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Collecting pedestrian behaviour data is vital to understand pedestrian behaviour. This systematic review of 145
studies aims to determine the capability of contemporary data collection methods in collecting different
pedestrian behavioural data, identify research gaps and discuss the possibilities of using new technologies to
Virtual reality study pedestrian behaviour. The review finds that there is an imbalance in the number of studies that feature
Crowd various aspects of pedestrian behaviour, most importantly (1) pedestrian behaviour in large complex scenarios,
IoT and (2) pedestrian behaviour during new types of high-risk situations. Additionally, three issues are identified
regarding current pedestrian behaviour studies, namely (3) little comprehensive data sets featuring multi-
dimensional behaviour data simultaneously, (4) generalizability of most collected data sets is limited, and (5)
costs of pedestrian behaviour experiments are relatively high. A set of new technologies offers opportunities to
overcome some of these limitations. This review identifies three types of technologies that can become a valuable
addition to pedestrian behaviour research methods, namely (1) applying VR experiments to study pedestrian
behaviour in the environments that are difficult or cannot be mimicked in real-life, repeat experiments to
determine the impact of factors on pedestrian behaviour and collect more accurate behavioural data to under-
stand the decision-making process of pedestrian behaviour deeply, (2) applying large-scale crowd monitoring to
study pedestrian movements in large complex environments and incident situations, and (3) utilising the Internet

of Things to track pedestrian movements at various locations that are difficult to investigate at the moment.

1. Introduction

Walking is an essential mode of transportation and movement of
pedestrian remains the major component of today’s urban trans-
portation networks. Pedestrian behaviour is complex and multi-
dimensional because while walking pedestrians interact continuously
with the surrounding environment and people within a dynamic pro-
cess. For walking as a mode of transport, environments are required in
which pedestrians feel safe, empowered, and invited. A thorough un-
derstanding of pedestrian behaviour is of great significance for ensuring
pedestrian safety and providing implications for crowd management,
building design, urban development, evacuation management, etc.

In order to understand the decision-making process and movement
dynamics of pedestrians, pedestrian behaviour has been extensively
studied over the last decades. Essential to understanding pedestrian
behaviour are data collection efforts featuring pedestrian behaviour
under different circumstances, from daily trips, mass gatherings and
even disasters. This had led to abundant studies which used a variety of
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data collection methods to investigate pedestrian behaviour, including
field observations (e.g., [1-41]), controlled experiments (e.g., [5-8]), and
survey methods (e.g., [9-12]).

Even though studies have illustrated the usefulness of contemporary
data collection methods, they also showed that there are restrictions
concerning the types of pedestrian behaviour that can be studied by
means of these methods. For instance, there are privacy-related re-
strictions regarding the recording of crowds in public spaces, difficulty
of building temporary experimental setups that realistically represent
real-life scenarios, and ethical constraints concerning the creation of
stressful experimental environments. We suspect that the restrictions of
the contemporary data collection methods (partially) induce a lack of
these specific types of studies, data and insights featuring various types
of particular pedestrian behaviour, for instance, pedestrian movement
and choice behaviour during disasters, inside complex (multi-level)
buildings, and in vast street networks. These gaps signal that it is
apparently difficult to perform research featuring these specific types of
movement and choice behaviours which are not covered in the existing
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literature.

The abovementioned restrictions highlight the need for developing
researcher’s data collection toolbox to collect pedestrian behaviour
data. Various new technologies have gained increasing attention in
pedestrian behaviour field in recent years, amongst which, Virtual Re-
ality, smartphone sensing, etc. They offer the possibility of collecting
new types of pedestrian behaviour data due to their special features (e.g.
high experimental control, minimal ethical concerns or lower cost).
These technologies might allow us to overcome contemporary re-
strictions and partially cover the current research gaps. Yet, it is
currently unclear to what extent, and in particular, under which cir-
cumstances these technologies enhance a researcher’s toolbox to study
pedestrian behaviour.

In order to address this, a comprehensive review of the use of
contemporary data collection methods to study pedestrian behaviour is
needed. Several reviews provided a partial overview of the use of
various new technologies to study several stereotypical pedestrian be-
haviours. For instance, Feng et al. [13], Kinateder et al. [14], Lovreglio
and Kinateder [15] and Moussaid et al. [16] focused on reviewing
studies used VR or AR to study pedestrian evacuation and crowd
behaviour. Some reviews discussed a broad range of empirical studies
featuring pedestrian behaviour, for instance, Haghani and Sarvi [17],
Haghani [18,19], Shi et al. [20], Schweiker et al. [21], and Zhu et al.
[22]. However, to our knowledge, there are no reviews that classify
pedestrian behaviour systematically, cover a wide range of data
collection methods and techniques for featuring pedestrian behaviour,
and determine new opportunities to enhance the research toolbox with
new technologies. Thus, this review is a complement to the current body
of review studies, which helps clarify the contemporary technical and
methodological challenges, and indicates the potential contribution of
new technologies.

This study aims to identify the gaps in current data collection
methods for pedestrian behaviour studies and pinpoints opportunities
for new technologies to bridge these gaps. In order to achieve this aim,
this paper determines the capabilities of contemporary data collection
methods regarding the study of pedestrian behaviour using a new tax-
onomy. This study contributes to the existing literature in four ways,
namely (1) it develops a pedestrian behaviour taxonomy that can be
used to classify the broad range of pedestrian behaviour, (2) it presents a
comprehensive review of experimental pedestrian behaviour studies
with a specific focus on the capabilities of the adopted data collection
methods to study pedestrian behaviour, (3) it identifies the most
essential gaps of the contemporary data collection methods for pedes-
trian behaviour research, and (4) it discusses how new technologies can
potentially bridge these gaps.

This paper is organised as follows. Section 2 describes the review
methodology and introduces the behavioural taxonomy that is used to
assess the literature. Section 3 applies this taxonomy to review the
literature using data collection methods for pedestrian behaviour
research. Based on a review of 145 studies, section 4 discusses the
research gaps and opportunities for new technologies to study pedes-
trian behaviour. The last section summarises the main conclusions of
this review.

2. Review methodology

This section details the review methodology. First, the scope of the
study is introduced in section 2.1. Secondly, a taxonomy to classify the
range of pedestrian behaviour is presented in section 2.2.

2.1. Scope of the literature review

A systematic literature search was conducted using the PRISMA
Statement (Preferred Reporting Items for Systematic Reviews and Meta-
Analysis) [23]. In the following, we describe the process of scoping the
literature in detail. The literature was firstly identified using “Scopus”
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and “Web of Science” databases in January 2020. A limited set of key-
words was used to search through the databases and, in particular,
applied to article title, abstract and keywords. No limitation pertaining
to the publication date of the articles was applied. Only articles pub-
lished in English were included in the list of potential articles. The list of
keywords included the combination of terms of ‘pedestrian behaviour’
and terms of ‘data collection method’. Therefore, the following key-
words were used for searching: “pedestrian behaviour”, “pedestrian
dynamics”; and “experiment”, “controlled experiment”, “laboratory
experiment”, “field experiment”, “survey”, “virtual reality”, “augmented
reality”, “Wi-Fi”, “Bluetooth”, “GPS”, “GMS”, “social media”, “IoT”. This
set of references was enhanced by means of forward and backward
snowballing [24].

To be included in the review, eligible literature should be empirical
studies which include: (i) a description of the applied data collection
method; and (ii) the application of this method to study particular types
of pedestrian behaviour. Pure theoretical studies, modelling studies and
simulation applications without relation to data collection endeavours
were disregarded. Besides that, studies focusing on the perception or
psychological perspective of pedestrian behaviour were excluded.

The scoping procedure and results are presented in Fig. 1. The first
search yielded a total of 720 records (including duplicates). After
removing duplicates, the abstracts were reviewed by authors to confirm
the inclusion of studies meeting the search criteria. 203 articles were
screened for full-text review to check their eligibility. After we evaluated
the eligibility of identified articles by reviewing the full text, 145 papers
remained on the list. In total, 145 articles were identified that use data
collection methods to study pedestrian behaviour between 1971 and
2020.

2.2. Taxonomy of pedestrian behaviours

In order to establish the potential of a data collection method, one
needs to determine the different types of pedestrian behaviour and
whether a data collection method is able to study certain types of
behaviour. This section introduces a taxonomy to structure pedestrian
behaviours. The taxonomy explicitly represents the decision-making
process of pedestrian behaviour (Fig. 2). It includes a hierarchical
structure of pedestrian behaviour and the including pedestrian behav-
iours, which together represent a broad range of pedestrian behaviours.
This taxonomy will be used to assess literature in section 3.

2.2.1. The global layout of the taxonomy

From a traffic engineering point of view, pedestrian behaviour can be
classified using a hierarchical structure consisting of three levels, being
strategic, tactical and operational level [25]. These levels feature three
distinct temporal scales pertaining to choices that pedestrians make, and
have served as an umbrella concept in the pedestrian research com-
munity to categorise pedestrian behaviours for at least two decades. This
categorisation shapes the first layer of our taxonomy of pedestrian be-
haviours. The second to fourth layer detail specific pedestrian behav-
iours we identified in the first layer. Here, the second layer distinguishes
between the choice dimensions. The third and fourth layer further
disentangle the various interactions that jointly determine the over-
arching choice behaviour. Underneath, the taxonomy is further elabo-
rated upon in sections 2.2.2-2.2.4.

2.2.2. Strategic level behaviour

Strategic level behaviour considers pedestrian behaviours which
take place prior to their trip. At the highest level, pedestrians make
decisions featuring their activity, corresponding destination and activity
schedule. These choice behaviours are generic, have a very long-term
impact on a pedestrian’s movement and choice behaviour (i.e., up to
24 h) and reflect the purpose of the trip [25]. From the set of activities,
pedestrians choose (a subset of) activities to achieve the purpose of
travelling. Accordingly, pedestrians choose a destination at which they
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Fig. 1. The scoping procedure and results of literature.
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Fig. 2. A conceptual taxonomy of pedestrian behaviour.
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would like to perform the activity [4]. Last of all, pedestrians decide on
the scheduling of their intended activities, which is called activities
scheduling [25]. Once the activity set, destination and activity schedule
are decided, the basis for movement is formed.

2.2.3. Tactical level behaviour

The tactical level describes the decision of choosing a specific route
in order to move from one location to the next [26]. The tactical level
includes a range of pedestrian behaviours on a medium time scale,
featuring route and exit choice behaviour. Here, route choice defines the
process during which pedestrians choose between a number of routes to
reach the destination [27]. Exit choice behaviour features the choice of
one exit within a set of alternative exits to enter or leave a room and/or a
building [28].

Pedestrian route choice behaviours are determined by four types of
interactions. First, pedestrian route choice behaviour can be the result of
interactions with the types of space. Daamen and Hoogendoorn [29]
distinguished between functional, physical and specialised spaces (e.g.,
stairs and waiting areas). Moreover, objects in the environment can attract,
distract, hinder, or repulse pedestrians during walking. For example, pe-
destrians might change their route in order to watch a storefront or
avoid a dirty pathway. Additionally, pedestrians tend to interact with
information (e.g., signs, lights, sounds and mobile phones) [30,31].
Lastly, pedestrian route choice behaviour can be impacted by the
movements and choices of other pedestrians in a pedestrian’s vicinity (e.g.,
[32]1). Here, exit choice behaviour can be seen as a special type of route
choice behaviour. The literature illustrates that pedestrians interact with
information and other pedestrians in order to establish their exit choice (e.
g., [4,33,34]).

2.2.4. Operational level behaviour

At the operational level, pedestrians continuously make short-term
movement decisions on their route to respond to their immediate
environment [35]. It entails the operational walking dynamics of indi-
vidual pedestrians within a demarcated space and a demarcated period
of time [36]. Literature featuring pedestrian behaviour identifies at least
four distinct types of behaviour, namely the movement through certain
types of space, the local interaction with objects, interaction with information,
and the interaction with other pedestrians (e.g., [7,37-391).

The first two types of interactions at this level feature the pedestrian
interaction with a certain type of space, and the interaction with information,
the demarcation of both types is similar to the tactical level. The third
type of interaction is the interaction with objects, where four types of
objects can be distinguished, namely objects that attract, repulse,
obstruct and distract. For example, in a classroom, students try to avoid
colliding with tables to the exits. The fourth type of interaction is the
interaction between pedestrians [40]. Here, three typical types of inter-
action are described. Firstly, following behaviour, which entails the ten-
dency of an individual to follow another individual, in order to benefit
from the space they create. Secondly, group behaviour, which describes
group members that share some collective behaviour, share a salient
social identity and act according to the social norms of that group [41].
Thirdly, collision avoidance behaviour, where pedestrians adjust their
movements to avoid potential future collisions of two or more pedes-
trians occupying the same area at the same time [42].

3. The capabilities of contemporary data collection methods
concerning pedestrian behaviour research

This section presents a comprehensive review of studies that feature
data collection methods that are frequently used to study pedestrian
behaviour. There are three frequently adopted data collection methods,
namely: field observations, controlled experiments, and survey
methods. The literature concerning all three categories is detailed in
subsections 3.1-3.3.

In each subsection, one of the three data collection methods is briefly
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defined, after which a summary is provided of the studies that have used
this method to study pedestrian behaviour. For each study, the data
collection set up is detailed and summarised in a table based on the
taxonomy defined in section 2.2. The outcomes of the first three sections
are used in section 4 to identify the research gaps in the current data
collection toolbox.

3.1. Field observations

The first data collection method, namely field observations, involves
the study of humans who move and make choices in realistic, natural
environments, which include normal and emergency conditions. Here,
the goal is to study pedestrian behaviour as unobtrusively as possible.
This data collection method usually requires researchers to record
pedestrian behaviour in specific situations and/or particular locations,
either using manual labour (e.g., manual counting), digital recording
equipment (e.g., camera), or sophisticated sensor system (e.g., GPS, Wi-
Fi, Bluetooth). In general, one can distinguish between the traditional
techniques (section 3.1.1) and newer digital technologies (section
3.1.2). The reader is referred to Appendix A, Table Al for an assessment
of the studies discussed underneath.

3.1.1. Field observations using traditional techniques

The literature illustrates that studies, which use field observations
are predominantly centred around four themes, namely the study of
evacuation behaviour, pedestrian walking dynamics, group behaviour
and pedestrian behaviour during large-scale events.

The first major research theme was the study of pedestrian behaviour
during evacuations in real venues and unannounced emergencies. One of
the early studies was performed by Shields and Boyce [2], who used
in-house closed-circuit television cameras to study pedestrian route and
exit choice behaviour during unannounced evacuations at retail stores.
Several other studies followed, which predominantly researched unan-
nounced evacuation drills. For instance, Kobes et al. [34] investigated
the influence of smoke and exit signs on pedestrian exit behaviour, and
Yang [43] used video recordings of staircases to investigate pedestrian
speed difference under emergency conditions. Galea et al. [44] and
Nilsson and Johansson [3] determined the effect of the social relation-
ship on pedestrian evacuation behaviour in a theatre.

The second theme focused predominantly on pedestrian flow charac-
teristics at different spaces and, in particular, the relationships between
speed, flow and density. One early study was conducted by Fruin [45],
who collected pedestrian flow data on the walkway and analysed the
relationships of density-speed and density-flow volumes. A large num-
ber of studies followed his example and used time-lapse photography
and video recordings to investigate pedestrian walking dynamics at
walkways (e.g., Corbetta et al. [46]; Lam et al. [47]; Virkler and
Elayadath [48]), sidewalks (e.g., Al-Azzawi and Raeside [49]; Tana-
boriboon et al. [50]), and stairways (e.g., Shah et al. [51]; Tanaboriboon
and Guyano [52]).

The third theme featured the movement dynamics of pedestrian groups.
Moussaid et al. [1] and Duives et al. [53], for instance, collected video
recordings to study the impact of group behaviour on crowd dynamics.
Gorrini et al. [54] and Do et al. [12] focused on the spatial movement
behaviour of social groups. Lastly, Feng and Li [55,56] observed the
movement of groups consisting of family members or friends. Most of
the studies featuring this theme analysed the walking velocity, inter-
personal distance, step frequency, and walking patterns of pedestrians in
relation to group size.

The last group of field observations studied pedestrian movements at
mass events using video recordings. Duives [4] and Zhang et al. [57] were
the first to record crowd movement dynamics using an unmanned aerial
vehicle (UAV), infrared counters and video recordings. In contrast to the
relatively safe crowd movements, studies of Helbing and Johansson
[58], Johansson et al. [59], Ma et al. [60] and Larsson et al. [61]
investigated crowd dynamics under high densities at religious events,
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festivals and public events. More recently, Wang et al. [62] used
recorded videos to analyse crowd movement in a terrorist-attack event.
All five studies only used material captured by unrelated third parties
and had no control over the location or vantage point of the videos.

3.1.2. Field observations using monitoring techniques

Recently, sophisticated digital sensor systems that are able to
monitor pedestrian movements and choice behaviours have also been
adopted to study pedestrian movements in crowded spaces, such as
transfer hubs, city centres and mass events. In comparison to traditional
video recording techniques, these new monitoring techniques can
actively cover pedestrian behaviour with larger spatial and time scale,
and can be operational for a very long time (potentially multiple years).
In particular, five distinctive types of digital sensors are mentioned in
the literature that can be part of a crowd monitoring system, namely
camera-based monitoring systems, Bluetooth/Wi-Fi sensors, GPS
trackers, mobile phone data and social media crawlers. The studies
applying these techniques mostly focused on pedestrian activity location
choice and pedestrian movements at large-scale events. Underneath, the
latest developments pertaining to each technology are mentioned
separately.

The first group of studies featured the use of camera-based moni-
toring systems to study pedestrian crowd movements on multiple occasions,
which generally feature a combination of a camera, a stand-alone mini-
computer and a set of Al or computer vision algorithms. Earlier versions
of these systems predominantly counted people or moving objects
within the field of view (e.g., [63]). More recent studies automatically
derived crowd speed and density information from video images (e.g.,
Favaretto et al. [64]; Wang et al. [65]). Duives [36] combined video
systems and computer vision algorithms to study pedestrian walking
dynamics at five mass events, and Li et al. [66] determined the pedes-
trian Level of Service using multiple overlapping cameras.

The second group of studies featured Wi-Fi and Bluetooth sensors (e.
g., Centorrino et al. [67]; Danalet et al. [68]; Ton et al. [69]; Versichele
et al. [70]; Yoshimura et al. [71,72]). These researchers adopted this
type of sensor to study pedestrian activity location and route choice
behaviour in, respectively, a museum, a university campus, a train sta-
tion, a festival, and a museum. Other studies researched the operational
walking behaviour of crowds (e.g., Bonne et al. [73]; Duives et al. [74];
Gioia et al. [75]). Besides that, some studies combined Wi-Fi sensors
with other digital sensor types to monitor pedestrian crowd conditions. For
instance, Wirz et al. [76] collected pedestrians’ location traces and in-
formation through GPS and Wi-Fi to infer real-time crowd conditions.
Farooq et al. [77] applied Wi-Fi sensors and infrared to monitor a
large-scale crowd at a festival; and Daamen et al. [78] monitored crowd
movements using a combination of Wi-Fi, counting cameras and GPS
trackers.

The third group of studies featured the use of GPS traces to study
pedestrian movements at public space or large-scale events. For example,
Van der Spek [79] and Galama [80] used GPS trackers to monitor
pedestrian movements in city centres and a public event. Daamen et al.
[81] used the same technique to study the activity choice and route
choice behaviour of visitors at a music event. Blanke et al. [82] studied
the dynamics of crowd and activity location choice by means of GPS
traces from smartphones. Similarly, Duives et al. [83] adopted
GPS-traces from smartphones to analyse tactical and operational crowd
movements at mass events in real-time.

The fourth type of analysis made use of GSM data obtained from
mobile-cellular networks to capture pedestrian crowd information. This
type of mobile phone data was used by Gao [84] and Keij [85] to explore
human mobility patterns. Calabrese et al. [86] and Zhang et al. [87]
used GSM data to identify the locations of large pedestrian flow and
crowd density.

The last group of studies featured the use of social media to determine
the crowd’s characteristics at large events. Botta et al. [88] and Yang et al.
[89], for instance, used Twitter to determine the global movement
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patterns of pedestrians through an urban context. Gong et al. [90,91]
used similar social media platforms to derive information on the crowd
itself, for instance, crowd distribution, age and country of origin. More
recently, Yang et al. [92] used social media to determine pedestrian
activity patterns, and Alkhatib et al. [93] determined incidents at
pedestrian gathering events using social media messages.

3.1.3. Pros and cons of field observations to study pedestrian behaviour

In summary, field observations have been often applied to gather
pedestrian behavioural data related to pedestrian evacuation behaviour,
pedestrian movement dynamics at different spaces, group behaviour,
and pedestrian movements at mass events. The captured data pertains to
strategic level behaviour, tactical, and operational choices of pedes-
trians moving in crowds, groups and as individuals. The content of the
studies mentioned above is used to discuss the pros and cons of field
observations, which are discussed underneath from perspectives of
controllability, data richness and quality, validity, representativeness
and cost.

Controllability. The factors influencing pedestrian behaviour
cannot be controlled during field observations, and the conditions under
which data are collected cannot be influenced by the researcher directly
[94]. Besides that, acquiring permissions for collecting such data in
public and some restricted areas can be difficult because of safety, se-
curity, and privacy issues. In particular, in relation to (new) digital
monitoring techniques, this often hampers their adoption in the public
domain. Moreover, in some contexts, such as evacuation and panic sit-
uations, video recordings are rarely accessible to researchers. Further-
more, individual characteristics of the pedestrians are hard to capture
during field observations.

Data richness and quality. One advantage of field observations is
that one can track the movements of many pedestrians over a long-term
period. Consequently, the collected pedestrian behavioural data con-
tains rich information considering the fundamental quantities of
pedestrian behaviour [95]. However, the accuracy of behavioural data is
highly influenced by the sensor setup and techniques, for instance,
camera position and angel, satellite signal strength, granularity of the
data and distribution density of the beacons. As a result, collected
pedestrian behaviour data is often not accurate and reliable enough for a
detailed analysis (e.g., Love Parade 2010).

Validity. Pedestrians usually walk in a real-life environment with no
or little knowledge of being tracked and are thus more likely to behave
in a more natural fashion. This results in unbiased behavioural data,
which in turn ensures a relatively high degree of validity.

Representativeness. Data collection during field observation usu-
ally occurs coincidentally during the time and at the location of the
study [94]. It means that only the behaviour of a sample of the pedes-
trian population during a certain period or at a specific location is
collected. Therefore, the sample of observed pedestrians in a field
observation may not be representative of the population, or the observed
behaviours may not be representative of the individual [96].

Cost. It is time-consuming and challenging to obtain approval to
perform a field observation. Contracts, approval to install sensors, and
access to existing recordings from video surveillance systems are diffi-
cult to arrange. Furthermore, the raw data captured during a field
observation experiment often still needs to be identified and interpreted
through software or manual operation, which requires an enormous
investment in labour.

3.2. Controlled experiments

Contrary to field observations, controlled experiments entail the
participants’ movements in a controlled condition and a temporary
experimental setup designed by the researchers [17]. The literature
considering controlled experiments can be split into three parts, namely
studies featuring normal conditions (section 3.2.1), studies featuring
evacuation conditions (section 3.2.2), and Virtual Reality experiments
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(section 3.2.3). Table A2 and Table A3 in Appendix A provide a sum-
mary of the studies that feature controlled experiment (both in normal
and evacuation conditions), and VR experiments.

3.2.1. Traditional controlled experiments featuring normal condition in real
life

The controlled experiments featuring pedestrian behaviour under
normal conditions mainly cover two topics, namely walking dynamics of
pedestrians in a particular type of spaces (e.g., bottlenecks, intersections
and corridors) and collision avoidance behaviour.

A large number of studies have used laboratory experiments to study
pedestrian’s operational walking dynamics in various settings. Many studies
conducted experiments to investigate the impact of bottleneck width on
pedestrian movement dynamics (e.g., Bukacek et al. [97]; Daamen and
Hoogendoorn [29]; Helbing et al. [98]; Hoogendoorn and Daamen [99];
Kretz et al. [100]; Liao et al. [101]; Seyfried et al. [102,103]; Zhang and
Seyfried [6]). Numerous studies investigated other pedestrian move-
ment base cases (e.g., corridors, intersections). Seyfried et al. [104],
Chattaraj et al. [105] and Liu et al. [106], for instance, conducted ex-
periments to investigate the movement dynamics of single-file pedes-
trians at corridors. Zhang et al. [107] and Zhang and Seyfried [108]
conducted experiments to study uni- and bidirectional flow experiments
in straight and T-junctions corridors. Wong et al. [109] and Zhang and
Seyfried [110] studied pedestrian movement behaviour at intersections
with different angles. Shiwakoti et al. [111] and Lian et al. [112] studied
pedestrian merging movements under various angles and flow rates.
While Gorrini et al. [113], Dias et al. [114] and Rahman et al. [115]
examined the effect of turning angled corridors on pedestrian movement
dynamics. Recently, more experiments have been performed in diverse
experimental settings. For instance, Ziemer et al. [116] experimented in
a high-density ring corridor to study pedestrian dynamics in crowded
situations. Huang et al. [117] investigated individual and single-file
pedestrian walking behaviour in a narrow seat aisle. Cao et al. [118]
investigated pedestrian movement by single-file experiments under
different visibilities in a ring-shaped corridor. Hu et al. [119] and Xiao
et al. [120] conducted multidirectional flows experiments in a circle
setup to study pedestrian movement choice.

Another set of studies thoroughly researched collision avoidance
behaviour. In the experiment conducted by Paris [38], pedestrian colli-
sion avoidance behaviour was observed via a motion capture system.
Also, Moussaid et al. [7] and Versluis [121] conducted experiments with
pedestrians performing avoidance tasks in a corridor with various
interaction distances and angles. In another study by Moussaid et al.
[122] studied collision avoidance behaviour in a ring-shaped corridor.
Huber et al. [123] investigated path and speed adjustments when par-
ticipants avoid another person at different angles and walking speeds. In
the study of Parisi et al. [124], collision avoidance behaviour was
investigated individually and collectively in crossing and head-on en-
counters. In contrast, Liu et al. [125] investigated another type of
collision avoidance, namely the effect of inactive pedestrians on the
pedestrian walking dynamics on other pedestrians, and Li et al. [126]
investigated the influence of obstacles in the travel path on pedestrian
route choice behaviour.

3.2.2. Traditional controlled experiments featuring evacuation conditions
in real life

Compared to normal-condition controlled experiments, the focus of
controlled evacuation experiments is to study pedestrian behaviour
under evacuation or more stressful conditions (e.g., participants are
asked to hurry, environments change appearance due to varying smoke
and lighting conditions). In general, three types of evacuation behaviour
were investigated, namely pedestrians’ operational movement dy-
namics, route and exit choice behaviour, and the impact of information
and social behaviour on the choices of evacuees.

The first type of pedestrian behaviour, namely pedestrians’ opera-
tional movement dynamics during evacuations, has first been studied by
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Daamen and Hoogendoorn [127], who captured pedestrian movements
through emergency doorways under stressful conditions. Tian et al.
[128] studied pedestrian movements when participants entered a
bottleneck during an evacuation. Another study by Jo et al. [129]
researched the change of crowd speed around doors as a result of the
change of corridor density. Huo et al. [130] conducted evacuation ex-
periments in a high-rise building and investigated pedestrian move-
ments on stairs. Shahhoseini et al. [8] investigated the movement of
merging crowds under emergency egress, and Cao et al. [131] studied
pedestrian movement characteristics under low visibility conditions.
Various studies, amongst which Zhao et al. [132] and Ding et al. [133],
studied the impact of various types of obstacles on pedestrian evacua-
tion efficiency.

The second type of studies researched pedestrian route and exit choice
behaviour in evacuation situations. Most of these studies focused on exit
and route choice behaviour for a specific type of infrastructure. For
example, Fang et al. [134] carried out an evacuation experiment in a
teaching building and investigated the exit choice of pedestrians. Jeon
et al. [39] investigated the effect of different visibility condition at a
transfer hub. Guo et al. [135] and Zhu and Shi [136] performed class-
room evacuation experiments to contrast route choice behaviour under
varying visibility conditions, occupant distributions and alarm
information.

Other researchers studied how the information provided by evacuation
installations (e.g., signs, sounds, lights) influences pedestrian evacuation de-
cisions. Fridolf et al. [137] and Galea et al. [138] studied the impact of
evacuation installations on pedestrian exit choice and movement speed.
D’Orazio et al. [139] compared pedestrian movement speed and evacu-
ation time between continuous wayfinding system and punctual signsin a
theatre. Ronchi et al. [140] and Porzycki etal. [141] conducted a series of
experiments to study pedestrian evacuation behaviour during a road
tunnel with artificial smoke. Cao et al. [142] conducted evacuation ex-
periments to compare pedestrian evacuation behaviour under varying
visibility.

The fourth group of studies featured the impact of social behaviours.
Heliovaara et al. [143], for example, conducted an evacuation experi-
ment to study the effect of selfish and cooperative behaviour on evacu-
ation performance. The study of Von Kriichten and
Schadschneider [144] investigated the impact of social groups and
intergroup interactions on pedestrian movement during evacuations.
Haghani and Sarvi [145] and Xie et al. [146] investigated the effect of
social interaction on pedestrian route and exit choice in a room during an
evacuation.

3.2.3. Controlled experiments using virtual reality (VR)

In VR experiments, participants experience an immersive virtual
world through a continuous stream of highly realistic images and
soundscapes. Individuals experience a feeling of immersion via VR
equipment and are provided with the ability to interact with the virtual
environment through a human-machine interface (e.g., joystick, gloves)
[147]. Overall, the VR studies pertaining to pedestrian behaviour mainly
featured the effect of various factors on pedestrian choice behaviour
under normal and evacuation conditions. Here, the latter category can
be split into the impact of other pedestrians’ behaviours and the impact
of information on pedestrian evacuation behaviour.

VR has been used to analyse the influence of various factors on
pedestrian behaviour under normal conditions in immersive and
controllable environments. Tan et al. [148], for example, collected
pedestrian responses to hypothetical changes in virtual urban environ-
ments, namely activity choices and scheduling. Natapov and
Fisher-Gewirtzman [149] captured pedestrian movement trajectories
walking through a virtual environment to investigate the impact of the
distributions of urban attractors and the urban street network on
pedestrian route choices. Feng et al. [150] investigated pedestrian route
and exit choice behaviour in a multi-level building.

Another set of studies featured pedestrian obstacle avoidance behaviour
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and collision avoidance behaviour. Fink et al. [151] and Sanz et al. [152]
investigated pedestrian movement and walking trajectory when they
need to avoid obstacles in a virtual environment. Li et al. [126] studied
pedestrian route choice behaviour in a top-down view virtual environ-
ment with obstacles. Bruneau et al. [153] used a VR simulator for a
different application, namely to investigate how pedestrians avoid
collision with a group of pedestrians.

Also, the impact of other pedestrian’s activities on pedestrian choice
behaviours during evacuation situations was widely investigated using
VR. For instance, Kinateder et al. [154,155] and Kinateder and Warren
[156] studied the effect of social influence on pedestrian exit choice.
Bode et al. [157], moreover, investigated the impact of queues in front of
the exits on pedestrian evacuation exit and route choice behaviour. Van
den Berg [32] used a 3D multi-user virtual game to study herding
behaviour during an evacuation, and Moussaid et al. [158] adopted a VR
platform to investigate high-stress evacuation scenarios. More recently,
Kinateder et al. [159] investigated the influence of exit familiarity and
neighbour behaviour on pedestrian exit choice in a virtual museum. Lin
et al. [160] examined the influence of crowd movements on pedestrian
evacuation route choice.

The last group of studies investigated the impact of information on
pedestrian behaviour in evacuations. Tang et al. [161] created a VR game
to determine the effect of emergency signs containing different infor-
mation on pedestrian way-finding behaviour. Kobes et al. [162] inves-
tigated the influence of smoke and location of exit signs on pedestrian
exit and route choice in a virtual hotel. Ahn and Han [163,164] inves-
tigated building evacuations using AR-assisted guidance on smart-
phones. Silva et al. [165] used a serious game to investigate pedestrian
evacuation time and exit choice in a hospital while the game system
provided continuous information about the evacuation’s progress. More
recently, Duarte et al. [166] examined how dynamic features in exit
signs affect pedestrian exit behaviour. Cosma et al. [167] studied
pedestrian behaviour in a virtual tunnel evacuation with different
lighting situations. Furthermore, Kinateder et al. [168], Cao et al. [169]
and Zhu et al. [170] studied the impact of coloured signs, virtual fire and
visual access on pedestrian exit and route choice behaviour.

Several above-mentioned studies also compared pedestrian behaviour
in VR and real life. For example, one of the earliest validation studies was
conducted by Kobes et al. [162], which compared pedestrian evacuation
behaviour in a real-life hotel and a virtual hotel. Kinateder and Warren
[156] compared the impact of social influence on pedestrian exit choice
behaviour in a real and virtual environment. More recently, Feng et al.
[171] compared pedestrian exit choice behaviour in a real-life evacua-
tion drill and a virtual environment using mobile-based HMD. Besides
pedestrian evacuation behaviour, several studies also compared obstacle
avoidance behaviour. In the study of Fink et al. [151] and Sanz et al.
[152] compared participants’ collision avoidance behaviour surround-
ing static obstacles in matching physical and virtual environments. In a
recent study, Li et al. [126] compared pedestrian route choice behaviour
in a virtual environment with obstacles to similar real-life conditions.

3.2.4. Pros and cons of controlled experiments to study pedestrian
behaviour

In this session, the pros and cons of traditional controlled experi-
ments and VR experiments are discussed separately, as the applied
techniques have distinguished differences. Five main perspectives are
discussed, namely controllability, data richness, validity, representa-
tiveness and cost.

3.2.4.1. Pros and cons of traditional controlled experiments. In summary,
traditional controlled experiments in normal conditions are predomi-
nantly used to study the operational movement behaviour of pedes-
trians, in particular, walking dynamics and collision avoidance
behaviour. Concerning emergency conditions, most controlled experi-
ments aim to capture tactical level behaviour, and a limited number of
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studies feature operational movement behaviour.

Controllability. The review illustrates that a major advantage of
laboratory experiments is that experimental conditions can be
controlled well. That is, researchers can take tight control of the sce-
narios that participants experience and the moments in time at which
participants make decisions [172]. However, controlled experiments are
also restricted by ethical considerations and need to ensure a reasonable
balance between the realism and level of invasiveness of their design at
all times [17].

Data richness and quality. Due to high controllability, controlled
experiments provide the opportunity to easily observe and analyse the
effect of very specific factors [173]. Meanwhile, the control of the data
collection devices also assures a higher level of data accuracy, consid-
ering the detection and extraction of pedestrian behavioural data.

Validity and representativeness. In controlled experiments,
pedestrian behavioural data is usually collected in a specific context.
Therefore, it is questioned if collected data can either represent pedes-
trian behaviour in real life or it can be generalised to different situations.
Meanwhile, students are over-represented in many controlled experi-
ments, which limits the overall validity and representativeness of most
controlled experiments [173].

Costs. In order to conduct controlled experiments to collect data, it is
essential to create an artificial experiment environment, install data
collection devices and gather a large number of participants, which
often proves costly and labour intensive. Meanwhile, the built envi-
ronment is mostly in a simple setup and missing architectural features
(e.g., colour, texture). Furthermore, once the environment is built, it can
hardly be changed during experiments [29].

3.2.4.2. Pros and cons of using VR in controlled experiments to study
pedestrian behaviour. In summary, VR experiments mainly have been
focused on investigating the impact of various factors on pedestrian
behaviour under normal and evacuation conditions (i.e., the impact of
other pedestrians and the impact of information on evacuation behav-
iour of pedestrians).

Controllability. The studies presented in section 3.2.3. identify that
one of the main advantages of VR is high experimental control. It means
that the virtual scenes can be quickly built, modified, and a number of
possible factors that potentially influence pedestrian behaviour can be
controlled in the virtual environment. Compared with traditional
controlled experiments, VR allows participants to be immersed in virtual
environments that they are either not likely to encounter in real-life or
which are too dangerous to expose. Thus, participants can be fully
immersed in a VR environment without exposing them to risk of injury
[174].

Data richness and quality. Compared to other data collection
methods, using VR is more likely to collect pedestrian behavioural data
more accurately and automatically. It means that VR may provide easier
and quicker access to the collected behavioural data [17]. Besides, re-
searchers can design and develop virtual environments which are
complicated, stressful and even dangerous, in which they can still collect
sufficient behavioural data [154,175].

Validity. One often recorded concern is whether participants’
behaviour in VR environments is consistent with their behaviour during
real-life situations. In particular, because participants know they move
and act within the virtual environment, and they face no real danger
[176].

Representativeness. VR experiments using some VR devices (i.e.,
HMDs, desktop displays) can be conducted at different locations and
different times [167], which increase the heterogeneity of sampling.
However, the potential pre-selection effects might influence the repre-
sentativeness the results, for instance, elder or people who have issues
with dizziness might not be included in the sample, participants are
more familiar with new technologies might perform more smoothly (e.
g., [1771).
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Cost. Another significant advantage of VR simulators is its cost-
effectiveness [178]. That is, both the operational and logistics costs of
VR experiments are lower than those of comparable lab experiments
[172]. Furthermore, once the VR simulator system is set up, it can be
used repeatedly.

3.3. Survey methods

Research featuring survey methods collects and analyses data using a
list of predetermined questions. There are two main types of surveys,
namely stated preference surveys (SP) and revealed preference surveys
(RP). The first type is based on the participants’ response or answers to
hypothetical scenarios, while the latter is based on experienced sce-
narios with a given set of questions. Table A4 in Appendix A provides a
summary of the studies discussed in this section.

3.3.1. Pedestrian behaviour study using surveys

Several studies used surveys to understand pedestrian route and exit
choice behaviour. Duives and Mahmassani [9] used a web
SP-questionnaire to investigate pedestrian evacuation decisions,
including pre-evacuation behaviour, route and exit choice. Lovreglio
et al. [11] also used SP survey to study the effect of nearness to the exit,
the density of near exits, herding behaviour and cooperative or selfish
behaviour on pedestrian exit choice. Haghani and Sarvi [179] used an
SP questionnaire to investigate pedestrian exit choice behaviour during
evacuations. Olander et al. [180] performed a questionnaire study to
evaluate the design of dissuasive emergency signage, and Chen et al.
[181] used a questionnaire-based experiment to study children route
choice behaviour in an evacuation scene in a classroom. Aleksandrov
et al. [182] used an online questionnaire and designed multiple sce-
narios to investigate pedestrian route choice during evacuations.

Next to the use of standalone surveys, survey data is also often
combined with field observations or controlled experiments, during
which people, who have been involved in an experiment and have
personal experiences in the (real-life) scenarios are questioned. Do et al.
[12], for instance, combined RP survey data with field observations to
understand groups and single pedestrian behaviour at a train station and
Haghani and Sarvi [10] collected RP data regarding pedestrian exit
decision in a train station. D’Orazio et al. [139] used the survey another
way, namely to collect qualitative data regarding pedestrian
pre-movement time activities and evacuation route choice after an
evacuation experiment. Daamen et al. [81], similarly, combined GPS
trajectory data with a survey regarding pedestrian experiences and
personal characteristics to identify the factors influencing route choice.

3.3.2. Pros and cons of survey methods

To summarise, survey methods have predominantly been used to
study pedestrian behaviour at the tactical level (during evacuations), to
enhance datasets gathered using other data collection methods, and to
determine the influence of personal characteristics and external factors
on pedestrian behaviour. Underneath the pros and cons of survey
methods concerning controllability, data richness, validity, representa-
tiveness, and costs are discussed.

Controllability. Researchers have high experimental control to
design predetermined questions in a survey. Questions can be related to
past events or futuristic situations. In particular, SP surveys provide the
opportunity to gather insights regarding pedestrian behaviours that
rarely happen or have not presented itself in real-life situations.

Data richness and quality. In addition to field observations or
controlled experiments, surveys provide the opportunity to acquire
complementary (qualitative) information concerning, for instance,
personal characteristics and psychological insights (e.g., preferences,
attitudes, motivations, and intentions). However, not all pedestrian
behaviours, for example, pedestrian walking dynamics, can be studied
using survey methods because individuals do not consciously make
these decisions.
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Validity. Different from real observations, the answers from re-
spondents may differ from their actions in a real situation, which limits
the generalizability and validity of most survey results. This is especially
the case when participants are required to answer questions regarding
unfamiliar situations (SP survey) or when they need to recall past events
or experiences (RP survey).

Representativeness. Surveys can be distributed among pedestrians
through different media, for instance, on the street, via mail, email or
web forms. Compare to controlled experiments, it allows researchers to
collect relatively comprehensive data samples to represent the pedes-
trian population well.

Cost. One of the main benefits of surveys is that the time to develop
and perform a survey study is, in general, limited. That is, questionnaires
can be quickly and repeatedly distributed. As such, it allows researchers
to collect large data samples at low costs [96]. However, a full orthog-
onal survey requires a vast number of respondents which have proven
costly to achieve.

4. Research gaps and opportunities

The review of contemporary data collection methods used to study
pedestrian behaviour illustrates that there are certain imbalances using
contemporary research toolbox. Table 1 shows an overview of reviewed
studies featuring different types of pedestrian behaviour. Table 2 shows
an overview of the pros and cons of different data collection methods for
collecting pedestrian behaviour data. Moreover, the review also iden-
tifies there are new technologies that can potentially enhance our
research capabilities. This section first identifies five research gaps
pertaining to the contemporary research method toolbox for pedestrian
behaviour research. These gaps are identified by using the reviewed
empirical studies featuring pedestrian behaviour (Section 3) in combi-
nation with the taxonomy framework (Section 2). Section 4.2 accord-
ingly determines three potential opportunities pertaining to new
technologies to potentially bridge the research gaps identified in section
4.1. The process of identifying research gaps and opportunities for new
technologies is conceptualised in Fig. 3.

4.1. Research gaps

In the review, five research gaps are identified, namely: (1) studying
pedestrian behaviour under vast complex scenarios, (2) capturing
comprehensive behavioural data sets, (3) studying pedestrian behaviour
in new types of high-risk scenarios, (4) comparing pedestrian behaviour
data with different data collection methods and (5) high experimental
costs.

Gap 1: studying pedestrian behaviour under vast complex scenarios

Although there have been many studies that use controlled experi-
ments to investigate pedestrian behaviour in varying scenarios, more
than half of the studies focused on pedestrian behaviour in simple
experimental conditions (e.g., corridor, bottleneck, simple room). Apart
from these, studies featuring strategic level behaviour were limited. The
lack of studies of pedestrian behaviour under vast complex scenarios
seems to be the result of three things. First, longitudinal data collection
of pedestrian behaviour is difficult to arrange. Second, data collection
methods (i.e., controlled experiments, surveys) have a limited scope,
which makes it difficult to provide participants with a wide range of
options. Third, the variability and complexity of pedestrian behaviour,
the variety of contexts, and the variety of geometric and architecture
features [8] are challenging to achieve from the contemporary research
toolbox. Consequently, more complex scenarios cannot be represented
entirely realistically, experiments featuring these complex situations are
hardly controllable and repeatable [153]. Thus, there is a need for data
collection methods that can create and mimic realistic complex sce-
narios while retaining the capability of collecting pedestrian behaviour
data.
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Table 2

A comparison of the pros and cons of different data collection methods.

Cost

Representativeness

Validity

Data richness and quality

Controllability

Data collection methods

o Time-consuming and challenging to
obtain approval to perform a field

observation

e May not be representative of the

o A relatively high degree of validity

o Track the movements of many
pedestrians over a long-term

period

o External factors cannot be

controlled

Field observations

population, or the observed behaviours

may not be representative of the

individual

e Acquiring permissions for

o Require a large investment in labour

to extract the collected data

e Accuracy of behavioural data
is highly influenced by the

experimental setup

collecting such data in public

and some restricted areas can be

difficult

e Often not accurate and reliable
enough for a detailed analysis

e Install data collection devices and

e Questioned if collected data can be
generalised to different situations

e Questioned whether collected data
can represent pedestrian behaviour in

real life

e Easily observe and analyse the
effect of very specific factors

o Experimental conditions can be

controlled well

Traditional
controlled

Controlled

gather a large number of participants,
which often proves costly and labour

intensive

experiments

o Overrepresented students limit the

overall representativeness

o A higher level of data accuracy

experiments

e Once the environment is built, it can

hardly be changed during experiments

o Lower than those of comparable lab

experiments

e Can be conducted at different locations
and different times which increase the

heterogeneity of sampling

o Questioned whether participants’
behaviour in VR environments is

e More accurately and

o High experimental control

VR controlled
experiments

automatically collect data

e Can be used repeatedly

consistent with their behaviour during

real-life situations

o Potential pre-selection effects might

influence the representativeness

e Questionnaires can be quickly and

repeatedly distributed

o Allow researchers to collect relatively
comprehensive data samples to

o Answers from respondents may differ
from their actions in a real situation

e Acquire complementary
(qualitative) information

e High experimental control

Surveys

o A full orthogonal survey requires a
vast number of respondents can be

costly to achieve

represent the pedestrian population well

o Not all pedestrian behaviours
can be collected, for example,
pedestrian walking dynamics
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Gap 2: capturing comprehensive behavioural data sets

Pedestrians perceive the environment while walking, and their
behaviour is the result of decision-processes that range from the long-
term strategic level to the short-term operational level [36,183]. How-
ever, the internal relationship between different choice dimensions and
the details considering each of the choice dimensions is, to a large
extent, currently not yet understood.

The review illustrates that one of the underlying issues is a lack of
valid behavioural data spanning multiple-choice dimensions or
encompassing information on the individual and the crowd simulta-
neously. It is difficult to use traditional data collection methods to
capture all the data that is necessary to improve our understanding of
pedestrian choices. Consequently, realistic behavioural data about
pedestrian choices is still lacking. Thus, there is a need for methods that
allow researchers to capture sufficient behavioural data in a scenario
simultaneously (i.e., personal characteristics, psychological data,
movement data, experienced settings, crowd movements).

Gap 3: studying pedestrian behaviour in new types of high-risk
scenarios

Furthermore, this review shows that while pedestrian behaviour has
been extensively investigated in traditional emergency scenarios such as
fire, new types of high-risk scenarios (e.g., earthquakes, terrorist attacks,
stampedes) have received far less attention. Examples of these newer
types of high-risk scenarios include the crowd disaster during Hajj [58],
the Love Parade disaster [184] and the Kunming terrorist attack event in
China [62]. These studies show that pedestrian behaviour during those
scenarios differs from pedestrian behaviour in traditional evacuation
scenarios. There is a lack of research approaches that can study pedes-
trian behaviour during these newer risky situations while being in a
relatively safe environment. For example, although studies of pedestrian
behaviour during fire situations have been done on a number of field
observations and lab controlled experiments, it generally suffers from a
lack of controllability, precision, reality and replicability [8]. Mean-
while, the limited information provided to participants restricts their
behavioural responses to the situation because of the physical dangers
involved when they are walking [185]. Consequently, a data collection
method is required that allows participants to experience and move
through dangerous environments with comprehensive information,
while they remain physically safe.

Gap 4: limited representativeness of the collected pedestrian
behavioural data sets

It is known that pedestrian behaviour is highly dependent on the
external environment and surrounding pedestrians, however, for
controlled experiments and survey methods, pedestrian behaviour data
are usually collected in a specific context (i.e., temporary experimental
setup, participants need to follow certain instructions) with a single type
of participants (e.g., university students). Therefore, it is questioned if
collected data through these methods can either represent pedestrian
behaviour in real life or it can be generalised to different situations. The
review shows that there are only a few studies that have attempted to
address this issue (e.g., [126,151,162,171]). Thus, more studies are
needed to be conducted repeatedly in various data collection methods or
with various heterogeneity of participants.

Gap 5: alternative choices with low experimental costs

To study pedestrian behaviour at the operational level, predomi-
nantly field observations and controlled experiments are used due to the
stringent data requirements. Finding the optimal place and obtain the
access to perform a field observation takes time. Besides that, it is
challenging and costly to install all necessary sensors. At the same time,
it is also very costly to design, develop and conduct controlled experi-
ments. And it is challenging, and often expensive to acquire participants.
Consequently, researchers need to choose between two costly alterna-
tives to study operational behaviour, which limits the amount of
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Fig. 3. A conceptual framework for identifying research gaps and opportunities.

research being performed featuring pedestrian operational movement
behaviour. Thus, there is a need for a data collection method that allows
researchers to set up, alter or change between different experimental
setup quickly at no or very limited costs.

4.2. Opportunities pertaining to the use of new technologies

In this section, three opportunities of applying new technologies to
(partly) bring the identified research gaps are identified, namely: (1)
applying VR experiments, (2) leveraging large-scale crowd monitoring,
and (3) utilising the Internet of Things (IoT).

Opportunity 1: conducting VR experiments

The last few years VR technologies have improved with incredible
speed. This allows researchers to generate large complex, realistic sce-
narios while still ensuring that researchers can collect behavioural data
with great experimental control. Meanwhile, VR provides the opportu-
nity to study pedestrian behaviour with a variety of dangerous situa-
tions, such as building fires, earthquakes, or crowd motion during
massive events [172]. At the same time, with the ability to simulate a
variety of contexts, VR allows researchers to investigate pedestrian
behaviour in hypothetic scenarios (e.g., new building designs and new
transportation systems). It helps researchers understand the interaction
between pedestrians and scenarios that do not exist today and also helps
planners through dilemmas when designing future infrastructure [186].

Secondly, once the VR system is set up, it allows researchers to
conduct the same experiment repeatedly and even in a physically
different location while the settings of the experiment remain the same.
It ensures that experimental conditions are similar for all participants,
which helps to gain insights on how various external factors or personal
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characteristics affect behaviour in certain conditions. At the same time,
it allows researchers to collect a multitude of pedestrian data with much
flexibility and heterogeneity.

Thirdly, precise tracking technology (e.g., full-body tracking, eye
tracking), which is incorporated in most VR technologies, allows re-
searchers to collect and accurately analyse various aspects of pedestrian
behaviour in great detail. Brief actions can also be captured, such as
small steps, hesitations, or glances, that would be difficult to observe in
the real world [187]. In combination with questionnaire data, VR also
provides opportunities to acquire complementary information to further
our understanding of the decision-making processes.

At the same time, the review highlights several challenges of using
VR to study pedestrian behaviour. Firstly, to ensure VR technologies can
be used as a valid research tool to study pedestrian behaviour, more
thorough insights with respect to the comparison of pedestrian behav-
iour in virtual and real-world environments is needed. In particular,
research should establish under which conditions and for which
pedestrian behaviours, VR technologies can be a valid research tool.
Secondly, currently researchers have to balance between the level of
realism, the scale of the virtual environments and the computational
load of VR simulations. Thirdly, researchers should continue to work on
solving the ethical (i.e., mental and physical load of VR experiments for
participants) and methodological (i.e., pre-selection effects) limitations
of applying VR technologies.

Opportunity 2: leveraging large-scale crowd monitoring

Until recently, the widespread installation of static digital sensors,
such as automatic counting systems and Wi-Fi sensors, for the moni-
toring of pedestrian movements was very difficult due to the high
installation and maintenance costs, high data loads and ever-present
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privacy concerns. In the last few years, improvements pertaining to all
three issues have allowed cities and pedestrian infrastructure operators
to install vast 24/7 operational sensor networks in pedestrian in-
frastructures. This development will allow researchers to study the
movements of pedestrian (crowds) in large complex environments and
incident situations in more detail in the years to come. Besides that,
these systems will capture new pedestrian behaviours in complex situ-
ations that have not yet been studied in detail, for instance, walking at
night or accidents.

The main issue concerning large monitoring systems is their poten-
tial infringement of the fundamental right to be forgotten by the gov-
ernment, i.e., the right to privacy. Most crowd monitoring systems
currently make use of camera or Wi-Fi data, which intrinsically feature
privacy-sensitive data. Consequently, to further the installation and
operation of large crowd monitoring networks in pedestrian in-
frastructures, it is essential to advance the development of digital sen-
sors, which ‘by design’, protect the privacy of the individual. Some first
developments are seen in practice, such as radar, heat and depth sensors.

At the same time, limited information is available regarding the
validity of, in particular, these newer sensor types. Some studies, such as
Duives et al. [74], illustrate that derivation of crowd dynamics infor-
mation from sensor networks is less trivial than one might think. Thus, in
order to add these new sensors to the pedestrian research method
toolbox, studies into the valid usage of crowd monitoring system data
are essential.

Opportunity 3: utilising the Internet of Things (IoT)

The concept ‘Internet of Things’ has been introduced a few years ago,
which identifies systems of interrelated digital devices that can auton-
omously communicate with the internet and other devices. With the
establishment of the first IoT-like systems, also new opportunities to
study and monitor pedestrian behaviours arose. The first opportunity of
IoT for the pedestrian study is tracking of pedestrian dynamics via
smartphones (e.g., running apps, event apps), wearables (e.g., sports
watches) and social media (e.g., Twitter, Foursquare, Instagram). In
these applications, IoT is used to monitor pedestrian dynamics in a
conventional manner (e.g., identify walking speeds, flows and den-
sities). Besides that, [oT also has the potential to unravel new informa-
tion regarding pedestrian movement and choice behaviour, for instance
by linking pedestrians’ thoughts to their route choice behaviour and
their local operational behaviour to their strategic day-to-day activity
choices. Please note that the latest IoT systems gather pedestrian data as
a by-product of their normal operation procedures, such as studying
route choice behaviour in buildings using data from intelligent lighting
systems and identifying collision avoidance behaviour using data from
the sensors of autonomous vehicles. Consequently, IoT can unravel new
insights regarding movement types and (functional) locations that are
difficult to study for now.

In order to leverage the potential of IoT systems to increase our
knowledge regarding pedestrian behaviour, two main issues need to be
tackled. First and foremost, when studying and linking ubiquitous data,
it is essential to ensure the TADA principles (tada.city) are adhered to.
Currently, to the author’s knowledge, little standards exist regarding
how to ensure the correct handling of IoT data for research purposes, in
particular in the field of pedestrian science. Microscopic data pertaining
to pedestrian movements can be very sensitive and infringe on the right
to be forgotten (art. 17 GDPR). Thus, working with IoT data requires
researchers to pro-actively develop standards featuring privacy-
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protections protocols featuring IoT technologies in the years to come.
Besides that, similarly to VR technologies, most analytic methods that
are currently using data derived from IoT systems have not been vali-
dated. Therefore, it is essential for researchers to determine the
construct, content and predictive validity of analysis methods based on
IoT system data.

5. Conclusion

Our objective in undertaking this review was to present a compre-
hensive review of studies featuring pedestrian behaviour with respect to
using different experimental methods, in order to identify the research
gaps and opportunities for new technologies to complement the current
data collection toolbox. This review paper’s contributions are: 1) an
extensive taxonomy of pedestrian behaviour, 2) a comprehensive review
of contemporary data collection methods regarding pedestrian behav-
iour, and 3) a gap-analysis and opportunities of applying new technol-
ogies to partly cover the gaps.

The developed taxonomy explicitly distinguishes the decision-
making processes of pedestrian behaviour. This taxonomy includes a
hierarchical structure of pedestrian behaviours, which was used to
assess contemporary data collection methods (i.e., field observations,
controlled experiments, survey methods and new technologies experi-
ments) with respect to their capabilities of studying pedestrian behav-
iour. This literature review discerns five main gaps, namely: 1. the
impossibility to study pedestrian behaviour under vast complex sce-
narios; 2. the lack of comprehensive methods to capture all essential
behavioural data simultaneously; 3. the current difficulties to study new
types of high-risk scenarios; 4. the lack of comparisons of pedestrian
behaviour data among different data collection methods to represent
pedestrian behaviour in real life; and 5. the relatively high costs of most
experimental methods.

At the same time, the review showed that new technologies could
potentially address these research gaps in three ways. One is applying
VR experiments to (1) study pedestrian behaviour in the environments
that are difficult or cannot be mimicked in real-life; (2) conduct the same
experiments repeatedly to explore effects of various factors on pedes-
trian behaviour; (3) gain more accurate behavioural data and deep un-
derstanding of the decision-making process of pedestrian behaviour. The
second opportunity is applying large-scale crowd monitoring to study
pedestrian movements in large complex environments and incident
situations in more detail. The third opportunity is utilising the Internet
of Things to track pedestrian dynamics and unravel new insights
regarding pedestrian movement types and locations that are difficult to
investigate at the moment.
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Table A1
Studies based on field observations using traditional techniques and monitoring techniques.

Article Experimental Set-Up Pedestrian behaviour
Sample size Sample  Condition Equipment Strategic Tactical
type Activity Destination Activity = Route choice Exit choice Movement Interaction Interaction Interaction with pedestrians
choice - choice SChedulmgInteraction Interaction Interaction Interaction Interaction Interaction Following Group Collision
with spaces with with objectswith with with behaviour behaviouravoidance
information pedestrians information pedestrians behaviour
Shields 2072 customer, store video . . v . v . . v
and staff
Boyce [2]
Kobes et al. 103 guest hotel video . . . . . . . v
[34]
Yang [43] ? student teaching video
building
Galeaetal. 1200 audience theatre video . . v
[44]
Nilsson and 135 audience cinema video . . v
Johansson
[31
Fruin [45] ? commuter walkway in aphotography -
bus terminal
Corbetta 80,000 passenger main Microsoft
et al. [46] walkway of Kinect TM
the train sensors
station
Lam et ? pedestrian stairway,  video and
al. [47] walkway,  manual
etc. count
Virkler ? pedestrian walkway  video,
and stopwatch
Elayadath
[48]
Al-Azzawi 7535 pedestrian sidewalk  video
and
Raeside [49]
Tanaboriboon 519 pedestrian sidewalk, video
et al. [50] walkway  recorder
Shahetal. [51] ? passenger stairway video
Tanaboriboon ? pedestrian stairway video
and Guyano
[52]
Moussaid 1500 group public place; video
et al. [1] commercial
walkway
Duives 712 group corridor video
et al. [53]
Gorrini 1645 group commercial video
et al. [54] walkway
Doetal. [12] 50 group train station video
Feng 300; 830 group campus; video
and metro station
Li [55,56]
Duives [4] ? visitor festival drone
Zhang et al. 30,000 visitor festival
[57]

(continued on next page)
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Table A1 (continued)

Article Experimental Set-Up Pedestrian behaviour
Sample size Sample  Condition Equipment Strategic Tactical
type Activity Destination Activity —Route choice Exit choice Movement Interaction Interaction Interaction with pedestrians
choice choice scheduling R K R K K K . .
Interaction Interaction Interaction Interaction Interaction Interaction Following Group Collision
with spaces with with objectswith with with behaviour behaviouravoidance
information pedestrians information pedestrians behaviour
video,
infrared
counter
Helbing and ? visitor festival video
Johansson
[58]
Johansson ? visitor festival video
et al. [59]
Ma et al. [60] ? visitor festival video
Larsson et al. ? visitor public events video
[61] footage
Wang etal. ? pedestrian terrorist recorded v
[62] attack video
Favaretto et al.? crowd multi- video
[64] crowded
scenes
Wang etal. ? pedestrian normal, video
[65] abnormal
scene
Duives [36] ? visitor festival video
Lietal [66] ? crowd road video
intersection
area; festival
Centorrino 900 visitor museum Bluetooth v
et al. [67]
Danalet et al. 5902 employee, campus Wi-Fi v v
[68] student
Ton et al. [69] 240,949  passenger train station Wi-Fi, v v v
Bluetooth
Versichele 80,828 visitor festival Bluetooth
et al. [70]
Yoshimura 24,452  visitor museum Bluetooth v v v
etal. [71]
Yoshimura 105,597  visitor museum Bluetooth v v v
etal. [72]
Bonne et al.  29,296; visitor festival; Wi-Fi v
[731 16,486 university
campus
Duives et al. 659 visitor festival Wi-Fi, v
[74] camera
Gioia et al. 7623 visitor public event Wi-Fi
[75]
Wirz et al. [76] 800 visitor festival GPS, Wi-Fi .
Farooq et al. 156,789  pedestrian festival Wi-Fi, v v v
[77] infrared
sensors
Daamen et al. ? visitor festival camera, Wi- -
[78] Fi, GPS
Van der Spek 80; 150;  pedestrian city centre GPS v v
[79] 130

(continued on next page)
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Table A1 (continued)

Article Experimental Set-Up Pedestrian behaviour
Sample size Sample  Condition Equipment Strategic Tactical Operational
type Activity Destination Activity —Route choice Exit choice Movement Interaction Interaction Interaction with pedestrians
choice choice scheduling , R , R R - through  with objectswith R .
Interaction Interaction Interaction Interaction Interaction Interaction . . Following Group Collision
X X X K 3 3 X spaces information ) . X
with spaces with with objectswith with with behaviour behaviouravoidance
information pedestrians information pedestrians behaviour
Galama [80] 155 visitor festival GPS . v v v v
Daamen et al. 109 visitor festival GPS - v v v v
[81]
Blanke et al. 29,000 visitor festival GPS v v v
[82]
Duives et al. 9748 visitor festival GPS . v v
[83]
Gao [84] 74,000,000mobile city mobile v v
phone phone
caller/
receiver
Keij [85] ? SMS city corridor mobile . . v
sender/ phone
caller
Calabrese et al.30, 000  mobile public mobile v v v
[86] phone transport  phone
caller
Zhang etal. ? mobile CBD mobile . v
[87] phone phone
caller
Botta et al. ? social city social media - v
[88] media user
Yang et al. [89] 70,000  social city social media v/ v v
media user
Gong et al. [90,? 378 social festival social media - v
91] media user
Yang et al. [92] 3757 social university  social media v/ v
media user
Alkhatib et al. ? social incident social media - v
[93] media user

Note: v This article studied this type of behaviour.
? The article did not mention this information explicitly.
- This behaviour is not included in the scope of this study.
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Table A2
Studies based on controlled experiments under normal and emergency conditions.

Article Experiment Set-Up Pedestrian behaviour

Sample Sample type Condition EquipmentStrategic

Operational

size

Activity Destination Activity ~Route choice
choice choice scheduling’

Movement Interaction Interaction Interaction with pedestrians

Interaction Interaction Interaction Interaction Interaction Interaction

informationobjects pedestrians informationpedestrians

through
spaces

Following Group  Collision
behaviour behaviouravoidance

behaviour

Bukacek et al. [97] 76 student bottleneck Camera
Daamen and 80 ? bottleneck Camera
Hoogendoorn
[29]
Helbing et al. [98]100 student bottleneck Camera
Hoogendoorn and 60-90 ? bottleneck Camera
Daamen [99]
Kretz et al. [100] 94 student bottleneck Camera
Liao et al. [101] 350 student bottleneck Camera
Seyfried et al. 20,40,60student, staff bottleneck Camera
[102]
Seyfried et al. 250 soldier bottleneck Camera
[103]
Zhang and Seyfried400 ? bottleneck Camera
[6]
Seyfried et al. 1; 15; student, staff corridor Camera
[104] 20; 25;
30; 34
Chattaraj et al. 1;15; student corridor Camera
[105] 20; 25;
30; 34
Liu et al. [106] 1;15; student, staff, corridor Camera
20; 25; local resident
30; 34
Zhang et al. [107] 350 student corridor, Camera
T-junction
Zhang and Seyfried400 mostly student straight stereo
[108] corridor camera
Wong et al. [109] 24-90 student walkway with Camera
angles
Zhang and Seyfried350; 46 student corridor; Camera
[110] intersection
with pillar and
staircase
Shiwakoti et al. 22 student merging Camera
[111] corridor
Lian et al. [112] 295 student angled channel Video
Gorrini et al. [113] 68 ? room with Camera
corridor
Diasetal. [114] 16 ? corridors with Camera

turning angels
60

(continued on next page)
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Table A2 (continued)

Article Experiment Set-Up Pedestrian behaviour
Sample Sample type Condition EquipmentStrategic Tactical Operational
stze Activity Destination Activity ~Route choice Exit choice Movement Interaction Interaction Interaction with pedestrians
choice choice scheduling K K R R R ___through  with with R .
Interaction Interaction Interaction Interaction Interaction Interaction . . . _Following Group  Collision
X N X X . X spaces objects information . ) X
with spaceswith with with with with behaviour behaviouravoidance
informationobjects pedestrians informationpedestrians behaviour
Rahman et al. undergraduate angled GoPro 5
[115] student corridor camera
Ziemer et al. [116] 1000  student ring corridor Camera - . . . . . . . . v .
Huang et al. [117] 25 student seat with aisle Camera - . . . . . . . . . v v
Caoetal. [118] 30 ? ring corridor camera - . - . - . . - . v -
Hu et al. [119] 72 student circle camera v
Xiao et al. [120] 64 university circle camera - . . . . . . v . v
student
Paris [38] 6; 24 ? a square area motion v
visible capture
system
Moussaid et al. [7]40 ? hospital camera, v
tracking
system
Versluis [121] 12 ? educational  camera, v
building tracking
system
Moussaid et al. 119 ? a ring-shaped motion v
[122] corridor capture
system
Huber et al. [123] 10 ? middle ofa  video, v
room tracking
system
Parisi et al. [124] 20 ? parking lot GoPro 3 v
camera
Liu et al. [125] 40 student rectangular  camera v
room
Li et al. [126] 233 visitor hall with camera - . . . . v
obstacles
Daamen and 90-150 children, emergency  video . . . . . . . . . v
Hoogendoorn adult, elder  door
[127]
Tian et al. [128] 62 student bottleneck video . . . . . . . . . v
Joetal. [129] 56 ? room connect video . . . . . . . . . v
to corridor
Huo et al. [130] 73 college student high-rise video . . . . . . 4 . v v
building.
Shahhoseini et al. 150 ? merging video . . . . . . . . . v
[8] corridor
Cao et al. [131] 65 ? supermarket video . . . . . . v . v .
Zhao et al. [132] 80 college studentroom with video . . . . . . . . . . v
obstacles
Ding et al. [133] 52 college student video . . . . . . . . . . v

(continued on next page)
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Table A2 (continued)

Article Experiment Set-Up Pedestrian behaviour
Sample Sample type Condition EquipmentStrategic Tactical Operational
size Activity Destination Activity —Route choice Exit choice Movement Interaction Interaction Interaction with pedestrians
choice choice scheduling’ . K K K K ___through  with with . .
Interaction Interaction Interaction Interaction Interaction Interaction X . . _Following Group  Collision
. . . . . . spaces objects information . ) X
with spaceswith with with with with behaviour behaviouravoidance
informationobjects pedestrians informationpedestrians behaviour
room with
obstacles
Fang et al. [134] 294 ? educational  video v 4
hall with two
exits and stairs
Jeon et al. [39] 125 citizen transportation recorder v v
building
Guo et al. [135] 78 ? classroom withvideo v v v v
obstacles and
desks
Zhu and Shi [136] 102 ? teaching video v v v v v
building
Fridolf et al. [137]100 ? tunnel with  video v v
artificial cold
smoke and
acetic acid
Galea et al. [138] 700 ? rail station video v
platform
D’Orazio et al. 113 ? theatre video v
[139]
Ronchi et al. [140] 66 ? road tunnel  thermal v v v
imaging
camera
Porzycki et al. 28; 50 tunnel road tunnel  video, v
[141] professional; infrared
student cameras
Cao et al. [142] 30 graduate rectangle room video v
student
Heliovaara et al. 54 student a corridor withvideo v v
[143] two exits
Von Kriichten and 32-46  student built room video v
Schadschneider
[144]
Haghani and Sarvi 150 ? room with video v
[145] multiple exits
Xie et al. [146] 36 college studentrectangle steel video 4 v

structure room

Note: v This article studied this type of behaviour.
? The article did not mention this information explicitly.
- This behaviour is not included in the scope of this study.
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Table A3

VR studies related to pedestrian behaviour.

Article Experiment Set-up Pedestrian behaviour
Sample Sample type  Scenario VR/AR Strategitcal Tactical Operational
size equipment . L . © R R , R , R R
Activity Destination Activity =~ Route choice Exit choice Movement Interaction Interaction Interaction with pedestrians
choice choice scheduling . . . R . . through  with with . .
Interaction Interaction Interaction Interaction Interaction Interaction X . . _Following Group  Collision
X X X X X X spaces objects information . . X
with spaces with with with with with behaviour behaviouravoidance
information objects pedestrians information pedestrians behaviour
Tanetal. [148] ? ? city scene video-based v v v
Natapov 40 students, city district HMD, v v
and researcher, joystick
Fisher- staff
Gewirtzman
[149]
Feng et al. 16 ? mulitlevel HMD v
[150] building
Fink et al. 10 ? room with ~ HMD; bicycle- . . . . . . . . . 4
[151] obstacle helmet
Sanz et al. 17 student or room with  shutter v
[152] professional  obstacle glasses,
CAVE-like
environment
Lietal [126] 146 mostly student hall with computer- v
obstacles based
Bruneau et al. 13 ? street-like CAVE v
[153]
Kinateder et al.40 mainly student road tunnel two video v v
[154] projectors,
powerwall,
polarized
glasses
Kinateder et al.42 mainly student road tunnel CAVE v v v
[155]
Kinateder and 150 ? room with ~ HMD v
Warren exits
[156]
Bode et al. 464 ? a central roomcomputer- v . v
[157] and two based
corridors
Van den Berg 378 student, mixed island computer- v v v v v
[32] population based
Moussaid et al.36 ? corridor; computer- v
[158] bottleneck  based

(continued on next page)
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Table A3 (continued)

Article Experiment Set-up Pedestrian behaviour
Sample Sample type  Scenario VR/AR Strategitcal Tactical Operational
size equipment . L. L. . . . . . . . .
Activity Destination Activity —Route choice Exit choice Movement Interaction Interaction Interaction with pedestrians
choice choice scheduling , K , , K ~__ through  with with . .
Interaction Interaction Interaction Interaction Interaction Interaction . . . _Following Group  Collision
. . . . . . spaces objects information . ) X
with spaceswith with with with with behaviour behaviouravoidance
information objects pedestrians information pedestrians behaviour
Kinateder et al.40 mostly student a museum ~ HMD v
[159] room with two
exits
Lin et al. [160] 169 ? metro station HMD v
Tang et al. 107  student, single floor  video-based - v v
[161] employee, with rooms
firefighter, etc. and corridors
Kobes etal. 153 ? one floor of a video-based - v v v
[162] hotel
Ahn and Han 179; ? an indoor AR v v
[163,164] 162 building evacuation
system,
phone
Silva et al. 20 mainly student hospital serious game - . . . . . . v
[165]
Duarte et al. 90 student company HMD v v
[166] headquarters
with rooms
and corridors
Cosma et al. 60 student tunnel HMD v
[167]
Kinateder et al.24 ? room with twoHMD v
[168] exits
Caoetal. [169] 64 undergraduate museum HMD v v
or graduate
student
Zhu et al. 226 ? metro station HMD v v v
[170]
Feng et al. 24;95 ? room with HMD v
[171] mutilple exits

Note: v This article studied this type of behaviour.
? The article did not mention this information explicitly.
- This behaviour is not included in the scope of this study
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Table A4

Studies based on survey methods.

Article Experiment Set-up Pedestrian behaviour
Sample Sample Condition  Questionnaire Strategic Tactical Operational
size type .. o .. . . . . . . . .
Activity Destination Activity —Route choice Exit choice Movement Interaction Interaction Interaction with pedestrians
choice choice scheduling ) . . . R . through  with objectswith ) .
Interaction Interaction Interaction Interaction Interaction Interaction . . Following Group Collision
K . K R . K . spaces information X . .
with spaces with with objectswith with with behaviour behaviouravoidance
information pedestrians information pedestrians behaviour
Duives and 117 ? evacuation at online v v v v
Mahmassani a shopping questionnaire
91 mall (SP)
Lovreglio et al. 191 ? two online v v
[11] emergency questionnaire
exits in a (SP)
closed
environment
Haghani and 167  pedestrian, a floor of an interview (SP)- v v
Sarvi [179] student educational
building
Olander et al. 46 student, emergency questionnaire - v v
[180] worker signage (RP)
Chen et al. 173  children  a classroom questionnaire - v v v
[181] with desks, (RP)
chairs and
two exits
Aleksandrov 566  student,  75-story online v v v
et al. [185] resident  building questionnaire
(SP)
Do etal. [12] 50 passenger train station interview (SP)- . v
Haghani and 110  passenger train station interview (RP)- v
Sarvi [10] with six exits
D’Orazio et al. 113 ? theatre questionnaire - v
[139] (RP)
Daamen et al. 88 ? festival questionnaire - v v v
[81] (RP)

Note: v This article studied this type of behaviour.
? The article did not mention this information explicitly.
- This behaviour is not included in the scope of this study.
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