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Abstract: The reasonable placement of evacuation signage is an important means to improve the
efficiency of evacuation in the exhibition halls of exhibition buildings. The booths in exhibition halls
are arranged and changed frequently for different exhibitions, which means that the evacuation paths
are not fixed. Most people are also unfamiliar with the exhibition hall environment. In case of fire,
earthquake, or other emergencies, people need to quickly escape to the safety exit, adhering to the
guidance of evacuation signage. Existing evacuation signs are located according to the standards
and the experience of the designers, and the locations of the signs are fixed and do not change with
the changes in the booth layout, which means that the signage can be easily obscured by the booths,
affecting the signage identification. Based on the visibility of evacuation signage, a smart design
method of evacuation signage layout is proposed in this paper that can be adapted to different forms
of booth arrangements in exhibition halls. This method establishes a key goal of achieving the full
coverage of the visibility range of evacuation passages with the minimum number of evacuation
signs. In the context of the actual visibility range of evacuation signage being blocked by booths in
a three-dimensional space, this method finds the optimal number and best locations of evacuation
signs by using a genetic algorithm. Finally, a case is given to verify the effectiveness of the method.
This smart design for evacuation signage layout can enhance the guidance ability of evacuation
signage in exhibition halls and improve the efficiency of evacuation.

Keywords: emergency evacuation; evacuation signage; exhibition hall; visibility of sign; optimal
layout; genetic algorithm

1. Introduction

The development of exhibition buildings has recently shown a trend of increasing scale
and complexity [1]. The exhibition hall is an important part of an exhibition building [2].
During an exhibition, the booths are arranged according to the exhibition theme and content
of the exhibition, which varies significantly and leads to irregular evacuation paths [3,4]. In
addition, there are many types of visitors, who are primarily first time visitors, unfamiliar
with the exhibition hall environment, and they crowd in the hall during the exhibition. In
case of fire, terrorist attack, earthquake, or other emergencies, they must quickly escape to
the safety exit [5]. A reasonable placement of evacuation signage can effectively improve
the efficiency of evacuation [6], but the existing evacuation signs in exhibition halls are
laid out according to the relevant legislation, standards, and designers’ experience. Before
the booths are laid out (when there is no exhibition), the evacuation signs arranged on the
walls or at the safety exits can be seen very directly in the empty exhibition hall. However,
after an exhibition is installed, some of the evacuation signs may be obscured by the booths,
and visitors cannot effectively identify the signs [7,8] (Figures 1 and 2). The layout of
evacuation signage cannot flexibly adapt to the variations in the exhibition hall layout,
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which leads to a reduction in the actual guiding efficiency of the evacuation signage [9]
and is not conducive to the safe evacuation of people in the exhibition hall.
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Figure 1. Visibility of evacuation signs in an exhibition hall (plan view). (a) Evacuation sign visibility
in the empty hall; (b) loss of evacuation sign visibility due to installed exhibition booths.
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Figure 2. Visibility of evacuation signs in an exhibition hall (section view). (a) Evacuation sign
visibility in the empty hall; (b) loss of evacuation sign visibility due to installed exhibition booths.

Evacuation signage plays the role of conveying evacuation guidance information
in the exhibition space, and its effectiveness is influenced by both sign visibility and
content readability. Currently, the legislation, standards, and related studies, such as the
Design Code for Exhibition Building (JGJ 218-2010) and the Code for Fire Protection Design
of Buildings (GB50016-2014), have primarily focused on sign text [10], graphics [11,12],
color [13,14], size [15], brightness characteristics [16,17], and smart evacuation guidance
systems [18,19] to solve the problem of the readability of evacuation signage, but not
much research has been devoted to whether evacuation signage can be “seen”. In practice,
many evacuation signs are often set up formally, blindly, and arbitrarily, ignoring the
relationship between booth layout and the visibility range of evacuation signage in the
three-dimensional space.

Evacuation behavior needs are closely related to the guidance efficiency of the evacua-
tion signage, so it is necessary to ensure that people can identify the evacuation signage
at any position along the evacuation passages to ensure that people can quickly reach the
safety exit [20]. Based on visibility, this paper introduces a smart evacuation signage layout
design method that can be adapted to different booth layout forms in the exhibition hall.
As the key goal, the minimum number of evacuation signs and the best location to achieve
full coverage of the visibility range of the evacuation passages in the exhibition hall are
determined. In addition, the calculation model for determining the actual visibility range
of the evacuation signage is proposed to make up for the limitation of only considering
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two-dimensional planes in past research. This is conducted in order to enhance the ratio-
nality and feasibility of the layout method by fully considering the relationship between
the height and scale changes of booths on the visibility range of evacuation signage in a
three-dimensional space. The paper is organized as follows: Section 2 summarizes the
current status and shortcomings of the existing research by performing a literature review;
Section 3 describes the smart design method of evacuation signage layout adapted to
different exhibition hall scenarios; Section 4 conducts a case study to verify the reliability
and validity of the signage layout design model; and Section 5 concludes the paper.

2. Related Work
2.1. Research on the Visibility of Evacuation Signage

The visibility of evacuation signage is a necessary precondition to ensure the rationality
of evacuation signage layout [21]. People need to identify and understand the signage be-
fore they can make choices of evacuation behavior based on the signage information [22,23].
Visibility emphasizes the visual accessibility, i.e., the scope or visibility of a sign from one
or more locations [24,25]. This is an important evaluation indicator of whether the sign
can be seen [26]. The visibility of evacuation signage is generally expressed in terms of the
viewable area or visibility range, which is the range of the spatial area in which a person
can visually receive information about an object [8,27,28].

The location and number of evacuation signs have a significant impact on the visibility
of evacuation information. According to the ISO 16069:2017 (Graphical symbols—Safety
signs—Safety way guidance systems), the signs are divided into high, intermediate, and
low location placements according to their height. Low evacuation signs are generally
installed on the floor or slightly above the floor. High evacuation signs are installed at
the same height as the ceiling or at a distance of no less than 1.8 m from the floor level.
Horasan [7] and Fu et al. [29] concluded that high evacuation signs have a positive impact
on the choice of evacuation routes in large building spaces. Du [30] further divided the
signage into boundary signage and internal signage according to the planar position of the
evacuation signage. In the early and middle evacuation stages, the internal signage in the
exhibition hall plays the primary role, and people who are stressed follow the guides to
find the boundaries of the safety area, walls, and exits, and quickly escape to the safety exit
during the late evacuation period according to the direction of the boundary signage.

Research on the amount of evacuation signage in the exhibition hall shows that when
the number of signs is small, the visibility range of the evacuation signage in a space
has a small impact area with a visual blind spot. However, this does not mean the more
evacuation signs, the better. Too many signs will bring a sense of stress to people, leading to
difficulties in choosing where to go when escaping. When the number of signs is more than
a threshold value, the evacuation effectiveness tends to be stable, and further increasing the
number of evacuation signs has little effect on improvements in evacuation efficiency [31].

Existing studies have considered the visibility of evacuation signs that are obscured.
Nassar et al. [32] considered the maximization of visibility and minimization of obscuration
of evacuation signage for evaluating the visibility range of evacuation signage at different
locations, but this approach has obvious limitations and is only applicable at fixed locations.
Chen et al. [33] and Dubey et al. [34] did not consider how the vertical height in a three-
dimensional space is related to evacuation signage and booth visibility. They started from
a two-dimensional plane to determine the obscuration relationship between evacuation
signage and obstacles. Visibility exists in three-dimensional (3D) space perception. Adding
the change in vertical isovists in a 3D space can better reflect the actual visual range [35].
Three-dimensional spatial visibility analysis has been used in the fields of geography [36],
urban space [37,38], architecture [39,40], and landscape architecture [41]. However, related
research and existing software (e.g., ArcGIS, Depthspace 3D) are not suitable for solving
the visibility range of evacuation signage. Therefore, it is necessary to pay attention to
vertical height in the 3D spatial relationship between the evacuation signage and the booth,
so as to obtain the actual visibility range of the evacuation signage.
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2.2. Research on the Layout of Evacuation Signage

The placement of evacuation signage in buildings is a complex task. One method is to
use virtual reality (VR) or eye tracking devices for human experiments. Kubota et al. [42]
and Motamedi et al. [43] conducted a VR experiment to evaluate the effect of evacuation
signage locations on their visibility to people by studying the orientation and angle of
the signage in order to locally optimize the layout of evacuation signage. Zhu et al. [44]
introduced an eye-tracking device to determine the location of evacuation signage through
the guidance efficiency of evacuation signs. The purpose of these studies is mainly to eval-
uate the potential location of signs or to suggest the rationality of sign layout optimization.
Evacuation signs were set manually in advance and could not be automatically arranged.

Another method is to combine mathematical models with computer simulation to
develop intelligent and effective evacuation sign layout to promote smooth evacuation.
Chen et al. [33] proposed a Lagrangian relaxation algorithm, which used the theory of the
maximum covering location problem (MCLP) to calculate the visibility of an evacuation
sign that is obscured, and to maximize the coverage area of the visibility range for a given
number of people to be evacuated. Zhang et al. [31] combined the exponential dichotomy
search method and heuristic search algorithm to solve the cooperative maximum cover
location problem (CMCLP). However, they did not consider actual complex scenes and
obstacles. Chu et al. [45] considered both the number of signs and evacuation passage
constraints to determine the location of evacuation signage based on the path nodes of
people’s activities. Dubey et al. [34] optimized the signage arrangement in buildings
with multiple criteria and determined the optimal signage layout in the visibility range
according to a particle swarm algorithm. The existing evacuation signs in these studies
can be actively set to the best position, reducing the occlusion of the visibility range of the
signs. However, the problem is that it does not guarantee full coverage of the visibility
range in the building space.

Based on the work mentioned above, most of the studies on evacuation signage
layout have been conducted in subway stations, school buildings, and shopping malls
with fixed scenes and obstacles in a single building space, but without considering the
special variable situations that exhibition buildings present. The number and location
of evacuation signs should be determined according to the specific exhibition scene. In
addition, in terms of evacuation signage visibility, although attention has been paid to the
horizontal blocking of obstacles to the line of sight, the influence of vertical blocking of
the visibility range of signage in a booth in a three-dimensional space has been ignored.
Therefore, the proposal of solutions to cope with the variability in exhibition hall booth
layouts in a three-dimensional space without affecting the exhibition hall booth layout, and
how to ensure visibility anywhere in the space through the optimal location and number
of evacuation signs still require further exploration. This study provides a new method for
solving these problems.

3. Method

In this section, the workflow of the smart design method of evacuation signage
layout in an exhibition hall is explained in detail (Figure 3). First, for the problem of
signage layout in the exhibition hall, on the basis of ensuring the visibility of evacuation
signage, the objective function of the evacuation signage layout is proposed according
to the known information and constraints, such as the exhibition hall booth layout and
related dimensions (length, width, and height). In addition, the actual visibility range of the
evacuation signs that are blocked is calculated, the candidate positions of the evacuation
signage are determined, and the optimal position and number of evacuation signs are
solved using a genetic algorithm. The model is programmed using MATLAB R2018a
software (MathWorks, Natick, MA, USA) to determine the best location and number of
evacuation signs.
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Figure 3. Flow chart of smart design for evacuation signage layout.

3.1. Optimization Formulation

For any form of exhibition booth layout, during the process of people evacuation,
it is necessary to maintain the continuity of identification of evacuation signage, i.e., the
evacuation signage can be identified at any position along the evacuation passage in an
exhibition hall. The actual visibility range of the evacuation signs and the total number of
evacuation signs are used as the judgment criteria. The objective of evacuation signage
layout optimization in an exhibition hall is to achieve full coverage of the visibility range
of the evacuation passage with the minimum number of evacuation signs. In order to
coordinate the relationship between the different objectives, the weight coefficient method
was used to convert multiple sub-objective functions into a single-objective function using
a weighting calculation, and the equation for converting a multi-objective function into a
single-objective function is defined as follows:

minf:a%—i-(l—oc) (1—%) (1)
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where f is the weighted sum of the number of evacuation signs and the coverage of the
visibility range; « is the weight ratio of the number of evacuation signs to the coverage of
the visibility range in different exhibition halls, satisfying 0 < a < 1; Nj is the number of
evacuation signage layouts in the exhibition hall; N is the number of candidate positions of
the evacuation signage, and N7 < N; S is the actual coverage area of the visibility range of
evacuation signage in the exhibition hall; and S is the total area covered by the visibility
range of evacuation signage in the exhibition hall, and S; <S.

3.2. Constraint Setting

Based on the premise that the information, such as the layout plan of the exhibition
hall and booth, and the related dimensions (length, width, and height) are known, and
excluding the influencing factors not related to the environment of the exhibition hall, the
constraints for the booth and evacuation signage were defined as follows.

(1) People could identify at least one evacuation sign at any position along the evacua-
tion passage of the exhibition hall and could be guided to the safety exit using the sign.

(2) The shapes of the exhibition hall and booths were rectangular. The thickness of
the walls of the exhibition hall and the booths were not considered, and the size of the
exhibition hall was only the size of the axes of the exhibition hall.

(3) The safety exit and evacuation signs in the exhibition hall did not consider the
actual size, which was indicated by points. The existing evacuation signs were placed
above the safety exit of the exhibition hall. All of the new evacuation signs in the exhibition
hall must be placed along the center line of the evacuation passage, and the heights must
be consistent.

(4) The evacuation signs were divided into two categories: the visibility range of the
evacuation signs in the exhibition hall that were not blocked was a circular coverage area
with a radius r, and the visibility range of the evacuation signs above the safety exit or on
the wall that were not blocked was a semicircular coverage area of radius r [33] (Figure 4).

~__radius
\

.

(a) (b)

Figure 4. The visibility range of the evacuation signs. (a) inside the exhibition hall; (b) above the
safety exit or on the wall.

3.3. Solution to the Evacuation Signage Layout Optimization Model

The model solution was divided into two steps. First, to determine the actual visibility
range of the evacuation signage and candidate positions of the evacuation signage. Second,
to solve the optimal location and number of evacuation signs using the genetic algorithm.
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3.3.1. Model for Determining the Actual Visibility Range of the Evacuation Signage

After the evacuation signs in the exhibition hall were blocked by a booth, the visibility
range of the evacuation signage changed. The actual visibility range of the evacuation
signage refers to the collection of points that can be observed by the line of sight of people
within the range of the identification signage, which needs to be determined using the
judgment of the intervisibility of line of sight several times.

The visibility range of the evacuation signage and booths had a three-dimensional
spatial relationship, and the three-dimensional space was converted to the two-dimensional
horizontal plane using the height of the human eye viewpoint. Then, the plane was
rasterized and divided into 1 x 1 m grid cells. For example, the area Z1-73 was the plane
where the visibility range of the evacuation sign Q was projected to the intersection of the
human viewpoint and booth T, where the people in area Z1 could identify the signage.
In area Z2, the person P1’s view was blocked by the booth, and P1 could not identify
the signage, but person P2’s view was not blocked by the booth, and P2 could effectively
identify the evacuation signage. In area Z3, P3’s view was out of the visibility range of the
evacuation signage. Therefore, the primary concern of this study was the visibility range
of the evacuation signage in area Z1 and area Z2 (Figure 5).

evacuation signage Q

two-dimensional horizontal plane //'.
|

e !
area Z3 area 22 - + area Z1
— 1
] I
P3 :
booth T
- éround

Figure 5. The relationship between evacuation signs, booths, and persons in the exhibition hall.

A person’s eyes and the evacuation signage can be connected with a straight line. If
the intersection of this line and the booth is in the height range of the booth, the evacuation
sign is not visible, and if not, the evacuation sign is visible. A spatial right angle coordinate
system was established with Q (xo, yo, 1), consisting of the evacuation signage coordinates,
where h indicates the height of the signage. The visual field, I', of the evacuation signage
without obstruction (i.e., the visibility range of the evacuation signage when it is not
obstructed) was judged separately for each point P(x1, y1, /1) in I'. The judgment method
was as follows: using the traversal method, traverse each grid cell (1 x 1 m) in the
projection area where the booth, T, intersects with I'. The length and width dimensions
of the booth, T, range from [a,b] x [c,d], and let K, be the booth height (Figure 6). The
parametric equation for the line PQ connecting the human eye and the sign is known from
the geometric relationship:

x =x9+ (x1 — x0)t
y=vo+ 1 —yo)t (0<t<1) )
z=hy+ (hy — ho)t



ISPRS Int. ]. Geo-Inf. 2021, 10, 806

8 0of 20

Solve the inequality:
{a§x0+(x1—x0)t§b 3)

c<yo+ (1 —yo)t <d

where t is the spatial variable of line PQ, t; and f, are the variable limit values within
the booth occlusion range obtained by solving the inequality (3), and t; <t < tp. If
?l‘i%‘t <t,11g + (1 — ho)t < hy, this means that the point P is obscured, and the sign is not
visible; conversely, it means that the current booth, T, cannot obscure the line of sight of the
human eye at point P to the signage at point Q. When all booths are unable to obscure the
line of sight of the human eye at point P to the signage at point Q, it is considered that P is
within the visibility range of the sign at point Q. Finally, the actual visibility range of the
evacuation signage obscured by the booths was obtained. Here, let a person’s view height
hy = 1.6 m by considering the average view height.
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Figure 6. The spatial relationship between evacuation signs, booths, and persons.

The new determination model, which considers the relationship between the vertical
height of the evacuation signage and the booth, can more accurately reflect the actual
visibility range of the evacuation signage. Figure 7 shows that when the height of the booth
was fixed, the actual visibility range of the signage changed as the height of the signage
changed, and an increase in the signage visibility coverage area helped to reduce the
wayfinding errors during the evacuation process and improve the visibility of the signage.

3.3.2. Selection of the Candidate Positions for the Evacuation Signage

Evacuation signage candidate position refers to the collection of evacuation signage
locations that may have an impact on the evacuation behavior of people in the scope of
evacuation signage layout along the evacuation passage of an exhibition hall. The spatial
nodes of an evacuation passage of an exhibition hall are divided into three types: target
points, directional decision points, and passage guidance points.

The target point is located at the place directly above each safety exit of an exhibition
hall. It is required to be set and fixed according to the specification and standards. The
directional decision point is the intersection of the passages, which is the spatial node with
a high flow of people in the exhibition hall. The passage guidance point is a supplementary
point on the long passage. When the evacuation passage in the exhibition hall is too long,
people tend to pause, hesitate or look back and forth, and are not confident about their
escape direction. Hence, new evacuation signage nodes need to be added in the passage
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to enhance people’s self-confidence in finding the escape path and guide them to find the
evacuation exit more quickly.

O Evacuation sign
W Visibility range
I Booth
hO =5m, hz =0m h0=3.5m, hz =4m h0=8m, h2=4:m
(a)
O Evacuation sign
W Visibility range
[ Booth

h0=5m, h2=0m hO =3.5m, hz =4m h0=8m, h2=4m

Figure 7. Actual visibility range of evacuation signage blocked by booths. (a) Actual visibility range of an evacuation

signage inside the exhibition hall; (b) Actual visibility range of an evacuation signage above the safety exit or on the wall.

In Figure 8, the evacuation sign, O, is assumed to be the origin of xy axes, the points
O; and O are the center of the circle of the visibility range of the evacuation signage. In
addition, r is the radius of the visibility range of the evacuation signage. The center line
of the evacuation passage passes through the points O and O, and the distance between
the two signs is O0,=200;=2b. b is half of the distance between the two evacuation signs,
b <, and d is half of the width of the evacuation passage AB. Both points A and B fall on
the circle, so b = V1?2 — d2.

The width of the evacuation passage in the exhibition hall is 3-14 m, and the value
range of d is 1.5-7 m, r = 15 m. By using several trial calculations, it was found that when
b =r, the two signs are just tangential to each other and fail to cover the evacuation passage
completely. When b = 0.5 r, there was too much overlap of the visibility ranges, which
was wasteful. In order to adapt to the overlapping coverage of the visibility range of signs
for different exhibition hall sizes and candidate locations, as well as to reduce the amount
of the subsequent calculations, let b = 0.75 r to effectively adapt to the visibility range of
different evacuation signs (Figure 9).
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Figure 9. Relationship between evacuation sign distance b and visibility range r. (a)b=1; (b)b=0.51; (c)b=0.75r.

3.3.3. Solution Using the Genetic Algorithm

The genetic algorithm (GA) was used to solve the evacuation signage layout in an
exhibition hall. The genetic algorithm was a global stochastic optimization search method
proposed by John Holland, which was calculated by simulating the biological evolutionary
process of natural selection and elimination [46]. Being simple and general, it was more
applicable, easier to operate, and has been widely used in transportation logistics, computer
image processing, and site layouts [47,48].

(1) Coding operation

The coding method chosen for this study was the standard 01 coding. The number of
candidate positions in the different exhibition halls varied, and the length of the binary
number was determined using the number of candidate positions for evacuation signage
in the exhibition hall.

(2) Generation of an initial population

Each chromosome was composed of various genes, corresponding to the possible
solutions of the evacuation signage layout set. The initial population was generated using
the random survival model.

(3) Fitness function

The fitness reflects the degree of goodness of each individual in the population to
reach or approach the optimal solution in the optimization calculation. It is affected by
the number of evacuation signs and the visibility range. According to the principle that
the objective function is to minimize, and the fitness function is to maximize, the fitness of
each individual is measured by means of an objective Equation (1), and the fitness function
was defined as:

—f(x)  Cmax > f(x)

others

Cmax

3 @

Fitness(f(x)) = {
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where Cmax is the maximum estimate of the objective function f(x).

(4) Selection

The roulette wheel selection model was used in this study, i.e., the probability of each
individual entering the next generation was equal to the ratio of its own fitness to the
fitness of the entire population, and the higher the fitness of an individual, the higher the
probability of it being selected.

(5) Crossover

To ensure that genes of the outstanding chromosomes can be passed on to the next
generation, two different chromosomes were first randomly selected according to the
fitness function of the chromosomes, which were called the parent chromosomes. Then, a
crossover was randomly selected to cross the two parents (two paternal chromosomes),
with the crossover probability to produce two new chromosomes with some genes of both
parents, thus producing a new chromosome. In addition, the value of the crossover was set
at 0.5-0.9.

(6) Mutation

The use of the variation operator can increase the local search ability of the genetic
algorithm. To a certain extent, it can prevent the algorithm from falling into local points
prematurely to avoid the phenomenon of premature maturity. In addition, it was combined
with the crossover operator to enable the genetic algorithm to complete the optimization
process in the optimization problem with good search performance. In order to ensure
convergence speed, the variation was set at 0.05-0.1.

(7) Termination condition

The final optimization result should be considered comprehensively based on whether
the fitness reached a satisfactory value or the iterative accuracy did not increase. If this was
satisfied, the evolution result was output as the optimal solution. If it was not satisfied,
then we returned to step (3) and re-ran the evolutionary process until the optimal solution
met the condition.

In addition, to overcome the instability of the solution index due to the randomness of
the initial population, as well as the evolutionary process of the single genetic optimization,
and to avoid premature convergence and improve the efficiency of the later evolution, the
strategy of multiple genetic algorithm solutions in the optimal selection was also adopted.
The default number of the repeated genetic optimization was three, which ensured the
stability of the optimal solution to obtain the best layout plan.

4. Case Study
4.1. Project Overview

To verify the effectiveness of the smart design method of the evacuation signage
layout, this study used a standard exhibition hall in the Western China International Expo
City located in Chengdu as a simulation object. To improve the research, the ancillary
spaces in the exhibition hall, such as offices and toilets, were simplified. The total area of
the exhibition hall was 11,664 m2, with a length of 162 m, width of 72 m, and height of
18 m (Figure 10).

According to the regulations in the Design Code for Exhibition Buildings (JGJ 218-
2010), the total number of people in the exhibition hall was assumed to be 8000. The width
of the main evacuation passage in the exhibition hall was set to 5-6 m, and the width of
the secondary evacuation passage was set to 3-5 m. The number of doors at the safety exit
in the model were simplified, and only one was used to indicate the exit. Six doors were
arranged on each long side of the exhibition hall, and one door was arranged on each short
side, totaling 14 doors, with a door height of 3-4.5 m, and the width of each door was set
to 5 m. The existing evacuation signs in the exhibition hall were located above each safety
exit, with a total of 14 places, and the height of the evacuation signage was 3.5-5 m.
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To accurately understand the utilization of each entrance, the observation method was
adopted. Direction 1 (D1) was near the main entrance of the exhibition building and was
the main entrance and exit. Directions 2 (D2) and 3 (D3) were connected to other exhibition
halls accessible through the atrium. Direction 4 (D4) was the freight passage, which was
primarily used for loading and unloading exhibits and for staff use. The observation was
made during four periods at 10:30-10:45, 11:15-11:30, 14:45-15:00, and 15:30-15:45 on
30 July 2020, when there was an exhibition in the exhibition hall. After four rounds of
observation and statistics, by comparing the situation of each entrance, it was found that
the highest and lowest number of people entered from D1 (safety exit 1) and D4 (safety
exit 8), which were 550 and 165 people, respectively. The use of the entrance by people
in direction 1 accounted for 45%, D2 (safety exits 2-7) and D3 (safety exits 9-14) each
accounted for 20%, and direction 4 accounted for 15% (Figure 11).

4.2. Optimal Results of the Evacuation Sign Layout for Exhibition Halls

Three common exhibition hall booth layout forms [49], namely, row (scenario 1), free
style (scenario 2), and mixed style (scenario 3), were selected for the optimized design of the
evacuation signage layout. Assuming that the height of the evacuation signage was unified
at hip = 5 m, the height of the booths was unified as i, = 3.5 m, and the visibility range of the
evacuation signage was set at r = 15 m. The layout optimization scheme of the evacuation
signage was obtained for the different booth arrangements in the exhibition hall. Under
the premise of ensuring that the visibility range of the evacuation signage could completely
cover the passage of the exhibition hall, it was found from Figures 12-14 that in the same
exhibition hall, different forms of booth layouts would cause differences in the layout of



ISPRS Int. ]. Geo-Inf. 2021, 10, 806 13 of 20

the evacuation signage, and the location and quantity of the evacuation signs would be
different. A comparison of the three booth layout scenarios showed that evacuation signs
are more often set at intersections. However, compared with scenarios 2 and 3, scenario 1
had a limited visibility range of one single evacuation sign due to the long length of the
booth, so it was necessary to add evacuation signs in the middle of the passage to ensure
the continuity of sight lines (Table 1).

600

] [ ]15:30-15:45
5004 [ ]14:45-15:00
_ 147 [ ]11:15-11:30
g [ 110:30-10:45
2 400
S
e 150
=5
3 300
(=9
2
5 52
£ 200+ 100 70
£ 7
| 57 50
100 H 70 43
55
153 -
50 65 2
0 T T T T
D1 D2 D3 D4
Direction

Figure 11. Number of people moving in the four directions in the exhibition hall.
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Figure 12. Scheme of the evacuation signage layout under exhibition hall arrangement scenario 1. (a) Exhibition hall booth
layout; (b) evacuation signage candidate positions; (c) optimal evacuation signage layout.
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Table 1. Comparison of three scenarios in different exhibition hall booth layout.

Type Scenario 1 Scenario 2 Scenario 3
The area that can be cqveref:l by the V;s1b1hty range of 5000 5314 5230
evacuation signs, S (m~)
Candidate positions, N (pcs) 162 139 134
Actual number of evacuation signs, Ny (pcs) 53 38 38

4.3. Verification of the Evacuation via Simulation

To verify the contribution of the optimized evacuation signage layout results to evacu-
ation, the efficiency of evacuation was simulated and verified using Anylogic software (The
AnyLogic Company, St. Petersburg, Russia) [50], in which the smart agent in AnyLogic
enables an effective connection between evacuation signage and people’s evacuation be-
havior. The simulation was used primarily for verifying the effectiveness of the evacuation
signage layout optimization, so the type of people was simplified, with 50% of men and
50% of women randomly distributed in the exhibition hall [43]. The evacuation speed
was set to 1.2-1.6 m/s for men and 1-1.4 m/s for women [8,51]. The effectiveness of the
evacuation signage in scenarios 1-3 was verified by using a typical simulation result of
8000 people in the simulation as an example.

There were two main types of evacuation behavior in the exhibition hall. One was
that people chose to evacuate without identifying evacuation signage. These people chose
the most familiar path or evacuated in the direction of where they entered or followed
others to evacuate due to stress and the neighbor behavior effect [52]. The other style of
evacuation was that people evacuated by identifying the evacuation signage [20]. It was
assumed that within the visibility range of the evacuation signage, the probability that
people could identify the signage guidance information was 50% [44], and once the signage
was identified by people, they would follow the information conveyed by the signage to
choose the best path to evacuate. Additionally, according to Section 4.1, the familiarity of
people with the entrances was 45% for direction 1, 20% for each of the directions 2 and 3,
and 15% for direction 4. It was also important to note that this simulation did not consider
the effect of smoke on the evacuation [53].

4.3.1. Evacuation Time

Figure 15 is based on ten simulations of the same scenario. It shows that after the layout
optimization of the evacuation signage, the evacuation signage improved the evacuation
efficiency, and the visibility coverage of the evacuation signage was increased through
location optimization. The evacuation time before and after the layout design of scenario
1 was 847 s and 746 s, respectively, which was improved by 13.5%. The evacuation time
before and after the layout design of scenario 2 was 809 s and 719 s, respectively, which
was improved by 11.1%, and the evacuation time before and after the layout design of
scenario 3 was 707 s and 627 s, respectively, which was improved by 11.3%. The design of
the evacuation signage layout effectively solved the contradiction between the evacuation
signage layout and booth arrangement in the exhibition hall. When the exhibition hall
encounters an emergency, the design of the evacuation signage layout can cover all areas
of evacuation passages in the exhibition hall and effectively guide evacuees to choose the
shortest evacuation path and the nearest safety exit. This will improve the evacuation
efficiency in the exhibition hall.

4.3.2. Utilization of Safety Exits

The layout of the evacuation signage played a diversion role in the evacuation. The
existing layout of the evacuation signage was only set above the safety exits and not inside
the exhibition hall, so the signs could only be identified within the visibility range of
the evacuation signage near the safety exits. When encountering an emergency, people
evacuate according to the guidance of the evacuation signage, which helps to ensure the
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continuity of the evacuation process. When the layout of evacuation signage was not
optimized, people tended to choose their most familiar path or evacuate in the direction of
the entrance because they were not within the visibility range of the evacuation signage and
lacked the guidance of evacuation information. Hence, their evacuation process reflected

the blind or intermittent characteristics.
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Figure 15. Number of people remaining in the exhibition hall in the different scenarios.

People will choose the nearest safety exit to evacuate according to the guidance of the
evacuation signage, spreading the evacuation pressure of the original single exit to other
exits, especially to safety exits 2-7 in direction 2 and safety exits 9-14 in direction 3. It was
obvious that the number of evacuees in the four directions was balanced, which demon-
strated that the layout of the evacuation signage improved the unbalanced utilization of
safety exits and reduced the possibility of secondary hazards such as stampeding due to
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the high density of people (Figure 16, Figure 17, and Figure 18).
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By comparing the evacuation simulation under the signage layouts in different booth
layout scenarios, it was found that, after the smart design of evacuation signage layout,
both the evacuation efficiency and exit utilization rate were effectively improved.

5. Conclusions

Considering the contradiction between the variations in the exhibition booth arrange-
ment and the lack of flexibility in the evacuation signage layout in exhibition buildings, the
smart design method of evacuation signage layout proposed in this paper fully considers
the mutual relationship between exhibition hall space and people’s evacuation behavior. In
addition, it obtains the best location and quantity of evacuation signs in real time according
to the different scenarios of exhibition hall booth arrangements without changing the exist-
ing exhibition hall structure, facilities, and booth arrangements. Additionally, this method
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works with the design strategy and smart evacuation signage devices to help people accu-
rately find the safety exit location to avoid crowding and high density, thereby improving
the evacuation efficiency. This method is simple to operate and easy to implement. By
inputting relevant data, such as exhibition hall booth layout, the evacuation signage height,
and the visibility range radius, the best evacuation signage layout optimization can be
automatically and efficiently generated. This provides effective guidance and help for
designers and exhibition hall managers for signage layout design, which is conducive to
efficient evacuation signage layout design.

Although the application method of smart design for evacuation signage is consistent,
this study primarily focused on rectangular exhibition halls, but it will be supplemented
in future research by special shapes, such as uncommonly shaped and curved exhibition
halls. This paper only used exhibition halls as the research object, and subsequent research
should focus on other functional spaces in exhibition buildings. In addition, the evacua-
tion signage layout of exhibition buildings is a complex systematic engineering problem.
Combining BIM and VR technology, we plan to build a real-time visualization platform for
the intelligent layout of evacuation signs, so as to complete the most efficient evacuation
signage layout system in exhibition buildings and fully ensure people’s safety.
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