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1. Introduction

Evacuation research is an increasingly critical field, attracting considerable attention from
both scholars and policymakers. This growing interest reflects the evolving dynamics of
modern society, particularly the complexities of expanding urban environments that present
new challenges for emergency management (Perry and Lindell, 2003; Kapucu, 2008). The
urgency of efficient evacuation strategies has been underscored by natural disasters,
industrial accidents, and unforeseen crises such as pandemics. In this context, the science
of evacuating populations safely and efficiently has become more vital than ever.

The present study seeks to advance our understanding of evacuation research by providing
a comprehensive overview of the field. However, what sets our approach apart is its
emphasis on exploring evacuation dynamics through the lens of symmetry and asymmetry.
This distinctive perspective uncovers deeper insights into evacuation behaviors, patterns,
and underlying factors that may have been overlooked by traditional studies (Che et al.,
2015). While symmetry and asymmetry are often examined in other scientific disciplines,
their application to evacuation research is uniquely significant. Evacuation is not simply
the movement of individuals out of a space in a uniform manner; it involves a complex
interplay of factors such as information asymmetry, the geometry of the evacuation
environment, and the varied behaviors exhibited by evacuees themselves. Understanding
these elements is crucial for optimizing evacuation strategies and improving their
effectiveness across diverse real-world scenarios (Cotfas et al., 2023; Delcea et al., 2020).
To investigate this topic, we have employed a bibliometric approach - an increasingly
valuable tool for analyzing the evolution of research fields. Bibliometric analysis allows us
to trace the trajectory of evacuation research by examining key trends, influential authors,
institutions, and journals, while also identifying shifts in terminology and conceptual focus
(Delcea et al., 2023). Bibliometrics, with its inherent capabilities, offers valuable insights
into key stakeholders, academic institution affiliations, influential publications, and leading
journals in the field, while also highlighting common terminologies and their frequencies
of'use (Li et al., 2020; Lopez Belmonte et al., 2020; Lou and Hung, 2023).

Our study draws upon the ISI Web of Science database, covering a period of more than
two decades (2000-2023), and focuses specifically on publications related to evacuation
that integrate symmetry and asymmetry elements. By leveraging this method, we can
provide a detailed and nuanced view of how these elements have shaped the field. Our
analysis reveals a compelling narrative, demonstrating a steady and substantial interest in
evacuation research that incorporates symmetry and asymmetry. Notably, the data reveals
an 8.1% annual growth rate in publications related to this niche, indicating the increasing
recognition of its importance. This growth not only reflects the growing body of literature
but also suggests that this unique angle is resonating with scholars and practitioners alike.
Beyond quantitative analysis, our study provides an in-depth exploration of emerging
trends, crucial keywords, and evolving research trajectories. By examining author
collaboration networks, academic affiliations, and the global distribution of research, we
offer new insights into how evacuation modeling, with a focus on symmetry and
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asymmetry, is being applied worldwide. Additionally, our use of advanced computational
techniques, such as n-gram analysis of titles, keywords, abstracts, and keyword-plus fields,
reveals the diverse applications of these concepts within the evacuation domain.

The findings from our study significantly contribute to the broader discourse on evacuation
research by integrating computational and bibliometric methods to investigate a previously
underexplored dimension of the field. The study not only highlights the continued
relevance of symmetry and asymmetry in evacuation scenarios but also offers a
comprehensive review of globally cited documents, positioning our approach as a unique
and valuable addition to existing literature.

2. Materials and Methods

For extracting the publications discussing the symmetry / asymmetry aspects to the field of
evacuation, the Web of Science platform (WoS platform) was employed. The data
collection is only applicable to papers published until the end of 2023. The bibliometric
analysis has been conducted in accordance with the most recent works from the field which
have considered the same analysis technique, but on a different topic — please consider the
following works for similar bibliometric analysis on various topics (Gorski et al., 2023;
Stefanis et al., 2023; Delcea and Cotfas, 2023; Fatma and Haleem, 2023). As suggested by
Marin-Rodriguez et al. (Marin-Rodriguez et al., 2023), the bibliometric analysis
incorporates two main parts: de identification of the dataset of articles from the evacuation
area that take into account elements related to symmetry/asymmetry along with other
elements that might derive from modeling such a complex situation (e.g. the occurrence of
obstacles, evacuating with a friend, elevated floors, etc.), and the analysis of the extracted
dataset. A similar approach is conducted by Anac et al. (Anag et al., 2023).

Regarding the first part related to dataset extraction, a search action carried out on the WoS
platform using a list of keywords that includes "evacuation" words like "evacuation" and
"evacuations" as well as "symmetry"-related words like "symmetry", "asymmetry",
"symmetric" and "asymmetric" on the papers' title, abstract, and keywords. This search is
represented in the exploration steps 1 through 3 presented in Table 1. This method was
chosen since a straightforward search using only the key words "evacuation" and
"symmetry" would have produced a significant number of publications, the majority of
which would not have been relevant to the chosen research area. This problem is brought
about by the widespread use of the word "evacuation" and “symmetry” in several areas
covered in scientific studies. As a result, 14 papers were identified as having both the
searched keywords in the title, 202 papers had both the searched keywords in the abstract,
and 9 papers in the keywords - Table 1. When searching for only one of the selected words,
the result of the query amounts to a much larger number of papers, finding thousands more
than when using both the keywords. A merging operation was performed in step 4 to create
a total of 206 papers on evacuation research containing “symmetry” related words, because
most of the papers contained the chosen keywords in more than one of the three sections
of the article (title, abstract, or keywords).
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Based on the language requirement, which specifies that the articles need to be written in
English, 198 of these papers have been kept for analysis (please see step 5). Since most
readers and researchers can easily understand English, this exclusion criterion has been
used to eliminate papers written in languages other than English. Another exclusion
criterion has been the document type. Only the papers designated as articles were kept for
analysis. This action has the effect of bringing the number of papers down to 166 (step 6).
Further, another exclusion criterion has been used (step 8) for the 162 papers. The
publications that only discuss the subjects of evacuation were chosen based on this final
criterion. The papers were chosen manually by reading their titles, abstracts, and keywords
because the action couldn't be completed using the filtering tools provided by the WoS
platform and we have observed that some of the papers included in the database, even
though feature the use of evacuation specific keyword and symmetry / asymmetry specific
keywords were not referring to the crowd evacuation but rather to other fields of study such
as chemistry, biology or medicine (e.g. the gas particles evacuation). A total of 46 papers
were retained for examination because of this action, and the results are reviewed and
examined in the sections that follow. Table 1 contains a list of the procedures required to
extract the papers.

Table 1. Queries used for extracting the database

EXPSI; r::on Quesh(s)r;;:geWeb of Description Query ngl:l:z r Count
Contains ivacuatlon specific (TI=(evacuation)) OR TI=(evacuations) #1 10,204
eyword
1 Title Contains one of the symmetry / | (((TI=(symmetry)) OR TI=(asymmetry)) OR 4  |274610
asymmetry specific keywords Tl=(symmetric)) OR TI=(asymmetric) '
Contains #1 and #2 #2 AND #1 #3 14
Contains i"eaycv‘v‘j:g’" SPeciic | (aB=(evacuation)) OR AB=(evacuations) | #4 | 31,079
2 Abstract Contains one of the symmetry / ((((AB=(symmetry)) OR AB=(asymmetry)) OR 45 |933.461
asymmetry specific keywords AB=(symmetric)) OR AB=(asymmetric) '
Contains #4 and #5 #4 AND #5 #6 202
Contains igﬁg:&on specific (AK=(evacuation)) OR AK=(evacuations) #7 7370
3 Keywords Contains one of the symmetry / ((((AK=(symmetry)) OR AK=(asymmetry)) OR 48 |151840
asymmetry specific keywords AK=(symmetric)) OR AK=(asymmetric) '
Contains #7 and #8 #7 AND #8 #9 9
Contains evacuation specific
4 Tit}lf/ Abstract/ keyword and one of the . #3 OR #6 OR #9 #10 206
eywords symmetry / asymmetry specific
keywords
5 Language Limit to English (#10) AND LA=(English) #11 198
6 Document Type Limit to Article (#11) AND DT=(Article) #12 166
7 Publication year Limit to 2023 (#12) NOT PY=(2024) #13 162
Select the papers | Limit to the papers dealing with
8 discussing evacuation |  evacuation and discussing Manually selected papers based on titles #14 46
and symmetry / aspects related to symmetry or and abstracts
asymmetry aspects asymmetry

For the dataset overview, a series of indicators have been discussed in accordance to other
papers which have used the same analysis approach: the number of sources, papers’ annual
growth rate, number of authors, number of authors of single-authored document, co-authors
per document, international co-authorship rate, number of authors’ keywords, the average
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years from publication, the average number of citations per document, the average citations
per year per document, the number of references — all these on the purpose of having an
overview over the selected papers. Sources analysis provides information related to the
most relevant journals in terms of number of articles related to symmetry/asymmetry
aspects, along with the sources located in the top peer according to Bradford’s law, the
most relevant journals form the point of view of H-index, and the growth of the number of
papers for the top-ranked journals over time. Authors’ analysis depicts the most prominent
authors from both the number of authored papers and number of citations, discuss their
affiliations, and their residence countries. Also, in this analysis a collaboration network is
identified and discussed, along with the clusters of authors.

Papers analysis provides the list of top 10 most cited papers, along with their main
indicators (total citations, total citations per year, normalized total citations per year
indicator). In this analysis, a review of the top 5 most cited papers is provided along with
information related to the main elements discussed in the paper, the type of data used, and
theories considered. Besides these elements, a review of the symmetry / asymmetry
elements is provided for all the papers included in the dataset. Words analysis discusses the
top 10 n-grams (unigrams and bigrams) from various sections of the papers (e.g. title,
abstract, authors’ keywords). Based on these words and the evolution of the number of
papers, a further analysis is conducted with the purpose of extracting the main themes that
have occurred over time and their evolution. Mixed analysis connects the authors with their
countries, with the journals in which they have published, or with their affiliations and
keywords used for giving more insight on this area of research related to considering
symmetry/asymmetry elements in evacuation problems.

As discussed in the previous section, evacuation is a complex process influenced by many
different factors. In this study, we focus specifically on the role of symmetry and
asymmetry in evacuation research. These aspects are particularly important because they
can significantly affect the safety and efficiency of the evacuation process. By considering
such factors, researchers can develop models that more accurately reflect real-world
evacuation dynamics. A review of the selected literature also shows that many authors
emphasize the importance of incorporating symmetry and asymmetry considerations when
analyzing evacuation scenarios.

Bibliographic analysis, content analysis, visualization, and citation analysis have all been
used to examine the data. Through the usage of the Biblioshiny program created by Aria
and Cuccurullo from the Federico II University and University of Campania Luigi
Vanvitelli, several visualizations have been carried out (Aria and Cuccurullo, 2017). This
software was chosen as it offers a number of visually appealing graphics that demonstrate
the links between the items under consideration. From a methodological point of view, the
Bibliometrix package has been loaded in the RStudio console window using the
biblioshiny( ) command. However, the program has recently been used in numerous
research projects that suggest author networks and paper analyses (Delcea and Cotfas,
2023; Zardari et al., 2023; Marin-Rodriguez et al., 2023).
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3. Dataset Analysis

The following section includes a discussion that includes authors, sources and citations for
the extracted publications in the field of evacuation.

3.1. Dataset Overview

Table 2 provides the values for a set of variables and describe the characteristics of the data
set made up of the 46 publications. The time period for the papers that have been published
is 2000 to 2023, and the journals that the articles have been published in total 30 sources. Due
to the low value for the average years from publication indicator, which is equal to 6.15 years,
the majority of the publications included in the dataset are recent papers. According to the
information in Table 2, the published articles have attracted more attention from the scientific
community, as evidenced by an average of 21.89 citations per document.

Table 2. Main information about data

Indicator Value
Timespan 2000:2023
Sources 30
Documents 46
Annual growth rate 8.1%
Authors 149
Authors of single-authored docs 3
Co-authors per document 3.52
International co-authorship 23.91%
Author’s keywords 174
Average years from publication 6.15
Average citations per documents 21.89
References 1741

The annual scientific production has shown an increase in the number of papers, with an
annual growth rate of 8.1%. This can be seen in Figure 1, reaching a number of 46,
respectively 6 articles in year 2023. The first major spike was recorded in 2015, growing
from 1 article per year, to a number of 5.

Figure 1. Annual scientific production evolution
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The evolution of the average value of article citations has been between 3.7 and 4.95 since
2005, varying from year to year, indicating a good visibility of papers written in the field
of evacuation research. Almost null values were recorded between 2000-2005. The year in
which most references were made is 2012, when it reached a value of 19.46, a significant
difference from other years (Figure 2).

Figure 2. Annual average article citations per year evolution
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When using “keywords plus” in our analysis, we have reached a value of identified words
(a number of 150) relatively lower than when using the authors’ keywords, (174
occurrences). A total of 149 researchers have been uniquely identified. It can be said that
the collaboration network among the authors of the papers written in the evacuation
research area is predicted to be dense because the number of authors of single-authored
documents is quite low in comparison to the number of extracted documents (3 versus 146).
The fact that there is a comparable number of authors on multi-authored publications than
there are overall (146 versus 149).

Table 3 presents key indicators of author collaboration within the scope of this study. The
data reveals that out of the documents analyzed, only three were authored by a single
individual, indicating a prevalent culture of collaboration in this research domain. On
average, each author contributed to approximately 0.307 documents, highlighting the
widespread involvement of multiple authors in each publication. Furthermore, the
documents in the dataset had an average of 3.239 authors, showcasing the cooperative
nature of scholarly work in the field. With an average of 3.52 co-authors per document, it's
evident that many papers were the result of collective efforts. The collaboration index,
calculated at 3.395, underscores the degree of cooperation among authors, emphasizing the
importance of teamwork and shared expertise in advancing the study of evacuation
incorporating symmetry/asymmetry elements.
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Table 3. Authors collaboration

Indicator Value
Single-authored documents 3
Documents per author 0.307
Authors per document 3.239
Co-authors per documents 3.52
Collaboration index 3.395

3.2. Sources

When looking at the most relevant publications where the chosen papers have been
published, it is clear that the journal “Physica A-Statistical Mechanics and its
Applications”, with 8 papers, is the top spot. Places second and third are close to each other,
each having 4 and 3 papers published in the following journals: “Symmetry-Basel”, and
“Safety Science”. The following place is held by three journals, each having 2 of the
selected articles (“Applied Mathematics and Computation”, “Transportation Research Part
C-Emerging Technologies” and “Chinese Physics B”). This ranking can be seen as a
graphical interpretation in Figure 3.

Figure 3. Top 6 most relevant journals
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When applied to the chosen paper, Bradford's law places a total of four sources (“Physica
A-Statistical Mechanics and its Applications”, “Symmetry Basel”, “Safety Science” and
“Applied Mathematics and Computation”) in zone 1 - please refer to Figure 4. The image
illustrates the concept of "Core Sources" as defined by Bradford's Law, a principle in
bibliometrics that describes the distribution of relevant literature across journals. The graph
plots the number of articles against the logarithmic rank of sources, highlighting a steep
decline in the number of articles as the rank increases. The shaded region represents the
"Core Sources," which are a small subset of journals that publish the majority of relevant
articles in a given field. This visualization underscores the idea that a few key journals
dominate the dissemination of significant research, with diminishing returns observed in
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journals of lower rank. The graph effectively demonstrates the concentration of scholarly
output, emphasizing the importance of identifying and focusing on these core sources for
comprehensive literature reviews.

Figure 4. Bradford's law on source clustering
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The H-index statistics have also been used to analyze the impact of the journals. This index,
as known, is a measurement of the proportion of a journal's papers that have received H or
more citations overall. Regarding the chosen articles, the journal “Physica A-Statistical
Mechanics and its Applications” receives the greatest H-index score, with 6 works in the
field of evacuation research, having received at least 6 citations (please see Figure 5). With
H-index values ranging from 2 to 6, the journals designated as zone 1 according to
Bradford's law are among the best (“Symmetry” and “Safety Science”).

Figure 5. Journals' impact based on H-index
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3.3. Authors

In the evacuation research field, the authors with the most prominent activity based on the
number of published articles in this area can be seen in Figure 6. The author with the largest
number of articles published in this research area is Sarvi M, counting 3 documents. Authors
with fewer documents are Cirillo ENM, Fu ZJ, Haghani M, Lian LP, Muntean A, Shahhoseini
Z, Shao CF, Song WG and Yang L.Z, all having a number of 2 articles per author.

Figure 6. Top-10 authors based on number of documents
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As for the most recent papers, the top 10 most prolific authors in terms of the number of
documents they have published can be seen in Figure 7. Most of the articles have been
published after 2018. Each dot signifies a published article, with the size of the dots
corresponding to the number of articles produced in a given year. The brown horizontal
lines indicate the span of an author's contributions over time. Additionally, the color
intensity of the dots reflects the total citations per year, with darker shades indicating higher
citation impact. Notably, Sarvi M and Cirillo ENM exhibit high-impact contributions, as
indicated by the larger, darker blue dots around 2018. The graph provides insights into both
the longevity and citation influence of key researchers in this domain.

Figure 7. Top-10 authors' production over time
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A map of global visualization makes it simple to see how each nation has contributed. The
scientific contribution made by each author to the papers under consideration based on their
home country is shown in Figure 8. The figure's colors are varied. From dark blue, denoting
a significant contribution, as in the case of China, to grey, denoting a lack of publications
in the fields of evacuation research. As a result of the trend established by scientific
production, it can be seen that China has received 409 citations for the publications, which
is the most of any nation. The following nation is USA with 274 citations, followed by
Australia in close third with 227 citations.

Figure 8. Scientific production based on country

Country Scientific Production

In Figure 9 are presented the collaboration networks of the top 50 authors for the selected
papers used in this study. This network visualization represents collaborative relationships
among authors in the field of evacuation research involving symmetry and asymmetry.
Each node corresponds to an author, with larger nodes indicating higher publication output
and thicker connecting lines representing stronger co-authorship ties. The different colors
signify distinct research clusters, highlighting groups of authors who frequently
collaborate. Notably, Sarvi M, Cirillo ENM, and Muntean A form a tightly connected group
(green), while Lian LP and Song WG (orange) also exhibit strong collaboration. Similarly,
Fu ZJ (red) appears as a central figure in another major research cluster. This visualization
provides insights into the structure of academic collaborations, identifying key contributors
and research communities within the field.
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Figure 9. Top 50 authors collaboration network
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3.4. Analysis of Literature

In this part, we have chosen the top ten publications that have received the most citations
and examined them from the perspective of the data that accompanied the papers.

3.4.1. Top 10 Most Cited Papers — Overview

Table 4 provides detailed information about the top ten most cited articles in the world,
including the article's number of authors, area, total citations (TC), total citations per year
(TCY), and normalized TC (NTC), which describes the number of citations for each author
who cites the document.

Table 4. Top 10 most global cited documents

No Paper Number of Region ci;ra(:itz:\s cita;li-g;asl per Normalized
(First Author, Year, Journal, Reference) authors (TC) year (TCY) TC (NTC)
1 Weina Ge., 2012, I!EEE Transactions on Pattern Analysis 3 USA 253 19.46 100
land Machine Intelligence
Zhao Daoliang, Yang Lizhong, 2006, Physica A: )
2 Statistical Mechanics and its Applications 3 China 94 4.95 1.00
3 |Nirajan Shiwakoti, 2017, Safety Science 4 Australia 69 8.63 1.93
4 |Milad Haghani, 2020, Safety Science 1 Australia 64 12.8 3.37
Ren-Yong Guo, 2008, .
5 Journal of Physics A: Mathematical and Theoretical 2 China 63 3 1.00
6 Z'ahra Shahho_selnl, 2019, Transportation Research Part 9 Australia 45 750 157
B: Methodological
7 |Yue Hao, 2014, Chinese Physics B 4 China 37 3.36 1.00
8 Yue lHa<_), 2011, Physica A: Statistical Mechanics and its 4 China 37 264 1.00
Applications
9 Huang nge, 2016, Applied Mathematics and 4 China 37 463 103
Computation
10 [Milad Haghani, 2019, Safety Science 2 Australia 35 5.83 1.22
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3.4.2. Top 5 Most Cited Papers — Review

The top ten most cited papers are reviewed briefly in the sections that follow, along with a
brief synopsis of each work.

In the most cited article, "Vision-based Analysis of Small Groups in Pedestrian Crowds"
by Weina Ge, Robert T. Collins, and R. Barry Ruback (Weina Ge et al., 2012), the authors
introduce an innovative approach to automatically detect small groups within pedestrian
crowds using state-of-the-art algorithms for pedestrian detection and multi-object tracking.
Their method, based on hierarchical clustering and a generalized Hausdorff distance,
demonstrates substantial statistical agreement with human-perceived group structures,
providing a novel methodology for empirical studies of social behavior. This research not
only advances the field of computer vision but also offers practical applications in crowd
management, evacuation planning, and crowd simulation, with potential extensions
exploring diverse social events and the incorporation of spatial group configurations into
tracking algorithms.

The second raking article "Exit Dynamics of Occupant Evacuation in an Emergency" by
Zhao Daoliang, Yang Lizhong, and Li Jian (Daoliang et al., 2006) presents a two-
dimensional Cellular Automata model to simulate occupant evacuation dynamics. The
study offers valuable insights into exit design for safety, emphasizing the importance of
exit width exceeding a critical value and door separation being neither too small nor too
large. It highlights that increasing exit width improves overall evacuation flow, and the
optimal door separation remains consistent regardless of exit width. Additionally, the study
underscores the importance of symmetry in exit layout for optimal performance in building
design. Overall, this research contributes to a better understanding of occupant evacuation
dynamics and provides guidance for performance-based building design considerations.

In the article "Likely Behaviors of Passengers Under Emergency Evacuation in Train
Stations" by Nirajan Shiwakoti, Richard Tay, Peter Stasinopoulos, and Peter Jarrod
Woolley (Shiwakoti et al., 2017), the authors investigate various aspects of passenger
behavior during emergency evacuations in train stations. Through a survey of 1134 train
passengers, the study reveals that passengers exhibit diverse behaviors, with a tendency
toward reactive responses (waiting for instructions) rather than proactive ones (moving to
exit independently) during emergencies. Furthermore, cooperative behavior (helping
others) is more common than competitive behavior (pushing others), and while some
symmetry-breaking behavior is observed (following others), it's not as pronounced as
previous mathematical models assumed. Passengers also tend to avoid using escalators,
lifts, and train tunnels during evacuations. The findings contribute valuable insights for
developing mathematical models, emergency response strategies, training programs, and
design solutions to enhance evacuation effectiveness in train stations. Overall, this research
provides crucial insights into passenger behavior during emergency situations, particularly
within complex and confined transport hubs.

In the article "Empirical Methods in Pedestrian, Crowd, and Evacuation Dynamics: Part 11
- Field Methods and Controversial Topics" by Milad Haghani (Haghani, 2020), the author
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provides a comprehensive review of field data collection methods in pedestrian dynamics
from April 2017 to July 2019. The article discusses the increasing popularity of field
observations in natural settings for calibrating and validating simulation models.
Additionally, the review identifies nine controversial topics in crowd dynamics, shedding
light on recent experiments that challenge long-held assumptions. This article, notable for
being single-authored, underscores the rapid growth in the field of pedestrian and
evacuation dynamics, reflecting the expanding interest and research efforts in this area. It
sets the stage for further investigation into and clarification of the inconsistencies
surrounding these controversial topics in the years to come.

The fifth article "A Modified Floor Field Cellular Automata Model for Pedestrian
Evacuation Simulation" by Ren-Yong Guo and Hai-Jun Huang (Guo and Huang, 2008)
introduces an innovative approach to simulate pedestrian evacuations in high-density
crowds. The authors address the asymmetric, accumulative, and transferable nature of
pedestrian interactions by discretizing the evacuation space into smaller cells and
considering individual inertia and forces imposed on others. Through numerical
simulations, they explore the effects of pedestrian movement styles and model parameters
on evacuation efficiency. The results reveal that unorganized movements and stronger push
and bump interactions among pedestrians increase evacuation times. The modified model
outperforms the original floor field model in terms of evacuation time, offering flexibility
in adjusting parameters to match real-world scenarios. This research represents a promising
development in understanding and optimizing pedestrian evacuation processes in various
contexts, including buildings with multiple obstacles and multiple exits.

Table S provides information related to the elements considered from the evacuation
research field, the type of data used in the analysis, the main purpose of the paper, the
presence of a theoretical and/or practical application of the methodology, and the
presence/absence of a hybrid approach, along with the name of the paper and a brief
description based on the first author's name.

Table 5. Brief summary of the content of top 5 most global cited documents

Paper (First Author, . .
No. Year, Journal, Title Main elements Data Purpose Hybrid approa ch / Theories
considered
Reference)
Weina Ge, 2012, IEEE | VisionBased | oo Automatically | AIOOHmS fordetectig
Transactions on Pattern | Analysis of Small 9 ) detection of small | P L +-0D)
1 . . . . tracking Field data s tracking; hierarchical
Analysis and Machine |Groups in Pedestrian| . .~ groups within o )
. individuals X clustering; generalized
Intelligence Crowds pedestrian crowds .
Hausdorff distance
Zhao Daoliang, Yang . . Simulation of
Lizhong, 2006, Physica Exit dynamics o_f Exit design Synthetic occupant
2 | A ararar .| occupant evacuation ) Cellular Automata model
A: Statistical Mechanics | safety data evacuation
; I in an emergency )
and its Applications dynamics
Investigation of
Likely behaviors of various aspects of
; Nirajan Shiwakoti, 2017, passengers under Analyzing , s . Easlsendqer
Safety Science emergency passengers urvey ehavior during -
evacuation in train behaviors emergency
station evacuations in
train stations
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Paper (First Author, . .
No. Year, Journal, Title Main elements Data Purpose Hybrid approa ch / Theories
Reference) considered
Milad Haghani, 2020, and evacuation Review of ﬂ.e d ) data coIIectllon
4 . o~ data collection | Field data methods in -
Safety Science dynamics: Part 1. ;
. methods pedestrian
Field methods and p )
: . ynamics
controversial topics
Discretization of
the evacuation
Ren-Yong Guo, 2008, |A modified floor field | _SPace 0 Simulation of
S smaller cells; . pedestrian
Journal of Physics A: | cellular automata . ) Synthetic o o .
5 . .| consideration of evacuations in Numerical simulations
Mathematical and model for pedestrian individual inertia data high-densit
Theoretical levacuation simulation g y
and forces crowds
imposed on
others

3.4.3. Symmetric/Asymmetric Elements Overview

In the context of articles pertaining to evacuation, an analysis of the inherent symmetry and
asymmetry attributes within the selected papers has been conducted, with a focus on
discerning the primary elements thereof. The outcomes of this scrutiny have been
succinctly synthesized and are presented in Table 8. Upon initial inspection, it becomes
evident that a substantial majority of the included articles emphasize the examination and
discourse surrounding asymmetry considerations, with 33 out of the 40 papers explicitly
addressing and delving into the subject of "asymmetry" in relation to the evacuation
process. In contrast, a comparatively lesser proportion, specifically 16 out of the 40 papers,
engage in discussions revolving around "symmetry"-related issues in the context of
evacuations. Consequently, there emerges a subset of 9 papers that undertake a
comprehensive examination of evacuation dynamics, concurrently exploring both
symmetry and asymmetry facets.

Based on the categories presented in the final column of Table 6, three main themes emerge
in the discussion of symmetry and asymmetry within evacuation research. The first and
most common theme, addressed in 17 of the 40 selected papers, focuses on the symmetry
or asymmetry of exit designs and layout configurations. Another important topic, explored
in 8 papers, relates to the presence or absence of symmetry in evacuee behavior, including
symmetry-breaking phenomena during evacuations. In addition, 6 papers examine the role
of symmetric and asymmetric information in evacuation scenarios. Furthermore, within the
remaining subset of papers, several distinctive and individualized themes are discerned.
These include discussions on topics such as the utilization of Hausdorff distance as a means
to simulate evacuation behavior, the occurrence of asymmetric flow patterns, and the
assumption of asymmetric weight distributions within the simulation models, among
others. For further elaboration on these specific themes, please refer to Table 6.
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Table 6. Summary of the symmetry/asymmetry content of the selected articles included in the analysis

Paper (First Author, Year, Journal,

Symmetry /

Considered Symmetry / Asymmetry Elements and Brief

Applications

No. Asymmetry Elements .
Reference) Explanation
Symmetry [Asymmetry|
Weina Ge, 2012, IEEE Transactions on Small Groups in Pedestrian Crowds are discovered by bottom-
1 Pattern Analysis and Machine v up hierarchical clustering using a generalized Symmetric
Intelligence Hausdorff distance.
Zhao Daoliang,Yang Lizhong, 2006,
2 | Physica A: Statistical Mechanics and its v The exits’ layouts are considered symmetrical.
Applications
Trains passengers’ behaviors considering various aspects,
3 | Nirajan Shiwakoti, 2017, Safety Science v v including symmetry breaking behavior, such as following other
' ' passengers, or symmetry behavior such as choose least
crowded exit.
4 | Milad Haghani, 2020, Safety Science v Controversial topics discussion, including the symmetry
' ' breaking phenomenon
5 | Journal o?li?yYs?Qs? /S L;v(l)ét%]%?r?étical and v Pedestrian evacuation con_si(jering a high-density crowd
Theorétical asymmetric interaction.
6 Zahra Shahhoseini, 2019, Transportation v v Experimental scenarios for pedestrian crowd flows in shared
Research Part B: Methodological spaces with symmetric and non-symmetric layouts.
7 Yue Hao, 2014, Chinese Physics B v Exit selection in pedestrian evacuation is made by taking into
' ' account the asymmetry of exits or of pedestrian layout.
8 Yue Hao, 2011, Physica A: Statistical v Pedestrian evacuation simulations for a room with asymmetrical
Mechanics and its Applications exit layout.
9 Huang Keke, 2016, Applied Mathematics| v v Pedestrian evacuation from a room with symmetrically located
and Computation exits; the occurrence of a symmetry breaking behavior.
10 | Milad Haghani, 2019, Safety Science v Symmetry breaking is observed in less substantial degrees of
' ' information uncertainty situations.
1" Zhijian Fu, 2013, Physica A: Statistical v A cellular automata model, as an extension to the Asymmetric
Mechanics and its Applications Simple Exclusion Process is considered.
12 Sgltjgt?syi\(lzzﬁ\’/’lezcorjaer;ifshﬁg?t:. v Ants demonstrate a symmetry breaking behavior when
Applications confronted with a stressful situation.
. . . The use of spherocylindrical particles in evacuation simulation
13 | Hidalgo Re, 2017, Physical Review E v rather than the traditional symmetric disks.
14 Tomgfazﬁfﬁvgdﬁﬂac’hﬁfg ::gslt'ga A v Rooms with differgnt asymmetrie_s are considered when
Applications building the evacuation model.
15 Yuan-Kai Chung, 2017, Plos One v Symmetry breaking study by considering heat-induced platform
' ' and ants.
16 Li Wang, 202%@%22;;38 & Indusfrial v Information asymmetry in evacuation planning.
Zahra Shahhoseini Z, 2018,
17 Transportation Research Record: v v Symmetric layouts outperform the asymmetric counterparts in
Journal of the Transportation Research evacuation process.
Board
. . Asymmetry in the positioning of the obstacles with respect to
18 Alesshigg;?sglsge&z,tﬁggf}nM:Ft)l;ﬁ? datlcal v v the center of the corridor and a variation of simple symmetric
Sciences random walk on the considered square lattice in the case of
confined and darkened spaces.
19 Jonatan Gehandler, 2015, Fire v The one-dimensional symmetry of a tunnel in evacuation
Technology situation.
20 | Xiaodong Che, 2015, Visual Computer v Information asymmetry in evaluating evacuation plan.
271 Mag\évsz;%hzgr?g r;rrlnsg%?:;lon v The inclusion of an optiqnal symn_1etry assumption in
Technoloéies evacuation planning.
Huan-huan Tian, 2018, Physica A: A . . , .
2 Statistical Mechanics and its v symmetric rules for changing evacuees’ strategies are

considered.
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’ Symmetry / . .
No. Paper (First Author, Year, Journal, Asymmetry Elements Considered Symmetry / Asymrpetry Elements and Brief
Reference) Explanation
Symmetry [Asymmetry|
. Symmetric and asymmetric exits’ impact on classroom and
23 |Camelia Delcea, 2020, Symmetry-Basel v v lecture halls evacuation.
Wenhan Wu, 2023, Tsinghua Science The state_ of the pgdestrlan parameters is affeycted by V|s_ual
24 v information, causing asymmetry in evacuees’ acceleration
and Technology b :
ehavior.
Rodrigo Martinez-Val, 2000, Journal of _The uneven Iongltgdlnal dlstrlbutlc_m o_f exits and Iaclklof Igﬂ to
25 Aircraft v right symmetry in airplane evacuation impacts the difficulties in
evacuation process.
Guofeng Ma, 2021, Advances in Civil An even symmetry is determined to be more efficient than an
26 - v v e -
Engineering asymmetric distribution of exits.
27 | GinoJ Lim, 2019, IISE Transactions v Demand distribution (number of actual evacuees) is symmetric.
Fenggiang Gao, 2023, Applied . . .
28 Mathematics and Computation N Asymmetric-exit evacuation is considered.
. iy ) Symmetric random walk for the passive particles; asymmetric
29 Em'I'O.NM.Cm"O’ 2020, Mathgmahcal v N (drift guiding) for the active particles in pedestrian escape from
Bioscience and Engineering
an obscure room.
30 |Razieh Khaksari, 2021, Symmetry-Basel v Asymmetric smoke propagatlon in tunnel during contraflow
traffic operations.
31 | Zhenfei Wang, 2021, Symmetry-Basel v Multi-exit symmetrical facmyes are cor)suiered for pedestrian
evacuation simulation.
Maha El-Metwally, 2015, Transportation Discussions related to crossing elimination when evacuation
32 Research Record: Journal of the v flow s a sg mmetric
Transportation Research Board Y '
Junji Urata, 2021, Transportation . . N . L
33 Research Part C: Emerging v The consideration of asymmetnc weights .Of interaction in the
. evacuation departure choice.
Technologies
Klaas Fiete Krutein, 2023, . . . .
3 Transportation Research Part E: v Introduces a highly asymmetric Isolated Community Evacuation
e . : Problem.
Logistics and Transportation Review
Rongyong Zhao, 2021, IEEE . . . . :
35 Transactions on Intelligent v Asymmetric pedestrian merging _IayOL_Jt is proposed fora T:
! shaped street junction.
Transportation Systems
3 Yan Mao, 2020, IEEE Access v Asymmetric intimacy is cqn3|dered when building the
evacuation model.
Symmetry conditions of allowed space are considered. the
37 Sikora W, 2013, Acta Physica Polonica v v times of evacuation and average presses acting on individuals
A during the evacuation are determined and compared for
situations with and without symmetry considerations.
38 | Atsuo Murata, 2023, Symmetry-Basel v Information asymmetry is con§|dered in delayed evacuation
after disaster.
39 Li'Y, 2021, Fresenius Environmental v Symmetrical inverse layout merger to the rescue path dynamic
Bulletin planning of refuge buildings.
40 Zhijian Fu, 2023, Physica A: Statistical v Cellular automaton for pedestrian dynamics when asymmetry
Mechanics and its Applications and bipedal features of rotation are considered.
4 Ming Zhang, 2023, Journal of Building v v The influence of two typical crowd flow modes are used
Engineering (symmetric split and asymmetric split)
42 | Yang-Hui Hu, 2023, Chinese Physics B v Asymmetric building and obstacles are used for simulations
43 Ken Chen, 2023, Physica A: Statistical v A symmetric flip enlargement of the sample for aisle widths is
Mechanics and its Applications used in the study
. . Large and symmetric squares used for evacuation simulations
44 Enrico Q, 2023, Heritage v v determine higher differences in evacuation indicators
45 Mengkai Liu, 2023, Fire v v A symmetric building structure is stud@d in this paper with the
asymmetry of the stairwell
Huaxian Wan, 2023, International A model for flame length of two asymmetric fires in a tunnel is
46 - v
Journal of Thermal Sciences developed
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3.4.4. Words Analysis

In order to determine the methodologies that the authors employed in their articles or the
scope of the applicability of their study, an analysis of the most frequently used words in
the selected papers was conducted as follows in the section below. The keywords plus,
authors' keywords, titles, and abstracts have all been used in the search.

Regarding the keywords plus, we have observed that the top-10 keywords refer to
“simulation” (with 14 appearances), “dynamics” (with 14 appearances), “behavior” (11),
“evacuation” (with 8), “flow” (with 7), “model” (with 6), “escape” (with 6), “pedestrian
evacuation” (with 5) and “crowd” and “social force model” (with 4 appearances each). It
is clear from Table 7 that the majority of the top 10 keywords plus are related to the field
of evacuation research.

Table 7. Top 10 most frequent words in keywords plus

Words Occurrences
simulation 14
dynamics 14
behavior 1
evacuation 8

flow 7

model 6

escape 6

pedestrian evacuation 5
crowd 4
social force model 4

When using the authors’ keywords, the situation from Table 8 is somewhat different
(please see Table 7). This time, the top 10 most frequent words are as follows: “evacuation”
(with 8 appearances); “cellular automata”, “crowd dynamics”, “pedestrian dynamics”,
“crowd evacuation”, “emergency evacuation” (with 4 appearances each); “pedestrian
evacuation” (with 3 appearances); “analytical models”, “dynamic parameters” and “crowd
flow” (with 2 appearances each).

Table 8. Top 10 most frequent words in authors’ keywords
Words Occurrences
evacuation 8
cellular automata
crowd dynamics
pedestrian dynamics
crowd evacuation
emergency evacuation
pedestrian evacuation
analytical models
dynamic parameters
crowd flow

NN N WS>

In Figure 10, two clusters are created inside the visualization: Cluster A, which
concentrates on keywords plus, and Cluster B, which concentrates on authors' keywords.
In the first cluster, A, which focuses on keywords plus, we can observe a Word Cloud
formed of the most indicative words such as “simulation”, “dynamics”, “behavior”,

“evacuation”, “’model”, “flow”, “escape”, “crowd”, “pedestrian evacuation” and so on
(please see the left side of Figure 16 for more information). These words and phrases
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capture the key ideas and topics that have emerged from this study. The second word
cluster, B, that focuses on authors’ keywords, has a Word Cloud formed of the following:

“evacuation”, “cellular automata”, “crowd dynamics”, “pedestrian dynamics”, “pedestrian
evacuation”, “crowd evacuation”, “emergency evacuation”, “symmetry breaking” and so
forth (please refer Figure 16, right side for more).

9 EEINT3 EEINT3

Figure 10. Top 50 words based on keywords plus (4) and authors’ keywords (B)
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Table 9 provides valuable insights into the recurring bigrams found in both the abstracts
and titles of scholarly works related to evacuation research. In the realm of abstracts, it is
evident that phrases such as "evacuation time" and "evacuation efficiency" stand out,
occurring 21 and 16 times, respectively. These bigrams underline the crucial importance of
enhancing evacuation procedures for better safety and efficiency. Additionally, "crowd
evacuation" and "refuge building" appear prominently, demonstrating a keen interest in
addressing the challenges posed by evacuating large groups of people, particularly within
refuge structures. Meanwhile, in the titles, bigrams like "cellular automaton" and "crowd
evacuation" hold prominence, indicating the significance of computational models and
crowd dynamics in the study of evacuation. The prevalence of bigrams like "evacuation
planning" and "pedestrian evacuation” highlights the multifaceted nature of research in this
field, which encompasses both strategic planning and individual-level behaviors. These
recurring bigrams not only reflect the current research trends but also serve as valuable
pointers for understanding the key themes and concepts driving scholarly discourse in
evacuation research.

Table 9. Top 10 most frequent bigrams in abstracts and titles

Bigrams in abstracts Occurrences Bigrams in titles Occurrences
evacuation time 21 crowd evacuation 4
evacuation efficiency 16 cellular automaton 3
crowd evacuation 10 evacuation planning 3
evacuation process 9 field cellular 3
refuge building 9 floor field 3
exit selection 8 pedestrian evacuation 3
symmetry breaking 8 cellular automata 2
flame length 7 evacuation model 2
exit width 7 emergency evacuation 2
experimental results 7 evacuation behavior 2
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Considering the entire time-period, the use of cellular automata for both the 2000-2014 and
2015-2019 periods is highlighted in Figure 11, while the general evacuation theme
emerges from the 2015-2019 and continues in the 2020-2023 period. Overall, the image
illustrates a progression from a singular focus on cellular automata to a broader exploration
of evacuation dynamics and analytical modeling, reflecting the evolving interests and
methodologies in the research community over time.

Figure 11. Thematic evolution
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3.5. Mixed Analysis
Figure 12. Three-fields plot: countries (left), authors (middle), journals (right)
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As the importance of the evacuation research field has grown in recent years, it is crucial
to investigate the complex connections between authors, journals, and nations while
examining scholarly publications. Three-fold plots, like the one in Figure 12, are used to
depict these complex interactions.

The triadic arrangement provides insights into the working relationships between authors
from various nations and their connections to particular journals. Sweden, Italy, and
Romania are the top three nations in terms of collaborations in Figure 12, which highlights
their active participation in global research projects. The fact that "Physica A-Statistical
Mechanics and its Applications" stands out as the main venue for publishing these
collaborative works highlights the journal's crucial role in fostering international research
collaborations.

4, Limitations

While emphasizing the incorporation of symmetry and asymmetry features, this analysis
aims to find the most relevant publications within the fields of evacuation research.
However, it is important to recognize some inherent limits that constrain the scope of this
study.

First off, the only publications included in our analysis are those found in ISI Web of
Science-indexed journals. As a result, it excludes information that could be found in
research papers or conference proceedings that are available in other databases, like Scopus
or PubMed. This restriction might unintentionally leave out important contributions from
these alternate sources. Secondly, due to linguistic restrictions, we could only review
papers that were written in English. Therefore, despite their potential value, papers written
in other languages were not included in our study. In addition to the previously mentioned
constraints, it's essential to acknowledge another limitation regarding the specific time
period selected for this analysis, spanning from 2000 to 2023. This period has been a result
of the selection keywords used in the paper, of the linguistic restriction and of the selected
database. By considering other databases, keywords, types of paper and language, it is
possible that someone could identify some papers before the year 2000.

As shown in Table 1, a predefined list of terms related to our subject of interest
(“evacuation” and “symmetry” / “asymmetry”) further defined the scope of our study. It's
possible that this selected list of keywords unintentionally left out relevant publications that
use other languages or cover related subfields.

We understand that various software packages may give unique perspectives and insights,
thus while we used the Biblioshiny library inside the R programming language to help our
study, our findings are constrained by the particular tools used.
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5. Conclusions

Research in evacuation has evolved significantly since the year 2000, reflecting the
growing complexity of urban environments and the increasing need for efficient emergency
response strategies. Our study employed the well-established IS Web of Science database
(WoS platform) to gather and analyze the most influential authors, journals, and
publications within this domain from 2000 to 2023. By leveraging advanced bibliometric
techniques available in the Biblioshiny library, we were able to systematically examine key
research trends and contributions over this period.

This investigation involved a comprehensive analysis of publication trends, identifying
leading nations and prolific re-searchers, assessing the impact of individual papers, and
mapping citation networks across journals, countries, and authors. Notably, we highlighted
the top five most-cited papers that have played a pivotal role in shaping the field. This in-
depth examination not only facilitated a better understanding of the evolution of evacuation
research but also provided valuable insights into the diverse methodologies employed and
their real-world applications. The findings reinforce the growing importance of evacuation
modeling, especially in the context of increasing global risks, including natural disasters,
industrial accidents, and large-scale public events.

To present our key findings effectively, we utilized a variety of graphical representations,
including Collaboration Networks, Word Clouds, Thematic Maps, and Collaboration
Maps. These visual tools offered a clearer perspective on the research landscape, shedding
light on emerging trends and influential works. Additionally, recent advancements in crowd
simulation and evacuation modeling have significantly enriched this field. For instance,
Sun et al. (2024) introduced a novel multi-agent deep reinforcement learning approach to
enhance crowd cooperation for formation maintenance and collision avoidance, providing
valuable insights into realistic crowd behaviors under emergency conditions. Furthermore,
Khan and Deng (2024) conducted an extensive survey on agent-based crowd simulation,
identifying critical factors influencing heterogeneous behavior, thus improving our under-
standing of individual and collective movement dynamics (Khan, 4993).

In addition to these contributions, agent-based simulation techniques continue to play a
crucial role in advancing evacuation research. Recent studies have integrated hierarchical
agent models with physics-based character control to enhance the realism of evacuation
scenarios, allowing for more accurate predictions of crowd behavior in dynamic
environments. Similarly, knowledge-driven dynamic perception models have been
introduced to refine scene simulations, improving both decision-making accuracy and
evacuation efficiency. These advancements highlight the growing sophistication of
computational models and their potential to enhance real-world evacuation planning and
emergency preparedness.

Given the rapid advancements in this field, we recommend that future research broaden its
scope by incorporating additional databases such as Scopus and other relevant public
repositories. Expanding the analysis to include conference proceedings alongside journal
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publications would also provide a more comprehensive view of the evolving research
landscape. Furthermore, integrating interdisciplinary approaches - such as artificial
intelligence, virtual reality, and real-time sensor data - may further enhance the
effectiveness and applicability of evacuation models.

Ultimately, evacuation research remains an exciting and continuously evolving domain,
driven by its critical real-world implications. As global urbanization accelerates and new
challenges emerge, this field will undoubtedly continue to capture the interest of academics
and practitioners worldwide. The ongoing advancements in simulation technologies and
data-driven methodologies will further strengthen our ability to design safer, more efficient
evacuation strategies for the future.
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