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Abstract: The spatial layout and arrangement of obstacles in the built environment significantly
affect its evacuation performance. However, few researchers focus on pedestrian simulation-based
design optimization of built environment under emergency evacuation conditions. In this paper, we
aim to evaluate the evacuation performance of optimized design solutions for traffic space in the
teaching building of a primary school based on a pedestrian simulation approach and to quantify the
effect of design parameters on evacuation time. Firstly, the level of traffic space design parameters
was determined and optimized design solutions for the traffic space of the school building were
generated. Secondly, based on the Anylogic simulation platform, the environment module and
pedestrian evacuation behaviour rules of the teaching building were built to realize the evacuation
behaviour simulation. Thirdly, the effect of the traffic space design parameters on the evacuation time
of the teaching building was evaluated and the most significant design parameters were identified.
Finally, the optimal combination of traffic space design parameters was proposed under evacuation
performance orientation. The results show that the sensitivity of the traffic space design parameters
to evacuation time is 31.85%. The effect of corridor width on evacuation time is 49.06 times greater
than the staircase width. The optimal design combination for the traffic space in the teaching building
of the primary school is a 3.0 m wide trapezoidal corridor combined with a 3.6 m wide staircase,
and a 3.0 m wide fish maw corridor combined with 3.6 m wide staircase, guided by evacuation
performance. The framework developed in this paper provides technical support for the development
of evacuation performance-oriented design optimization of the built environment, and the results are
intended to supplement the building design specifications.

Keywords: pedestrian simulation; evacuation behaviour; teaching building; multiple regression
analysis; optimized design

1. Introduction
1.1. Background

Statistics from the Global Natural Hazards Assessment report [1] show that the total
global frequency of natural hazards in 2021 increased by 13%, the number of death de-
creased by 81%, the population affected by natural hazards decreased by 48% and direct
economic losses were 82% higher compared to the average of the last 30 years (1991-2020).
In 2021, the total number of natural disasters such as droughts, earthquakes, extreme
temperatures, floods, landslides, storms, volcanic activity and wildfires and their economic
losses were higher than the annual disaster averages in the period from 2001 to 2020 [2].
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Although there is some research on predicting unexpected events, especially earthquakes,
most of them cannot be predicted in advance. However, in emergency situations, early
warning or immediate evacuation can save dozens of lives [3].

Statistics from the International association of fire and rescue services (CTIF) [4]
showed that in 2020, fires caused 20.6 thousand deaths and 6.95 thousand injuries. This
means that in these countries there has been an average of 0.6 deaths and 2.1 fire-related
injuries per 100 thousand people in a year, and an average of 0.5 deaths and 1.8 injuries per
100 fires. According to the statistics of China National Fire and Rescue Administration [5], in
2022, fire and rescue teams across the country reported 825,000 fires, 2053 deaths, 2122 injuries,
and direct property losses of CNY 7.16 billion. When an emergency occurs, poor evacuation
of schools can lead to collective incidents. For example, the 2008 Wenchuan earthquake
in China resulted in the death or disappearance of 5000 students [6]. Although most of
the student casualties were caused by structural failures in the school building [7], there is
evidence that the evacuation saved the lives of dozens of students at Sangzao Middle School
who experienced the Wenchuan earthquake. In addition, schools are densely populated,
and emergency situations can seriously threaten the safety of students’ lives. In recent
years, stampedes in primary schools in China have caused casualties [8]. The simulation
research results of large-scale evacuation exercises conducted by Ledn et al. [9] in four
Chilean schools indicate that if indoor evacuation time is longer, following national level
evacuation strategies may lead to significant personnel losses.

In 2019, the General Office of the Ministry of Education of China issued the Notice
on Fire Safety in Colleges and Universities [10], which clearly pointed out that fire safety
education and drills should be strengthened to improve the ability to prevent fire safety
risks. Primary and secondary schools, as crowded places, also have more frequent emergen-
cies, which will pose a great threat to the personal safety of most students. Therefore, it is
particularly necessary to study the emergency evacuation behaviour of teaching buildings
in primary and secondary school.

1.2. Literature Review

In emergency evacuation pedestrian simulations, the evacuated crowd should not
be regarded as density flow and only the group behaviour should be considered. When
an emergency occurs, the interaction between the evacuees and the environment, other
individuals and obstacles should be considered. Individuals generally follow three princi-
ples when making decisions in the process of emergency evacuation: following instinct,
following experience and bounded rationality [11]. In an emergency, if a person believes
he/she is in an extremely life-threatening situation, his/her actions are likely to be driven
by fear instincts, such as fight or flight. During an emergency evacuation, such as fire
drills, pedestrians” personal experiences can significantly influence their behaviour [11].
An observed phenomenon is that most people tend to leave the building by the route
they are most familiar with, while ignoring other routes. In an emergency situation where
an immediate decision is required, individuals may choose the faster option by simply
following their instincts or experience.

1.2.1. Pedestrian Simulation Model

Pedestrian simulation models include the macroscopic model, mesoscopic model and
microscopic model.

The macroscopic model does not consider the interaction between individuals, and
regards the flow of pedestrians as gas or fluid. The quantitative indicators adopted by
scholars are mostly flow, density and speed, which makes it difficult to describe the complex
behaviour of pedestrians actually observed, and also difficult to reveal local and detailed
information intuitively and quantitatively. The nonlinearity of pedestrian traffic system
also limits the application scope of this method. The pedestrian simulation model is
mainly applied to the simulation of emergency evacuation of pedestrians in spaces such as
transport hubs [12,13], stadiums [14] and waterfront areas [15].
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The meso-model lies between the macro-model and the micro-model, without con-
sidering the interaction between individuals. On the one hand, it is defined as a spatial
configuration guiding the movement of pedestrians, and is mainly applicable to the self-
organized behaviour of pedestrians in museums and exhibition halls. On the other hand, it
is defined as a simulation model with less accuracy than the microscopic model, which is
represented by the Lattice-Gas Automata model, first proposed by Nagatani IT scholars [16].
There are two types of walkers without backward steps in the lattice gas model: a random
walker to the right and a random walker to the left. At critical densities, a dynamically
disturbing transition occurs from the free-motion state at low densities to the stopped state
at high densities. The model is mainly applied to the simulation of pedestrian behaviour in
exhibition spaces and commercial spaces, and the mesoscopic model represented by the
Lattice-Gas Automata model is mainly used for emergency evacuation simulation.

The microscopic model treats pedestrians as rational individuals and considers inter-
individual interactions, not only to accurately describe the complex behaviour of groups of
pedestrians, but also to visually and quantitatively characterize inter-individual interactions.
The social force model and the cellular automata model are the most widely used. With the
development of computer technology and the rise of artificial intelligence, the multi-agent
model is also gradually being favoured by scholars. The microscopic model is mainly
applied to building emergency evacuation behaviour [17,18] and pedestrian leisure behaviour,
including shopping behaviour [19], visiting behaviour [20] and leisure-walking behaviour [21].

This paper focuses on the pedestrian simulation in primary and secondary school
teaching buildings under emergency evacuation conditions. The simulation of evacuation
behaviour needed to consider the interaction characteristics between individuals, so the
social force model was chosen to carry out the simulation analysis based on the Anylogic
platform.

1.2.2. Application of Pedestrian Simulation Models in the Simulation of Emergency
Evacuation Behaviour

In recent years, many researchers have been working on the assessment of emergency
evacuation behaviour in different built environments and the optimal design of built envi-
ronments based on evacuation performance [9-11,13,14,18-52], which are important for the
safe design and emergency management of built environments. Some representative litera-
ture was sorted out in this paper, as shown in Table 1. According to the 42 papers reviewed,
it can be seen that the current application research of the pedestrian simulation model in
the simulation of emergency evacuation behaviour mainly focused on the assessment of
emergency evacuation behaviour in the built environment (i.e., 37 out of 42). Among them,
8 papers were about the assessment of emergency evacuation behaviour at transport hubs,
2 papers were about the assessment of emergency evacuation behaviour in waterfront areas
and 27 papers were about the assessment of emergency evacuation behaviour in different
building types, including teaching buildings, stadiums, libraries, supermarkets and office
buildings, while there were only 5 papers on evacuation performance-oriented optimization
design of built environment, which means that the optimal design of the built environment
based on evacuation performance has not been sufficiently studied in previous research.
However, design solutions for the built environment that consider evacuation performance
can increase its evacuation capacity and improve safety performance [47]. Therefore, there
is an urgent need to study the optimal design of built environments based on evacuation
performance.
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Table 1. Representative studies on emergency evacuation behaviour simulation.

Literature

Scales

Research Objects

Research Topics

Chen et al. [12]
Feng et al. [22]

Mandal et al. [23]
Qin et al. [13]

Tang et al. [24]

Guo and Zhang [25]

Bateman and Majumdar [26]
Liu and Kaneda [15]
Sidi et al. [27]

Lim et al. [17]
Wang et al. [28]

Soltanzadeh et al. [29]

Wu and Huang [30]
Huang et al. [31]
Ding et al. [32]

Hosseini and Maghrebi [33]
Benseghir et al. [18]
Wang et al. [34]

Lancel et al. [35]
Kasereka et al. [36]
Sagun et al. [37]

Marzouk and Mohamed [38]

Transport hubs scale
Transport hubs scale

Transport hubs scale
Transport hubs scale

Transport hubs scale

Transport hubs scale

Transport hubs scale
Waterfront scale

Waterfront scale

Building scale
Building scale

Building scale

Building scale
Building scale

Building scale

Building scale
Building scale

Building scale
Building scale
Building scale
Building scale

Building scale

Subway station
Metro transit station

Metro station
Subway station

Metro stations

Metro stations

Airport terminal buildings
Bund Waterfront
Waterfront

Elderly nursing homes
Nursing home

High-rise building

High-rise building
Shanghai Tower
High-rise building

Construction sites
Industrial building
Underground shopping malls

Supermarket
Supermarket
Office building

Administration building

Simulated crowd behaviour during the evacuation of a Xiamen metro station under fire conditions
Evaluated and optimized of the emergency evacuation capacity of a metro transit station in Guangzhou based
on computational fluid dynamics (CFD) and agent-based simulation
Understood the factors influencing exit choice through exit choice experiments in emergency evacuation
Analyzed the evacuation in different states by setting up fire scenarios and varying the flow rate in the station
Identified and classified safety design pre-control measures to reduce emergency evacuation risks and
improved the evaluation indicators for the effectiveness of evacuation design in reducing emergency
evacuation risks during the operational phase.

Proposed a simulation-based method of Light Gradient Booster Machine combined with Non-Dominated
Sorting Genetic Algorithm III (NSGA-III) and achieved automatic evacuation evaluation and adaptive
optimization of metro stations
Described how to create a new database containing details of airport terminal evacuation events (ATBEE) and
used it to explore the characteristics of these events
Design analysis of public space layout in Shanghai waterfront based on agent pedestrian flow simulation
Simulated traffic congestion in Sarawak scenic area at the tourist attraction spot of Kuching Waterfront, using
an interactive map, to help visitors plan their visit way
Evaluate the effect of evacuation behaviour of staff on evacuation time in a fire emergency in an elderly
nursing home
Built a micro-simulation model of evacuation of elderly people and caregivers using computer simulation
technology, and studied the influence of psychological characteristics and evacuation behaviour of elderly
people and caregivers on the fire evacuation process
Study the relationship between the number of elevators and fire staircases in high-rise buildings and the
number and location of evacuation areas in order to find the best time for emergency exits
Simulated the dynamics of evacuees of a high-rise building using a controlled volume model to and derive
evacuation times for this building
Conducted a crowd evacuation experiment of a super high-rise building
Reviewed the application of virtual reality technology in evacuation experiments and the dual impact of group
behaviour in high-rise buildings
Simulated evacuation of complex construction sites using social force models to evaluate evacuation times and
evacuation safety on site
Simulated crowd behaviour during the evacuation of an industrial building under fire conditions
Simulated crowd behaviour during the evacuation of an underground shopping mall under fire conditions
and identified factors affecting evacuation risk
Conducted emergency evacuation experiments to explore the links between cognition and human capacity
dynamics in complex and changing environments.

Proposed an agent model and simulated crowd behaviour during the evacuation of a supermarket under fire
conditions
Used crowd modelling and simulation techniques to test various evacuation scenarios to highlight
improvements to the design of the built environment to better respond to extreme events
Developed a quantitative and qualitative method to assess the evacuation performance of buildings and
selected a variety of safety design options to ensure the safety of occupants
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Table 1. Cont.

Literature

Scales

Research Objects

Research Topics

Mirzaei-Zohan et al. [39]
Jahangiri et al. [40]
Ha and Lykotrafitis [41]

Sahin et al. [42]

Lietal. [43]
Zhang et al. [14]
Wagner and Agrawal [44]

Li et al. [45]
Marzouk and Hassan [46]
Lovreglio and Kuligowski [47]

Elsayed et al. [48]

Gao et al. [49]

Li et al. [50]
Rostami and Alaghmandan [51]
Wang et al. [52]

Rozo et al. [53]
Ding et al. [54]

Xu et al. [55]
Yao and Lu [56]

Building scale
Building scale

Building scale
Building scale

Stadium scale
Stadium scale

Building scale

Building scale
Building scale

Building scale
Building scale

Building scale

Building scale
Building scale
Building scale

Building scale
Building scale

Building scale

Building scale

Multi-story commercial
building
Hospital

Ideal building
Ideal building

Stadium
Stadium stand egress

Auditorium and stadium

Museum
Museum

University library
Civil Engineering Building

university building complex

primary school
Elementary school
Narrow channel

Classroom
Classroom

Classroom

Kindergarten

Developed a new integrated agent-based design framework for emergency evacuation of buildings with
Building Information Modelling
Assessed fire risks and simulated emergency evacuation behaviour of hospital populations
Used a self-motion particle system controlled by a social force model to study the effect of complex building
structures on uncoordinated crowd movements during emergency evacuation
Simulated common human and group behaviour during safety egress and the effect of crowd density, exit
width on evacuation time
Proposed a dynamic risk assessment method that integrates dynamic object detection and risk assessment
based on Deep Neural Network
Proposed an evacuation discrete time model (EDTM) to analyse the building exit evacuation time problem
Presented a prototype of a computer simulation and decision support system that used agent-based modelling
to simulate crowd evacuation in the event of a fire and provided tests of multiple disaster scenarios
Proposed a new fire evacuation simulation model to model the dynamic effects of heat, temperature, toxic
gases and smoke particles on the mobility, navigation decisions and health status of evacuees.
Proposed an agent-based simulation framework to simulate visits and evacuations in museums
Conducted emergency evacuation experiments to investigate pre-evacuation behaviour and times of 497
students
Building Information Modelling (BIM), agent-based simulation and Bluetooth low-energy technology are
integrated to create an evacuation framework that can indicate the location of building occupants and
determine the best evacuation path based on these locations
Simulated the pedestrian behaviour of university teaching building, dormitory and restaurant during the fire
evacuation and proposed optimized design solutions
Proposed four adult-child matching strategies, considering the order or randomness of adults and children in
the matching process, and simulated the adult-child matching behaviour on the MATLAB software platform
Conducted emergency evacuation experiments and simulated the pedestrian behaviour of elementary school
Conducted emergency evacuation experiments to investigate the knee and hand crawling behaviour for
different age group students
Designed an evacuation plan that takes into account pedestrian behaviour and multiple route strategies
Simulated the pedestrian behaviour of classroom during the terrorist attacks evacuation
Simulated the emergency evacuation of the ground floor of a teaching building with different layouts in
classrooms common in Chinese universities, based on the principle of Cellular Automata
Conducted emergency evacuation experiments to explore children’s behaviour on stairs in the kindergarten
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In the past few years, scholars have studied the optimal design of built environment
based on evacuation performance, and these findings are very effective, but they still need
to be further refined. Tang et al. [24] conducted a study on BIM-based emergency evacua-
tion safety design for metro stations. The research results showed that the safety design
application method reduced the evacuation risk of metro stations. Guo and Zhang [25]
proposed a simulation method integrating Light Gradient Boosting Machine and Non-
dominated Sorting Genetic Algorithm III to achieve automatic evacuation evaluation and
adaptive optimization of metro stations. The study results showed that adaptive optimiza-
tion strategies can be found for each different scenario and that an average improvement
of 24.8% can be achieved for all scenarios. Sidi et al. [27] simulated the traffic conges-
tion in Sarawak waterfront using an interactive map to help tourists plan their routes.
Gao et al. [49] conducted a study on the optimization of emergency evacuation plans for
university building complexes in case of fire. The research results showed that the proposed
optimized solution for the university building complex reduced evacuation time by 15-20%
compared to the original design solution. Rostami and Alaghmandan [51] conducted an
experimental study and crowd behaviour simulation on emergency evacuation of teaching
building in a primary school and the research results showed that design parameters such as
staircase width, staircase type and stair landing depth affect evacuation time. In summary,
the optimal design research of built environment design based on evacuation performance
can improve safety performance and reduce evacuation times in metro stations, waterfront
areas, university building complexes and primary school buildings. However, the opti-
mized design of evacuation performance-oriented built environment is still at a relatively
early stage, so it is necessary to study the optimal design of traffic space of primary school
teaching buildings in China.

It is clear from the research review that safety design and emergency management of
the built environment cannot be achieved without emergency evacuation behaviour assess-
ment and evacuation performance-oriented design of the built environment. However, the
optimal design of traffic space in primary and secondary school buildings based on pedes-
trian simulation under emergency evacuation conditions has not been studied in detail.
Accordingly, there is no general rules have been defined regarding the influence of traffic
space design parameters on evacuation performance. These findings will play an important
role in the process of building a safe campus, and the influence of traffic space design
parameters on the evacuation performance of teaching buildings needs to be improved.
In particular, there are very limited studies considering the combining design parameters
such as corridor shape, corridor width and stair width into account for accurate assessment
of evacuation times, and few studies have been conducted in the Chinese literature.

1.2.3. Research Aim

In this context, this study aims to evaluate the evacuation performance of the optimal
design of teaching building traffic space in primary schools based on pedestrian simulation
methods, and to quantify the influence of design parameters on evacuation time, with a
focus on the following three issues:

e  Whatis the best and worst combinations of traffic space design parameters for teaching
buildings with evacuation performance orientation?

e Do the traffic space design parameters of teaching buildings have the same influence
on evacuation times? If different, what are the influence characteristics?

e s there a correlation between traffic space design parameters and evacuation times of
the teaching building? If so, what parameter has the greatest influence on evacuation
time?

2. Methodology

The framework of this study is shown in Figure 1. Firstly, the design parameters and
levels of teaching building traffic space were determined, based on the generated optimal
design of the teaching building traffic space; Secondly, based on the Anylogic platform, the
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teaching building simulation environment module and pedestrian behaviour rules were
built to simulate the emergency evacuation behaviour in different design scenarios; Thirdly,
comparative analysis and linear regression analysis were used to evaluate the influence of
traffic space design parameters on evacuation time of the teaching building, and the most
significant design parameters were determined; Finally, the optimal combination of traffic
space design parameters and design strategies under evacuation performance orientation
was proposed.

Teaching building Multi-design factors Simulation result
Traffic space Corridor width Corridor shape Staircase width Analysis &
Comparison

DI

e

DI=1.8 m Rectangle

Corridor width

02

)

Corridor shape

D2=24m Trapezoid

Staircase width

D3

e

D3=3.0m Fish maw D3=3.6 m

Figure 1. The framework for analysing pedestrian simulation on evacuation behaviour.

2.1. Generated Optimal Design Solutions for the Traffic Space of the Teaching Building
2.1.1. Selected Teaching Building Introduction

The school selected in this paper is a primary school located in Hangzhou, Zhejiang
Province, China, with 36 classes and a total of 3 teaching buildings. The 3D model of the
primary school building complex is shown in Figure 2. In this paper, one teaching building
(No. 2 Teaching building) was selected as the research object, which has a floor area of 2100 m?,
4 storeys and 12 classes, including 540 students and 40 teachers, a total of 580 people. The
first-floor plan and the second- to fourth-floor plan of this teaching building are shown in
Figures 3 and 4. Each floor consists of two staircases, three classrooms, one office, one toilet
for both men and women, and each functional space is connected by a corridor.

Figure 2. Three-dimensional model of the primary school buildings complex (source: the project
team of shanghai branch of CMCU Engineering Co., Ltd. Pudong New Area, Shanghai, China).
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Figure 4. The second- to fourth-floor plan of the teaching building.

2.1.2. Generated Traffic Space Optimization Design Solutions

Related studies have shown that design parameters such as safety exit width [34,41],
passage width [12], staircase width [51] and obstruction location [54,57] have a significant
influence on evacuation time. The research objective of this paper was to investigate the
influence of different design factors of the traffic space of teaching buildings on evacuation
performance. This paper generated design solutions and emergency evacuation simulation
experiments for corridor width, corridor shape and staircase width step variation and combi-
nations. Through field research and literature review [58], it can be found that primary and
secondary school teaching buildings in China show certain regularities. The width of the
corridor outside of a teaching building was not less than 1.8 m, and the width of the corridor
increased by an integer multiple of 0.6. The corridors took on different plan forms, such
as rectangular, trapezoidal, fish maw, etc., due to aesthetic needs. In addition to this, the
staircase sections were wider than 1.2 m. This was mainly due to the mandatory national
requirements for the fire evacuation of primary and secondary school buildings. Based
on the above description, the paper set the corridor width, corridor shape and staircase
width of the step change, with a corridor width of 1.8-3.0 m, and a step length of 0.6 m.
The corridor shape is rectangular, trapezoidal, fish maw, staircase width of 3.0-3.6 m, a step
length of 0.3 m. The plan layout showing the step change of the traffic space design factors
of the teaching building is shown in Figure 5. There are 3 design parameters, each with
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3 steps, a total of 27 traffic space design scenarios. The simulation experiment results are

shown in Table 2.

3600

3009

3009

3009

1T

Staircase width D=3.6 m

i

[
Staircase width D=33 m

I

I

Staircase width D=3.0 m

Il

g I: I— a
Corridor width D=18 m || Corridor width D=2.4 m I:f Corridor width D=3.0 m [:

Al Al h—ﬁli A 1
Corridor shape-Fish maw Corridor shape-Trapezoid Corridor shape-Rectangle I:

Figure 5. Traffic space step changes of teaching building.
Table 2. Parameters for 27 traffic space design scenarios.

Experiment No.  Corridor Width  Corridor Shape  Staircase Width Ev?;:iﬁZlon
R-1 1.8 rectangular 3 601
R-2 2.4 rectangular 3 460
R-3 3 rectangular 3 457
R-4 1.8 rectangular 3.3 593
R-5 2.4 rectangular 3.3 476
R-6 3 rectangular 3.3 454
R-7 1.8 rectangular 3.6 627
R-8 2.4 rectangular 3.6 441
R-9 3 rectangular 3.6 440
T-1 1.8 trapezoidal 3 621
T-2 2.4 trapezoidal 3 455
T-3 3 trapezoidal 3 447
T-4 1.8 trapezoidal 3.3 625
T-5 2.4 trapezoidal 3.3 474
T-6 3 trapezoidal 3.3 450
T-7 1.8 trapezoidal 3.6 628
T-8 2.4 trapezoidal 3.6 450
T-9 3 trapezoidal 3.6 428
F-1 1.8 fish maw 3 577
F-2 2.4 fish maw 3 453
F-3 3 fish maw 3 445
F-4 1.8 fish maw 3.3 560
F-5 2.4 fish maw 3.3 476
F-6 3 fish maw 3.3 446
F-7 1.8 fish maw 3.6 585
F-8 2.4 fish maw 3.6 452
F-9 3 fish maw 3.6 436

2.2. Multi-Agent Simulation for Evacuation
2.2.1. Social Force Model

The social force model can recreate the current phenomenon of self-organization of
pedestrian flows and provided a basis for the simulation of pedestrian evacuation behaviour
in primary school buildings. In the social force model [59,60], individual pedestrians were
abstracted as particles, and the influence of surrounding pedestrians and environmental
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factors on individual pedestrian movement was abstracted as a form of force acting on
individual pedestrians. Individuals in the social forces model were influenced by three
forces, namely the driving force of pedestrians, the interaction between pedestrians and
the Interaction between pedestrians and obstacles [61,62]. Driving force referred to the
influence of pedestrians’ subjective consciousness on their behaviours, which reflected
the motivation of pedestrians to move to the destination at the desired speed. Interaction
between pedestrians, namely, the “force” exerted by pedestrians trying to keep a certain dis-
tance from other pedestrians; Interaction with boundaries was the “force” exerted by people
trying to keep a certain distance from boundaries or obstacles. These three forces acted
together to make the pedestrian move and described the pedestrian behaviour processes.

The social force model is based on Newton’s second law [61,63], where each pedestrian
i is considered as an independent particle with a radius of r. The calculation formula for
the social force model is as follows:

doj(t) _ 20

?ij +) ?iw 1

where the driving force of pedestrian movement consists of three parts, namely the desired
—0 — —
force f; , the interaction f;; between pedestrians and pedestrians and the interaction f,

between pedestrians and the environment. Environment refers to building walls and
obstacles, etc. It should be noted that m; refers to the mass of pedestrian i, ?i (t) refers to the
actual speed of pedestrian i at time ¢, j and w refer to pedestrians and obstacles, respectively.

The core advantage of the social force model is that it is more reasonable and flexible
in analysing behaviour, and more in line with pedestrian movement characteristics. The
main drawback of this model is that the impact between pedestrians and the external
environment is relatively complex, involving a large amount of computation, which re-
quires hardware compliance. In the simulation, there may be overlapping situations when
pedestrians move, which can effectively simulate the situation where their own space is
compressed in congested traffic, as well as friction and collision with other pedestrians [64].

The Anylogic simulation platform is developed based on a social force model, with
a dedicated pedestrian database designed to further simplify the modelling process of
the simulated environment and pedestrian actions. The internal architectural logic of
pedestrian database originates from social force models, which can reflect the preferences,
tendencies, and other characteristics of pedestrians. Pedestrians move according to physical
rules, while considering the interaction between them and surrounding facilities, which
has a dual analytical effect of both individual and organizational aspects. Anylogic is
a mature and widely used pedestrian behaviour platform [17,65] that has the following
characteristics: (1) The pedestrian database model is rich and diverse. There are various
modelling elements and intelligent agent libraries within Anylogic, including pedestrian
databases. (2) The model has high visibility. Creating models in Anylogic can directly
obtain support from external models and tools, enabling the construction and analysis of
various models. The model constructed is closer to the real situation and more in line with
the true distribution of the building [66]. (3) Anylogic can not only perform discrete and
continuous modelling, but also perform mixed modelling based on actual needs. In its
modelling process, the continuous state of internal elements can be corrected and adjusted
through corresponding variables.

In addition, the advantage of the Anylogic simulation platform is that it is easy to
operate and user-friendly. Simply follow the instructions to call and combine components,
and enter numerical values in the parameter window set on the software interface to
complete the modelling. However, because the operating principle of the model has been
“packaged” and built in, the user can only adjust some main parameters, and it is almost
impossible to change other parameters, resulting in some research requirements that cannot
be met, which is also the defect of such software.



Buildings 2023, 13, 1747

11 of 22

Combined with the difficulty and actual needs, this paper adopts Anylogic simulation
software to model and simulate pedestrian evacuation behaviour in primary and secondary
school teaching buildings. Anylogic can support the interaction of multiple models in the
same platform, and can improve the simulation accuracy of pedestrian behaviour intelligence,
evacuation behaviour characteristics and spatial environment characteristics by using the
combination of its pedestrian database and intelligent body database.

2.2.2. Modelling Process for the Simulation of Evacuation Behaviour

Gao [67] validated the accuracy of the Anylogic simulation platform by using the
“evacuation time theoretical model calculation” and comparing it with the Anylogic simu-
lation platform simulation analysis. The research results showed that when the number
of evacuees was full, the evacuation time was 1456 s, which did not meet the 7-min safety
evacuation standard, and the evacuation time is basically consistent with the theoretical
calculation time. Based on the Anylogic platform, Li et al. [68] reproduced the evacuation
behaviour of classrooms during the 2013 Ya’an earthquake in China by using the social
force model. The research results show that the social force model can reproduce the char-
acteristics of pedestrian flow in real earthquake evacuation, including nonlinear evacuation
velocity curve and pedestrian location distribution at different times. These results support
the validity and accuracy of Anylogic simulation platform and social force model.

This paper developed a simulation modelling of the evacuation behaviour of a primary
school building based on the Anylogic simulation platform, and the simulation process is
shown in Figure 6. The construction of pedestrian evacuation model is mainly focused on
two parts, namely the construction of basic environment and the construction of pedestrian
behaviour flow diagram. For the primary school teaching building, the basic environment
mainly focused on the shape structure in the building space and the layout mode and
attribute function of related pedestrian facilities. The construction of pedestrian behaviour
flow diagram mainly focused on the pedestrian flow line in the evacuation link.

Data acquisition
Floor plan processing

El]\r’il'()l]l]lcl]l
modelling

Pedestrian behavioral
modelling

Floor plan
import

Set the ratio

Built environment
translation
Simulation parameter
setting

Simulation analysis

Figure 6. Simulation process for pedestrian evacuation behaviour.

Data collection: Including environmental data collection and behavioural data collec-
tion. This included the basic parameters of the environment, such as the number and scale
of the spatial elements, in order to reproduce the realistic environment as far as possible. It
also included the behavioural types of pedestrians and the basic parameters of pedestrians,
such as the types of pedestrians and the number of pedestrians in each time period. These
data were obtained through drawings review and on-site research.

Floor plan preparation: The environmental base data were obtained and prepared in
AutoCAD 2019 software.

Environment modelling: Firstly, the DWG file was imported as the base map file and
adjusted according to the grid scale in the software to restore the real-scale simulation
environment. Secondly, the environment was translated and drawn through the environ-
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ment modelling modules in the pedestrian database within the software, such as the wall
module, area module and target line module, and the corresponding parameters were set
to finally obtain the virtual simulation environment.

Pedestrian behavioural flow modelling: i.e., based on the results of the field research,
the starting point of each people entering and leaving the building within the study
area was defined within the software, and the pedestrian behaviour was defined and
described through a pedestrian behavioural flow diagram created through a combination
of behavioural modules, which were also associated with environmental modules.

Simulation analysis: After all models have been built, the experimental models can
be refined through the debugging and calibration process, and the final simulation results,
including simulation images, pedestrian density, evacuation time and other data, can
be output.

2.2.3. Parameter Setting in the Anylogic

Pedestrian evacuation behaviour simulation in the built environment needs to set
the number of evacuees, comfort speed of intelligent agents, initial speed, and diameter
of individual intelligent agent. The number of evacuees is obtained through interviews
and design requirements; The comfortable speed, initial speed, and diameter of a single
intelligent agent were obtained through literature review combined with field research; In
the process of behaviour simulation, the plane state of the human body can be regarded
as an elliptical cylinder, with the long axis being the “maximum shoulder width” and the
short axis being the “chest thickness”. According to the current Chinese Adult Human
Body Size and other standards, the human body size data matches the corresponding
normal laws [69]. According to GB/T12985-1991 [70], the average shoulder width of male
students is 400 mm, while that of female students is 376 mm. The Building Fire Protection
Design [71] indicates that children’s horizontal walking speed is 0.65 m/s in emergency
situations. However, considering the age distribution of primary school students, this
study sets the walking speed to 0.75 m/s, as shown in Table 3.

Table 3. Parameter setting in the Anylogic.

Item Parameters Setting
Evacuation numbers 580

Comfortable speed (0.5,1.0) m/s
Initial speed (0.3,0.7) m/s
Diameter (0.2,0.4) m

2.2.4. Behaviour Rules for Each Agent

In the simulation model, pedestrians relied on flowcharts to perform module definition
operations. The pedestrian evacuation behaviour was set via the Ped source module, which
set the starting point, the initial speed, the comfort speed, the diameter of agents and
the number of evacuees. The Pedestrian end point was set via the Ped sink module and
the pedestrian flow must end there. The Ped go to module set the location to which the
pedestrian will go. The location can be a line, an area or a point with given coordinates and
the pedestrian must reach the specified point or any point within the specified line or area
and cannot be skipped. Pedestrians can be set to wait at specified locations with the Ped
wait module, which allowed for setting waiting areas and dwell times. The Ped change
level module allowed for setting up a pedestrian walking surface transition, which can be
used to describe spaces with height differences or to split up and connect spaces that are
too complex. The evacuation behaviour and decision-making process of multi-agents are
shown in Figure 7.
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Figure 7. Pedestrian evacuation behaviour flow diagram.

3. Results and Discussion
3.1. Evacuation Time for All Experimental Scenarios

Evacuation behaviour was simulated for 27 experimental scenarios based on the
Anylogic simulation platform and the evacuation time for different scenarios is shown in
Figure 8. In this study, the “sensitivity index (SI)” [72] was used to quantify the effect of
traffic space design factors on evacuation time. A relatively simple method was adopted
here, which was used to calculate the output difference in percentage (%) of the two extreme
values—the maximum and minimum ones—of the design parameter by varying it over its
entire range of the variation. The calculation equation is as follows:

ST — Emax — Emin (2)

Ernax

where Enax and Epy indicated the maximum and minimum output values, respectively,
due to changing the traffic space design parameters over their entire range.

R-1 R2 R3 R4 R5 R6 R7 R8 R9 T-1 T2 T3 T4 T-5 T-6 T-7 T-8 T-9 F-1 F2 F3 F4 F5 F-6 F-7 F-8 F-9
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Figure 8. Evacuation time for all scenarios.

Simulation results of pedestrian evacuation behaviour evacuation times for 27 opti-
mized design experiments showed that the scenario with the shortest evacuation time was
T-9, with 428 s, while the scenario with the longest evacuation time was T-7, with 628 s.
The best-designed scenario saved 200 s of evacuation time compared to the worst-designed
scenario. The sensitivity index (SI) of the traffic space design factors to evacuation time was
31.85%. Gao et al. [49] conducted a study on the optimization of emergency evacuation
plans for university building complexes in case of fire. The research results showed that the
proposed optimized solution for the university building complex reduced evacuation time
by 15-20% compared to the original design solution, which is consistent with the findings
of this paper.
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The optimal design combinations for the traffic space of the primary school building
were 3.0 m width trapezoidal corridors combined with 3.6 m width staircases and 3.0 m
width fish maw corridors combined with 3.6 m width staircases, respectively, guided
by the evacuation performance. The use of 1.8 m width trapezoidal corridors combined
with 3.6 m width staircases and 1.8 m width rectangular corridors combined with 3.6 m
width staircases should be avoided. This is because the narrow corridor caused congestion
and the 3.6 m width stairwell did not have its maximum capacity for rapid evacuation.
Chen et al. [12] simulated the dynamics of crowd evacuation behaviour in a Xiamen metro
station and the research results showed that staircase 2 had the greatest width and the
highest evacuation efficiency. When the number of passengers in the train reached a fixed
value, the evacuation time exceeded the upper limit of 360 s, as the narrow widths on both
sides of the staircase accumulated most people waiting for evacuation, while the middle
staircase cannot evacuate quickly enough to reach its maximum evacuation capacity. The
conclusions of this study support the research findings of this paper.

3.2. The Influence of Design Factors on Evacuation Time

The 27 optimal design experiments were divided into 3 groups according to different
influencing factors, including corridor width, corridor shape and staircase width. The in-
fluences of different design parameters on evacuation time were compared.

The evacuation time characteristics of primary teaching buildings with different
corridor width are shown in Figure 9. The results showed that when the corridor width was
1.8 m, the average evacuation time was 601.89 s; when the corridor width was 2.4 m, the
average evacuation time was 459.67 s; while when the corridor width was 3.0 m, the average
evacuation time was 444.78 s. The corridor width of 3.0 m saved 157.11 s in evacuation time
compared to a corridor width of 1.8 m, the sensitivity index (SI) of the corridor width to
evacuation time was 26.10%.
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Figure 9. Evacuation time characteristics for different corridor width.

The evacuation time characteristics of different corridor shapes in primary teaching
buildings are shown in Figure 10. The results showed that when the corridor shape was
rectangular, the average evacuation time was 505.44 s, when the shape was trapezoidal,
the average evacuation time was 508.67 s, while when the corridor shape was fish maw,
the average evacuation time was 492.22 s. Fish maw corridor saved 16.45 s in evacuation
time compared to trapezoidal corridor, the sensitivity index (SI) of the corridor shape to
evacuation time was 3.23%.
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Figure 10. Evacuation time characteristics for different corridor shapes.

The evacuation time characteristics of the primary teaching building with different
staircase widths are shown in Figure 11. The results showed that when the staircase width
was 3.0 m, the average value of evacuation time was 501.78 s, when the staircase width was
3.3 m, the average value of evacuation time was 506 s, while when the staircase width was
3.6 m, the average value of evacuation time was 498.56 s. The 3.6 m staircase width saved
7.44 s in evacuation time compared to 3.3 m, the sensitivity index (SI) of the staircase width
to evacuation time was 1.47%.
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Figure 11. Evacuation time characteristics for different corridor shapes.

Corridor width has the highest sensitivity to the evacuation time of the teaching
building at 26.10%, this was followed by corridor shape at 3.23%, while staircase width has
the highest sensitivity to the evacuation time of the teaching building at 1.47%. Therefore,
when designing the traffic space of primary school teaching buildings for emergency
evacuation performance orientation, the design of corridor width and corridor shape
should be prioritized, and finally the staircase width should be optimized.

In this paper, corridor width and corridor shape were combined in two-by-two to
generate nine combination forms, whose evacuation time characteristics are shown in
Figure 12. The results of the evacuation time characteristics showed that the evacuation
time varies significantly between the combination types. The combination type with the
shortest evacuation time was T-3.0, a 3.0 m trapezoidal corridor, with 441.67 s, while the
combination type with the longest evacuation time was T-1.8, a 1.8 m trapezoidal corridor,
with 624.67 s. In addition, in terms of average evacuation time, the T-3.0 (441.67 s) and F-3.0
(442.33 s) typologies outperformed the R-3.0 (450.33 s), R-2.4 (459 s), T-2.4 (459.67 s) and
F-2.4 (460.33 s), while F-1.8 (574 s), R-1.8 (607 s) and T-1.8 (624.67 s) had a higher evacuation
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time level. Rostami and Alaghmandan [51] conducted an experimental study and crowd
behaviour simulation on emergency evacuation of teaching building in a primary school
and the research results showed that design parameters such as staircase width, staircase
type and stair landing depth affect evacuation time. This finding is consistent with the
conclusion of this paper.
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Figure 12. Evacuation time characteristics for the type of corridor width and corridor shape combina-

tion.

In order to analyse the differences in evacuation time distribution characteristics of
different combination typologies, it is necessary to research the quantitative relationship
between traffic space design parameters and evacuation.

3.3. Correlation between Design Parameters and Evacuation Time

Table 4 shows the results of the correlation analysis between the design parameters
and evacuation time of the teaching building. If the significance value (Sig.) is less than
0.05, then the independent variable and dependent variable are significantly correlated.
In this paper, the evacuation time showed a significant correlation with corridor width
at the 0.01 level, while the correlation coefficient between evacuation time and staircase
width was —0.180, which was less than 0.2 and there was no correlation between the two
parameters.

Table 4. Correlation analysis between design parameters and evacuation time.

Corridor Width Staircase Width Evacuation Time

. . r 1 0.000 —0.883 **
Corridor width p value 1.000 0.000
. . r 0.000 1 —0.180
Staircase width p value 1.000 0.929
) ) r —0.883 ** —0.180 1
Evacuation time p value 0.000 0.929

** means the correlation was significant at level 0.01.

Dummy Variables were artificial variables that reflected qualitative properties, usually
taking the value of 0 or 1 [73]. The introduction of dummy variables allowed for a more
concise description of the problem and was closer to reality. When the independent variable
was a categorical variable, it needed to be transformed from a categorical variable to a
dummy variable, with all dummy variables being dichotomous variables with values of
“1” and “0” and variables with values of “0” being the reference term. In this paper, the
corridor shapes, rectangular, trapezoidal and fish maw were dummy variables, with the
trapezoidal corridor being the reference term.
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In order to avoid mutual influence between the respective variables, SPSS 25.0 was
used to diagnose their covariance (Table 5), and the results showed that corridor width,
staircase width, corridor shape—rectangle and corridor shape—fish maw tolerance values
were 1.000, 1.000, 0.750 and 0.750, respectively, all of which were greater than 0.1, indicating
that there was no covariance between all independent variables and the other variables.
The corridor width, staircase width, corridor shape—rectangle and corridor shape—fish
maw variance inflation factor (VIF) values of 1.000, 1.000, 1.333 and 1.333, respectively, all of
which were less than 10, indicating that there was no covariance between all independent
variables and other variables.

Table 5. Collinearity diagnosis between design parameters.

Independent Variable Tolerance Variance Inflation Factor (VIF)
corridor width 1.000 1.000
staircase width 1.000 1.000
corridor shape—rectangle 0.750 1.333
corridor shape—fish maw 0.750 1.333

Based on the results of multi-collinearity analysis, there was no correlation between
the traffic space design parameters of the teaching building. This paper conducted linear
regression analysis of corridor width, staircase width dummy variables and evacuation
time with SPS525.0 statistical analysis software, with the aim of obtaining the regression
model of traffic space design parameters on evacuation time, as shown in Equation (3).

y = 840.611 — 13.926 x; — 5.370 x5, R? = 0.752 3)

where y refers to evacuation, x; denotes the corridor width, x; represents the staircase
width.

The results of the linear regression analysis are shown in Table 6. These coefficients
allow for the comparison of the impact of traffic space design parameters on the evacuation
time, despite having different magnitudes and units. The standardization factor Beta is
a quantitative indicator used to unify the different quantitative units, which represents
the efficiency of the independent variables on the dependent variable. The standardized
coefficient for corridor width was —0.883, while the standardized coefficient for staircase
width was —0.018. The influence of corridor width on evacuation time is 49.06 times that
of staircase width, and the multiple correlation coefficient R? had a value of 0.755. The
determination coefficient R? is a statistical measure that indicates the fitting effect of the
model. The closer R? is to 1, the better the fitting effect of the model. Therefore, the equation
showed a relatively high degree of fit, indicating satisfactory and linearly related traffic
space design parameters of teaching building with the evacuation time.

Table 6. The results of linear regression analysis.

Unstandardized Standardized
Dependent Independent Coefficients Coefficients ; R Square
Variabl Variabl Sig. (R?)
anables arables B Standard Error Beta
(Constants) 840.611 102.298 0.000
Corridor width —130.926 14.461 —0.883 0.000 0.755
Evacuation Staircase width —5.370 28.923 —0.018 0.854
time Shape-rectangle —3.222 17.354 —0.021 0.854
Shape-fish maw —16.444 17.354 —0.107 0.354
Shape-trapezoid 0

Concurrently, the regression analysis results also produced the results of analysis
of categorical variables. Compared with trapezoidal corridors, there was no significant
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difference in the influence of rectangular corridors on evacuation time, p = 0.854 > 0.05.
Similarly, compared with trapezoidal corridors, there was no significant difference in the
influence of fish maw corridors on evacuation time, p = 0.354 > 0.05.

In the design of evacuation performance-oriented traffic space in teaching buildings,
priority should be given to the design of corridor widths, weighing up the economics
of meeting national standards and giving priority to wider corridors, thereby reducing
evacuation times in emergency evacuation conditions. Although corridor shape and stairwell
width have a small influence on evacuation time, every second of evacuation time is precious
and priority should be given to fish maw shaped corridors and wider staircase widths.

When designing the architectural scheme of primary and secondary school teaching
buildings, it is necessary to not only meet practical, aesthetic, and economic performance,
but also consider evacuation performance, while meeting the building specifications. Under
the premise of meeting the building specifications, the optimal design scheme guided by
evacuation performance saves 199 s of evacuation time compared to the worst design
scheme, greatly improving the safety performance of the teaching building. After the
completion of the design of the teaching building in primary and secondary schools, this
workflow can be used to simulate and analyse the evacuation time, and compare and
optimize the design schemes to guide architects in making decisions.

3.4. Limitations and Future Research

There are some limitations in this study that need to be addressed in future research.

Through a low-cost, low-risk way, the safety performance of primary and secondary
school teaching building design is reasonably predicted and analysed, so as to provide
more detailed design basis for Chinese primary and secondary school teaching building
design. However, if this workflow is applied to the design of other types of buildings, the
behaviour rules and parameter settings of pedestrian agents need to be rebuilt.

This paper has assessed the influence of corridor width, corridor shape and staircase
width on evacuation times, and there are many scenarios that have not been evaluated.
Future research should consider applying the location of staircases, the width of classroom
evacuation doors, and the behavioural characteristics of the people using them to the
simulation model and assess the evacuation safety of teaching buildings based on the
results of the analysis.

This paper studies a school building to develop a simulation analysis of emergency
evacuation behaviour, and the analysis of pedestrian evacuation behaviour using a building
complex as a study object needs to be considered. Future research should consider the
traffic relationship between primary school building clusters and use the clusters as the
research object to carry out evacuation behaviour simulation studies to evaluate their safety
performance.

4. Conclusions

This paper developed a simulation analysis of the evacuation behaviour of primary
school teaching buildings based on pedestrian simulation under emergency evacuation
conditions, and assessed the correlation between traffic space design parameters and
evacuation time. Taking a primary school in Hangzhou, Zhejiang Province, China as an
example, 27 traffic space optimization design scenarios were designed and the influence
of three design parameters on evacuation time was analysed using a combination of
pedestrian simulation and statistical analysis to identify the most significant parameters
affecting evacuation time. Several conclusions can be addressed here:

(1) The optimal design scheme guided by evacuation performance saves 199 s of evacua-
tion time compared to the worst design scheme.

(2) The sensitivity of the traffic space design parameters to evacuation time was 31.85%.

(3) The sensitivity of corridor width, corridor shape and staircase width to evacuation
time was 26.10%, 3.23% and 1.47%, respectively.
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(4) The effect of corridor width on evacuation time was 49.06 times greater than the
staircase width.

(5) The effect of rectangular corridors and fish maw corridors on evacuation time was
not significantly different compared to trapezoidal corridors.

(6) The optimal design combination for the traffic space in the primary school teaching
building were 3.0 m wide trapezoidal corridor combined with 3.6 m wide staircase
and 3.0 m wide fish maw corridor combined with 3.6 m wide staircase.

The results of this paper aim to identify the design parameters that affect evacua-
tion times and provide a new way of thinking for building a safe campus. In addition,
pedestrian simulation methods are used to evaluate and optimize design solutions aimed
at supplementing building design specifications. The developed workflow is suitable for
real-time evaluation and comparative analysis of evacuation performance in primary and sec-
ondary school teaching building design schemes. If the number of people using the building
changes, this workflow still applies. In addition, this method can provide decision-making
support for expert consultation on fire protection and occupancy safety in primary and
secondary school teaching buildings.
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