a movement transition to the selected neighbor cell and will repeat the whole
movement process until one of the adjacent cells is the door. If the pedestrian chooses the door cell to move, the pedestrian will
be set to escape the layout, and the CA modeling will end.

3.2 ABM Model Framework

The continuous ABM model-based pedestrian behavior modeling is designed using the Moore Neighborhood approach for the
local transition as shown in Figure 5. Initially, the simulation will be started with the marking of door cells in the grid layout.
This process will give the future process a guide on calculating the distance between the pedestrian and the available doors for
finding the nearest exit. The pedestrian cell will be marked inside the grid as the target object to move. The two-dimensional
cells will be generated with eight of the adjacent cells, and the pedestrian cells will be the middle cell.

Since this research is using the enhanced Von Neumann with the Moore Neighborhood approach, the eight adjacent neighbor
cell statuses will be examined to find the occupancy status. The status will be determined with binary numbers as the unoccupied
cell will be assigned as 0, and the occupied cell will be assigned with 1. If all of the adjacent cells are fully occupied and not
available, the pedestrian will remain at the similar cell for a simulation time step to imitate the situation of not being able to
move because the surrounding neighbors are obstacles.

The pedestrian will repeat the process by determining the status of the adjacent cells in the next time step. However, if one or
many vacant adjacent neighbor cells have existed, the pedestrian will make the selection of the vacant cells by determining the
distance toward the available doors from every unoccupied cell using the Pythagorean Theorem (PT) to imitate the pedestrian
vision, distance estimation and reasonable decision making to move towards the nearest exit. The neighbor cell with less
distance toward the nearest exit point will be selected for the next movement transition process.

The pedestrian will examine the unoccupied adjacent cells to find a door. If the pedestrian is not able to find a door, the
pedestrian will make a movement transition to the selected neighbor cell and will repeat the whole movement process until one
of the adjacent cells is the door. If the pedestrian chooses the door cell to move, the pedestrian will be set to escape the layout,
and the ABM modeling will end.
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Figure 5. ABM model framework

N

The continuous ABM-SFM model-based pedestrian behavior modeling is designed using the Moore Neighborhood approach
for the local transition as shown in Figure 6.
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Figure 6. ABM-SFM model framework
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Based on Figure 6, initially, the simulation will be started with the marking of door cells in the grid layout. This process will
give the future process a guide on calculating the distance between the pedestrian and the available doors for finding the nearest
exit. The pedestrian cell will be marked inside the grid as the target object to move. The two-dimensional cells will be generated
with eight of the adjacent cells, and the pedestrian cells will be the middle cell.

Since this research is using the enhanced Von Neumann with the Moore Neighborhood approach, the eight adjacent neighbor
cell statuses will be examined to find the occupancy status. The status will be determined with binary numbers as the unoccupied
cell will be assigned as 0, and the occupied cell will be assigned with 1. If all of the adjacent cells are fully occupied and not
available, the pedestrian will remain at the similar cell for a simulation time step to imitate the situation of not being able to
move because the surrounding neighbors are obstacles.

The pedestrian will repeat the process by determining the status of the adjacent cells in the next time step. However, if one or
many vacant adjacent neighbor cells have existed, the pedestrian will make the selection of the vacant cells by determining the
distance toward the available doors from every unoccupied cell using the Pythagorean Theorem (PT) to imitate the pedestrian
vision, distance estimation and reasonable decision making to move towards the nearest exit. The number of static and dynamic
obstacles will be calculated to mimic the human sight, spontaneous measurement, and common sense of getting out of an
affected spatial layout.

The neighbor cell with less distance toward the nearest exit point with less number of obstacles will be selected for the next
movement transition process. The pedestrian will examine the unoccupied adjacent cells to find a door. If the pedestrian is not
able to find a door, the pedestrian will make a movement transition to the selected neighbor cell and will repeat the whole
movement process until one of the adjacent cells is the door. If the pedestrian chooses the door cell to move, the pedestrian will
be set to escape the layout, and the ABM-SFM modeling will end.

4, Result and Discussion

In this study, the pedestrians’ movement based on the CA, ABM, and ABM-SFM models was simulated to find the impact of
local interaction and internal motivation towards the realistic pedestrians’ simulation based on the key features of behavior
during the evacuation process. The results from the simulation based on the models were obtained based on three-stage; 1) 10
pedestrians evacuated, 2) 20 pedestrians evacuated, and 3) 30 pedestrians evacuated from the layout. The results from the
simulations will return the Travel Distance (m) and the Evacuation Time (s). Table 1 shows the result from the ten runs of
experiments using the CA model.

Table 1. The result on the CA model-based pedestrian simulations in the sample grid layout

10 Pedestrians 20 Pedestrians 30 Pedestrians
Experiment Travel Evacuation Travel Evacuation Travel Evacuation
Distance time (s) Distance time (s) Distance time (s)
(m) (m) (m)

1 9.0 12.97 16.2 15.35 592.8 205.62
2 8.4 12.77 27.0 18.91 342.0 122.86
3 6.0 11.98 15.0 14.95 687.6 236.91
4 13.2 14.36 25.8 18.51 368.4 131.57
5 8.4 12.77 324 20.69 359.4 128.60
6 12.0 13.96 27.0 18.91 356.4 127.61
7 6.6 12.18 19.2 16.34 525.6 183.45
8 6.6 12.18 18.6 16.14 796.2 272.75
9 7.8 12.57 15.6 15.15 439.8 155.13
10 9.0 12.97 30.0 19.90 722.4 248.39

Based on Table 1, the experiments for the CA model were run ten times as the fundamental algorithm of the CA model is based
on the random selection of the neighborhood cells to initiate the movement transition. Hence, the ten runs of the experiments
were able to prepare for the unbiased result of the travel distance and evacuation time. Based on the results obtained from the
whole number of pedestrians escaping from the layout (30 pedestrians), the mean value was determined, and a variance graph
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was plotted based on the Evacuation Time (s) in Figure 7 to find the most suitable experiment run that able to represent the CA
model simulation result for further comparison with the other model.
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Figure 7. The variance of Evacuation Time (s) of the CA model-based pedestrian simulations (30 pedestrians)

Based on Figure 7, the graph shows the mean of the evacuation time after 30 pedestrians have evacuated; 181.29 s. Scattered
dots were plotted on the graph to represent the evacuation time for each run. Based on the scattered graph, Experiment 7 has
shown the least variance from the mean value. Hence, based on the visualization in Figure 7, Experiment 7 has been selected
to represent the overall result of the Travel Distance (m) =525.6 m and the Evacuation Time (s) = 183.45 s from the CA model-
based pedestrian movement simulation.

Based on Table 1, the observation of the results has shown that number of pedestrians in the layout had played a great impact
on the movement selection and direction and impacted the evacuation time. Hence, a graph has been plotted in Figure 8 to show
the impact on the Travel Distance (m) and Evacuation Time (s) in the evacuation process due to the decrement in the number
of pedestrians existing in the layout. The graph was plotted based on the existence of the pedestrians in the layout. The Travel
Distance (m) and Evacuation Time (s) were recorded in three stages; 1) 10 pedestrians left the layout, 2) 20 pedestrians left the
layout, and 3) All of 30 pedestrians left the layout.

Relation between Number of Pedestrians with Travel Distance (m) and Evacuation Time (s)
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Figure 8. Graph of the relation between the number of pedestrians with the Travel Distance (m) and Evacuation Time (s) of
CA model-based pedestrian simulations

Based on the graph in Figure 8, the travel distance and evacuation time for the first 10 and 20 pedestrians who escaped from
the layout was slightly short and faster compared to the last tenth of pedestrians in the layout (all 30 pedestrians). This situation
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happened due to the random movement of pedestrian simulation based on the CA model. During the evacuation of the first 10
and 20 pedestrians, the existing pedestrians as the dynamic obstacles and also the existence of static obstacles in the layout had
become the barrier that was able to pave and re-directed the way for the pedestrians to move randomly and able to reach the
exit point quickly. However, after 20 pedestrians have exited the layout, the current 10 pedestrians will have difficulties in
moving towards the exit point as there are not many obstacles that the current pedestrians in the layout able to avoid and able
to direct the random movement selection towards the exit point. Hence, this experiment was able to prove that the existing
pedestrians and other obstacles such as furniture and other static elements in the layout are able to set the path for the pedestrian
to move towards the exit point in CA model implementation.

The localization search of the CA model was enhanced by the introduction of the Agent-Based Model (ABM) for the
localization search with the effect of pedestrians' attributes and behaviors towards the neighborhood interaction and the
interaction with the environment to imitate the realistic pedestrian movement with human intelligence in measuring the distance
towards the exit point in order to move and choosing the neighbor cell that is nearer to the nearest exit point in moving for
quickly evacuate from the layout. The result of the experiment is shown in Table 2.

During the evacuation process, even though the pedestrians will keep on pushing and showing in front of the nearest exit to
escape from the layout, the pedestrians also will reconsider the surrounding situation as the brain will make reasoning,
measurement, and decision to make other movements towards the other nearest exit with less number of pedestrian queuing to
escape. As had been proposed in this research, the ABM model was integrated with the SFM model to enhance the realistic
pedestrian movement by adding the other key features in the evacuation process; the driving forces in the desired direction of
motion based on the force of fellow pedestrians. The localization of the pedestrian movement in ABM was injected with the
globalization of movement direction, and transition selection is able to imitate human intelligence in the decision-making
process. The result of the experiment is shown in Table 2.

Table 2. The result on the pedestrian simulations in the sample grid using CA (Experiment 7), ABM and ABM-SFM models

10 Pedestrians 20 Pedestrians 30 Pedestrians

Model Travel Evacuation Travel Evacuation Travel Evacuation

Distance time (s) Distance time (s) Distance time (s)

(m) (m) (m)

CA (Experiment 6.6 12.18 19.2 16.34 525.6 183.45
7
ABM 2.4 10.79 9.6 13.17 10.2 13.37
ABM-SFM 2.4 10.79 6.0 11.98 16.8 15.54

Based on Table 2, the results from pedestrian movement simulation based on the CA model (Experiment 7), ABM, and ABM-
SFM were shown. The results were groups based on the number of pedestrians (10, 20, and 30) that had escaped from the layout
in relation to the number of pedestrians for finding the travel distance and evacuation time. The result for the ABM model and
SFM model were run once compared to the result in previous Table 1 for the CA model as the coordinate of the pedestrians
and the obstacles in the layout were set to constant coordinates of origin throughout this research for practicing the unbiased
location and movement direction selection. Hence, for implementing the ABM and SFM models, based on the constant
pedestrian coordinate in the layout, the neighborhood cell's selection and movement direction towards the nearest exit will
always work in a similar pattern for every experiment. The selection of neighbor cell and movement direction can be altered if
the coordinates of pedestrians, static obstacles, and doors are changed. Based on the result shown in Table 2 has shown a similar
pattern to Table 1, in which the decrement of pedestrians in the layout had increased the travel distance and evacuation time.
However, the result for the ABM model and SFM model for pedestrian simulation is not comparable to Table 1 in the previous
CA model simulation due to the improvement in both travel distance and evacuation time. Based on Table 2, the comparison
of the ABM model and CA model representative results showed a decrement of 98.06% in travel distance and 92.71% in
evacuation time. Whereas, compared to ABM-SFM, the CA model representative result showed a decrement of 96.80% of
travel distance and 91.53% of evacuation time.

Based on Table 2, ABM and ABM-SFM results were comparable during the evacuation process of the first 10 pedestrians.
However, 20 pedestrians were evacuated, and the result has shown that the ABM-SFM model showed a decrement in travel
distance by 37.50% and evacuation time by 9.04% compared to the ABM model. However, overall, of the 30 pedestrians who
had escaped, the ABM-SFM model had shown an increment in both of the independent variables compared to the ABM model.
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The travel distance for ABM-SFM had increased by 39.29%, and the evacuation time had increased by 13.96% compared to
ABM. This decrement and increment happened due to the re-direction of the pedestrian towards the exit for evacuation.

During the first 10 pedestrians to escape, the pedestrians for ABM and ABM-SFM models had to move towards the exit point
based on the shortest path approach as in real life, during the earlier stage of a panic situation, the pedestrian will be startled
and decide to move towards the nearest exit, and the exits available are not clogging with other pedestrians. This evacuation
situation is known as a fast escape. However, after 10 pedestrians exited the layout, the next 10 pedestrians (accumulated to 20
pedestrians in the result in Table 2) have shown the optimal result of the pedestrian intelligence in the ABM-SFM model in
finding the other nearest exit with less number of pedestrians to reduce the number of physical collisions and escape force at
the exit point, and this evacuation process can be known as the safe escape. Based on the comparison, the movement of the
pedestrians for making the safe escape also will cause a negative impact as the movement transition towards the nearest exit
with less number of pedestrians force will increase the travel distance and cause a longer evacuation time.

The fast escape and safe escape approach are able to show the impact on the usage of the exits in the layout. Based on the
simulations of ABM and ABM-SFM models, the humber of pedestrians that had escaped from the layout for each door from
the simulation layout setup was shown in Table 3.

Table 3. The pedestrians’ distribution for every door in the layout in ABM and ABM-SFM model pedestrian simulations

Number of Pedestrians

Door ABM Model ABM-SFM Model
1 3 8
2 9 9
3 10 6
4 8 7

Based on Table 3, the heat maps were plotted to show the pattern of pedestrians’ movement during the evacuation process in
the designed layout. Figure 9 and Figure 10 shows the heap map of pedestrian simulation based on the ABM model, and the
ABM-SFM model simulation. Based on Figure 9 and Figure 10, there are differences in the movement pattern and the exit
selection for the pedestrians' simulation of each model; the ABM model and the ABM-SFM model. Figure 9 for ABM-based
pedestrian simulation shows that Door 2 and Door 3 have become the focus exits for the pedestrians to escape from the layout
with recorded the highest percentage of usage that caused clogging region to form; Door 1 = 10%, Door 2 = 30%, Door 3 =
33.33%, and Door 4 = 26.67%.

The selection of doorway had been made based on the shortest path approach and related to the pedestrians’ origin location set
prior to the simulation. Hence, the pedestrians in the simulation will always find the direction towards the nearest exit and
determine the nearest neighborhood cell towards the nearest exit point to get the optimal shortest travel distance. However, this
simulation model will cause an unbalance in doorway usage and cause the clogging region, as shown in Figure 9 near Door 2
and Door 3. This clogging situation happened due to the initial origin of the pedestrians, which most of the random pedestrians'
origin were coincidently generated near Door 2, and the pedestrians need to queue due to the narrow pathway in front of Door
2 as there are static obstacles exist. Door 3 also shows the formation of a clogging region due to the placement of a static
obstacle in front of the door. Hence, the ABM model for pedestrian simulation is not able to meet the intelligence of humans
during the evacuation process as, in reality, the pedestrians will keep on finding the unoccupied door in near sight for evacuating
from the affected layout instead of waiting and staying at the high forces exit point.

Whereas, Figure 10 shows the ABM-SFM model-based pedestrian simulation’s heat map with the almost balanced usage of
exits; Door 1 = 26.67%, Door 2 = 30%, Door 3 = 20%, and Door 4 = 23.33%. This balanced pedestrian evacuation distribution
happened due to the social force during the exit selection where the pedestrians will keep on finding the nearest exit with less
number of obstacles; the fellow pedestrians and static obstacles. Hence, based on Figure 10, the pedestrians’ queue were fairly
distributed for all of the exit points, and Door 2 shows high clogging region due to the most random generation of pedestrians
generated near the door and the existence of the obstacles near the door that cause the narrow pathway. Hence, based on this
finding, it’s important for future spatial layout planning to design the space to accommodate and assist the pedestrians’
movement, especially during a panic situation.
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Figure 10. The heat map of ABM-SFM model simulation
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5. Conclusion

A key factor in ensuring the realistic pedestrian modeling is the selection of a model approach with accommodating algorithms
based on the research objective. To demonstrate the effects of the CA model, ABM model, and the integration of the ABM-
SFM model on the evacuation process, the travel distance and evacuation time has been chosen as the independent variables in
this study. From the findings, it can be concluded that;

. Continuous models simulate more realistic, intelligent pedestrians than a discrete model.

. The ABM model simulates pedestrian movement to the nearest exit for "fast escape”. However, the unbalanced exit
point selection traps pedestrians in the congestion zone.

. The ABM-SFM model can simulate pedestrian movement for “safe escape” towards the nearest exit point with fewer
forces developed by the clogging region with the presence of dynamic and static pedestrians. This model requires more travel
distance and evacuation time than the ABM model.

. The results show that pedestrians will head for the nearest exit while avoiding collisions and forces. This result will be
proven in future experiments by comparing the results with real-life experiments.

The CA model is not suitable for designing realistic pedestrian movement behavior, especially in a layout with few pedestrians
and obstacles. ABM model can simulate panic situations involving fatal catastrophic incidents, such as a fire in a closed area
where pedestrians must escape quickly. The ABM-SFM model simulates panic situations where pedestrians must escape the
layout without facing great forces at the exit point.
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