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Abstract: Pedestrian evacuation is an important measure to ensure disaster safety in central retail
districts, the efficiency of which is affected by the synergy of road network planning indices. This
paper established the typical forms of central retail district (CRD) road networks in terms of block
form, network structure and road grade, taking China as an example. The experiment was designed
using the orthogonal design of experiment (ODOE) method and quantified the evacuation time under
different road network planning indices levels through the Anylogic simulation platform. Using
range and variance analysis methods, the synergy of network density, network connectivity, road type
and road width on pedestrian evacuation efficiency were studied from the perspectives of significance,
importance and optimal level. The results showed that the type of CRD will affect the importance
of network planning indices, and that the network connectivity is insignificant (P 0.477/0.581) in
synergy; networks with wide pedestrian primary roads (30.1~40.0 m), medium secondary roads
(3.1~5.0 m/side) and high density (11.0~13.0 km/ km?) have the highest evacuation efficiency. From
the perspective of evacuees, this paper put forward urban design implications on CRD road networks
to improve their capacity for disaster prevention and reduction.

Keywords: central retail district (CRD); road network planning; pedestrian evacuation efficiency;
synergy; urban design

1. Introduction

In the 21st century, urban safety is facing a more complicated and urgent situation [1,2].
Due to the dense structure, central geographical location, complex functional attributes,
and three-dimensional traffic organization, CRDs are fragile systems with high disaster-
sensitivity [3,4]. The potential threat caused by various emergencies is serious, which
makes CRDs become the focus of urban disaster prevention and evacuation research. Fac-
ing devastating disasters such as earthquakes, explosions, toxic gas and terrorist attacks,
pedestrian evacuation is not only the first reaction of evacuees, but also the most effective
evacuation mode in high density urban areas (population density exceeds 100,000 p/km?)
such as CRDs [5,6]. For example, in the explosion in Tianjin Binhai New Area in 2015,
residents within 3 km spontaneously or were guided to evacuate on foot. As the environ-
mental foundation of pedestrian evacuation, urban road network planning indices affect
the evacuation efficiency [7-11]. Additionally, systematic research on it has become a pre-
requisite to ensure urban safety and achieve sustainable urban development. However, the
406 million vehicles in China [12] mean that CRD road network planning and construction
still takes “car standard” as the primary objective. In specialized urban disaster prevention
and evacuation research, the question of how to formulate CRD road network construction
suggestions for evacuees and improve the efficiency of pedestrian evacuation are urgent
problems to be solved.
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In urban evacuation, the pedestrian evacuation road network has experienced a
development from macroscopic qualitative research to meso-microscopic quantitative re-
search. These disciplines include urban planning [13-16], transportation [17-19] and urban
design [20-22]. Relevant conclusions discuss the interaction between evacuation environ-
ments and evacuees. Urban road networks are the spatial carrier of pedestrian evacuation,
thus affecting the efficiency of pedestrian evacuation directly. The main planning indices
that determine the form of urban road network include three levels: block form, network
structure and road grade. For example, Shi et al. (2020) [23] chose block area and block
elongation as indices and quantified the road network patterns of five high density blocks
in Singapore. Using Open Street Map (OSM) data, Minaei (2020) [24] analyzed the changes
in density and connectivity of road network morphology in major cities in Iran. Jiang
(2022) [25] took Dartford, Kent County, UK, as the research object and emphasized the
influence of road width and road type on the urban road network form. In addition, [26]
pointed out that the CRD transportation and distribution relationship is special, and the
planning indices of primary and secondary road networks should be studied separately.

Currently, the relevant research mainly analyzes the influence of single road network
planning indices on pedestrian evacuation efficiency. Based on the case of Shanghai,
Jin et al. (2021) [27] discussed the influence of road type on the pedestrian evacuation
efficiency of the underground city road network by using the formulated network flow
model. Zuo et al. (2021) [22] verified the effect of road width on pedestrian evacuation
efficiency in the Jintang Road area of Tianjin using agent-based modeling (ABM) simulation
technology. Irsyad et al. (2022) [28] simulated the evacuation situation of evacuees in
Kampongs, Yogyakarta, Indonesia, through spatial syntax and analyzed the influence
of network structure indices such as network connectivity on the pedestrian evacuation
efficiency. However, a CRD road network is a complex system affected by multiple indices.
The efficiency of pedestrian evacuation is the synergy result of several indices [29]. It is not
objective for one single planning indices to explain the results of pedestrian evacuation.
Nor can it reflect the specific impact of different indices in synergy. The factorial design of
experiment (FDOE) [30] research method, based on multi-factor synergy, can explore the
relationship between independent-dependent variables and can also reveal the relationship
among independent variables. However, its application in the research of CRD pedestrian
evacuation is insufficient.

Evacuation time is an important index in quantifying pedestrian evacuation effi-
ciency [31,32]. The main quantitative methods can be divided into two categories at
present: mathematical models and computer simulations [33]. Among them, mathematical
models regard pedestrian evacuation as a static/dynamic path selection problem. They
usually takes the shortest evacuation time, the smallest overall delay, the shortest evac-
uation path and the largest traffic capacity [15,19,34] as the research objectives to guide
the planning and design of road networks. Mathematical models ignore the behavior
characteristics of evacuees and the interaction between evacuees and their environment.
Pedestrian evacuation planning is a dynamic network-flow problem with a time process.
The optimal solution in mathematical modeling may not be applicable the real situation.
With the development of computer technology, agent-based modeling (ABM) simulation
technology can realistically reflect the complex interaction between evacuees and environ-
ment. Additionally, it has received widespread attention in the refined and quantitative
research of pedestrian evacuation [35-38].

Establishing urban road network models is the basis of using ABM simulation plat-
forms to predict/restore pedestrian evacuation scenarios. Cheng et al. (2020) [39] took
‘Olympic Park Station’ in Beijing as an experimental case and used an ABM simulation
platform to study the evacuation risk of underground roads. Zuo et al. (2021) [22] analyzed
the influence of road network indices on pedestrian evacuation efficiency by using the
Anylogic platform, taking the Jintang Road area in Tianjin as the research object. This
kind of simulation research based on specific cases can solve the problems of one single
object, but the research conclusions are not universal. Moreover, because the modeling of
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specific cases involves the restoration of the evacuation environment, the research results
are influenced by irrelevant factors. As such, the typical model research method [40—-43]
based on typology is more suitable in discussing CRD pedestrian evacuation problems.
It can effectively eliminate the interference caused by redundant factors and enhance the
application significance of research results. However, the research results on the typical
model of CRD road networks are relatively insufficient.

This study is an extension of the existing research results and innovatively analyzes
the synergy of multiple road network planning indices on CRD pedestrian evacuation
efficiency. The typical forms of CRD road network under different transportation and
distribution are extracted from three levels: block form, network structure and road grade.
By using the ABM simulation method and FDOE analysis method, the synergy of road
network planning indices on pedestrian evacuation efficiency will be quantified. The
CRD road network optimization policy and strategy for optimizing pedestrian evacuation
efficiency are put forward from the perspective of evacuees. The remainder of the paper
is organized as follows: the study materials, experiment setup and methods involved in
this paper are elaborated in Section 2. Section 3 presents the experimental results. The
discussion and conclusion are described in Sections 4 and 5 separately.

This study is also a part of the National Natural Science Foundation of China (NSFC)
projects “Urban Central Business District Open Space Design for Pedestrian Evacuation
Response to Emergency Events” and “Research on Design of Deep Underground Space
Multi-level Evacuation Network Guided by Sub-safety Area”. From 2017 to 2022, the map
information and location-based Service (LBS) data of CRDs in China were investigated,
and the relevant research results will also be used in this study.

2. Methods

The methodological framework of this study is presented in the following steps
(Figure 1):

1
1 1
1 1
2.1 ! 1
Road : Block Fi Ind Network Structure Ind Road Grade Ind !
lock Form Indexes etwor ructure Indexes oad Grade Indexes
Network H ‘ ‘ <
Data H !
c J cork c !
Acquisition :’ Block area ‘ Block ‘ ’ Network ‘ Network ‘ ’ Road width ‘ ’ Roadtype ‘:
| H elongation density connectivity H

@ L e e e e e e e e e e e e m e m e m e — e ———————————— I

ArcGIS
v

| 0 g 00

M':. O O oo [

Design
Model 1 Model 2 Model 3 Modeln

| L
ODOE

f pmmmmmmm el

1 1
1 1
1 1
23 : !
Simulation ! Personnel Parameter Spatial Parameter !
i :

1 1

1 1

1 1

1

Parameter
Personnel Personnel Pathfinding Body Evacuation Evacuation
densi distribution rule Size start terminal
1

Setting

I Evacuation

speed

|
/,Lanylogic ______________________________________________________________________
* 1
¢ \4

Evacuation time 1 Evacuation time 2 Evacuationtime 3~ et Evacuation time n

1

1

1

1

i ‘—F

1
3 Results '
H Indexes Synergy Analysis
1
1
1
1
1

I i

| ’ Indexes Significance Analysis ‘ I Indexes Optimal-level Analysis | ’ Indexes Importance Analysis

SPSS - frommm e 1 -----------------------------------

Parameter suggestion
4 Discussion & —————————— Update ————
Urban design implications

Figure 1. Research workflow and the tools used.
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Top-six cities

Acquire the road network data from three levels: block form, network structure and
road grade, based on the surveys of CRD samples in China. Establish the range of road
network planning indices and typical CRD road network forms, providing basic data
for research.

Determine the planning indices levels of CRD road networks according to the ODOE
analysis method based on factor synergy, providing the variable parameters of the ABM
simulation test.

Use the ABM simulation platform to research the synergy of network density, network
connectivity, road width and road type on pedestrian evacuation efficiency at different
levels, providing theoretical support for CRD road network optimization suggestions.

Propose the implications for optimizing the guidelines and strategies of CRD road
networks of the above results.

2.1. Road Network Data Acquisition
2.1.1. Study Area Selection

The CRDs of the top six cities in China’s comprehensive business index (Beijing, Shang-
hai, Guangzhou, Shenzhen, Chengdu and Chonggqing) [44] were selected as exemplary
areas in Figure 2. Excluding the similar samples of central business districts (CBD), recre-
ational business districts (RBD) and urban complexes, nine CRDs at city level were selected
as the research objects. These objects are of strip and mesh CRD types, which have obvious
typological characteristics for transportation and distribution [26].
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Figure 2. The nine selected CRDs’ distribution and type.

2.1.2. Road Network Planning Indices Selection

In urban design, figure-ground theory [45] points out that the composition mode
of “block” and “road” leads to the particularity in “network”. The three factors jointly
determine the CRD road network form and affect the efficiency of pedestrian evacuation.
Therefore, based on the relevant literature studies and design regulations, this paper puts
forward six road network planning indices: block area, block elongation, network density,
network connectivity, road type and road width, from three aspects: “block form”, “road
grade” and “network structure” (Figure 3). Refer to Table 1 for details of quantification
methods. Block form indices were divided into “inner block” and “entire block” in order
to guarantee the authenticity of the typical model. Similarly, the road grade indices were
divided into “primary road” and “secondary road”. This study used the ArcGIS platform
to process CRD road network indices data, which was acquired from the open resources
of Baidu satellite map data, regulatory planning documents and commercial network
development planning documents.
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Figure 3. The road network figure—ground relationship and planning indices.

Table 1. Summary of road network planning indices.

Index

Formula Unit Explaining

block area [23]

block elongation (ELG) [23]

network density (D) [46]

network connectivity (J) [47]

road type [48]

road width (W) [48]

- km? The size of a block.
The geometry of a block. D is the equivalent
circle diameter with the same area as the block;
D, is the minimum circumscribed diameter of
the block. The closer the value is to 0.80, the
closer the shape is to square. ELG is often
expressed in terms of length-width ratio.
The rationality of a road network. L is the road
length; S is the size of area. D in this study is the
density of all roads. The rationality should be
discussed according to traffic demand.
The development level of a road network. N is
the road node number; M is the number of road
N - sections. | in this study is the connectivity of all
roads. The higher the value, the higher the road
network development level.
The section composition of roads. CRD road
mainly include two types: pedestrian traffic and
mixed traffic with a pedestrian section on
both sides.
The width of all road sections. 1 is the number of
motor vehicle sections, the width of which is
W =35n+Wp m limited to 3.5 m/lane; W, is the pedestrian
section width. Each road width should be the
minimum width due to the buckets-effect.

D
ELG = B! -

D= % km/km?

2.1.3. Typical CRD Road Network Form

This research investigated road network planning indices data of 53 roads and 98
blocks in nine CRDs. Two types of typical CRD road network forms were put forward from
three aspects: block form, network structure and road grade.

1. Block form

In order to reflect the difference of parameters, this paper established two typical CRD
block forms with low elongation (A-type: mesh CRD, length—-width ratio 1:1) and high
elongation (B-type: strip CRD, length-width ratio 2:1). The typical block area is based on
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the truncated mean value of 0.25 km? (standard deviation 0.02) to ensure the comparability
of the research results. To eliminate the interference caused by the disorderly combination
of inner blocks, this paper used three standard length-width ratios (2:2, 3:2 and 4:2). The
typical inner block area is 0.05 km, and the length range of each side is 0.05~0.20 km (the
fluctuation range of £0.02 km is reserved). See Figure 4 for details.

Baidu satellite map & Planning text

[
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Figure 4. The typical block forms of two CRD types.

2. Network structure

Typical inner CRD block form
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3 32
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an 12

According to the survey results, 5.1~8.0 km/ km?, 8.1~10.0 km/km? and 10.1~13.0 km /km?

were set as “low density
4.7~5.3 and 5.4~6.0 were set as “low connectivity”,

v

medium density” and “high density” ranges. Similarly, 4.0~4.6,
medium connectivity” and “high con-

nectivity” ranges. Under the condition of smooth primary roads, the typical CRD network
structure was set up with the typical CRD block form as the basic unit. This research put
forward 18 types of network structure under two CRD types, which included 3 kinds of
network density and 3 kinds of network connectivity. The specific expressions are shown
in Table 2.

Table 2. The typical network structure of two CRD types.

Mesh CRD Type Strip CRD Type
Low Density h]g:i::; High Density Low Density l\lg:ilsl::; High Density
3 3 3 3
8.0 km/km 10.0 km/km? 12.0 km/km 7.0 km/km 9.8 km/km?2 12.6 km/km
high i\ | i
connectivity S - —j | | |x \ | |
(54~6.0) Bal Bb1 Bel
Aal Abl Acl
medium e i \ : I . i
connectivity T | i\ 1\ \
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Aa2 Ab2 Ac2
o = 11 T
connectivity S — L s
(4.0-4.5) | BEEE Ba3 B3
Aa3 Ab3 Ac3
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3. Road grade

The survey results showed that primary roads include two types: pedestrian-traffic
roads and mixed-traffic roads, and the secondary roads are mainly mixed-traffic roads. The
vehicle section width of the primary road and secondary road was set as four lanes (100%
in the survey result) and two lanes (69.1% in the survey result), respectively. The “narrow
width”, “medium width” and “broad width” ranges of primary road pedestrian section
were 10.1~20.0 m, 20.1~30.0 m and 30.1~40.0 m, and the secondary road were 1.1~3.0 m,
3.1~5.0 m and 5.1~7.0 m. The standard width of each road was set as the median value of
survey result: 15 m, 25 m and 35 m for the pedestrian-traffic road and 2 m, 4 m and 6 m of
the pedestrian section in the mixed-traffic road. Refer to Table 3 for setting details.

Table 3. The typical road grade of CRD road network.

Primary Road Secondary Road
Pedestrian-Traffic Road Mixed-Traffic Road Mixed-Traffic Road
narrow width L . —
Pedestrian section Pedestrian  Vehicle  Pedestrian Pedestrian Vehicle Pedestrian
15.0m 20m 14.0m 2.0m 2.0m 7.0m 2.0m
P1 (15 m) M11 (2 x 2m + 14 m) M21 (2 x 2m +7 m)
medium width — A .
Pedestrian section Pedestrian Vehicle Pedestrian Pedestrian  Vehicle Pedestrian
40m 14.0m 4.0m 4.0m 7.0m 4.0m
P2 (25 m) MI2 (2 x 4m + 14 m) M22 (2 x 4m +7 m)
broad width T r ) ; ; ,
Pedestrian section Pedestrian Vehicle Pedestrian Pedestrian Vehicle Pedestrian
35.0m 6.0 14.0m 6.0m 6.0m 7.0m 6.0m
P3 (35 m) M13 (2 x 6 m + 14 m) M23 (2 x 6m +7 m)

2.2. Experimental Model Design

Orthogonal design of experiments (ODOE) [49] is a branch of FDOE, which can
obtain test results from a few original experiments. Unlike some other traditional research
methods, it can weight all non-numerical comparisons using statistical calculation. Based
on a suitable orthogonal test table, representative cases with uniform dispersion, neatness
and comparability can be selected from the original test. Testing these cases can simplify the
research process. ODOE has been applied to many disciplines because of its comprehensive,
efficient and controllable advantages.

The block form is the spatial expression of the basic units of the CRD road network
simulation test model. However, the multi-level indices are the direct factors affecting the
pedestrian evacuation efficiency. Therefore, the network structure and road grade-related
indices were set as experimental variables referring to the typical CRD road network form.
The primary road width (A), secondary road width (B), network density (C), network
connectivity (D) and primary road type (E) were included. Refer to Table 4 for the experi-
mental level setting of each variable. This research used the ODOE method to optimize the
simulation test scheme in order to simplify the 162 simulations of the comprehensive test.
According to the number of variables and levels, the orthogonal test standard table L3
(2 x 37) was selected. With the combination-method columns adjustment, 18 test schemes
were obtained; that is, only 18 representative conditions need to be simulated.
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Table 4. ODOE experimental variables and levels setting.
Primary Road Secondary Road Network Network Primary Road
CRD Type  Levels Width (A) Width (B) Density (C)  Connectivity (D) Type (E)
1 15m/2 x2+14m 2X2+7m 7 km/km? 4.0~4.5 pedestrian traffic
strip CRD 2 25m/4 x2+14m 4x2+7m 9.8 km/km? 4.7~5.1 mixed traffic
3 35m/6 x 2+ 14m 6Xx2+7m 12.6 km/km? 5.4~6.0 -
1 15m/2 x2+14m 2X2+4+7m 8 km/km? 4.0~4.5 pedestrian traffic
mesh CRD 2 25m/4 x2+14m 4x2+7m 10 km/km? 47~5.1 mixed traffic
3 35m/6 x 2+ 14m 6x2+7m 12 km/km? 5.4~6.0 -

2.3. Simulation Parameter Setting

The ABM platform currently supporting pedestrian flow simulation includes Anylogic,
Simulex, STEPS, Building EXODUS, etc. Among them, Anylogic platform based on the
social force model [50] can excellently restore the discrete and continuous interaction
between evacuees and the evacuation environment by using multi-agent technology. In
the Anylogic pedestrian flow model, the human agents will be affected by three types of
forces during the travel: the driving forces from pedestrians’ subjective wills; the repulsive
force between pedestrians and the environment; the social forces between pedestrians,
which maintain each other at a certain distance. These forces can be described by the
following formula:

Fult) = £3(32) + £an (72) + Loy o (s 701 98) + Lo fi (FeTit) @

- —
1o (a) is an accelerated force. f,p (1’7,1) is the force between human agents and

— —
boundaries/obstacles. f,xﬁ (r_;, v_,;, 17;, ?J_/)g) and f,; (r_,,z, 7;, t) are the forces between different

human agent « and . These forces will drive pedestrians to act in certain behaviors and
paths, which are calculated in Anylogic based on Dijkstra’s algorithm, and can be called
through Java language coding. Anylogic can simulate the evacuation process by setting
different personnel and spatial parameters of the evacuees and evacuation environments
(Figure 5). With the visualization characteristics and real-time data, it is convenient for
calculating evacuation time and analyzing the cause of congestion. In addition, it is the first
software platform to use the UML language to simulate the mixed state of a people flow
system. Therefore, Anylogic is more computationally expensive than qualitative spatial
analysis methods, but more accurate and scientifically valid [51].

Input the model / adjust the scale according to the study

Spatial parameter input Personnel parameter input
Starting Evacuation Terminal Personnel Personnel Body Evacuation
space road space Density Distribution size speed

, .

Establish the simulation logic structure Code human agents behavior rules

I \
v

Evacuation process B
simulation

v

Visualization simulation data output

Add auxiliary
statistics plug-in

Evacuation time Evacuation congestion

Figure 5. Anylogic simulation process design.



ISPRS Int. ]. Geo-Inf. 2023, 12, 239

90f19

Typical CRD personnel distribution characteristic

This study was based on Anylogic platform, which has good adaptability to the
analysis of CRDs’ road network [21], and the simulation results can truly restore the real-
world evacuation scene [52,53]. The data of simulation parameter setting is supported
by the projects of NSFC. These data were derived from the 9 typical CRDs selected in
Section 2.1, which divided into two categories: the LBS data provided by Baidu thermal
map; the satellite map data provided by DigitalGlobe. The survey was conducted at
8:00~22:00 on 11 January (Tuesday)/15 (Saturday) in 2022, and 144 valid data were extracted
by ArcGIS. The setting of simulation parameter was also influenced by relevant codes and
literatures, specific as follows.

2.3.1. Personnel Parameter Setting

1.  Personnel density

The CRD personnel density was set according to average Baidu thermal map data on
a weekday and rest day (11 and 15 January 2022). The statistical results of the daily average
personnel density in 9 CRD samples are shown in Table 5. In order to make the research
results more universal, the standard parameter of medium density of 0.3 people/m? is
selected as the simulation parameter.

Table 5. CRD personnel density according to Baidu thermal map.

Level Range Average Standard

low density 0.08~0.15 p/m? 0.13 p/m? 0.1 p/m?
medium density 0.20~0.45 p/m? 0.32 p/m? 0.3 p/m?
high density 0.29~0.55 p/m? 0.48 p/m? 0.5 p/m?

2. Personnel distribution

The personnel distribution shows obvious differences due to distinct forms of CRD
transportation and distribution. According to the visual LBS data from Baidu thermal maps
on a weekday and rest day (11 and 15 January 2022), it was found that people show the
characteristics of central gathering and axial extension in the mesh CRD and strip CRDs,
respectively. The entire CRD area was divided into equal parts in the setting process, and
the number of people in each part was reduced step by step according to the distribution
characteristics. Details were shown in Figure 6.

CRD personnel distribution parameter

S W ! !
" C RN ! !
e.g. Wangfujin CRD e.g. Huagiangbei CRD ‘; E
::::::::::::::::::::::::::::::::::::::::::::::::::::::;::::::::::::::::::::::::::::::::::::::::
?' - da \“’_‘. A | i 5% !
7 - 'O. 1 1 10% H
5 5 =) ,v@-?"/ P | ' 15% Bl
i P  aawe ‘ : i
i O i
ke O e l | | type |
.- Ca e ! ! 1% " block
“ e.g. Nanjing Road CRD @7 ¢ ¢ Huaihai Road CRD | ! 3 ‘
i

Figure 6. CRD personnel distribution and parameter setting.

3. Pathfinding rule

The behavior with the purpose of escape will prompt people to choose the shortest
path to evacuate in emergency situations [54]. Additionally, in order to ensure the safety
and effectiveness of pedestrian evacuation, it is usually recommended to evacuate with
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ground facilities [7]. Therefore, the pedestrian in our simulation test was set up to select
the nearest exit according to the guidance sign and use the ground facilities to evacuate.
Since motor vehicle traffic in the regulated and unregulated state is not safe for pedestrian
evacuation [55], the simulation test set the pedestrian sections of the road as the evacu-
ation space. Additionally, the safety islands were always in a passable state during the
evacuation process.

4. Body size

In the Anylogic platform, the body size of evacuees is treated as a cylindrical shape,
and the radius of agents is mainly affected by the shoulder width. According to the Chinese
Adult Body Size (GB/T 10000-1988) (Table 6), the median shoulder width of adults was
0.43 m (male) and 0.4 m (female); we used this as the standard simulation parameter,
accounting for 40% and 60%, respectively [56].

Table 6. Maximum shoulder width of human body(mm).

Male (Age: 18~60)
Female (Age: 18~55)
Percentile

383 398 405 431 460 469 486
347 363 371 397 428 438 458
1 5 10 50 90 95 99

5. Evacuation speed

The evacuation speed, set according to the young and middle-aged people, who are
the main population of CRDs [56], in the non-crowded state is 1.4 m/s. When congestion
occurs, the evacuation speed was simulated using the Anylogic platform to obtain the
attenuation change under different crowd densities; when the crowd density exceeds
41p/ m?, the evacuation speed was considered to be 0 m/s [57], and the crowd was at
a standstill.

2.3.2. Spatial Parameter Setting

1.  Evacuation starting space

In the study of evacuation in urban design, the starting space is considered as the tran-
sition interface between different regions. Based on the typical forms of CRD road network,
the interfaces between different blocks and roads were set as the initial outflow interface of
evacuees. The specific outflow (n, p/m/s) was calculated using the following formula.

n:AGFXpGFXDGFXN/l()O (2)

In the formula: Agr is the ground floor area of commercial buildings within the block,
calculated with 50% occupation rate according to the local land planning regulations; pcr is
the density of people on the commercial buildings’ ground floor, taking 0.5 people/m?
as the standard value with reference to Regulation for Design of Stores (JGJ48-2014); Dgr is
the minimum evacuation exit width for 100 people, which is 0.65 m/100 p according to
Regulation for Fire Protection Design of Buildings (GB 50016-2014, 2018 edition); N is the flow
rate, for which 1 p/m/s was taken as the standard. In the simulation process, people were
generated randomly from the four sides of each block.

2. Evacuation terminal space

Due to the severe shortage of open space in CRDs [4], the proportion of emergency
shelters construction barely meets the evacuation demand (Figure 7). This means it is
necessary to coordinate the surrounding urban space for evacuation. In the setting of an
evacuation terminal, it was considered that the evacuation is completed when the evacuees
arrive at the boundary road of CRD simulation model, and the Ped-sink command was
used to avoid the road network node congestion from affecting the test results.
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Figure 7. The proportion of emergency shelters in CRDs.

3. Results

The research used the simulation results as the basic data for analyzing the synergy of
multiple indices (Table 7). In order to reduce the deviation of the simulation, the point at
which 85% of the people had completed the evacuation was selected as the evaluation stan-
dard of the pedestrian evacuation efficiency. Additionally, the entirety attenuation average
level of the personnel density in the road network was used to assist the discussion of the
research results. Based on the conclusion analysis of the orthogonal test, the significance,
importance and optimal level of each index in the synergy were explored by using the
variance method and range method.

Table 7. ODOE standard table Lig (2 x 37) with adjustment and simulation result.

Index-Level Simulation Test Model ID Evacuate Time (85%) (s)

TestID Index A IndexB IndexC IndexD Index E Strip CRD Mesh CRD  Strip CRD Mesh CRD
1 1 1 2 2 1 P1M21Bb2 PIM21Ab2 535 580
2 1 2 3 3 1 P1M22Bc3 P1IM22Ac3 365 400
3 1 3 1 2 1 P1M23Ba2 P1M23Aa2 410 585
4 2 1 2 3 1 P2M21Bb3 P2M21Ab3 460 560
5 2 2 3 1 1 P2M22Bc1 P2M22Ac1 305 385
6 2 3 1 3 1 P2M23Ba3 P2M23Aa3 435 555
7 3 1 2 1 1 P3M21Bbl P3M21Ab1 340 465
8 3 2 3 2 1 P3M22Bc2 P3M22Ac2 285 370
9 3 3 1 3 1 P3M23Ba3 P3M23Aa3 410 555
10 1 1 3 3 2 M11M21Bc3 M11M21Ac3 530 685

11 1 2 1 1 2 M11M22Bal M11M22Aal 590 720
12 1 3 2 2 2 M11M23Bb2 M11M23Ab2 510 615
13 2 1 2 3 2 M12M21Bb3 M12M21Ab3 580 720
14 2 2 3 1 2 M12M22Bcl  MI12M22Ac1 395 535
15 2 3 1 2 2 M12M23Ba2 M12M23Aa2 465 620
16 3 1 3 2 2 M13M21Bc2 M13M21Ac2 460 580
17 3 2 1 3 2 M13M22Ba3 M13M22Aa3 445 610
18 3 3 2 1 2 M13M23Bbl M13M23Abl1 380 515

3.1. Indices Significance Analysis

The significance analysis based on the variance method was used to test whether the
road network indicators are associated with pedestrian evacuation efficiency under the
synergistic effect. The test results of the two CRD types were shown in Table 8: the R?
values were 0.900 and 0.943, respectively, indicating that indices A~E have a very significant
impact on CRD pedestrian evacuation efficiency, and can fit more than 90% of the changes.
Specifically, except for index D (P: 0.477/0.581), which was insignificant in the two types
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of CRD models, the rest were significant indices. The results showed that compared with
network density, road width and road types, the influence of network connectivity on CRD
pedestrian evacuation efficiency was not significant.

Table 8. Variance analysis of orthogonal test results.

Mesh CRD (R? = 0.900) Strip CRD (R? = 0.943)
F 4 Significance F p Significance
Index A 8.792 0.010 ** v 7.488 0.015 * v
Index B 5.352 0.033 * v 9.86 0.007 ** v
Index C 6.325 0.023 * v 15.22 0.002 ** v
Index D 0.814 0.477 x 0.581 0.581 X
Index E 23.71 0.001 ** Vv 56.933 0.000 ** v

*p <0.05 *p<0.01.

3.2. Indices Importance Analysis

The importance analysis based on the range method was used to discuss the influence
of each index under the synergistic effect. The test results of two CRD model types are
shown in Table 9. Comparing the R value can measure the importance of each significant
index: in strip type CRDs, A (R: 103.33) > E (R: 90.00) > B (R: 86.67) > C (R: 77.50); in mesh
type CRDs, E (R: 127.22) > C (R: 115.00) > B (R: 95.00) > A (R: 81.67). The results showed
that in the strip type CRDs, the road grade indices (A, E, B) have a more important impact
on pedestrian evacuation efficiency than the network structure indices (C); while in the
mesh type CRDs, the influence of network structure indices (C) was significantly improved.

Table 9. Range analysis of orthogonal test results.

Strip CRD Mesh CRD
Index A Index B Index C Index E Index A Index B Index C Index E

Ky 2940 2905 2755 3545 3585 3590 3645 4455
Ky 2640 2385 2805 4355 3375 3020 3455 5600
K3 2320 2610 2340 - 3095 3445 2955 -

kq 490.00 484.17 459.17 393.89 597.50 598.33 607.50 495.00
ko 440.00 397.50 467.50 483.89 562.50 503.33 575.83 622.22
ks 386.67 435.00 390.00 - 515.83 574.17 492.50 -

R 103.33 86.67 77.50 90.00 81.67 95.00 115.00 127.22

3.3. Indices Optimal Level Analysis

The optimal level analysis based on the range method can be used to explore the
correlation of various indices in the synergy and seek the optimal solution in the existing
index level combination. Based on the visual diagram of the two CRD types’ simulation
test results (Figure 8), this research found that although there were differences in the
influence degree, the action rules of each index were similar: the primary road width
(A) was negatively correlated with the evacuation time, the wider the primary road, the
higher the evacuation efficiency; the network density (C) was negatively correlated with
the evacuation time, the denser the road network, the higher the evacuation efficiency, but
there was no obvious difference in the effect on the medium and low density network of
strip CRDs; the broken-line relationship between secondary road width (B) and evacuation
time was optimal at a medium level, indicating that the secondary road width (B) should be
appropriately set according to demand; the primary road type (E) affecting the proportion
of pedestrian space was negatively correlated with evacuation time, indicating that the
primary road with pedestrian traffic type had higher evacuation efficiency.



ISPRS Int. ]. Geo-Inf. 2023, 12, 239

13 0of 19

650

600

550

500

450

400

350

Evacuation time (85%)

300

NV
NV

5

2 3

[
[
[

3 2 3 1 2

Index A Index B Index C Index E

—e—NMesh CRD —e— Strip CRD

Figure 8. Visual diagram of range analysis results.

Since the longer the evacuation time, the lower the efficiency, the test results were neg-
atively correlated with the optimal level of indices. Based on the three simulation schemes
with the shortest evacuation time, we discerned the optimal level of multi-indices in two
CRD types (Table 10). Among them, the optimal level combinations of strip CRD were: sim-
ulation scheme No.8 (A3B,C3Eq, 285 s), No.5 (A,B,C3Eq, 305 s) and No.7 (A3B1CyEq, 340 s);
the optimal level combinations of mesh CRD were simulation scheme No.8 (A3B,C3E;,
370 s), No.5 (A;B,C3Eq, 385 s) and No.2 (A1B,C3Eq, 400 s). In general, the pedestrian
primary road (E), “high density” network structure (B) and “medium width” secondary
road (C) were beneficial to improve the pedestrian evacuation efficiency of the two CRD
types. However, compared with the mesh CRD type, the strip CRD type had a higher
demand for the primary road width (A).

Table 10. Indices optimal level arrangement based on ODOE.

CRD Type Rank

Test ID Evacuate Time Model ID Index A Index B Index C Index E

Strip CRD

Mesh CRD

WN—= WN =

8 285s
305s
340s
370s
385s
400s

A3ByC3Ey
ArByC3Ey
A3B1CEy
A3ByC3Ey
ArByC3Ey
A1ByC3Ey

broad
medium
broad
broad
medium
broad

medium
medium
medium
medium
medium
medium

high
high
medium
high
high
high

pedestrian
pedestrian
pedestrian
pedestrian
pedestrian
pedestrian

N U1 00 N3 U1

4. Discussion
4.1. Parametric and Synergistic Effect Analysis

The ODOE study on the synergistic effect of road network planning indices on CRD
pedestrian evacuation efficiency showed that there are differences in the analysis results of
significance, importance and optimal level among the indices. Moreover, these differences
were influenced by the CRD transportation and distribution (Table 11).

Table 11. Synergy of road network indices on pedestrian evacuation efficiency.

Strip CRD Mesh CRD

CRD Type

Significance

Importance Optimal Level Significance Importance Optimal Level

Primary road width
Secondary road width
Network density
Network connectivity
Primary road type

XL

30.1~40.0 m
3.1~5.0 m/side
11.0~13.0 km/km?
/

30.1~40.0 m
3.1~5.0 m/side
11.0~13.0 km /km?
/

very important
medium
less important
/

important

less important
medium
important
/

very important

XL

pedestrian-traffic pedestrian-traffic
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In urban evacuation, network connectivity is an important planning indices that
affects the evacuation efficiency of motor vehicles. Low road connectivity will cause traffic
congestion [58,59]. This study found that the influence of network connectivity on CRD
pedestrian evacuation efficiency was not significant using ODOE significance analysis.
This discrepancy is due to the behavior difference between evacuees and motor vehicles.
Evacuees are more mobile than motor vehicles, and can ignore the lane limit, turning radius,
traffic signals and other control measures for motor vehicles [19,60,61]. Furthermore, due to
the difference in volume size between people and motor vehicles, evacuees have relatively
sufficient space at the urban level and can choose evacuation routes more freely.

This study found that the effects of network density, connectivity, road width and
road type on CRD pedestrian evacuation efficiency are synergistic using ODOE importance
analysis. Moreover, the synergistic effect of these road network planning indices is distinct
in CRDs with different transportation and distribution. Leon et al. (2021) [20] analyzed
the effect of network structure on pedestrian evacuation, but ignored the influence of road
grade indices. Wang et al. (2020) [62] emphasized the influence of road width and type
and thought that pedestrian roads were the best for pedestrian evacuation but did not
consider the synergy of network structure indices. This study innovatively found the
synergy of road network planning indices. Among strip CRDs, the road grade indices
(primary road width, secondary road width and primary road type) have a more important
influence on the pedestrian evacuation than the network structure indices (network density).
However, the influence of the network structure indices (network density) in mesh CRDs is
obviously improved.

Specifically, the primary road width and type have the highest influence on the
pedestrian evacuation efficiency in the strip CRD. This is related to the CRD form and
the distribution of people. The people in the strip CRD have the spatial characteristics of
axial distribution along the primary road. The primary road area is limited, so it has high
disaster sensitivity when the evacuees flood in. This results in the important influence of
road width and road type on pedestrian evacuation efficiency (Figure 9). Meanwhile, the
behavior tendency of nearby evacuation concentrates the evacuees on both sides of the
primary road, which leads to primary road width (R: 103.33) being more important than
primary road type (R: 90.00).

Strip CRD test result (M13M22Ba3) The heavy congestion in primary road Evacuation on both sides

Figure 9. The congestion in pedestrian evacuation simulation of strip CRD.

The multi-axis intersection of transportation and distribution of mesh CRDs is rela-
tively complicated. The centripetal distribution of people means the evacuees do not only
concentrate on both sides of the primary road (Figure 10). The higher space occupancy rate
strengthens the influence of road type on pedestrian evacuation efficiency, which leads to
the result that primary road type (R: 127.22) is more important than primary road width
(R: 81.67). The proportion of secondary roads is high, and the intersections are evenly
distributed in mesh CRDs. The evacuation area and alternative evacuation routes can be
obviously improved by increasing the number of secondary roads, which leads to the high
importance of network density (R: 115.00).
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Figure 10. The congestion in pedestrian evacuation simulation of mesh CRD.

The suggested values of each road network planning indices under the synergy were
found through ODOE optimal level analysis, which are similar in the two CRD types.
Consistent with the existing research [17,63], the primary road width has the greatest
pedestrian evacuation efficiency under broad width (30.1~40.0 m). However, the optimal
level for secondary roads is medium width (pedestrian section of 3.1~5.0 m/side). This
is because the medium width road provides sufficient distance for road intersections,
which means the simulation agents can converge in a stable state, reducing the probability
of congestion. The high-density network structure (11.0~13.0 km/km?) has the greatest
pedestrian evacuation efficiency. Compared with motor vehicles [64,65], evacuees require
higher network density because of their smaller body size.

4.2. Urban Design Implications

Based on the analysis results of synergy, aiming at improving the efficiency of pedes-
trian evacuation, the following CRD road network design suggestions are put forward
from three aspects: block form, network structure and road grade.

1. Improving primary road grade

The primary road of a CRD should be a “broad width” pedestrian form according
to the analysis results of optimal road grade level. A CRD primary road is the product
of an urbanization process, which mainly shows two forms: walking and mixed-traffic
commercial streets, according to different development stages [26]. Concessions at the
bottom of building facades along the street and three-dimensional walking systems can
establish continuous pedestrian roads, and ensure the primary road width is approximately
30.1~40.0 m.

2. Controlling secondary road width

The CRD secondary road width is suggested to be “medium width” according to the
analysis results of optimal road grade level. When controlling the disorderly construction of
secondary road width, methods such as intensive design of street facilities can be adopted
to ensure the pedestrian space width is close to 3.1~5.0 m/side.

3.  Increasing network density

The CRD road network is suggested to be “high density” according to the analysis
results of optimal network structure level. CRD road networks have different densities due
to diversified urban construction modes [66]. In low density CRDs, large-scale blocks can
be broken by architectural design means, such as internal networks and partially overhead
sections, to ensure a network density of 11.0~13.0 km/ km?2.

4.  Flexible road connection

The main and secondary roads are suggested to be flexibly connected according to
the results of synergy significance analysis. Since the influence of network connectivity on
pedestrian evacuation efficiency is not significant, non-ground facilities and temporary traffic
control can be used to establish pedestrian branches, which can increase evacuation paths.
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5. Ordered optimization

Different road network optimization orders are put forward for the two CRD types,
according to the results of the importance analysis. It is more beneficial to improve the
pedestrian evacuation efficiency of strip CRDs by improving the primary road grade first.
However, increasing network density has a higher priority in mesh CRDs.

4.3. Limitations

Strip and mesh transportation and distribution are typical forms of CRD road network
in China. This study is based on these two types. On a global scale, however, there
are diversified CRD road network forms such as “radial” and “circular” [67]. The block
form, network structure and road grade indices scale of these CRDs may have certain
particularities. The above types can be further studied in the future.

The construction of CRD road networks has gradually entered the “three-dimensional”
period. The traffic system uses non-ground facilities, which separates the people flow from
the traffic flow and weakens the boundary of space. As pedestrian evacuation is more
autonomous than motor vehicle, three-dimensional evacuation facilities separated from
motor vehicle lanes have gradually attracted attention. However, the existing codes and
research results still suggest evacuation with ground transportation facilities [7], which is
also the direction that this study should continue to improve.

As for the method, ABM simulation technology was used to restore the pedestrian
evacuation scene in this study. The Anylogic platform, based on the social force model,
can well simulate the interaction between evacuees and the evacuation environment,
but the behavior of agents at spatial nodes is still relatively rigid, and overlapping and
vibrating errors occur. Using ORCA [68] and other models to modify and develop the ABM
simulation platform could improve the authenticity and fluency of agents’ behavior in the
environment and ensure the accuracy of research results.

The study results were obtained from simulation outcomes. These data is well appli-
cable to the comparison between significance, importance and optimal level of different
indices [22]. However, there are still some discrepancies with real-world situations in
quantifying the evacuation efficiency under a specific index/level. This is caused by the
incomprehensive restoration of real human behaviors by agents and is also a common
problem of existing ABM platforms. Due to the social and ethical problems that threaten the
safety of life and property in urban evacuation experiments, verification of the simulation
results and real-world empirical data is limited. The parameters setting can be optimized
through specific field interaction experiments in a further study to improve the authenticity
of the simulation results.

5. Conclusions

With the trend of urban traffic construction returning to “human-based”, pedestrian
evacuation has gradually become the focus of Safety City research. The Pedestrian Safety
Action Plan formulated by the U.S. Department of Transportation (USDOT) points out
that a reasonable and efficient road space environment is a requisite to ensure pedestrian
evacuation efficiency. This study took the typical CRD road network forms in China as
examples, and innovatively analyzed the synergy between road network planning indices
and pedestrian evacuation efficiency. The road network planning indices included three
aspects: block shape, network structure and road grade. The test variables were network
density, network connectivity, road width and road type. The efficiency of pedestrian
evacuation was measured by the completed evacuation time of 85% evacuees, as simulated
in the Anylogic simulation platform. Additionally, the synergy analysis was completed
using orthogonal DOE.

Through the analysis of significance, importance and optimal level, we have developed
three research conclusions as follows. () Compared with motor vehicle evacuation, the
effect of network connectivity on pedestrian evacuation efficiency is not significant (p > 0.4
in the two types of CRD). @ The influence of road network density, road width and
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road type on pedestrian evacuation efficiency is remarkable, but they shows different
levels of importance in different CRD types. In mesh CRDs, the road level indices are
relatively important. However, in strip CRDs, the importance of network structure indices
are obviously improved. (3 The optimal level of road network planning indices in the
two CRD types are similar. The network density should be controlled in the “high density”
range of 10.1~13.0 km/km?. The primary road should be set as a “broad width” pedestrian
road with an effective evacuation width of 30.1~40.0 m. The effective evacuation width of
secondary roads should be controlled in the “medium width” of 3.1~5.0 m. According to
detailed research results, specific optimization methods and strategies are put forward for
the primary/secondary road grade, network density, road connection and optimization
order, which make it easier for urban designers to find a balance between improving
pedestrian evacuation efficiency and building road networks.
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