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Abstract. When public emergencies or disasters occurred, such as fires and
earthquakes, safety accidents with group trampling can easily be caused. In the
previous work, the study of crowd evacuation mainly adopted artificial parameters
for simulations. To overcome these problems, we propose a data-driven crowd
evacuation simulation method based on Raspberry Pi. First, we configure
Raspberry Pi as sensor node, which is connected the wireless WiFi network card
with monitoring function and the infrared sensor module with detection function.
And then the sensor node was deployed to collect real data of crowd evacuation in
real scenarios. Second, the curve fitting method is used to deal with the functional
relationship between crowd density and average evacuation speed. In terms of
crowd evacuation simulation calculation, we present Crowd Density-based
Reciprocal Velocity Obstacle (CD-RVO) algorithm which drive individual speed
changes with crowd density, to optimize the options for safety exit of individuals
and reduce evacuation time effectively. Finally, the experimental results show that
the proposed method can simulate the process of crowd evacuation realistically
and improve crowd evacuation efficiency.
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1. Introduction

With the accelerating process of urbanization, the number of crowded public places
[1-2] is increasing. Due to the concentrated distribution and complicated layout of these
public plazas, it is easy to occur safety accidents. Therefore, how to evacuate people
safely and efficiently in public places has become a hot issue. In real scenarios, most of
the crowd evacuation processes are simulated through on-site exercises to reduce the
frequency of safety accidents occurrence. With the rapidly development technology of
information, the computer technology provides a strong support for improving crowd
evacuation simulation [3-4] efficiency. Most methods of crowd evacuation simulation
mainly focus on obstacle avoidance and path planning mechanism. Typical crowd
evacuation models include fluid mechanics [5-6] models, method models based on
individual rules [7-8] and crowd simulation models based on social forces [9-11]. Most
of the experimental data in the above models or methods are based on manmade
assumptions, reducing the realism of crowd evacuation simulation in emergencies.
Therefore, it is of great significance to obtain the real data of crowd movement and
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apply it to the crowd evacuation simulation. In recent years, the exploration of real data
[12-14] to simulate crowd evacuation [15-16] has also attracted attention of researchers.
Nevertheless, it is hard to extract crowd movement trajectory and filter complicated
crowd data. It is a hot topic that how to obtain crowd movement data efficiently in real
scenarios and apply it to crowd evacuation simulation, improving the realism of crowd
evacuation simulation.

In order to reproduce the specific process of crowd evacuation more realistically
and overcome the disadvantages of complexity data process, a data-driven crowd
evacuation simulation method based on Raspberry Pi is proposed in this article. Our
key contributions are summarized as follows:

e A novel mechanism for collecting real data is proposed. In this mechanism,
we reset Raspberry Pi which connect the wireless WiFi network card with
monitoring function and the infrared sensor module with detection function, to
collect real data of crowd evacuation in scenarios.

e We construct an exponential function to analyze the influence of crowd
density on average evacuation speed during the process of crowd movement.
A curve fitting method is applied to crowd dataset which collected by
Raspberry Pi in real scenarios. We build an exponential function to fit the
relationship between crowd density and average speed of individuals, and
apply it to avoidance strategies for crowd evacuation simulation.

e In terms of crowd evacuation -calculation, we proposed a Crowd
Density-based Reciprocal Velocity Obstacle (CD-RVO) algorithm which
merge exponential function of crowd density and average speed, to optimize
the options of safe exit for individual and reduce time of crowd evacuation.
Additionally, we establish a crowd simulation system based on real data to
visualize the simulation results.

The remainder of this paper is organized as follows. Section 2 is contributed to
review of related studies on crowd simulation. Then, we present a method for
collecting real data of crowd evacuation in Section 3 and a CD-RVO algorithm is
introduced in Section 4. Next, Section 5 reports the simulation results, and our
conclusions are presented in Section 6.

2. Related Work
2.1. Data-Driven Method

In order to simulate crowd evacuation more realistically in real scenarios, many
scholars have adapted available methods including GPS positioning [14], Bluetooth
positioning [17] and video extraction [18-19] to track movement trajectory and collect
real data for crowd evacuation simulation researches. Xu et al. [20] used the GPS
device of mobile terminal to collect information of individual location and extract
crowd data. Due to the imprecision of positioning methods of Bluetooth and GPS,
researchers impossible record the crowd data accuracy in multi-layer buildings indoor.
The method mentioned above is difficult to apply to crowd evacuation simulations in
multi-layer buildings scenarios. Kim et al. [21] proposed an adaptive data-driven
algorithm for interactive crowd simulation. Lerner et al. [22] presented an
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example-based crowd simulation method. Liu et al. [23] proposed a video data-driven
social force model for simulating crowd evacuation. However, the above video capture
method has some limitations. The crowd trajectories extraction is influenced by factors
such as visibility of environment, crowd density and video angle of visual filed.
Therefore, we propose a method for collecting real data of crowd evacuation based on
Raspberry Pi, to collect and process the real data for crowd evacuation simulation.

2.2. Crowd Evacuation Method

In crowd evacuation simulation model, both global path planning and local collision
avoidance are considered for the processing of crowd movement from one position to
next target. Wu et al. [24] proposed a real-time emotion-integrated path planning
algorithm to explore the global path. Liu et al. [25] combined an Artificial Bee Colony
algorithm with Particle Swarm Optimization algorithm for the path planning of crowd
evacuation simulation. Zhang et al. [26] proposed an improved social force model to
simulate and reproduce the process of group gathering. Berg et al. [27] put forward a
Reciprocal Velocity Obstacle (RVO) algorithm which considers the motion speed of its
neighbor and the last moment speed of individual comprehensively. However, the
traditional RVO model assumes that movement of crowd keep a constant speed during
the entire evacuation process unless the avoidance strategy is triggered. Therefore, we
explore the relationship between crowd density and average evacuation speed, taking
real dataset of crowd evacuation collected by Raspberry Pi.

3. Data-Collection Based on Raspberry Pi

Our goal is to drive the crowd evacuation more realistically, we propose a method of
data-driven crowd evacuation simulation method based on Raspberry Pi.

3.1. Initialization Raspberry Pi system

As a device of data collection and infrared sensing function, Raspberry Pi is equipment
with operation environment, software system and compile program. Firstly, we use
Linux command internally for the Raspberry Pi to configure the internal software
environment and system. Secondly, the Raspberry Pi connected with the wireless WiFi
network card and the infrared sensor module, is deployed as sensor node in real
scenarios. We can get the location of individual within the coverage of wireless
network. Finally, the terminal server controls command and receives real data of crowd
evacuation collected by sensor nodes. These real data are applied to crowd evacuation
simulation, which include the number of individual, average speed and crowd density.

3.2. Crowd Data Collection in Real Scenarios

3.2.1. Collection Crowd Density

Driven by the tremendous popularity by smartphones, the number of mobile internet
users has reached 986 million by December 2020 in China. Without loss of generality,
we consider a special scenario where everyone has one mobile phone. The method of
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data-collection based on Raspberry Pi identify the number of smartphone which send
wireless signal, to count the number of people in real scenarios. Sensor node monitors
the wireless signals of crowd mobile phone and captures data packets in the scenarios.
According to the number of MAC addresses of mobile phone from the data packets, we
get the number of people N in real scenarios. Generally, the wireless signal coverage
area S of the Raspberry Pi with monitoring function ranges between 52 square meters
to 60 square meters. As the crowd area S and the number of people N are obtained, the
crowd density is p=N/S. And then, the result of crowd density is storage in terminal
server.

3.2.2. Average Speed Collection

We collect the time information of crowd when the sensor node detect individual across
the coverage area. We adopt the method which match the time of MAC address from
individual mobile phone to the time of infrared detection, to assure the passing time of
individual. Generally, we deploy sensor node A and sensor node B respectively in real
scenarios. The passing time, T1, represents the time of individual detected by sensor
node A with infrared detection function in room. We set the room as dangerous area in
real scenarios. Likewise, T2 is the passing time which detected by sensor node B with
infrared detection function when individual arrive at safe area. We use the wireless
WiFi network card of sensor node with monitoring function to capture the detected
time of individual carrying the mobile phone in monitored area. The detected time Twl
and Tw2 indicate that the individual is detected by sensor node at last time in the room
and the first time in safe area respectively. If Twl matches T1 and Tw2 matches T2
respectively, we confirm that the passing time sensing by sensor node with infrared
detection function is accurate. Then, the evacuation time of crowd is |T|=T2-T1, which
represents individuals arrive at the safe area from the room. We obtain the average
speed V of individual, V=L/T, where L is the evacuation distance of crowd in the
scenarios. The specific schematic of time collection for crowd evacuation based on
Raspberry Pi is shown in figure 1.
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Figure 1. Time collection for crowd evacuation.
3.2.3. The Fitting Curve for Crowd Density and Averaged Speed

The method of data-collection based on Raspberry Pi collect real dataset, including
evacuation distance, crowd density and evacuation time in real scenarios. In order to
explored the relationship between crowd density and average speed of individual, we
make a curve graph using real data of crowd evacuation collected by Raspberry Pi. The
exponential function is used to fit the curve with the original data. And it is allowed not
to pass through all data points in this process. We obtain the result of R-square=0.9816,
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which is close to 1.0. The result proves that the process for curve fitting is better. We
build an exponential function (equation (1)) for the relationship between crowd density
and average speed of individuals. In figure 2, it is clear that the average speed of
individuals decreases as the crowd density increases. Most importantly, the feature of
the relationship between crowd density and average speed is applied to crowd
evacuation simulation.

We express the exponential function between crowd density and average speed as

V =0.9652% p 036 (1)
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Figure 2. The fitting curve of crowd density and average speed fitting curve.

4. Crowd Density-based Reciprocal Velocity Obstacle

In order to optimize the evacuation path, we consider the effect of crowding on
evacuation speed. A Crowd Density-based Reciprocal Velocity Obstacle (CD-RVO)
algorithm are proposed to simulate crowd evacuation more realistically. Firstly, the
speed of individual movement at time t can be obtained by calculating equation (1).
Secondly, we estimate evacuation time of individual arrive at safety area, to optimize
the options of safe exit for individual and calculate preferred velocity of each
individual. Finally, we update individual velocity for the next moment. Crowd density
drives velocity change of individuals, so as to affect the whole trend of crowd changes.

Algorithm 1: Crowd Density-based Reciprocal Velocity Obstacle algorithm

Input: preferred velocity V" maximum acceleration @™, maximum velocity J™, safety exit g
crowd density 0, , expected collision time #c;(V,') , time f , weight @;
Output: The velocity ¥;'"' attime 7+1
1: Initialization V77, @ ,y™ g™ g  p. t tc,(V")
2: Update velocity v; ofindividual i in step oftime f :
Calculate velocity V' ofindividual i attime ¢ according to equation (1);
Optimize the options for safety exit of individual i, g =g..;
Calculate distance L, =dis(¥,,g,) ofindividual i to each safety exit g, ;
Calculate time 7, =L, /V; ofindividual i to reach safety exit g;

Select optimal safety exit g, based on crowd density o, and time ¢;;
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Update the preferred speed Vl_pmf ;

3: Calculate candidate velocity V(¥ ;
4: Calculate velocity ¥/*';

5: Repeat step 2 to step 4 until individual i arrive at safety exit.

5. Experiment Analysis

In this section, we evaluate the proposed method in three parts, and initialize individual
with real data collected by Raspberry Pi. The first part compares the performance of
traditional RVO and CD-RVO algorithm and the second part visualize the crowd
evacuation simulation process.

5.1. Comparison of RVO and CD-RVO

In this experiment, we explore the realism of traditional RVO and CD-RVO algorithm
for crowd simulation and compare evacuation time of two algorithms. We drown on the
scenario in the hall of teaching building which has two exits. In figure 3, we can see
that the traditional RVO algorithm is prone to congestion at the same safe exit during
the process of crowd evacuation. Differently, the CD-RVO algorithm proposed takes
into account the factor of crowd density on the average speed of individuals. Thus,
individuals choose different safe exits to move quickly in the process of crowd
evacuation, which alleviate the pressure of safe exits effectively and avoid crowding to
one exit.
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Figure 3. Comparison of simulation process for RVO and CD-RVO . (a) The simulation process of RVO. (b)
The simulation process of CD-RVO.

5.2. Visualization of the Crowd Evacuation Simulation Process

To verify the proposed method can enhance the realism of crowd evacuation simulation,
we implement a crowd simulation system based on real data to visualize the simulation
results. We set an example with 400 individuals and two safety exits in the hall of
teaching building scenario. The evacuation process of whole scenario is shown in
figure 4 (a) which is a vision graph of the hall in teaching building scenario at distance
view. figure 4 (b) is a is a closed view of the process for crowd evacuation simulation
process in the hall of teaching building scenario.
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Figure 4. Simulation results of crowd evacuation in hall of teaching buildings scenario. (a)Vision View. (b)
Closed view.

6. Conclusion and Future Work

We propose a data-driven crowd evacuation simulation method based on Raspberry Pi.
First, the Raspberry Pi connected the wireless WiFi network card and the infrared
sensor module, are deployed as sensor node to collect real data of crowd movement in
scenarios. Second, we present curve fitting method which is used to deal with the
functional relationship between crowd density and average speed of individuals. Then,
a CD-RVO algorithm proposed to optimize the options of safe exit for individual.
Finally, we implement a crowd simulation system based on real data collected by
Raspberry Pi to visualize the results of our theoretical analysis. The proposed method
can more realistically simulate crowd evacuation and can provide a reference for crowd
evacuation navigation.
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