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With the issues of crowd control and physical distancing becoming central to disease prevention measures, one
would expect that crowd research should become a focus of attention during the Covid-19 pandemic era.
However, I will show, based on a variety of metrics, that not only has this not been the case, but also, the first two
years of the pandemic have posed an undisputable setback to the development and growth of crowd science.
Without intervention, this could potentially aggravate further and cause a long-lasting recession in this field. This
article, in addition to documenting and highlighting this issue, aims to outline potential avenues through which
crowd research can reshape itself in the era of Covid-19 pandemic, maintain its pre-pandemic momentum and
even further expand the diversity of its topics. Despite significant changes that the pandemic has brought to
human life, issues related to congregation and mobility of pedestrians, building fires, crowd incidents, rallying
crowds and the like have not disappeared from societies and remain relevant. Moreover, the diversity of
pandemic-related problems itself creates a rich ground for making novel scientific discoveries. This could provide
grounds for establishing fresh dimensions in crowd dynamics research. These potential new dimensions extend to
all areas of this field including numerical and experimental investigations, crowd psychology and applications of
computer vision and artificial intelligence methods in crowd management. The Covid-19 pandemic may have
posed challenges to crowd researchers but has also created ample potential opportunities. This is further evi-
denced by reviewing efforts taken thus far in pandemic-related crowd research.

1. Introduction

The body of research on the safety of human crowds, the domain that
is often referred to as pedestrian/crowd dynamics, has been increasingly
and consistently expanding during the current century. This was docu-
mented in previous work which showed how the field has been dis-
playing a nearly exponential trend of expansion since 2000 (Haghani,
2021). The occurrence of the Covid-19 pandemic, however, seems to
have exerted an unambiguous interruption to this trend and has affected
the pre-pandemic momentum in knowledge production in this field. It
was noted in the previous work that, during the last several years leading
to the pandemic, the focus of the field had shifted markedly towards
experimental research (Haghani, 2020a, b, 2021; Haghani and Sarvi,
2018), and understandably, the restrictions that came with the
pandemic put that line of work to nearly a halt. This could be only one
plausible explanation for this momentum loss. Alternatively, the issue
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may also be partly explained by the general research productivity loss
that has been observed in many fields of research since the onset of the
Covid-19 pandemic.

The current work is aimed to highlight and document the above-
mentioned issue and discuss how the field of crowd dynamics can adapt
itself to these new circumstances, noting that the pandemic itself has
created a rich set of avenues to be explored by researchers of this field.
The Covid-19 pandemic might have caused many changes (albeit tem-
porary) in the way of life but is has certainly not made the issue of crowd
safety any less relevant than before. Congregations of people in various
contexts keep happening—some even driven by the pandemic itself such
as political rallies and protests (see examples documented by Kowa-
lewski (2021)). The need for evacuation of crowded venues has not
disappeared and crowd incidents have not stopped during this time
(Brzezinska et al., 2022). An example is the earthquake that happened
on 22 March 2020 in Croatia during the peak of the pandemic in that

Received 23 January 2022; Received in revised form 19 April 2022; Accepted 9 May 2022

Available online 12 May 2022
0925-7535/© 2022 Elsevier Ltd. All rights reserved.


mailto:milad.haghani@unsw.edu.au
www.sciencedirect.com/science/journal/09257535
https://www.elsevier.com/locate/safety
https://doi.org/10.1016/j.ssci.2022.105818
https://doi.org/10.1016/j.ssci.2022.105818
https://doi.org/10.1016/j.ssci.2022.105818
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ssci.2022.105818&domain=pdf

M. Haghani

country, which required several hospitals to be evacuated (Markotic and
Capak, 2020))1. Considering these events, one could argue that, if
anything, the pandemic has created many new issues that are directly
within the forte of crowd researchers to address; issues that were pre-
viously non-existent and have only been brought to human life by the
pandemic. Guided and inspired by the efforts taken thus far in the
pandemic-related crowd research, this paper unpacks a plethora of new
issues in crowd dynamics that can offer potential new topics and
research avenues in this domain.

The field of crowd dynamics is diverse and heterogenous and itself is
composed of several subdomains. This work aims to outline potential
avenues of pandemic-related crowd research in all major subdomains of
the field. After documenting and demonstrating the effect that the
Covid-19 pandemic has exerted on scholarly progress in crowd dynamics
(Section 2), in Sections 3-7, I discuss how each subdivision of crowd
dynamics research has encountered new research problems in the wake
of the pandemic. I discuss how these recently opened research avenues
can be explored to, perhaps, compensate for the suspension that was
placed on many lines of research in this domain during the pandemic,
particularly on experimental research. Such potential avenues are dis-
cussed within numerical simulation domain (Section 3), experimental
domain (Section 4), crowd management (Section 5), crowd psychology
(Section 6) as well as computer-vision crowd research (Section 7). It is
hoped that these discussions can help this field maintain its relevance,
regain its pre-pandemic momentum, and carry itself forward to a post-
pandemic era as an even further expanded research field.

2. The pandemic-driven lost momentum in crowd dynamics
research

This section revisits the trends in the growth of crowd dynamics as a
research domain with a particular focus on investigating potential in-
terruptions to this trend following the Covid-19 pandemic. In a previous
publication (Haghani, 2021), a search query string was designed with
the purpose of capturing the literature of crowd dynamics in its
approximate entirety. The query string (accessible in Online Supple-
mentary Material) is an extensive combination of key terms that char-
acterise crowd dynamics research (and its different subdomains,
components, and methods). The query was developed and optimised
based on two criterial (1) to maximally encapsulate and reflect all as-
pects of crowd dynamics research (i.e., numerical, experimental, psy-
chological, computer vision etc), (2) avoid false positives (articles that
use language and terminologies similar to that of crowd dynamics
research but are not crowd dynamics studies per se). One application of
such query string, as discussed in the original article, is to keep track of
the progression of the field on a unified and objective basis. Revisiting
that search method two years after the onset of Covid-19 pandemic, now
(at the end of 2021), seems to be a suitable time to examine whether the
pandemic has had any effect on the progression of this field. This ex-
amination is based on three metrics: (i) number of articles published in
the field of crowd dynamics, (ii) collective number of citations to the
articles of crowd dynamics (collectively from within or outside the field)
and (iii) number of citing articles of the field of crowd dynamics
(collectively from within and outside the field). These are three typical
metrics through which one can quantify the amount of scholarly
research activities in a research domain. These quantities are extracted
for each year since 1998 and the trend of 1998-2019 is contrasted with
the manifested quantity of these metrics during 2020 and 2021, the first
two years of the pandemic.

1 Another example is the tragic death of eight people at rapper Travis Scott’s
Astroworld concert in Texas which also happened during the pandemic and
showed that fatalities at major events like festivals and football matches have
not ceased during pandemic, and thus, highlighting that the need for crowd
safety research does still exist, just as much as the pre-pandemic era.
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This set of data and the respective analyses are visualised in Fig. 1.
The data shows that 2021 marks the first year where we observe a drop
in the quantity of crowd dynamics publications since 2015. The mo-
mentum of publications appears to have slowed down notably in 2020
(with only a marginal increase compared to 2019 and well below the
expected number) and in 2021, this translated to notable drop (from
nearly 790 articles in 2019 and 2020 to only 680 articles in 2021, a 16%
relative drop). It might be argued that since 1998 there have been three
other transient drops in the number of crowd dynamics publications
(2011, 2013 and 2015). However, firstly, it should be noted that this is
the first instance since 1998 where we are observing two consecutive
years of slowing down in activities. Secondly, the interruption of the
trend is even less ambiguous when considering the number of citations
and the number of citing articles of crowd dynamics®. Both these
quantities have been exponentially on the rise since 1998 and now we
observe a clear deviation from the trend since 2020. To quantify these
effects, polynomial curves of degree 5 were fitted to both sets of data (i.
e., number of citations and number of citing articles) for the period
1998-2019. These polynomial functions were then extrapolated to es-
timate the expected number of citations and citing articles in 2020 and
in 2021. This analysis shows that, had the previous trend continued
uninterrupted, we would have observed nearly 6,700 more citations to
the field of crowd dynamics in 2021 compared to the manifested num-
ber. Similarly, nearly 1,200 potential citing articles seem to be missing
in 2021. This clear deviation from an established trend gives an unam-
biguous indication that the occurrence of the pandemic has indeed had
interruptive impacts on knowledge productivity in crowd dynamics®.

The occurrence of the pandemic itself has, of course, created a new
chapter in crowd dynamics field, albeit not a very substantial one. As
mentioned in Haghani (2021), another use of a search query string that
captures this field is that it allows us to subsequently source specific
subsets of interest and isolate them from the rest of the field readily. In
this case, one can simply place the query string within a pair of brackets
and combine it with (“pandemic*” OR “COVID-19” OR “SARC-CoV-2~
OR “Coronavirus™) using the Boolean operator AND, and set the time-
span to 2020 and onwards in the Web of Science search engine, in the
Basic Search section and while specifying Topic as the search domain
(this encompasses titles, abstracts and keywords of articles indexed by
the Web of Science). This search query can be downloaded from the
Online Supplementary Marial of this article and be simply copied into
the Web of Science Core collection search engine, with the time-span
specifications mentioned above. The size of the generated set of items
will be such that the resultant items can be examined and filtered out
individually. Using this method, it is estimated that nearly 40 pandemic-
related studies were published in the field of crowd dynamics during the
first two years of the pandemic, and this will be the estimate for the size
of this new chapter in crowd dynamics research at the end of 2021. This
makes up about 2.7% of the articles published in this field during 2020
and 2021. This can be contrasted with the field of Transportation, for
example, where out of nearly 12,000 articles during 2020 and 2021,
about 500 items were pandemic related research (4.2%), a considerably
higher percentage compared to the field of crowd dynamics. This is an
indication that crowd researchers were less inclined to shift their
attention to pandemic-related topics compared to an associate field like
transportation.

2 Understandably, the decline in the citations to crowd dynamics could itself
be a side-effect of the decline in publications and a reflection of a general
reduction in research productivity in this field.

3 As a reviewer rightly pointed out, the effect of these pandemic-related
disruptions on crowd research productivity may even manifest in a more pro-
nounced way in the coming year(s), considering the lag that often exists be-
tween research being conducted and disseminated.
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Fig. 1. Lost momentum in crowd dynamics research caused by the Covid-19 pandemic, quantified in terms of (a) total number of annual publications (top), total
number of citations to crowd papers (bottom left), total number of citing articles to crowd papers (bottom right).

3. Potential pandemic-related crowd research avenues in the
numerical simulation domain

With the emergence of the disease prevention measures following
the Covid-19 pandemic, the most evident issue that crowd researchers
with specialty in numerical modelling could address is the simulation of
physical distancing in crowds (Alam et al., 2022; Espitia et al., 2022;
Ronchi et al., 2020a; Ronchi et al., 2020b). This can provide practi-
tioners with tools to evaluate effectiveness of different policies in rela-
tion to distancing and could also enable them to have estimates of the
risk of transmission in facilities that have considerable foot traffic in
order to decide whether the risk is below acceptable thresholds (Du
etal., 2021; Lahijani et al., 2021). This, however, will create a multitude
of issues, each of which could constitute a research topic for numerical
researchers of this domain. Some of the most critical matters that may
particularly need attention from crowd researchers include (i) how the
inputs and outputs of simulation models (whether commercial or
research based) need to be modified in order to accommodate all
characteristics required for physical distancing simulation, (ii) whether
the focus should be on embedding additional risk models customised for
specific pedestrian simulation modelling types or on developing generic
secondary models that can be integrated with standard outputs of any
simulation model, regardless of the simulation kernel, (iii) whether the
focus of these efforts should be levelled at estimation absolute risk of
disease transmission or the relative risk, and in the former case, how the
additional challenges that come with absolute risk calculation can be

dealt with.

Regarding issue (i), the need for simulation of foot traffic with
consideration of physical distancing has created a range of new user
input and output measures that did not used to be a matter of concern
prior to the pandemic. The extent to which simulated agents” get close to
each other during the simulation process did not used to be a user-
specified input in most simulation platforms. Modellers often set up
some relevant parameters, such as that of the repulsive force within a
social-force-based paradigm (Bouchnita and Jebrane, 2020), at a default
value that produces reasonable amounts of inter-agent distances. Now,
there appears to be a need for accommodating methods through which
users of crowd simulation models can control this feature more explic-
itly. The existing evidence shows that the dominant tendency is still to
resort to the coefficients of repulsive force in order to control this
feature, i.e., inter-agent distances. However, the extent to which this
parameter guarantees that agents maintain the distance dictated to them
is questionable (Si and Fang, 2021). Researchers that have worked with
social force models are aware that depending on the size of the crowd
and a range of other input parameters such as the desired velocity,
agents may still get very close to each other and have body contact even
when we magnify the coefficient of repulsive force to extreme degrees.
Therefore, more research is required to establish best possible ways of

4 These discussions are all exclusively confined to the context of agent-based
simulation models and may not have any bearing to macroscopic style of
pedestrian modelling.
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enforcing desired inter-agent distances during simulation processes in a
controllable and intuitive manner. How many parameters, for example,
would be needed to enforce such feature and how can a naive user
enforce the desired amount of distancing without knowing about the
underlying mechanism in the simulation engine (Mayr and Koster,
2020). This could particularly be a matter importance to commercial
pedestrian software developers who wish to modify their programs in
light of the new features that the pandemic has demanded. Also,
considering that not every pedestrian simulation model has a social-
force-based core for its locomotion layer, further research is also going
to be needed to determine how inter-agent distances can be controlled
without non-social-force frameworks and how many additional param-
eters would be needed to enforce the desired distancing during the
simulation process. For example, further research could investigate
whether grid-based models are better capable of making agents avoid
cells which are within a certain distance of another agent, using more
straightforward parameter alterations. In flow-type models, this could
potentially be made possible through adjustment of the capacity attri-
butes but is yet to be investigated and reported. The problem is not, per
se, making the agents maintain a distance. The issue is rather around the
human behavioural side related to how and when the model allows
variation in distances, especially in contra-flow situations, to avoid
“locking” and represent the “give or take* side of human behaviour.

Continuing on issue (i), another line of question is the range of new
outputs that pedestrian simulation models need to produce in order to
quantify physical exposure in ways that matter to the calculation of
disease transmission risk. It is clear that the classic metric of average/
maximum pedestrian density that used to be the standard output for
most crowd models is no longer detailed enough when it comes to the
calculation of virus transmission risk, as it cannot capture individual
exposures. Transmission of airborne viruses is about the exposure of
individual pairs of people and the duration of such exposures (Parisi
et al., 2022) (also referred to as “contact time” (Abdul Salam et al.,
2021)), and in that sense, density would not be a perfect reflection of
exposures (although, it can still be used as a coarse indirect indicator).
One can accommodate, for example, four individuals within a square of
a certain dimension in such a way that they maintain an acceptable level
of physical distancing or in a way that they are in extreme violation of
distancing (Mohammadi et al., 2021). In both case, density as a metric
would be the same, and as such, one will be unable to tell these two
scenarios apart based on this conventional metric. Therefore, the
pandemic has made it necessary for pedestrian model developers to
measure interpersonal distance of pairs of individuals, instances of
breach in physical distancing and the duration of each breach. However,
from the modelling and scenario testing perspective, no user will be
interested in individual instances of breaching, and as such, these
individual-level calculations should also be eventually summed up in the
form of aggregate metrics. These also require research innovation to
determine how these aggregations should take place. For example, the
trajectories of pedestrian movements are never perfect straight lines. If
one desires to calculate the distance between pedestrian trajectories, for
example, that may require borrowing, from other fields, concepts that
did not used to be within the attention of crowd researchers. This could
include measures such as Fréchet distance (Su et al., 2021) as a measure
of similarity between curves that could be utilised and combined with
raw outputs of pedestrian simulation models to reflect physical
distancing at aggregate levels. Also, further on the calculation of expo-
sures, is the matter of body/head orientation of simulated pedestrians.
Conventionally, standard raw simulation outputs only included motion
trajectory of simulated pedestrians. However, if such simulation output
are to be integrated with virus transmission models (Garcia et al., 2021),
then for a detailed transmission model, it may be necessary to record
body/head orientation of agents at every time step, in addition to their
spatial coordinates. This feature may necessitate heavy modifications of
the existing crowd motion models, including within the social-force
modelling paradigm.
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An important question with respect to the calculation of virus
transmission risk for applications in crowded spaces (e.g., shopping
centres, university campuses, busy streets) based on outcomes of
pedestrian simulation models, is whether the best approach is to inte-
grate the layer of virus transmission with each pedestrian model and
customise it to its features, or to develop universal transmission models
that can rely on standard (or modified) output of any pedestrian model
(Ronchi and Lovreglio, 2020) (issue (ii)). It should be noted that
calculation of metrics such as instances of exposures (i.e., breaches of
physical distancing) as well as duration of such exposures and trans-
lating them to risk estimation can be done as a secondary calculation on
outputs of simulation models. From this perspective, a model of trans-
mission does not need to be linked to specific pedestrian models. Rather,
an independent universal model, such as that of Ronchi and Lovreglio
(2020), can essentially work based on output of any standard pedestrian
model, whether commercial (Mohammadi et al., 2021) or research-
based. As mentioned earlier, however, depending on the sophisticat-
ion level of the transmission modelling layer, certain modifications to
the standard pedestrian simulation output may be required. For most
models, all calculations can be conducted on the trajectory of agents’
movement, but more detailed transmission models may demand more
information such as the head orientation of agents at every time step of
the simulation process.

One of the most critical questions with respect to the application of
pedestrian models for disease transmission risk purposes is whether such
models should be designed for estimation of absolute risk or relative risk
of transmission (issue (iii)). These two purposes demand vastly different
modelling requirements. In the case of relative risk estimation, the aim is
to compare different policies and infrastructure designs (e.g., one-way
versus two-way foot traffic, or different shopping mechanisms (Har-
weg et al., 2021; Li and Yin, 2021; Romero et al., 2020; Tong et al., 2021;
Xu and Chraibi, 2020). Such comparisons of risk are made based on the
amount of individual-to-individual exposure that each intervention
causes and will allow users to choose interventions with minimum risk.
This exempts crowd modellers from getting into the epidemiological
aspects of virus transmission and an epidemiological modelling layer
may even not be required after all for such estimations. Such modelling
has of course limited applications, as it only serves comparison of sce-
narios (e.g., two forms of architectural interventions in a pedestrian
facility, with all other things equal). This form of modelling cannot
produce absolute risk estimates and determine if a given design meets
minimum requirements of disease transmission risk. If the aim of
modelling is to produce absolute risk of disease transmission and to
determine whether the risk of a given policy or intervention fall below
acceptable thresholds, then adopting an epidemiological modelling
payer will become inevitable (Bouchnita and Jebrane, 2020; Xiao et al.,
2021). It is worth noting that introduction of such additional layer (i.e.,
a hybrid between pedestrian and virus transmission simulation) will
make the task of modelling exceedingly more complex. A whole array of
new inputs will be required that will otherwise not matter for relative
risk calculation. This includes elements such as whether we are simu-
lating an indoor or outdoor space, the level of ventilation in the venue,
the distribution of ventilation points across the space, the level of im-
munity of the crowd (vaccination rate), percentage of people wearing
face mask, whether the crowd is stationary or on the move, whether the
crowd is singing, talking or silent, and the demographic of the crowd, to
name only a few. These additional complexities are all avoided when
calculating relative risk of transmission, on the assumption that these
factors are all the same across the scenarios that we are comparing. How
these elements can all be plausibly accommodated within simulation
models that aim for absolute risk estimation warrants considerable
research and modelling innovation.

So far, applications of modified crowd models have been extended to
pandemic-related investigations in the contexts such as boarding and
alighting of passengers in train stations (Sun et al., 2021), boarding and
alighting policies of airlines (Islam et al., 2021b), pedestrian traffic on
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university campuses and in academic buildings (Castro and Ford, 2021;
Romero et al., 2020), foot traffic in shopping centres and supermarkets
(Tong et al., 2021; Xiao et al., 2021; Xu and Chraibi, 2020), and religious
gatherings (Al-Shaery et al., 2021). These applications have predomi-
nantly employed variations of social force pedestrian model (Bouchnita
and Jebrane, 2020; Derjany et al., 2021; Harweg et al., 2021; Islam et al.,
2021a; Si and Fang, 2021; Tong et al., 2021; Xiao et al., 2022; Xiao et al.,
2021), although this has not been a universal feature of pandemic-
related simulation studies in crowd dynamics and other agent-based
modelling paradigms such as those of cellular automata have been re-
ported too (Li and Yin, 2021).

Also, while the issue of hospital evacuation has been particularly of
the focus of attention of crowd researchers within both numerical and
experimental realms in the years prior to pandemic, it may be worth
noting that with hospitals around the world working at capacities
treating Covid-19 patients, there may be further complications with
respect to hospital evacuation that may require specific attention
(Haghpanah et al., 2021; Yazdani et al., 2021). Development of specific
strategies for the evacuation of hospital in which a mixture of Covid-19
patients and other patients are treated may require simulation testing
and optimisation methods. Especially considering the highly contagious
nature of the variants of coronaviruses that are spreading around the
world, strategies need to be in place as to how best Covid-infected and
other vulnerable patients can be kept apart while being evacuated safely
in a case of emergency. Effectiveness of such strategies need to be tested
using suitable simulation models and that can itself be a new dimension
of investigation in crowd dynamics. Similarly, the problem of occupant
evacuations from built environments, in general, is confronted by the
issue of minimising exposures. Whereas, previously, the focus of such
analyses on building evacuations was mainly on minimising evacuation
times. It should be noted that even for buildings that are under-
occupied, a case of an emergency evacuation may create crowding at
points of interest (e.g., evacuation lifts, staircases, exit doors). Evacua-
tion of buildings under physical distancing guidelines now presents a
trade-off between the risk of disease transmission and the risk of the
danger for which evacuation is taking place (e.g., a building fire). This
trade-off and the possible ways to address it has, thus far, not been
addressed in the scientific literature. Perhaps this issue warrants revis-
iting of the notion of staged evacuations as a potential way to strike a
balance between the two types of risks mentioned above. Such investi-
gation will fall nicely within the realm of numerical modelling in crowd
dynamics research.

4. Potential pandemic-related crowd research avenues in the
experimental domain

Understandably, pandemic-related experimental research in crowd
dynamics has been highly scarce thus far (Echeverria-Huarte et al.,
2021a). While crowd experiments are generally difficult to conduct for
logistical purposes even during normal times, the pandemic itself has
become a major hinderance in many areas of the world for researchers to
conduct such experiments. While certain research groups have managed
to conduct their experiments during the pandemic under strict condi-
tions of testing and recruiting vaccinated-only participants and mask
wearing, not many have reported on experiments related to pandemic
topics per se. In that sense, the experimental front in crowd dynamics
research has not adopted much to the notion of the pandemic other than
being largely abandoned. Continuation of this line of work, that has in
fact been the most dynamic stream of research in this field since 2015
(Haghani, 2021), may require innovations and logistical compromises
such as experimenting in outdoor venues (Lu et al., 2021) and/or
experimenting under sparse crowd conditions (Bartolucci et al., 2022).

Similar to the pre-pandemic research, experimental work can be the
most important support for numerical research in crowd dynamics,
allowing us to ensure that our assumptions are kept in check and the
outputs that our numerical models produce are accurate enough. For
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example, in the previous section and when discussing the new re-
quirements for inputs of pedestrian models, the notion of enforcing
physical distancing was raised. It is understandable that there is always
going to be a difference between the distance dictated as a policy and the
distance that people can actually maintain from one another under
different movement conditions (e.g., corridors, exits etc) (Bartolucci
etal., 2022). This discrepancy is a valuable piece of information that can
be obtained from experimentation (e.g., to determine high-risk loca-
tions). Experimental insight into this question can also inform our nu-
merical models and influence how we represent physical distancing
within the simulated realm. It would be also interesting to determine
how social groups reshape themselves and how their dynamics change in
crowded conditions when trying to adhere to the requirements of
physical distancing. There is a rich literature on the behaviour of social
groups based on field and experimental observations collected prior to
the pandemic which could serve as a valuable benchmark of compari-
son, should post-pandemic data also be made available.

Another critical aspect on which experimental crowd researchers
focused during the years prior to the pandemic is the notion of funda-
mental diagram (Echeverria-Huarte et al., 2021b), i.e., the relationship
between flow and density of moving crowds. This is a critical concept
both from the perspective of crowd management and finetuning of nu-
merical models. Models are often deemed inaccurate when their output
fail to reproduce realistic flow-density relationships, consistent with
observations in experimental settings. The problem is that none of the
previous experiments of fundamental diagram were conducted under
conditions of physical distancing or anything of that nature, and now,
there could be a suitable time to revisit these notions based on new sets
of experiments (Lu et al., 2021). In fact, the rich line of experimentation
and the associated set of findings that accumulated over the years prior
to the pandemic in relation to topics of stepping behaviour, single-file
movement, unidirectional and bidirectional flows, overtaking behav-
iour and body rotation can all be revisited under the distancing condi-
tions. The wealth of pre-pandemic experimental research that exist
could again serve as a valuable benchmark of comparison.

5. Potential pandemic-related crowd research avenues in the
crowd management domain

Living for sustained amounts of time under conditions of disease
prevention measures has certainly affected people’s perception of crowd
and comfort (Aghabayk et al., 2021). This may call for a revisiting of the
definitions and thresholds related to the pedestrians level of comfort and
level of service (Mohammadi et al., 2021; Talavera-Garcia and Perez-
Campana, 2021) at crowded facilities and infrastructure, such as
trains, train stations and other crowded venues. Quantifying thresholds
for various levels of pedestrian perceived safety/comfort could consti-
tute a pandemic-specific line of research in crowd dynamics that can
directly inform practitioners, event organisers and crowd managers.

Another realm that feeds directly into the notion of crowd manage-
ment is determining the minimum amount of space that patrons or
shoppers require in order to be able to maintain certain levels of physical
distancing. This is particularly relevant for the management of pedes-
trian flow into dynamic spaces such as retails and shopping centres
where individuals move freely within the space rather than having an
allocated spot (Ntounis et al., 2020). The question can essentially be
formulated as follows: what the level of occupancy should be kept at a
given venue in order for physical distancing (of a certain level) to
become feasible for every occupant (Echeverria-Huarte et al., 2021a). As
simple as the question may sound on the surface, the answer is not very
intuitive and requires mathematical methodologies. Developing
methods that can produce such lower bounds for the amount of required
space in consideration of the relevant nuance such as the nature of space,
nature of activities and the nature of the occupants could become a new
line of crowd research (Yang et al., 2021).

Another potential avenue in pandemic-related crowd management



M. Haghani

research could be development of knowledge-based user recommenda-
tion (or, user guidance) systems that can facilitate adherence to physical
distancing at certain points of interest in places such as shopping cen-
tres. Clearly, developments of such systems, in addition to their re-
quirements for optimisation algorithms on the management side,
introduces issues such as end-user acceptance and experience. This may
itself require behavioural research as well as behavioural models that
can replicate acceptance level and interaction of end-users with such
systems (Duran-Polanco and Siller, 2021; Yang et al., 2021).

6. Potential pandemic-related crowd research avenues in the
psychology domain

The psychology domain of crowd dynamics research is perhaps being
presented with one of the richest and most diverse sets of unexplored
pandemic-related research avenues compared to other subdomains of
this field. The issue of crowd members’ adherence to physical distancing
policies as well as their engagement in risk taking behaviour in crowded
settings is a prime example of these areas. Clearly, the success of policies
related to physical distancing in pedestrian facilities rests on the
adherence rate of the crowd members. Therefore, it is important to
determine factors that increase or decrease the adherence rate (Drury
et al., 2021a). For example, does the adherence vary depending on the
nature of the crowd, i.e., whether the crowd has gathered for a common
purpose such as supporting a sport team or watching a concert or
participating at a political rally? There is evidence suggesting that the
extent to which crowd members act safely may depend on the group
definition and social norms (Stott et al., 2001; Templeton, 2021), which
highlights the importance of group processes in understanding risky
behaviour. Research has shown that group processes at crowd events are
core to the understanding of safe behaviour, such as how perceived risk
is attenuated by ingroup relations (Cruwys et al., 2021). In fact, there
exists much useful social psychology knowledge pertinent to crowd
management to be adopted and further pursued by crowd researchers
with respect to pandemic research and risk avoidance in crowded
spaces. For example, social psychology experiments have shown that
members of a group who share a social identity often perceived atten-
uated feeling of disgust towards one another’s smell of sweat compared
to outgroup members (Reicher et al., 2016). This has relevance to how or
why group members may engage in more instances of risky behaviour
within their group and may perceive lesser risk of catching diseases from
members of their social group than from outsiders. As such, the differ-
entiation between the nature of the crowd and their associated level of
adherence to physical distancing and other disease prevention measures
is an important one. It is a distinction that simulation models also need
to make and a factor to be taken into consideration for risk estimation
purposes using such models. Interested readers may also refer to the
work of Drury et al. (2021b) on how perceived crowdedness is mediated
by social identities. Topics of this nature could potentially be investi-
gated using both survey methods (i.e., self-reported questionnaires) as
well as field observations and constitutes an important area where
crowd psychology can enrich numerical modelling research subdomain
of crowd dynamics.

Equally important is also investigating interventional methods that
can increase adherence of crowd members to disease prevention mea-
sures (Neville et al., 2021). In a previous article (Haghani, 2020c), when
discussing potential avenues of crowd optimisation during emergency
evacuations, I elaborated on the method of ‘behavioural intervention’ or
‘behavioural optimisation’ and the necessity that the crowd research
focuses more on such prescriptive/normative approaches as opposed to
pure descriptive approaches in scholarly investigations. Now, in the face
of the current pandemic, the same concept has become even more
applicable to the optimisation and management of crowds.

For years, crowd researchers have also focused on the role of social
influence in emergency evacuation behaviour. As a result of that line of
research a rich literature has accumulated on how ‘peer behaviour’
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(Prentice et al., 2020) influences evacuation decision-making of in-
dividuals. The global pandemic could be a good reason to salvage the
theories, data collection methods and modelling methods in those areas
and adopt them for this new problem at hand, i.e., peer influence on
crowd behaviour under physical distance measures and its effect on
individual adherence.

While on the topic of psychological theories and their applications in
pandemic-related crowd research, we may also note the fact that the
misuse of certain theories that had become prevalent in pre-pandemic
crowd research (Haghani et al, 2019) has also continued to
pandemic-related research too (i.e., the so-called notions of crowd
‘panic’ and ‘irrational’ behaviour) (Malebary and Basori, 2021; Zhao
et al., 2021). This is evidenced by statements and conclusions such as
“Panic situations increase disease transmission in crowded areas despite
social distancing” (Bouchnita and Jebrane, 2020) (p. 6) or, “keeping a
distance from everyone becomes hard when an individual is moving
inside a crowd of panicking people” (Bouchnita and Jebrane, 2020) (p.
7). Therefore, another potential line of research could be investigating
and dissecting these misconceptions within pandemic-related crowd
literature (Bavel et al., 2020). A new dimension that has been introduced
by the pandemic itself to this domain is the notion of so-called ‘panic-
buying’ behaviour (Prentice et al., 2020). Crowd researchers have
conventionally taken great interest in the behaviour of crowds during
emergencies. However, and rather surprisingly, no investigation has
thus far been conducted on behaviour of shoppers during those so-called
‘panic-buying’ episodes®. It can be argued that this is just an example of
crowd behaviour under emergency, though not an acute form of emer-
gency. Acquisition of field data from supermarkets can shed light on the
behaviour of crowd during such episodes and could become a rare op-
portunity to examine these controversial crowd theories using objective
evidence provided by real-world behavioural data. Did the behaviour of
shoppers reflect any characteristics of what a lay person often describes
as ‘panic’ behaviour?® Was such behaviour prevalent or rare? Were
there more instances of risky behaviour detectable by shoppers during
such episodes? In general, how can the state of mind, behaviour and
decision-making of shoppers be described during such episodes? These
and many more questions of this nature could all constitute unexplored
grounds for crowd researchers.

7. Potential pandemic-related crowd research avenues in the
computer-vision and Al domain

In a previous article (Haghani, 2021), it was determined that the
computer vision subdomain of crowd research is a highly active and
dynamics subdomain of this field, and yet, one that is conceptually
isolated from the mainstream of this research. It was pointed out that
one of the potential ways for avoiding topic stagnation and making
meaningful paradigm shifts in crowd research lies within collaborations
of modellers and experimenters with computer vision researchers of
crowd dynamics. The Covid-19 pandemic has also further highlighted
the importance of this domain in furthering the state of knowledge in
crowd dynamics and broadening horizons of this research.

Researchers of this subdomain predominantly apply Artificial Intel-
ligence (AI) and Machine Learning (ML) methods (Durr et al., 2022;
Elbishlawi et al., 2021; Jarraya et al., 2021; Zuo et al., 2021) to crowd
field observations obtained from optical cameras, optical sensors and
occasionally Wifi sensors (Zakaria et al., 2020). The most evident

5 As a reviewer rightly pointed out, this could be largely because shopping
crowds are considered by most crowd psychologists to be physical crowds (i.e.,
unrelated people or small groups who happens to be there are the same time) in
comparison to psychological crowds (i.e., people who share a feeling of being
part of the same group).

6 Or, is it even justified to describe rush of demand to purchase essential
goods as ‘panic buying’?
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pandemic-related research ground that can be within the purview of this
particular domain is the problem of Visual Physical Distancing, defined
as automatic estimation of inter-individual distances (as well as the
characteristics of the detected individuals) from video cameras and
other imaging sensors (Cristani et al., 2020; Shao et al., 2021; Su et al.,
2021). This can provide a largely non-invasive method for determining
compliance of people within crowds with physical distancing re-
strictions, whereby determining potential hotspots for distancing
breaches. However, it has to be noted that this constitutes a problem
beyond merely estimating geometrical distances (Su et al., 2021). Such
image processing task will entail inferring complex social aspects from
the scene including distinctions between social groups (e.g., family
members) and unaffiliated individuals (Cristani et al., 2020; Pouw et al.,
2020). Visual Physical Distancing research may itself require in-
vestigations on ethical and privacy policies. Such methods can also
potentially be used for crowd management purposes in the form of
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automatic real-time surveillance and warning systems, i.e., systems that
can produce auditory or visual signals to crowd members when viola-
tions of distancing are detected (Cong et al., 2020; Elbishlawi et al.,
2021; Yang et al., 2021). Applications of computer vision methods in
this area could also extend to the detection of unmasked faces within
crowds and that can also provide further automatic real-time systems for
crowd management (Amin et al., 2021). A particular advantage that
computer vision methods can offer to crowd researchers is the possibility
of making before and after crowd behaviour analyses in relation to
Covid-19 (Szczepanek, 2020). In many circumstances, CCTV footage do
exist in comparable settings for both before and after the onset of the
pandemic and that can provide a rich ground for investigating crowd
movement and the behavioural changes that have occurred over time as
a result of the pandemic. So far, only a few studies have reported on such
before-after analyses (Almutairi et al., 2022; Li and Xu, 2021; Lu et al.,

2021; Pouw et al., 2020).
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Fig. 2. Crowd dynamics research in the era of pandemic.
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Fig. 2 summarises and categorises studies that have emerged in
relation to the pandemic in the crowd dynamics literature during 2020
and 2021. For each study, two to four dot points have been extracted as
highlights to summarise its content. Alteration of the font colours in the
outer layer is merely meant to increase readability and facilitate the
distinction between highlights related to adjacent papers on the plot.

8. Discussions and conclusions

With the movement of people in public spaces and buildings being at
the centre of attention since the onset of the Covid-19 pandemic, it
would have been expected that the pandemic would make the field of
crowd dynamics an even more relevant domain than before (Haghani
et al., 2020a). However, several indicators point to the contrary, sug-
gesting that the pandemic has caused a notable loss of momentum to this
field. At this stage, one can only speculate about why activities of this
field might have slowed down during 2020 and 2021. One particular
reason could be the shutting down of university campuses and in-person
activities that would have naturally put an obstacle on the way of
experimental work. As demonstrated in a previous work, experimental
research of crowd dynamics has been the one of the most active research
streams of this field during the pre-pandemic years and an interruption
to this line of research would have naturally reflected as a notable
decline in the activities of the field, in general. Although this cannot be
the sole reason for this problem and there may be other factors involved
too.

What is clear, however, is that this loss of momentum cannot be
because crowd research is becoming any less relevant as a result of the
pandemic. Despite efforts in mitigation of crowding during periods of
restriction, mass gatherings have continued, crowd incidents have not
stopped and building fires and other forms of emergencies have kept
happening. In fact, the pandemic itself has added new types of congre-
gations in the form of ‘anti-lockdown’ protests. Therefore, traditional
topics of crowd dynamics have all retained their importance. Also, while
this may sound like wishful thinking at this stage, there will be a post
pandemic time and it is important that the conventional topics of crowd
dynamics are not completely abandoned during this transitional time.

The far-reaching impacts of the pandemic, however, have opened
new problems that can be addressed by crowd researchers. In a previous
publication, it was noted that although this field has been increasingly
active and expanding at least in terms of the quantity of publications,
there were signs of stagnation in the state of the knowledge. This was
caused mainly by the fact that a great portion of studies were becoming
repetitive and major innovations were becoming scarce (Haghani,
2021). Now, one can argue that the myriad of issues that have been the
creation of the Covid-19 pandemic could offer ways out of such state of
stagnation in this field. There seems to be a need for revisiting many of
our numerical simulation models and their assumptions and structures
and for expanding their applications to issues such as disease prevention
risk in public places. This could indeed be a new chapter in this field.
Prior to the Covid pandemic, to the best of my knowledge, there has only
been a single study in crowd dynamics that had considered this
dimension (Johansson and Gosce, 2014). Perhaps this also could be an
opportunity for some forward thinking in our modellings to lay out even
more generic foundations in our models that can make them usable for
future potential pandemics too. This, in fact, can become a standard
feature for the new generation of commercial crowd modelling software,
i.e., to offer disease transmission risk estimation modules. It would,
however, be important to parametrise all aspects of these modules in
such a way that makes them versatile and flexible enough for other
future diseases and not restrictively specific to characteristics of the
current pandemic.

7 Note that this paper, having been published since 2014, had never been
cited until 2020.
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In the previous publication (Haghani, 2021), it was also suggested
that another potential way out of stagnation in crowd dynamics lies
within more collaborations between computer vision scientists and
mainstream researchers of this field (modellers and experimenters). The
pandemic has further highlighted this need. While experiments are hard
to undertake at the moment, quasi-experiments and field data could be
an opportune alternative. In gathering such data, the role of computer
vision methods will be more important than ever. Efforts of computer
vision scientists are often focused on developing methods that can
enhance and maximise information extracted from video images. Their
investigations may not necessarily extend to behavioural aspects of
crowds. The behavioural researchers of crowd dynamics, on the other
hand, are equipped with expertise of inferring crowd behaviour and
modelling it, but their capabilities in image processing may be limited.
The field of crowd dynamics can majorly benefit from and be enriched
by joint utilisation of the expertise of these two groups, particularly
during the pandemic era where the role of field data has become crucial.

As mentioned in the previous sections, the pandemic and post-
pandemic environment provide a testing ground for re-evaluating
established theories. In that sense and in light of the existing pub-
lished research efforts, I found that a major element that has not been
embraced considerably by pandemic-related studies (except a few) is
making before and after comparisons of pedestrian motion and decision-
making behaviour in reference to the onset of the pandemic or the pe-
riods of peaks and troughs in the prevalence of the disease. There is an
abundance of experimental data on various aspects of pedestrian motion
collected prior to the pandemic that can be used as comparison bench-
mark (Boltes et al., 2020; Haghani et al., 2020b). Similarly, certain
research groups have been gathering field data archives of pedestrian
motion that continuing from pre to post-Covid-19 onset (Pouw et al.,
2020). These data gathering efforts could all open opportunities for
investigating how the motion and behaviour of pedestrians have
changed, if any, during the pandemic era, while this also feeds directly
into the assumptions that we need to revisit for developing new gener-
ations of crowd simulation models. In undertaking such lines of en-
quiries, the expertise of computer vision scientists can considerably
enrich the amount of information that can be extracted from field or
quasi-experimental data.

The presented analyses of the trends in crowd dynamics in this work
highlights the fact that ethical issues about possible exposing people to
covid are preventing much potential research at the time of pandemic.
For the field to progress, it needs to overcome additional constraints
placed on human trials such as physical distancing and emerging ethical
issues associated with performing physical trials. However, and despite
these obstacles, the extent of research problems that have been created
by the current pandemic is such that, regardless of the subdomain that
crowd researchers identify with, there are a broad range of novel and
unexplored research questions to tackle. Embracing these opportunities
will help the field resume its activities and regain its momentum while
also adding new dimensions to the field and expanding its horizons.
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