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A B S T R A C T   

Understanding human behaviour in fires (HBiF), whether in building or wildland fire contexts, is crucial for 
saving lives and managing evacuations. However, existing research lacks a comprehensive analysis of HBiF 
knowledge from both perspectives. To address this issue, we examined nearly 1900 HBiF-related research papers 
and their references, identifying around 6600 frequently cited references as the HBiF knowledge foundation. We 
focused on highly prominent items using metrics like citation frequency, burst, and centrality. By analysing co- 
citation patterns among these references, we unveiled current trends and waning areas of HBiF research. This 
study identifies knowledge gaps and potential future directions for the field, enabling both mapping of the 
research concerning our fundamental understanding of behavioural decision-making in fires as well as devel
oping more effective life-saving strategies.   

1. Introduction 

Human Behaviour in Fire (HBiF) is a critical area of research that 
holds important implications for life safety, evacuation management, 
and disaster preparedness [1,2]. The term HBiF, in this context, refers to 
the behaviour of people during fire scenarios, which can include fires 
that occur in buildings and fires that occur in larger outdoor contexts (e. 
g., wildfires affecting communities). Climate change contributes to the 
intensification of wildfire seasons [3], posing significant challenges to 
land management and firefighting efforts. Simultaneously, urbanisation 
continues unabated, further increasing the potential impact of building 
fires on occupants. In both scenarios, understanding human behaviour 
in fire assumes an ever more pressing significance. 

Whether occurring within buildings [4–6] or in wildland-urban 
interface environments [7–9], fires pose significant risks to human 
lives and infrastructure and the human response plays a great role in 
mitigating such risks [10]. Understanding how individuals respond to 
fires, make decisions during emergencies, and navigate evacuation 
processes is pivotal for formulating effective safety measures and 
devising comprehensive evacuation strategies. 

The urgency of this topic is irrefutable, as fire-related incidents 

continue to pose serious threats worldwide. Building fires, wildfire 
outbreaks, and fires involving transportation infrastructure can escalate 
rapidly, leaving limited time for safe evacuation. Each event underscores 
the need for a deeper understanding of human behaviour under such 
circumstances. The multidimensional nature of HBiF requires attention 
to various factors, such as psychological responses, cultural influences, 
cognitive processes, and societal dynamics. People’s behaviour during a 
fire is influenced by factors like mental and physiological stress, famil
iarity with escape routes, perception of risks, and their past experiences 
[6]. Additionally, cultural norms, age, and functional limitations can 
significantly affect evacuation decisions and outcomes (Bukvic et al., 
2020; Galea et al., 2010). 

Despite the evident importance of HBiF, scholarly exploration of this 
field has not been fully comprehensive. Studies often focus on specific 
aspects, such as evacuation modelling or human psychology, resulting in 
a fragmented understanding of the topic. A holistic approach is neces
sary to bridge the gaps between these various dimensions and create a 
unified knowledge framework that can inform future research as well as 
policies, procedures, and safety measures. 

The foundational knowledge in any field forms the bedrock on which 
future advancements are built. In the context of HBiF, identifying and 
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consolidating this knowledge foundation is crucial for informed 
decision-making and the formulation of evidence-based policies/ 
research agendas. The multitude of research papers and references in the 
field necessitates a systematic and objective analysis to pinpoint key 
references that provide enduring insights and influence subsequent 
research. Additionally, tracking trends and temporal shifts within the 
field is important in its own right. The evolution of research streams 
sheds light on emerging priorities, areas of intensification, and topics 
that have lost traction. Understanding these trends equips researchers, 
practitioners, and policymakers with the ability to anticipate challenges, 
adapt strategies, and allocate resources effectively. 

In the multifaceted landscape of HBiF research, the analysis of 
authorship and co-authorship also assumes a crucial role. Collaborative 
efforts often drive innovative research, allowing for the fusion of diverse 
expertise and perspectives. Examining authorship patterns provides in
sights into the interdisciplinary nature of HBiF, where experts from 
fields such as psychology, engineering, sociology, and emergency 
management converge to tackle complex challenges. Co-authorship 
patterns unveil networks of knowledge exchange and collaboration, 
shedding light on influential hubs within the field. Understanding the 
dynamics of authorship and collaboration not only acknowledges the 
collaborative nature of advancing knowledge but also identifies thought 
leaders and research clusters that are actively shaping the trajectory of 
HBiF research landscape. This analysis contributes to a holistic 
comprehension of the field, enabling the identification of collaborative 
trends, emerging research alliances, and areas where interdisciplinary 
collaboration can be intensified to drive impactful advancements in fire 
safety and evacuation management. 

To address the issues mentioned above, the Human Behaviour in 
Fires Working group of the International Association for Fire Safety 
Science initiated a set of coordinated efforts to map the knowledge in 
this domain and subsequently define a research agenda. This study 
represents the first step in this process and seeks to address these existing 
gaps in the understanding of HBiF. This is achieved by offering a 
comprehensive analysis of its knowledge foundation and temporal 
evolution. By examining nearly 1900 research papers and identifying a 
core set of around 6600 frequently cited references, this research aims to 
create a consolidated repository of this knowledge domain. The analysis 
of prominence using citation frequency, bursts, and centrality metrics 
will unveil references that have significantly influenced the field. This 
not only aids in identifying seminal works but also highlights the tra
jectory of the most impactful research directions. Furthermore, the 
investigation into co-citation patterns within this core set will uncover 
evolving trends in HBiF research. Identifying clusters of references that 
are cited together frequently provides insight into current focal areas, 
emerging concerns, and declining interests. This empowers stakeholders 
to align their efforts with the evolving landscape of HBiF, ensuring that 
research and innovations remain effective and relevant. 

2. Data acquisition 

In order to extract relevant literature on HBiF from the Web of Sci
ence, an extensive search query was constructed. The query encom
passed a wide range of search terms and combinations to ensure the 
inclusion of relevant studies related to fire incidents and evacuation 
behaviours. The search terms were organised into logical groupings to 
capture the multidimensional aspects of HBiF research. The query 
employed title (TI), abstract (AB), author keywords (AK), and topic (TS) 
fields to maximise the scope of the search. A complex combination of 
logical operators (AND, OR, NOT) was applied to refine the search 
results. 

The search query included terms related to fire, evacuation, human 
behaviours, building types (e.g., shopping malls, hotels, hospitals), and 
various related disciplines and contexts. The query also considered 
specific aspects such as evacuation drills, wildland-urban interface fires, 
and disaster response. To enhance specificity, terms associated with 

other types of disasters such as earthquakes, tsunamis, cyclones, floods, 
and chemical spills were excluded from the results using the NOT 
operator. 

The resulting query was designed to comprehensively capture a wide 
array of literature on HBiF, spanning research articles as well as litera
ture reviews, surveys, and systematic analyses. The utilisation of mul
tiple fields (TI, AB, AK, TS) and logical operators ensured a 
comprehensive search that targeted various dimensions of the topic. The 
search query was constructed with the goal of yielding a representative 
sample of literature relevant to the study’s objectives, thereby providing 
a robust foundation for subsequent analyses and discussions. The full 
search query string is accessible in the Appendix of this article. 

3. Temporal analysis 

In this section, we undertake a comprehensive examination of key 
themes within the field, coupled with their temporal dynamics and a 
specific focus on citation patterns. Our analytical approach centres on 
the premise that co-cited references—those frequently cited together 
within the same papers—can effectively delineate the foundational 
knowledge underpinning distinct research streams [11]. By identifying 
clusters of references frequently co-cited, we define these research 
streams. Subsequently, we probe the referencing patterns in the articles 
associated with these clusters to determine the evolving intensity of 
different research avenues over time. 

In our study, we identified 20 clusters, each emblematic of a signif
icant facet of HBiF research (see Table A1 in the Appendix). The clusters 
exhibit varying sizes and degrees of significance within the field. A 
visualisation (Fig. 1) showcases these references as nodes within a 
document co-citation framework. The nodes align along the timeline of 
the publication year of the references they represent, with their size 
proportionate to the number of localised citations, i.e., citations origi
nating solely from the HBiF literature. An alternate depiction (Fig. 2) 
employs a network view to map these clusters, positioning conceptually 
akin clusters in closer proximity. Nodes circumscribed by red rings 
denote references experiencing a sudden burst of local citations, signi
fying a rapid surge of citations from HBiF articles within a specific 
timeframe. Burst attributes encompass the onset, culmination, and in
tensity of the citation surge. Both visualisations are tied by co-citation 
connections, highlighting instances of interrelated references. 

Initially, each cluster was assigned a descriptor through algorithmic 
analysis of titles from articles citing the respective cluster. The algorithm 
extracts noun phrases, assigning a log-likelihood ratio score based on 
frequency and coverage within the citing article. The highest-scored 
noun phrase is represented as the algorithmic label. While algorithmic 
labels offer objectivity, they sometimes fall short as descriptors. To 
address this limitation, alternative labels were manually determined, 
informed by both algorithmic outcomes and the actual content of each 
cluster. To succinctly present the content of the document, co-citation 
network and the pivotal references identified in our analysis, an infor
mative data is included in Table A1 in the Appendix. Notably, the table 
does not exhaustively list all cited and citing references for each cluster, 
given the extensive scope—the entire network encompasses nearly 6500 
frequently cited references—rendering complete listing impractical. 
Instead, the table highlights a subset of the most locally cited references 
per cluster, along with the articles that achieve the highest coverage 
within each cluster. This selective inclusion aims to provide a repre
sentative snapshot of the diverse network while navigating the con
straints of presentation space. Fig. 3 quantifies the research activities of 
these research streams by quantifying cluster-level local citation in
dicators, including the total number of citations and the number of citing 
articles on a year-by-year basis. Those that did not exhibit any distinct 
patterns have been omitted from this visualisation. As such, Fig. 3 is 
essentially to appreciate the temporal trends behind the formation of the 
document co-citation network, which is not necessarily observable in 
the maps in Figs. 1 and 2. 
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Below we provide a short description of the 10 most significant 
clusters. 

Cluster #01, building evacuation simulations, represents a broad 
stream of research focusing on the simulation of building fire evacua
tions using different modelling solutions. The majority of the papers 
belonging to this stream apply evacuation models to high-rise buildings 
using modelling solutions such as cellular automata approaches, see, for 
instance, Ding et al. [12] and Ma et al. [13]. The most cited article in this 
cluster is Burstedde et al. [14], which is one of the core papers in the 
field proposing the use of floor field cellular automation modelling to 
simulate building evacuations. As shown in Fig. 3, this stream started 
being relatively active after 2010, and it is still very active today. 

Cluster #02, building evacuation exits and routes, represents a broad 
stream of research mainly focusing on exit and route choice and the 
impact of exit features on the evacuation process. As such, this stream 
includes a mix of experimental and simulation studies. The most cited 
works here are Helbing et al. [15] and Kirchner et al. [16], which are 
two key references for the social force model and floor field cellular 
automation model, respectively. This stream significantly started its 
activity after 2005 and it is showing a substantial drop after 2020. 

Cluster #03, wildfire evacuation, relates to the wildfire research 
focusing on different key human behaviour topics combining review 
studies [17,18], theoretical studies [19] and case studies [20]. One of 
the recurrent subjects in this cluster is the decision to evacuate and the 
factors affecting this decision; see, for instance, Strahan et al. [21] 
Lovreglio et al. [20] and McLennan et al. (2019). This stream had a 
significant increment after 2010, and it shows a growing trend. 

Cluster #04, evacuation simulation capabilities and validity, focuses on 
the capabilities of evacuation models in predicting different evacuation 

scenarios. This stream includes several pieces of research comparing the 
capabilities of different building evacuation models [22] as well as pa
pers on how to assess the validity of existing evacuation models ac
counting for behavioural uncertainty [23]. This stream started in 2000, 
and it has had fluctuations in activities in the last 20 years. 

Cluster #05, is predominantly about human decision making in 
crowds. It is considered a relatively young cluster and one of the 
emerging trends of HBiF. Sustained activities of this cluster are detect
able since 2017 and have been on the rise since. The emergence of a 
number of review articles in 2020 and 2021 (e.g., Haghani [24], Yan 
et al. (2020) and Ding et al. [12]) have been instrumental in creating this 
specific cluster of references and pinning them as the knowledge foun
dation of this stream. The cluster primarily consists of empirical refer
ences. Studies by Zhang et al. [25] and Kinateder et al [26,27] are 
amongst the highest cited references of this cluster. 

Cluster #06, human response to building fires, represents a broad 
stream of research mainly focusing on how humans respond to building 
fires. This stream combines several reviews [28–32] on how people 
behave in a building fire as well as work focusing on how to integrate 
known behaviours and theories in evacuation simulations ([20]; Kuli
gowski et al., 2017; Gwynne et al., 2016). This stream started in 1985, 
and it has reached different peaks and drops in the last 40 years, as 
shown in Fig. 3, and it shows a substantial drop in the last years. 

Cluster #07, evacuation planning and optimiszation, represents a broad 
stream of research focusing on how to make evacuations faster or more 
effective. This stream combines both building fire case studies [33,34] 
and wildfire evacuation optimisation [35], and it investigates different 
routing algorithms [36]. This steam started after 2000, and it shows 
substantial ups and downs over the last 20 years. 

Fig. 1. Timeline view of document co-citations in HbiF literature.  
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Cluster #08, wildfire evacuation simulations, is a stream of large-scale 
evacuation studies mainly focused on wildfire disasters. Several of the 
works belonging to this stream focus on wildfire evacuation triggers 
([37]; Cova et al., 2017). Fig. 3 shows that this stream was established 
after 2005. It shows substantial ups and downs over the last 20 years. 

Cluster #09, evacuation wayfinding, is a stream which collects papers 
proposing and testing different wayfinding systems. The stream includes 
both physical experiments [38,39] and virtual reality experiments [26, 
27,40,41]. This stream has shown steady growth since 2010. 

Cluster #10, road tunnel evacuation, is a stream that includes multiple 
works on road tunnel evacuation experiments and simulations. In fact, 
this stream includes several papers investigating how people respond in 
virtual road tunnel evacuations (Kinateder et al., 2013; [26,27]) and 
different simulation solutions for road tunnel simulations [42–44]. This 
steam started after 1995, and it had peaks and troughs in terms of ci
tations until 2010. Since 2010, this stream has had a steady increment, 
as shown in Fig. 3. 

Note that in this objective determination, using document co-citation 
patterns and clusters as indicators of research trends and divisions, 
several clusters could often share similar themes. For example, in our 
analysis, four clusters emerged on wildfire evacuation: Clusters 3, 8, 11 
and 15. What tells them apart, however, is the set of references (i.e., the 
knowledge foundation) that they employ. This could be a reflection of 
differential methodologies that these research streams might have 
employed (e.g., mathematical optimisation and algorithmic analysis 
versus quantitative and behavioural studies). In the wildfire example, 
the set of references (i.e., citing articles in Table A1) of Cluster 3 includes 
review studies, theoretical studies, and case studies focusing on different 
human behaviours in wildfires. On the other hand, the set of references 
of Cluster 8 includes a group of large-scale evacuation simulations 
mainly focused on wildfire disasters (see Table A1). 

The clustering solution based on citing articles could also reflect 
paradigm shifts within sub-topics of the field. If a set of traditional ref
erences on wildland fire, for example, suddenly get abandoned by the 
researchers of the field and a new set emerge or get adopted (e.g., as a 
result of the paradigm shift in thinking), then two distinguishable 
clusters on the same topic could emerge in a document co-citation 
network. This differentiation may not manifest at the lexical aspects of 
the papers, but the document co-citation analysis has adequate levels of 
granularity to unmask such distinctions, including paradigm shifts or 
variations in methodological approaches. 

4. Authorship and collaboration analysis 

Patterns of collaboration between authors are investigated in this 
paper. This analysis was carried out using data from over 800 authors 
who have published at least one work in the HBiF literature. The 
network of collaboration is shown in Fig. 4 where each node represents 
an author. Fig. 4 also shows links connecting pairs of nodes. These links 
represent co-authorship between authors, while the thickness of each 
link is proportional to the number of articles on which the two authors 
are listed jointly (i.e., as co-authors). This metric is known in the liter
ature as link strength. Using the link strengths of all the links generated by 
a single node, it is possible to measure the total link strength for each 
author. This second metric provides an indication of the overall extent of 
co-authorship activities of an author with other authors in the proposed 
network. The total link strength is visualised in Fig. 4 through the size of 
the nodes. As such, bigger nodes represent authors who have co- 
authored more with other authors of this network. 

Using patterns shown in Fig. 4, it is possible to carry out a cluster 
analysis to identify groups of authors who have frequently co-authored 
their publications. This analysis identifies 53 clusters; the 18 biggest 

Fig. 2. Network of document co-citation in HBiF literature.  
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clusters from this analysis are visualised in Fig. 4 using different colours, 
while the remaining 35 smaller clusters are visualised in grey. The 
cluster dimensions of the top five clusters and the main three nodes in 
these clusters are reported in Table 1. Many of the strongest links reflect 
a combination of collaborations within a single university or govern
ment agency and mentoring relationships (e.g., a postdoctoral fellow 
and their supervisor/mentor). 

5. Discussion 

Understanding human behaviour in fire (HBiF) holds significance for 
safeguarding lives and effectively managing evacuation scenarios, both 
in building and wildland fire contexts. In addition, knowledge of the 
fundamental understanding of human behaviour in fire could be useful 

to understand human behaviour in other hazards or in general. For 
instance, it is exemplary that some of the most known classical studies in 
social psychology relate to the emergency context ([45]; Latané & 
Darley, 1970). 

In our paper, we undertook a comprehensive examination of the 
HBiF domain to bridge existing gaps in knowledge and provide insights 
that can steer future research, policies, and practices. By analysing 
nearly 1900 research papers and their corresponding references, we 
uncovered a knowledge foundation comprising approximately 6600 
frequently cited references that underscore the bedrock of HBiF science. 

In this context, we note that the domain of human behaviour in 
building fires has, in recent years, primarily been approached from an 
engineering perspective, i.e., how behavioural understanding can be 
embedded into fire safety engineering and used to improve building 

Fig. 3. Cluster-level citation activity in HBiF literature.  
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evacuation design. Nevertheless, its knowledge foundation relies on a 
set of core experimental and theoretical work which is largely based in 
the social sciences ([46]; Darley & Latane, 1968; Deutsch & Gerard, 
1955; Latané & Darley, 1970 [47]; Tajfel et al., 1979) and human factors 
and ergonomics fields [48–50]. In fact, seminal reviews were conducted 
by Bryan [28] and Shields and Proulx [51] that highlight key studies 
upon which the field of human behaviour in building fires was built. 

Such fundamental studies may not be visible in full in scientific data
bases (as some of them were published in the form of books or gov
ernment reports that are not indexed in Web of Science); even so, they 
represent a significant portion of the knowledge foundation in the field. 
Another important set of references is the list of publications from the 
Human Behaviour in Fire Symposia series. This conference series started 
in 1998 (with the latest conference in 2015), and over the years, only a 
selection of papers ended up being published in journals special issues 
associated with the conference. This means that a significant portion of 
the scientific contributions of the conference are not fully visible in our 
review, although the HBiF Symposia series has represented for years the 
meeting point for researchers in this field. 

While this review focuses only on human behaviour during fires, we 
should acknowledge that the domain of human behaviour in outdoor 
fires, and more specifically, wildfire events, encompasses a wealth of 
social science literature on other important topics, including home
owner mitigation, public acceptance of fuels treatments on government- 
owned lands and perceptions of fire management practices (e.g., pre
scribed burns), the social impacts of fire, post-fire recovery, and wild
land fire planning and policy [52]. Much of the early work in wildfire 
evacuation originated from the fields of environmental science (e.g., 
ecology, resource management), geography, and psychology. This in
cludes work in the U.S. as early as 2006 [53] to understand the factors 

Fig. 4. Network of author collaborations in the HBiF literature. An interactive version of this map can be accessed through this link.  

Table 1 
Details of the 5 biggest clusters (TLS: Total Link Strength; D: Number of 
documents).  

Cluster 
# 

Cluster 
size 

Node 1 Node 2 Node 3 

1 13 Chen Tao (TLS:23, 
D:13) 

Ding Ning 
(TLS:22, D:10) 

Zhang Hui (TLS:18, 
D:10) 

2 10 Ronchi Enrico 
(TLS:106, D:45) 

Nilsson Daniel 
(TLS:78, D:35) 

Frantzich Hakan 
(TLS:25, D:9) 

3 9 Lo Siuming (TLS:26, 
D:24) 

Wang Jinhui 
(TLS:16, D:12) 

Lu Shouxiang 
(TLS:14, D:8) 

4 9 Song Wei-Guo 
(TLS:38, D:25) 

Lv Wei (TLS:13, 
D:7) 

Cao Shu-Chao 
(TLS:10, D:6) 

5 9 Kuligowski Erica 
(TLS:64, D:33) 

Gwynne Steven 
(TLS:85, D:31) 

Lovreglio Ruggiero 
(TLS:46, D:23)  
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that influence homeowners’ decisions to evacuate, and in Australia 
(2005) and the U.S. (2009) to discuss the safest approaches for protec
tion during bushfires [54]. The 2009 Black Saturday fires in Australia, 
which resulted in the deaths of 173 people, provided the impetus for 
increased focus on and funding for evacuation research, some of which 
was published in trade journals or as organisation reports and, therefore, 
may not be captured by our systematic review [55–57]. 

As we steer the trajectory of future HBiF research, several avenues 
emerge from our analysis that warrant further exploration. (i) With 
rapid urbanisation, the complexities of wildfire (and even building) 
evacuations intensify. Research should delve into the influence of urban 
layouts, community knowledge and experiences, and transport infra
structural elements on evacuation efficiency, particularly under sce
narios of high population density and limited building and community 
egress options. (ii) Deeper exploration of how cultural norms, socio- 
economic disparities, and the needs of vulnerable populations influ
ence evacuation behaviours can guide the development of tailored 
evacuation strategies that are inclusive and equitable. (iii) Furthermore, 
harnessing the potential of emerging technologies and approaches 
beyond the existing levels—such as virtual reality, augmented reality, 
machine learning, and sensor-based monitoring systems—can 
contribute to the dynamic evolvement of fire safety and evacuation 
research. (iv) Building on the growing interest in decision support sys
tems, future research can focus on the development of real-time tools 
that aid decision-makers during fire emergencies. These tools could 
leverage real-time data to offer tailored evacuation recommendations 
and enhance the efficiency of disaster management. This is also associ
ated with data-driven approaches that can be coupled with traditional 
theory-based approaches to deepen our understanding in this domain. 

In the pursuit of these directions, interdisciplinary collaboration re
mains paramount. The ensemble of expertise from fields including 
psychology, engineering, urban and regional planning, geography, 
computing technologies, sociology, and emergency management must 
converge to address the multifaceted challenges that arise from the 
interplay between human behaviours and fire incidents. Recent research 
efforts tend to go in the direction of more and more collaborative cross- 
disciplinary collaborations, highlighting how research siloing is an issue 
that can be overcome. 

An important aspect to highlight is how the HBiF field is closely 
interconnected with the related fields of fire safety engineering and 
pedestrian and evacuation dynamics. This allows researchers and 
practitioners to take advantage of research in related fields to establish 
new research directions and agendas. In this context, a particular chal
lenge is linked to the use of controversial terminology (e.g., panic, 
herding, stampede, etc.). This is an issue which has been discussed in 
several HBiF-related fora [58,59], where several misconceptions appear 
to still be present [60–62]. Attempts to harmonize and advise on the 
appropriate use of terminology have been conducted (Adrian et al., 
2019). This is likely going to facilitate a dialogue across disciplines. 

6. Conclusions 

Our analysis delved into the core references, identifying highly 
prominent items based on a range of metrics, including citation fre
quency, bursts of local citations, and centrality. These metrics allowed 

us to discern references that have profoundly influenced the field and 
have contributed significantly to shaping its contours. This method of 
discerning prominence brings forward a refined understanding of the 
most impactful works, thereby facilitating a focused exploration of 
human behaviour in fire (HBiF) essential components. 

The exploration of co-citation patterns among these references un
veiled the trends and dynamics within the realm of HBiF research. Our 
analysis highlighted the emergent streams that are currently shaping the 
field, as well as the areas that have shown diminishing prominence over 
time. This dual perspective—of active trends and waning inter
ests—empowers stakeholders to adapt their strategies, allocate re
sources, and align their endeavours with the ever-evolving landscape of 
HBiF. 

The collaborative nature of HBiF research is a hallmark of its 
complexity and interdisciplinary scope. Co-authorship analysis uncovers 
the vibrant networks that underpin this field, where experts from diverse 
domains coalesce to tackle multifaceted challenges. The visualisation of 
co-authorship networks reveals hubs of collaboration, highlighting 
influencers and areas of collective strength. 

In conclusion, our study contributes to the holistic understanding of 
HBiF by not only consolidating existing knowledge but also paving the 
way for future research endeavours. The urgency of this endeavour is 
underscored by the increasing frequency of fire-related incidents and the 
ever-evolving dynamics of disaster response. 
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Appendix  

Table A1 
Details of the document co-citation network in HBiF  

Cluster ID 
Name 
Objective descriptors 
Author descriptor 

Cluster statistics  
- size  
- silhouette score  
- mean year (ref)  
- year range (ref)  
- mean year (citing)  
- year range (citing) 

Influential references Highest coverage citing 
articles 

Highest local citation 
count 

Strongest citation burst (strength, 
duration) 

Highest 
centrality 

Cluster #1   

- high-rise building  
- high-rise building evacuation  
- merging flow  
- crowd guidance  
- tall building 

S 329 [14] 116 [14] 8.91 2008–2015 [63] 0.03 [24] 120 
SS 0.811 [64] 74 [65] 8.64 2006–2010 [66] 0.03 [12] 73 
MY(ref) 2006 [67] 72 [68] 8.63 1996–2009 [69] 0.03 [70] 71 
YR(ref) 1900–2019 [72] 48 [67] 8.45 2011–2015 [68] 0.02 [73] 46 
MY(citing) 2017 [65] 46 [64] 7.81 2006–2010   [74] 43 
YR(citing) 2004–2021 [68] 35 [75] 6.4 2003–2012   [76] 42   

[78] 33 [79] 6.31 2011–2017   [23] 40   
[79] 29 [80] 5.9 2009–2017   [81] 37   
[82] 28  5.43 2014–2017   [13] 34    

28 [13] 5.15 2013–2017       
[13] 28        

Cluster #2   

- pedestrian evacuation  
- evacuation efficiency  
- evacuation dynamics  
- evacuation assistant  
- turning behavior 

S 320 [15] 253 [83] 6.92 2011–2014 [84] 0.02 [24] 102 
SS 0.873 [16] 89 [16] 6.69 2010–2015 [85] 0.02 [86] 49 
MY(ref) 2006 [87] 46 [88] 6.63 2013–2017 [89] 0.02 [90] 47 
YR(ref) 1970–2020 [91] 36 [92] 5.89 2012–2015 [93] 0.02 [73] 46 
MY(citing) 2016 [94] 36 [95] 5.72 2008–2015   [96] 43 
YR(citing) 2003–2021 [97] 36 [98] 5.68 2011–2015   [73] 42   

[99] 35 [87] 5.52 2011–2017   [73] 39   
[95] 35 [100] 5.12 2007–2010   [76] 37   
[101] 34 [99] 5.01 2011–2017   [102] 33   
[103] 33 [84] 4.93 2011–2016   [81] 32   
[104] 33        

Cluster #3   

- rapid systematic review  
- wildfire threat  
- wildfire evacuation  
- early literature  
- bushfire part 

S 287 [53] 50 [105] 5.91 2009–2015 [106]* 0.05 [21] 85 
SS 0.905 [107] 32 [108] 5.55 2014–2019  0.04 [18] 75 
MY(ref) 2008 [109] 31 [110] 4.72 2016–2019 [53] 0.02 [111] 64 
YR(ref) 1900–2020 [112] 31 [107] 4.58 2012–2016 [113] 0.02 [17] 54 
MY(citing) 2017 [108] 31 [114] 4.35 2010–2015 [116] 0.02 [20] 50 
YR(citing) 2009–2021 [118] 29 [54] 4.23 2009–2015 [119] 0.02 [120] 47   

[121] 29 [122] 4.17 2014–2017 [123] 0.02 [19] 45   
[124] 28 [125] 3.91 2009–2015 [126] 0.02 [127] 42   
[128] 26      [129] 41 

Cluster #4   

- using polynomial chaos expansion  
- uncertainty analysis  
- occupant evacuation  
- building fire  
- building fire risk 

S 250 [2] 43  4.7 2010–2014 [130] 0.03 [131] 52 
SS 0.924  31  4.18 2006–2009   [23] 29 
MY(ref) 2001 [132] 27 [133] 4.01 2013–2018   [134] 24 
YR(ref) 1900–2020 [133] 24 [135]* 4.01 2010–2013   [22] 23 
MY(citing) 2014 [136] 18  3.95 2006–2012   [137] 21 
YR(citing) 2000–2021 [135]* 15      [138] 16   

[139]* 14      [140] 16   
[141] 13      [142] 16   
[143] 11      [144] 16 

Cluster #5   

- human crowd  
- collective egress  
- lecture hall  
- agent-based modeling approach  
- decision strategy 

S 238 [25] 33 [27] 5.3 2016–2019 [145] 0.02 [24] 94 
SS 0.86 [27] 31 [25] 5.13 2009–2015   [70] 53 
MY(ref) 2012 [146] 29 [146] 4.12 2015–2021   [147] 52 
YR(ref) 1900–2020 [148] 28      [12] 49 
MY(citing) 2020 [149] 27      [131] 48 
YR(citing) 2012–2021 [150] 27      [86] 42   

[151] 26      [90] 41   
[152] 25      [73] 41   
[117] 24      [71] 39 

Cluster #6   

- modeling pre-evacuation  
- world trade center tower  
- interface communities  
- model user (  
- representing human behaviour 

S 203 [153] 31 [154] 6.5 2007–2014 [46] 0.06 [28] 78 
SS 0.906 [155] 27 [143] 4.89 2013–2018 [46] 0.04 [30] 41 
MY(ref) 1993 [154] 21 [156] 4.19 2015–2019 [155] 0.03 [157] 40 
YR(ref) 1950–2017 [158] 21 [159] 4.01 2014–2018 [160] 0.03 [155] 26 
MY(citing) 2015 [46] 20     0.03 [161] 24 
YR(citing) 1985–2021 [162] 19    [163] 0.02 [164] 21   

[143] 17     0.02 [165] 20   
[156] 16      [20] 19   
[166]* 15      [167] 18   
[168] 15        

Cluster #7   

- evacuation planning  
- shelter location  
- routing algorithm  
- benders decomposition approach  
- evacuation route assignment 

S 199 [169] 31 [170] 6.48 2010–2014  0.02 [171]* 53 
SS 0.936 [172] 31 [173] 5.26 2010–2017 [174] 0.02 [175] 39 
MY(ref) 1999  26 [172] 4.99 2017–2021 [176] 0.02 [177] 23 
YR(ref) 1959–2015 [174] 20 [178] 4.98 2009–2016 [179] 0.02 [36]* 23 
MY(citing) 2014 [170] 19  4.69 2008–2018   [34] 22 
YR(citing) 2002–2021 [180] 19 [174] 4.64 2010–2018   [181] 22   

[178] 18 [182] 4.04 2010–2016   [183] 20   
[184] 17 [169] 4 2011–2016   [115] 20 

(continued on next page) 
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Table A1 (continued ) 

Cluster ID 
Name 
Objective descriptors 
Author descriptor 

Cluster statistics  
- size  
- silhouette score  
- mean year (ref)  
- year range (ref)  
- mean year (citing)  
- year range (citing) 

Influential references Highest coverage citing 
articles 

Highest local citation 
count 

Strongest citation burst (strength, 
duration) 

Highest 
centrality   

[173] 16      [34] 20    
16        

Cluster #8   

- national address point database  
- wildfire public safety  
- relative effectiveness  
- urban evacuation  
- environmental hazard 

S 182 [185] 31 [186] 5.26 2015–2019 [187] 0.03 [37] 34 
SS 0.911 [186] 27 [188] 4.88 2015–2019 [188] 0.02 [120] 31 
MY(ref) 2004 [189] 20 [190] 4.13 2012–2017 [191] 0.02 [192] 24 
YR(ref) 1900–2020 [187] 18 [193] 3.9 2007–2011   [194] 19 
MY(citing) 2016 [193] 17      [124] 17 
YR(citing) 2007–2021 [195] 16      [196] 15   

[190] 16      [23] 15   
[197] 15      [198] 15   
[188] 14      [20] 15   
[199] 14        

Cluster #9   

- italian-style historical theatre  
- virtual environment  
- photoluminescent wayfinding  
- occupants evacuation  
- architecture modification 

S 175 [30] 93 [200] 4.58 2012–2016 [201] 0.05 [12] 35 
SS 0.892 [202] 51 [203]* 4.23 2016–2019 [202] 0.02 [204] 29 
MY(ref) 2008 [77] 45      [205] 26 
YR(ref) 1958–2020 [206] 39      [39] 26 
MY(citing) 2018 [207] 32      [26] 25 
YR(citing) 2006–2021 [208] 28      [38] 23    

25      [41] 21   
[209] 24      [210] 20    

21      [70] 20          
[211] 19 

Cluster #10   

- road tunnel  
- social influence  
- virtual reality  
- evacuation behavior  
- emergency evacuation 

S 167 [31] 54 [212] 9.45 2006–2009 [45] 0.03 [213] 28 
SS 0.937 [214] 53 [215] 5.35 2013–2018 [215] 0.02 [216] 26 
MY(ref) 2000 [212] 53 [214] 4.26 2009–2015 [31] 0.02 [42] 24 
YR(ref) 1951–2020 [217] 48 [218] 4.07 2005–2009 [219] 0.02 [220] 22 
MY(citing) 2017 [221] 45 [222] 3.82 2008–2011   [26] 22 
YR(citing) 1996–2021 [29] 39      [44] 20   

[215] 37      [26] 20   
[222] 32      [12] 19   
[26] 31      [74] 18   
[47] 31      [40] 18 

Cluster #11   

- rodeo-chediski fire  
- fragmenting influence  
- wildland fire  
- santa fe fire protection district  
- local approaches 

S 161 [223] 16 [223] 4.73 2007–2011   [224] 27 
SS 0.954 * 8      [53] 20 
MY(ref) 2003 [225] 8      [122] 19 
YR(ref) 1957–2017 [224] 7      [226] 19 
MY(citing) 2012 [228] 5      [229] 16 
YR(citing) 2005–2017        [227] 16          

[105] 15                                  

Cluster #12   

- engineered fire safety design  
- integrating human factors issue  
- fire safety science  
- occupant evacuation model  
- kin behavior 

S 152 [230] 155  4.31 2005–2008 [231]* 0.02 [232] 41 
SS 0.958 [233] 18 [234] 3.81 2008–2015   [235] 20 
MY(ref) 1995 [236]* 18      [237] 15 
YR(ref) 1900–2018 [234] 10      [79] 15 
MY(citing) 2013 [238] 8      [12] 13 
YR(citing) 1999–2021 [239] 7      [234] 12    

7      [240] 11          
[32]* 11 

Cluster #13   

- scholarly study area  
- engineering design standard  
- mass-transport vehicle  
- toxic product yield  
- human behaviour 

S 151  5      [28] 74 
SS 0.985 [241] 5      [242] 29 
MY(ref) 1986        [64] 22 
YR(ref) 1900–2000  3      [68] 20 
MY(citing) 1998 [243] 3      [244] 20 
YR(citing) 1994–2001  3      [235] 2 

Cluster #14   

- high place  
- smoke hazard  
- sports stadium  
- future issue  
- motivation level 

S 131  24  5.42 2003–2012  0.04 [30] 38 
SS 0.956 [245] 19  5.16 2002–2013 [246] 0.04 [247] 19 
MY(ref) 1997 [248] 17 [246] 4.32 2002–2012  0.03 [246] 19 
YR(ref) 1958–2018   [248] 4.21 2003–2013   [249] 19 
MY(citing) 2011 [246] 16      [250] 18 
YR(citing) 1999–2021 [251] 14      [252] 17    

13      [29] 16   
[253] 10        

Cluster #15   

- australian case study  
- bushfire emergency evacuation  
- short-notice bushfire emergency evacuation 

S 125 [254] 27  3.88 2013–2017 [255] 0.03 [175] 37 
SS 0.957 [256] 26 [254] 3.85 2002–2008   [175] 35 
MY(ref) 2007 [257] 9      [112] 17 
YR(ref) 1959–2019  9      [258] 16 
MY(citing) 2017        [259] 14 

(continued on next page) 
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Table A1 (continued ) 

Cluster ID 
Name 
Objective descriptors 
Author descriptor 

Cluster statistics  
- size  
- silhouette score  
- mean year (ref)  
- year range (ref)  
- mean year (citing)  
- year range (citing) 

Influential references Highest coverage citing 
articles 

Highest local citation 
count 

Strongest citation burst (strength, 
duration) 

Highest 
centrality  

- possibilistic scheduling  
- robust stochastic vehicle 

YR(citing) 2008–2021        [260] 11          
[261] 11          
[262] 10 

Cluster #16   

- plant health  
- landscape management  
- global change  
- emergency evacuation  
- pedestrian evacuation 

S 115 [263] 2    [264] 0.05 [265] 51 
SS 0.998 [266] 2        
MY(ref) 2003 [267] 2        
YR(ref) 1973–2010 [268] 2        
MY(citing) 2010 [264] 2        
YR(citing) 2010–2010 [269] 2        

Cluster #17   

- catastrophic event  
- aircraft evacuation certification  
- commercial aircraft-cabin egress  
- current state  
- future research 

S 110 [270] 6      [271] 32 
SS 0.985 [272] 6      [274] 23 
MY(ref) 1996 [275]* 5      [276] 15 
YR(ref) 1970–2006 [272] 4      [277] 13 
MY(citing) 2002  3        
YR(citing) 1998–2006 [278]* 3          

[279] 3                              

Cluster #18   

- transport airplane  
- evacuation system  
- considering evacuation route  
- basic principle  
- building evacuation problem 

S 103 [280]* 59 [281] 9.15 1995–2013 [280] 0.05 [282] 48 
SS 0.949 [281] 26 [283] 5.23 2009–2013 [281] 0.04 [284] 26 
MY(ref) 1990 [283] 17 [242] 4.55 1998–2011 [283] 0.02 [285] 24 
YR(ref) 1963–2017 [286] 15      [177] 20 
MY(citing) 2010 [242] 10      [287] 20 
YR(citing) 1995–2021 [288] 7      [282] 18          

[289] 14          
[290]* 11          
[273] 10 

Cluster #19   

- aviation accident report  
- human experience  
- aircraft accident statistics  
- aircraft accident database  
- defining building evacuation route 

S 100 [276] 15 [276] 3.97 2001–2009  0.02 [272] 38 
SS 0.976 [291] 10      [30] 34 
MY(ref) 1993 [292] 8      [282] 15 
YR(ref) 1900–2014 [274] 7      [293] 14 
MY(citing) 2010        [29] 12 
YR(citing) 1998–2018        [294] 11                                  

Cluster #20   

- quantitative risk assessment  
- stochastic-based approach  
- underground road tunnel  
- quantitative risk assessment method  
- thermal radiation 

S 94 [295] 32 [296] 4.11 2017–2021   [42] 18 
SS 0.945 [297] 21      [74] 13 
MY(ref) 2007 [296] 20      [298] 13 
YR(ref) 1900–2020 [299] 20      [300] 10 
MY(citing) 2018 [40] 13      [43] 9 
YR(citing) 2005–2021  11      [301] 8   

[302] 11                                          

M. Haghani et al.                                                                                                                                                                                                                               



Fire Safety Journal 144 (2024) 104085

11

Search Query  

M. Haghani et al.                                                                                                                                                                                                                               



Fire Safety Journal 144 (2024) 104085

12

References 

[1] E.D. Kuligowski, The Process of Human Behavior in Fires, US Department of 
Commerce, National Institute of Standards and Technology, 2009. 

[2] E. Kuligowski, Predicting human behavior during fires, Fire Technol. 49 (1) 
(2013) 101–120. 

[3] W.M. Jolly, M.A. Cochrane, P.H. Freeborn, Z.A. Holden, T.J. Brown, G. 
J. Williamson, D.M. Bowman, Climate-induced variations in global wildfire 
danger from 1979 to 2013, Nat. Commun. 6 (1) (2015) 7537. 

[4] R.L. Paulsen, Human behavior and fires: an introduction, Fire Technol. 20 (1984) 
15–27. 

[5] S. Gwynne, E. Kuligowski, D. Nilsson, Representing evacuation behavior in 
engineering terms, J. Fire Protect. Eng. 22 (2) (2012) 133–150. 

[6] E.D. Kuligowski, Human behavior in fire. SFPE Handbook of Fire Protection 
Engineering, 2016, pp. 2070–2114. 

[7] A.P. Hoover, L.L. Langner, People and Wildfire: an Overview, UNITED STATES 
DEPARTMENT OF AGRICULTURE FOREST SERVICE GENERAL TECHNICAL 
REPORT NC, 2002, pp. 1–3. 

[8] D.R. Field, D.A. Jensen, Humans, fire, and forests: expanding the domain of 
wildfire research, Soc. Nat. Resour. 18 (4) (2005) 355–362. 

[9] E. Kuligowski, Evacuation decision-making and behavior in wildfires: past 
research, current challenges and a future research agenda, Fire Saf. J. 120 (2021) 
103129. 

[10] M. Haghani, E. Kuligowski, A. Rajabifard, C.A. Kolden, The state of wildfire and 
bushfire science: temporal trends, research divisions and knowledge gaps, Saf. 
Sci. 153 (2022) 105797. 

[11] C. Chen, CiteSpace II: detecting and visualizing emerging trends and transient 
patterns in scientific literature, J. Am. Soc. Inf. Sci. Technol. 57 (3) (2006) 
359–377. 

. (continued).  

M. Haghani et al.                                                                                                                                                                                                                               

http://refhub.elsevier.com/S0379-7112(23)00353-3/sref1
http://refhub.elsevier.com/S0379-7112(23)00353-3/sref1
http://refhub.elsevier.com/S0379-7112(23)00353-3/sref2
http://refhub.elsevier.com/S0379-7112(23)00353-3/sref2
http://refhub.elsevier.com/S0379-7112(23)00353-3/sref3
http://refhub.elsevier.com/S0379-7112(23)00353-3/sref3
http://refhub.elsevier.com/S0379-7112(23)00353-3/sref3
http://refhub.elsevier.com/S0379-7112(23)00353-3/sref4
http://refhub.elsevier.com/S0379-7112(23)00353-3/sref4
http://refhub.elsevier.com/S0379-7112(23)00353-3/sref5
http://refhub.elsevier.com/S0379-7112(23)00353-3/sref5
http://refhub.elsevier.com/S0379-7112(23)00353-3/sref6
http://refhub.elsevier.com/S0379-7112(23)00353-3/sref6
http://refhub.elsevier.com/S0379-7112(23)00353-3/sref7
http://refhub.elsevier.com/S0379-7112(23)00353-3/sref7
http://refhub.elsevier.com/S0379-7112(23)00353-3/sref7
http://refhub.elsevier.com/S0379-7112(23)00353-3/sref8
http://refhub.elsevier.com/S0379-7112(23)00353-3/sref8
http://refhub.elsevier.com/S0379-7112(23)00353-3/sref9
http://refhub.elsevier.com/S0379-7112(23)00353-3/sref9
http://refhub.elsevier.com/S0379-7112(23)00353-3/sref9
http://refhub.elsevier.com/S0379-7112(23)00353-3/sref10
http://refhub.elsevier.com/S0379-7112(23)00353-3/sref10
http://refhub.elsevier.com/S0379-7112(23)00353-3/sref10
http://refhub.elsevier.com/S0379-7112(23)00353-3/sref11
http://refhub.elsevier.com/S0379-7112(23)00353-3/sref11
http://refhub.elsevier.com/S0379-7112(23)00353-3/sref11


Fire Safety Journal 144 (2024) 104085

13

[12] N. Ding, T. Chen, Y. Zhu, Y. Lu, State-of-the-art high-rise building emergency 
evacuation behavior, Phys. Stat. Mech. Appl. 561 (2021). 

[13] J. Ma, S.M. Lo, W.G. Song, Cellular automaton modeling approach for optimum 
ultra high-rise building evacuation design, Fire Saf. J. 54 (2012) 57–66. 

[14] C. Burstedde, K. Klauck, A. Schadschneider, J. Zittartz, Simulation of pedestrian 
dynamics using a two-dimensional cellular automaton, Phys. Stat. Mech. Appl. 
295 (3–4) (2001) 507–525. 

[15] D. Helbing, I. Farkas, T. Vicsek, Simulating dynamical features of escape panic, 
Nature 407 (6803) (2000) 487–490. 

[16] A. Kirchner, A. Schadschneider, Simulation of evacuation processes using a 
bionics-inspired cellular automaton model for pedestrian dynamics, Phys. Stat. 
Mech. Appl. 312 (1–2) (2002) 260–276. 

[17] K. Strahan, J. Gilbert, Protective decision-making in bushfire Part 1: a rapid 
systematic review of the ‘wait and see’ literature, Fire 4 (1) (2021). 

[18] K.W. Strahan, J. Gilbert, Protective decision-making in bushfire Part 2: a rapid 
systematic review of the ‘leave early’ literature, Fire 4 (3) (2021). 

[19] J. McLennan, S. Cowlishaw, D. Paton, R. Beatson, G. Elliott, Predictors of south- 
eastern Australian householders’ strengths of intentions to self-evacuate if a 
wildfire threatens: two theoretical models, Int. J. Wildland Fire 23 (8) (2014). 

[20] R. Lovreglio, E. Kuligowski, S. Gwynne, K. Strahan, A modelling framework for 
householder decision-making for wildfire emergencies, Int. J. Disaster Risk 
Reduc. 41 (2019). 

[21] K.W. Strahan, J. Whittaker, J. Handmer, Predicting self-evacuation in Australian 
bushfire, Environ. Hazards 18 (2) (2018) 146–172. 

[22] E. Ronchi, Testing the predictive capabilities of evacuation models for tunnel fire 
safety analysis, Saf. Sci. 59 (2013) 141–153. 

[23] E. Ronchi, Developing and validating evacuation models for fire safety 
engineering, in: Fire Safety Journal, 120, 2021. 

[24] M. Haghani, Empirical methods in pedestrian, crowd and evacuation dynamics: 
Part I. Experimental methods and emerging topics, Saf. Sci. 129 (2020). 

[25] J. Zhang, W. Song, X. Xu, Experiment and multi-grid modeling of evacuation from 
a classroom, Phys. Stat. Mech. Appl. 387 (23) (2008) 5901–5909. 

[26] M. Kinateder, M. Müller, M. Jost, A. Mühlberger, P. Pauli, Social influence in a 
virtual tunnel fire – influence of conflicting information on evacuation behavior, 
Appl. Ergon. 45 (6) (2014) 1649–1659. 

[27] M. Kinateder, E. Ronchi, D. Gromer, M. Müller, M. Jost, M. Nehfischer, 
A. Mühlberger, P. Pauli, Social influence on route choice in a virtual reality tunnel 
fire, Transport. Res. F Traffic Psychol. Behav. 26 (2014) 116–125. 

[28] J.L. Bryan, Human behaviour in fire: the development and maturity of a scholarly 
study area, Fire Mater. 23 (6) (1999) 249–253. 

[29] M. Kobes, I. Helsloot, B. de Vries, J. Post, Exit choice, (pre-)movement time and 
(pre-)evacuation behaviour in hotel fire evacuation — behavioural analysis and 
validation of the use of serious gaming in experimental research, Procedia Eng. 3 
(2010) 37–51. 

[30] M. Kobes, I. Helsloot, B. de Vries, J.G. Post, Building safety and human behaviour 
in fire: a literature review, Fire Saf. J. 45 (1) (2010) 1–11. 

[31] M. Kobes, I. Helsloot, B. de Vries, J.G. Post, N. Oberijé, K. Groenewegen, Way 
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