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Abstract: A systematic review was conducted following the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA), to generate a document that supports the development
of future research, compiling the various studies focused on the analysis of the pedestrian-vehicle
interaction at unsignalized crosswalks. Firstly, 381 studies were identified by applying the search
protocol in the database sources; however, only nine studies were included in this review because most
of the studies are not focused on this type of crosswalks or have not considered the micro-simulation
perspective. For each study, an analysis of the used methodology for data collection was carried
out, in addition to what type of model it was applied, including the variables that represent the
PVI (Pedestrian-Vehicle Interaction). The outcomes obtained by this systematic review show that
although the video camera observation technique is the most used, it is possible to complement them
with other tools to add specific field information. Additionally, variables such as the adjacent yields,
speed variables vehicles, pedestrian attitude, and the number of pedestrians waiting at the crossing
were those most used in the cellular automata model or micro-simulation, which are the commonly
developed models to simulate this interaction.

Keywords: systematic review; pedestrian-vehicle interaction; unsignalized crosswalks; driver
yielding behavior; crossing behavior; yielding behavior

1. Introduction

1.1. Rationale

According to the global status report on road safety for the year 2018 conducted by the World
Health Organization (WHO), the problem of traffic fatalities is getting worse as they increased to
1.35 million in 2016. In other words, almost 3700 people die every day on the roads of the world [1].
Likewise, the same report highlighted that it is the eighth cause of death overcoming diseases such
as HIV/AIDS, tuberculosis, and diarrheal diseases. Vulnerable road users such as the pedestrian,
cyclist, and motorcyclist represent 54% of the deaths in 2016 (specifically the pedestrian represents
23%). The vulnerability presented by these users is due to the disadvantages they present in terms of
protection, speed, and weight, with respect to the vehicle. This vulnerability of the human body should
be a determining factor in the design of transit systems and the control of speed [2]. People who died,
are injured, or end up disabled because of a collision, whether as a vulnerable road user or not, have a
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global social cost. According to Peden et al. [3], the economic cost of crashes and injuries caused by
traffic amounts is estimated to be 1% of the gross national product (GNP) in low-income countries, 1.5%
in revenues medium, and 2% in high income.

The moment in which the desired movements of a pedestrian and a vehicle intercept (conflict),
the so-called pedestrian-vehicle interaction (PVI) occurs, which is dynamic as it happens to depend on
various factors and situations [4]. This interaction originates in pedestrian crossings with and without
light signals, as in the case of intersections and mid-block crossings. Pedestrian crossings outside these
crossings (also known as jaywalking) also generate this type of interaction. The type of interaction may
vary depending on the geometry of the road where it occurs, legal restrictions, and the criteria of the
driver and pedestrian [2]. It is important to mention that the interaction between the pedestrian and the
vehicle is dominated by a non-verbal language. It can cause situations in which the pedestrian makes a
decision considering the driver’s approval, but the latter makes an unexpected decision, bringing as a
consequence a conflict or even an accident. According to Fu et al. [5], the disposition of the driver to yield
and the assertiveness of the pedestrian are one of the many factors that can influence this interaction.

At pedestrian crossings that are not controlled by light signals (unsignalized crosswalk) the
priority of the pedestrian is not clear, even with legislation supporting pedestrian priority, and this
results in higher levels of accident and death of pedestrians compared to those controlled by pedestrian
traffic lights [6–10]. Not yield to pedestrians and high speeds at the time of interaction in this type of
crossings are part of the elements that influence this consequence. The compliance rate of drivers at
zebra crossings is likely to vary across locations [11]. It is relevant to mention that the PVI not only
impacts the pedestrian safety but also induces traffic congestion of vehicles and decreases the capacity
of the roads, as demonstrated by Golakiya et al. [12], showing that for volumes higher than 1550 pph,
the capacity was reduced to 32% in an urban arterial.

In this context, PVI has been generating interest among researchers, government and local entities,
and other organizations, whose purpose is to analyze, determine, and develop policies and safety
measures that help combat and mitigate the accidents, inside and outside of the pedestrian crossings.
However, Feliciani et al. [13] state that such research has been limited by a variety of factors, such as
difficulty in obtaining empirical data through observations in the field, safety, and ethical concerns
related to experiments with individuals in the real-world and the limited scope of the developed
simulation models. In addition, it is worth noting that the investigation has had as one of the most
relevant premises that yielding to a pedestrian is a critical component of the accessibility and safety of
pedestrians. Therefore, a better understanding of the behavior of the driver at the moment of yielding
to a pedestrian can be of great value for conducting a more optimal PVI analysis [14]. In fact, the PVI is
separated into two main processes, the pedestrian walking behavior and the driver yielding behavior.
The behavior of the pedestrian has been analyzed mainly based on the probability that a pedestrian
has to accept a time gap [15–17]. On the other hand, driver behavior has been analyzed focusing on
the identification of the factors that have a greater influence in yielding to pedestrians. Indeed, the
action of yielding to a pedestrian is influenced by various factors, such as dynamics of the vehicle,
characteristics of the driver, traffic volume, attributes of pedestrians, and concurrent events in the
pedestrian crossing [14,17–19]. The analysis of the driver yielding behavior assumes more relevance to
ensure road safety since the driver tends to assume the risk because he/she feels protected inside the
vehicle in contrast to the pedestrian who will accept time gaps that not compromise her/his physical
integrity at least in normal conditions (i.e., visibility, weather, cognitive functions, etc.).

Besides these two behavior perspectives, PVI has been analyzed separately by type of road
crossing. Crossings controlled by light signals are characterized by establishing clearly the priorities,
thus allowing to have a PVI in a more controlled environment. Manxia Liu et al. [20] developed a
microscopic model at signalized intersections taking into account three important aspects of pedestrian
behavior when crossing, such as the evasion behavior with counter-flow pedestrians, the following
behavior with leader pedestrians, and the collision avoidance behavior with vehicles. Wonho Suh
et al. [15] replicated the pedestrian behavior in a crosswalk using the Vissim software to analyze the
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waiting time of pedestrians and their behavior regarding compliance with the red sign. Another type
of pedestrian crossing is the so-called jaywalker representing a pedestrian cross on a road without
using the zebra. In these cases, the PVI has also been focused on studies such as Wang et al. [21], who
proposed a micro-simulation model of pedestrian jaywalking in the mid-block street crossing. This
model was calibrated and validated using the data collected in the field, concluding by the result that
this kind of tool can be used to supplement current guidelines for pedestrian-related problems. Finally,
the pedestrian crossing through the zebra is associated with a high number of accidents, based on the
statistical data of accidents and deaths of pedestrians at junctions without signaling, in addition to
the fact that in this type of crossing pedestrians are more likely to be exposed to the risk of being run
over by vehicles due to lack of control of the signal and the unclear right of way [4]. The need to have
a clearer knowledge of the attempts of analysis and modeling of the interaction that occurs when a
pedestrian is interested in crossing the zebra and the approaching vehicle has been highlighted.

It should be noted that PVI may assume distinct characteristics depending on the context (type
of road, type of crosswalk, weather, and so on) but also on each agent, i.e., pedestrian and driver
(age, gender, distraction, etc.) Therefore, the research focused on this subject has been mainly based
on a microscopic level approach. In particular, micro-simulation has been applied and developed,
considering that each unit (or agent) is represented by a record that contains a unique identifier and a
set of associated attributes. A set of rules is applied to these units that leads to simulated changes in
state and behavior.

Due to the relevance of this kind of study, some authors already conducted literature reviews in
this field. Papadimitriou et al. [22] in 2009 conducted a critical review and evaluation of the existing
research on the behavior of pedestrians in urban areas focusing on two separate aspects, the choice of
route and the behavior when crossing. Based on this review, the authors found the lack of a general
and detailed consideration of pedestrian behavior along an entire trip in urban areas. Considering the
literature review performed by Papadimitriou et al., it is possible to observe three studies that carried
out a model of the crossing behavior of pedestrians taking into account the interaction with the vehicle.
Although the review mentions the place where these interactions were observed in the studies, the
characteristics of each of the models and the variables that were used for the analysis of the PVI by the
authors were not described.

In addition, Mamidipalli et al. [16] in 2015 performed a review of the analysis methods and
approach for data collection and performance estimation for pedestrian crossing modeling and
pedestrian-vehicle interaction. The authors concluded that there had been a broad interest in describing
driver attitudes and pedestrian crossing behaviors. To obtain the data in these investigations, three
different data collection techniques have been adopted, namely observational, instrumented vehicle,
and driving/pedestrian simulator approaches. Regarding the PVI models, the authors mention several
studies that have analyzed the pedestrian addressing its approach to the crosswalk, the crossing
behavior, and the choice of the route.

Those previous reviews provided an overview of some models and methods that have been used
to model the PVI until 2015. Nevertheless, gaps can be pointed out regarding some issues that were
not clearly identified, such as the type of PVI, the used data collection methodology, the type of site
where the study was conducted, the type of model used, and the variables or influential parameters in
the PVI.

Overall, there is a lack of scientific material that allows having a specific and detailed feedback of
the different studies that have tried to model and analyse the PVI that occurs specifically at unsignalized
crossings. In this context, the present work intends to cover this gap using a thorough methodology
to conduct a systematic review to provide a compilation of the studies that have analyzed the PVI,
allowing a comparison between the data collection methodologies, the applied models, the used
variables and influential parameters. The outcomes of this review can provide a line of route for future
analysis of the PVI in microscopic environments, which is a relevant tool to support policy decisions
that may improve safety for pedestrians in this type of crossings. In this sense, Section 2 describes the



Sustainability 2020, 12, 2805 4 of 23

methodology used to conduct the systematic review, including the criteria for inclusion and exclusion
of studies, and the protocol for the search of studies. Section 3 presents the selected studies, their
characteristics, and their most relevant results. Section 4 presents the discussion of the systematic
review based on the selected studies, and finally, in Section 5, the conclusions of the study of the PVI at
unsignalized crosswalks are shown.

1.2. Objetive

Taking into account the number of accidents occurring at unsignalized pedestrian crossings and
the lack of attention paid to PVI generated in those crossings, the objective of this study was to carry out
a systematic review to identify and examine the studies that have attempted to propose a simulation
model in a microscopic environment for the analysis of PVI. In this sense, this document compiles the
investigations carried out in the last years, describing the different approaches used for the analysis of
the PVI, to be used as a source of base information, guiding the development of future research for the
optimization and standardization of the analysis and modeling of the PVI at unsignalized crossings.
Additionally, studies that have analyzed the factors that influence the behavior of the pedestrian
and driver and their interaction were selected. The latter was assumed because the decision-making
processes of the driver to yield to the pedestrian and/or the pedestrian to cross or not cross are issues
relevant to the simulation model.

2. Methods

2.1. Protocol

This systematic review (SR) was performed under the standards, recommendations, and
parameters suggested by PRISMA [23,24], which provide a detailed and explained guide of each
section and item (element) that they consider essential for a transparent presentation of a systematic
review. One of the main elements of a SR is the protocol, which aims to provide the justification for the
review and the methodological and analytical approach. The protocol, which supports this systematic
review, can be obtained through the email of the main author.

2.2. Elegibility Criteria

2.2.1. Inclusion Criteria

The selective criteria that must be matched by the studies to be included in this review are the
following:

• Studies published in the English language;
• Publications time from 2012 to 2019;
• Studies that have as primary or secondary objective, the analysis of the interaction between

pedestrians and vehicles in intersections, roundabouts or mid-block crossings;
• Studies that analyze pedestrian-vehicle interaction in a microscopic environment.

It is important to take into account what is the concept of interaction between pedestrians and
vehicles that was used for the inclusion and exclusion criteria in the systematic review. The general
definition of interaction is denoted as the situation where the road users of interest are close enough
in time and space, such that they may interact with each other [25]. Therefore, for the analysis of
the studies, it was considered pedestrian-vehicle interaction, at which time a vehicle approaches the
pedestrian crossing, and a pedestrian demonstrates intention to cross, whether in the area of wait (area
on or before the zebra) or in movement in the direction of crossing [5,18].

2.2.2. Exclusion Criteria

The studies were excluded according to the following criteria:
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• Studies that carry out the analysis of the PVI at the zebra-crossing with traffic lights or outside the
pedestrian crossings;

• Studies that analyze the PVI focusing specifically in groups of pedestrian crossing;
• Studies focused on modelling gap acceptance and/or other variables used to modelling the

pedestrian behavior;
• Studies that analyze PVI as a traffic conflict;
• Studies that analyze the interaction pedestrian-pedestrian and pedestrian-other user (e.g., cyclists,

and two-wheeled personal mobility vehicles).

These criteria were assumed to ensure consistency of the approach of the selected studies and
thus allow the comparison between studies and its discussion.

2.3. Information Sources and Search

A search protocol was applied to determine the studies on the subject in the electronic databases
Scopus and Web of Science. It should be borne in mind that the providers of these databases are
Elsevier and Clarivate, respectively, and that they are peer-reviewed databases. At the same time, this
protocol was applied to search on the platforms of Science Direct (supplier Elsevier) and Taylor &
Francis (supplier Routledge and Taylor & Francis), assuming that these platforms have characteristics
similar to the previous ones with the advantage that allows access to the text of the entire study and not
only to its summary. Only studies published in journals were selected to ensure high and consistent
quality of selected studies considering that there are a high number of distinct conferences covering
the subject.

The time considered for the implementation of the search protocol was from January 2012 to
December 2019. This period was assumed to select the most recent works, considering that usually the
studies focused on PVI are based on technological resources (e.g., micro-simulation, modeling and/or
video analyzing software) and thus, leading to fast developments and improvements. The publication
time selected for this systematic review was based on a preliminary search analysis considering
the abovementioned electronic databases. Through an analysis of the tendency of the number of
publications per year under de searched subject, we observed that an exponential increase occurred
since 2012. Moreover, a previous review manuscript exists by Papadimitriou et al. [22] in 2009, in
which studies published up to that date, focusing on PVI, were described

Complementary to the search protocol, we contacted some researchers and professors with
knowledge of this topic to identify possible studies and/or projects that are considered relevant or that
have not been published yet. It is important to mention that, in these later studies, the inclusion criteria
regarding the time will not be applied, since they can be relevant publications for the systematic review
that are outside the range of analysis. Therefore, other types of studies besides published articles were
included if recommended by experts.

The terms that make up the search equation were discussed and accepted by each of the
authors that designed this systematic review. The equation was made up of: ‘pedestria*’, ‘pedestria*
simulatio*’, ‘microsimulation’, ‘microscopi* traffi* simulatio*’, ‘traffi* simulatio*’, ‘micro-simulation’,
‘microscopi* simulatio*’, ‘pedestrian-vehicle interactio*’, ‘vehicle-pedestrian interactio*’, ‘pedestria*
vehicl* interactio*’. It was of great importance to take into account the synonyms of some terms in
order to cover a larger number of studies and reduce the bias due to the use of different terms. These
synonyms were grouped by the Boolean operator “OR”, and it was necessary to use the Boolean
operator “AND” to group these groups and thus have structured the search equation.

2.4. Study Selection

The results of the search protocol were exported to Excel and analyzed there to determine the
number of duplicates and their subsequent elimination. One reviewer (HA) independently selected
the studies assigning a relevance value that ranged from 1 to 3, where 1 was considered relevant and
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3 irrelevant. The studies in relevance category 2 were analyzed by two reviewers (SF, PT) together
to reach a consensus and define a category of relevance 1 or 3. The procedure described above was
carried out by applying the inclusion/exclusion criteria in the titles, summaries, and conclusions for
each study determined by the search protocol. After this preliminary selection, the full text of the
studies with category 1 (relevant) was analyzed together with those recommended by the consulted
researchers and academics. This analysis was carried out by three reviewers (SF, HA, PT), who applied
the eligibility criteria (inclusion/exclusion) individually, to later debate each of the studies and through
a consensus to achieve the final choice of the articles that will be object of the present study.

2.5. Data Collection Process and Data Items

To determine the method for extracting the information (data, variables, among others) of the
studies, a type of data extraction sheet was made among three reviewers (HA, SF, PT) to obtain
the most important information that met the objectives set in the review. The information that was
obtained from the analyzed studies is objective of the study, publication date, country of the study,
the methodology for the collection of field data, type of applied model, type of analyzed pedestrian
crossing, road geometric dimensions, maximum allowed and modeled speed, type of road hierarchy,
variables that influence the PVI, model results, and conclusions. The full-text review of each study
to obtaining the aforementioned information was done by a reviewer (HA); said data extraction was
inspected by two reviewers (SR, PT); doubts or disagreements were resolved in consensus.

2.6. Risk of Bias in Individual Studies

The quality of the studies was independently assessed by two reviewers (HA, SF). Any dispute
presented in the evaluation process was resolved through a third reviewer (PT).

In order to assess the quality of the studies, it was necessary to develop an evaluation tool that is
composed of 15 criteria (see Table 1), and for each criterion a rating of Yes, No, NR (Not Report) or NA
(Not Applicate) was applied. Then, for each study, the qualification of the 15 criteria as a set will be
analyzed to assign a final classification between Strong, Moderate, or Weak. The classification is based
on the ranges of scores presented in Table 2, which in time is computed for each study by applying the
equation 1, which is a function of the possible response options for each criterion [26]:

Score =
∑

Y
Total number o f criteria−

∑
(NA)

(1)

where Y is “yes”, and NA is “not applicate”.
This quality assessment tool was developed based on [27,28] and assumed in this SR as we believe

that it is relevant to guide future developments to avoid errors and biases in the elaboration. The selected
criteria aimed at assessing the validity of each study and determining whether it has selection bias,
information bias, or failing specification errors, transfer errors, and measurement errors. Finally, the
site of the National Heart, Lung and Blood Institute [29] was consulted to have an example of how the
criteria rating methodology and its global classification could be applied.
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Table 1. Quality assessment criteria.

Criteria (Ottomanelli
et al., 2012)

(Sun et al.,
2003)

(Schroeder
et al., 2014)

(Ottomanelli
et al., 2012)

(Chen et al.,
2016)

(Feliciani
et al., 2017)

(Wu et al.,
2019)

(Lu et al.,
2016)

(Schroeder
et al., 2010)

(Schneider
et al., 2018)

(Salamati
et al., 2013)

(Fricker and
Zhang, 2019)

Was the question or objective of this
investigation correctly indicated
in the analysis?

Y Y Y Y Y Y Y Y Y Y Y Y

Does the sample of analysis data represent
the target population? NA NA Y NA NA Y NA NA Y Y Y Y

Was the data collection methodology
adequate for the technique used? N Y Y N Y Y Y Y Y Y Y Y

Was a clear description of the method used
to analyze pedestrian behavior made? Y Y Y Y Y Y Y Y Y Y Y Y

Was a clear description the method used to
analyze the driver’s behavior? Y Y Y Y Y Y Y Y Y Y Y Y

Was an appropriate description of the used
methodology to the analysis of the
interaction between pedestrian and vehicle?

Y Y Y Y Y Y Y Y Y Y Y Y

Did the authors use variables or parameters
from other works to develop the model? Y N N Y N Y Y N N N N N

Did the authors inform about presumptions
that can modify the model’s results? Y NA Y Y Y Y Y NR Y Y Y Y

Was it taken into account the heterogeneity
of the pedestrians and their attributes? N Y Y N NR Y NR N Y Y Y Y

Was considerate the heterogeneity of the
vehicles and their attributes? N Y Y N Y Y N Y Y Y Y N

Was made a calibration for the parameters
used into the interaction model
pedestrians-vehicle?

NR NR NR NR Y NA Y Y NA NA NA NA

Does the technique used for the calibration
of the model correspond to that appropriate
for the model used?

NA NA NA NA Y NA Y Y NA NA NA NA

Was made a validation to the used model? Y NA Y Y Y Y Y Y NA NA NA NA

Does the technique used for the validation
of the model correspond to the technique
appropriate to the type of results obtained?

Y NA Y Y Y Y Y Y NA NA NA NA

Was an appropriate explanation made to
the obtained results? Y Y Y Y Y Y Y Y Y Y Y Y

Score 0.64 0.73 0.8 0.64 0.8 0.93 0.86 0.73 0.83 0.83 0.83 0.81

Classification Moderate Strong Strong Moderate Strong Strong Strong Strong Strong Strong Moderate Strong
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Table 2. Classification of studies based on their scores.

Classification Score

Weak [0, 0.4)
Moderate [0.4, 0.7)

Strong [0.7, 1]

3. Results

3.1. Study Selection

By applying the search protocol, 381 articles were identified, complemented by 3 doctoral theses
and 1 project as recommended by the consulted experts. A total of 118 items were removed because
they were duplicates. For the remaining 263 unique articles, 3 PhD theses, and one project, the inclusion
and exclusion criteria (specified in Section 2.2), the titles, and the summaries of each study were applied.
This analysis was separated into three categories to make a more detailed selection without omitting
possible relevant studies. The categories were divided into relevant (1), consensus (2), and irrelevant
(3). It was determined that 31 studies were relevant. In addition, 20 studies had to be evaluated,
and a consensus of reviewers concluded that 2 of the 20 studies had a relevance for the systematic
review. Finally, it was determined that 212 studies were irrelevant to the objectives of this work.
The selection of titles and abstracts identified 33 articles, 3 PhD theses, and a project for the revision of
full text. Based on this review, 23 articles and 2 theses were excluded for the following reasons: 12
studies analyzed the pedestrian-vehicle interaction in pedestrian crossings controlled by traffic lights,
11 studies analyzed pedestrian-vehicle interaction outside the pedestrian crossing. Moreover, the 3
doctoral theses were excluded because scientific articles were published based on those theses that had
already been rejected or taken into account in previous procedures. Altogether, 11 articles and one
project met the inclusion criteria and were evaluated in the present work. The process described above
is presented in a summarized manner in the flow diagram recommended by PRISMA in Figure 1.

3.2. Characteristics of Studies

From the 11 studies selected for evaluation, 7 belong to proposals for micro-simulation models
and 4 focus on the analysis of driver yielding behavior.

3.2.1. Data Collection for PVI

All the studies used the observation technique for the data collection that allows obtaining static
attributes (geometric characteristics, vehicle characteristics, pedestrian characteristics, etc.) and dynamic
attributes (pedestrians speed, vehicle speed, etc.) of the behavior in the field. These data are obtained
through camera recording, count sheets, etc. Sun et al. [17] made the data collection through video
recordings of 2 periods of the day (am and pm peak-hour) during 5 days. In the meantime, Ottomanelli
et al. [30] performed the information gathering in a time interval between 10:00 and 11:00 am where
the flow of both pedestrians and vehicles is not high to model a system in regular conditions. This
information was obtained through videos. Chen et al. [31] mentioned that in addition to using camera
recording, counts were used to obtain the study data. In this case, the observation was made in evening
peak hours (17:15–18:15) in three working days. Lu (appointment) collected the data during peak hours
of morning and night (7:30–9:30 a.m., 16:30–18:30) for 5 days, through the use of camera recording.
Feliciani et al. [13] made the data collection through camera recording for 1 hour and 15 min. In addition
to using video recording, Schroeder et al. [2] performed field measurements with laser speed gun
(LIDAR) and annotations to determine when a PVI was generated. These data were obtained during
the peak hour of the evening. Mamidipalli et al. [16] affirmed, based on the literature review, that
many investigations have used this type of information collection method since it allows to study the
attributes of pedestrians, vehicles, and PVI for a variety of users in different types of crossings.
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flow diagram.
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3.2.2. Pedestrian Model in PVI

Several analysis methodologies have been considered to study specific pedestrian behavior. Sun
et al. [17] analysed the pedestrian behavior focusing on the variable pedestrian gap acceptance (PGA)
and applying a binary logit model. This analysis consisted of predicting the pedestrian decision-making
process at the time of the PVI through the probability of acceptance of the gap. Ottomanelli et al. [30],
through the discrete simulation of events, analysed the behavior of pedestrians based on the criterion of
PGA, assigning for each event an acceptance value according to the distribution obtained from field
observations. Chen et al. [31] separated the pedestrian analysis in two phases, movement and decision.
The movement phase was modelled using a bidirectional model developed by Blue and Adler [32],
while for the decision phase a logit binary model was used to determine the probability associated to the
decision of pedestrian crossing the zebra. Lu et al. [4] analysed the process of generating pedestrian in
the simulation, in addition to the movement and the decision in the interaction. The authors defined the
attributes (gender, speed, type, etc.) through statistical distributions, which were determined with field
data, to model the movement of pedestrians using the Social Force Cellular Automaton (SFCA). This
model was developed by Ren et al. in 2013 [33], and it is based on the principle of social forces to model
the interactions among pedestrians. For the decision stage, the probability that the pedestrian crosses
determined through the gap acceptance model was used. Feliciani et al. [13] simulated the movement
of pedestrians using the cellular automata model, highlighting that this model allows simulating the
dynamics of pedestrians in low-density conditions. Pedestrian attributes, such as speed and gap
acceptance, were assigned depending on the distribution of the data observed in the field. Schroeder
et al. [2] used the gap acceptance to model the decision of the pedestrian in the interaction. For that
model, it was considered the size of the gap (in seconds), and a binary variable was used to distinguish
between gaps and lag events. A similar model was used by Wu et al. [34] for pedestrian behavior.
The authors assumed that pedestrian arrivals follow a homogenous Poisson process. In addition, the
movement at the crosswalk was divided into two directions of movement, upward and downward.

3.2.3. Vehicular Model in PVI

The behavior of the driver when interacting with a pedestrian in a zebra is commonly analysed
as the probability of yielding to the pedestrian. This probability is based on environmental factors,
characteristics of both the pedestrian and the driver, or adjacent events. Sun et al. [17] used the binary
logit model to predict the motorist yield considering five important attributes (age, gender, vehicle type,
the number of pedestrian waiting, opposite direction traffic condition). In the meantime, Ottomanelli
et al. [30], using the discrete event model, generated a creation module considering that the vehicles only
took one direction and a single row, and the parameters such as speed and arrivals were determined
through the statistical distributions of the field data. Chen et al. [31] used the cellular automata model
to represent the movement of the vehicle, and considering that time, space, and speed are discrete
variables, the vehicular traffic model consists of a vehicle-following submodel and a lane changing
submodel. For the decision making of the vehicle, a logit binary model was used to determine the
probability of yielding to pedestrians. Lu et al. [4] used the well-known model of Nagel-Schreckenberg
to imitate the driving manoeuvres and the actions of the vehicles. For vehicle decision making in
the interaction, the binary logit model was used to determine the probability for vehicle yielding to
pedestrian. Feliciani et al. [13] used a car following model based on Gipps equations in which driver’s
reaction time is considered, and for the decision of the vehicle at the moment of the interaction, a
probability distribution of the yield rate was developed using the observed data and assigned to each
created vehicle.

The analysis of the behavior of the driver at the time of yielding to the pedestrian has been the
subject of several investigations using various approaches both for the collection of information in
the field and for its prediction [35,36]. Based on the inclusion and exclusion criteria determined for
the presented systematic review, only those studies that focused on the driver yielding behavior in
unsignalized crossings were included, leading to three studies.
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3.2.4. Driver Yielding Behavior Model

The study of Schroeder et al. [18] explores the factors that affect the driver yielding behavior at
unsignalized pedestrian crossings, taking into account the effect of the variables that describe the
attributes of the vehicles (deceleration rate), the characteristics of the pedestrians (assertive, pedestrian
group, pedestrian position in the zebra, etc.), and the concurrent conditions (presence of an adjacent
yield, type of vehicle, vehicle in a platoon, etc.). In addition, a threshold for the vehicle’s dynamic
variables was defined for the potential of the driver to yield. The main hypothesis considered by
the authors is that drivers have the option of whether or not to yield to a pedestrian. That choice
is a function of observable and quantifiable parameters, including vehicle dynamics, driver and
pedestrian attributes, and simultaneous attributes events at or near the crosswalk. The driver yielding
behavior was measured with a binary variable with two values, 1 = yields and 0 = does not yield.
The authors state this intuitive approach to analyse the yield response variable based on a binary
logistic regression, allowing an easy interpretation and, more importantly, the implementation of the
results in a micro-simulation environment. Meanwhile, Salamati et al. [14] aimed to analyse the factors
that influenced the yielding of the driver to pedestrians in the approach to two-lane roundabouts.
The driver’s behavior observations were controlled by the authors, and the data collection methodology
(a ground-level video camera was pointed at the crosswalk and approach to capture the pedestrian and
oncoming vehicles) was designed to include different waiting positions for the pedestrian to follow
the four conditions defined by the study: a blind pedestrian standing at the curb, a blind pedestrian
standing with one foot in the crosswalk, a sighted pedestrian standing at the curb, sighted pedestrian
standing with one foot in the crosswalk. Data on these conditions were collected in six multilane
roundabouts in four states: Maryland, North Carolina, Indiana, and Tennessee. One two-lane entry
and one two-lane exit approach of each of the six roundabouts were studied. According to the study,
all the roundabouts were located in relatively urban areas. The model included specific variables
for each study location, such as vehicle speed, position of the vehicle with respect to the pedestrian,
approach of the vehicle in platoon, type of vehicle, among others.

In 2018, Scheneider et al. [19] conducted a study of driver behavior. To identify the explanatory
variables that may be associated with the choice to yield or not yield to pedestrians, the authors
developed a series of binary logistic regression models. In this study, the behavior of 20 unsignalized
crossings was analysed (10 of them without reported accidents in a period of 5 years and with similar
characteristics to the other 10 which have reported accidents) in Milwaukee, Wisconsin. The maximum
speed on the roads selected for the study varied between 25 or 30 miles per hour, and the data collection
was carried out in the two peak hours of the afternoon (5:00 p.m. to 7:00 p.m.). The authors took into
account the Van Houten method [37], which describes the minimum distance at which drivers can
safely stop. Vehicles that were within the minimum distance were not considered in the study since
they do not have a distance suitable to give way. Data collection in the study field took into account
the assertiveness of the pedestrian, the size of the pedestrian group that approaches the crosswalk, and
the estimation of the demographic characteristics of pedestrians and drivers. The variables used by the
authors were determined, considering the hypothesis that these may affect the pedestrian’s behavior
based on previous research [38]. Meanwhile, a recent study by Fricker and Zhang [39] defines, based on
the observations of the PVI, that the likelihood that a driver would decelerate is a key factor and could
be considered over their likelihood of yielding. To determine the factors that influence the likelihood
of driver decelerating, a logistic regression was used, using the data collected from recordings made at
two un-signalized crosswalks at a T-type intersection. In this study, two road typologies (one versus
two directions) were compared.

3.2.5. Summary of the Characteristics of Studies

Next, Table 3 resumes the characteristics of the studies that will be analysed in the present
systematic review.
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Table 3. Summary of the main characteristics of included studies.

Study
Methodology
Data
Collection

Characteristics
of the Study
Location

Geometrical
Characteristics of the
Study Location

Analysis Technique for
Pedestrian Behavior

Analysis Technique for
Driver Behavior

Coupling between
Pedestrian and
Vehicle Analysis

Calibration Validation

(Sun et al.,
2003)

Video
recording Educative area Two way one-lane;

Pedestrian Gap Acceptance
(PGA) using binary
logit model

The binary logit model was used
to predict the motorist yield
(MOY)

The Dynamic Interaction
Model system combined the
outputs of the PGA and
MOY models

The calibration of the
binary logit model
involves the determining
of the parameter vector β
(coefficient of variables)
and is determined with
the combination function
(utility function)

One set of data was used for
validate the model for each entity

(Ottomanelli
et al., 2012)

Video
recording Educative area One way one-lane

Discrete Event System:
assigns a gap acceptance
value for each event

Discrete Event System: The
probability of yielding was
assigned based on the field data

An algorithm was used for
DES that, based on certain
situations for the model, the
Pedestrian-Vehicle
interaction can be achieved
for each generated entity.

-

Average pedestrian waiting time
(APWT) and an average vehicle
waiting time (AVWT) were used to
evaluate the reliability of
predictions

(Schroeder
et al., 2014)

Video
recording

In total, 27
Mid-blocks
were analyzed:
11 located in
student area
16 distributed in
residential and
commercial area

22 one way two-lane; 1
two way two-lane; 2 one
way three-lane; 1 one way
one-lane; 1 one way
one-lane

Pedestrian Gap Acceptance
(PGA) using binary
logit model

Binary logit model was used to
analyze the driver
yielding behavior

The pedestrian-vehicle
interaction simulation was
implemented in a new
version microsimulation tool
that is currently under
development at the
University of Florida under
the guidance of Dr. Scott
Washburn.

Conditions with different
flows of vehicles and
pedestrians, in addition
to the different
geometries of the study
sites forced to calibrate
the models and
submodels at each
crossing.

The yield model and gap model
was validated, a crossing by state
was taken into account, for the
yield model the probability of
yield was analyzed, they were
calculated for each observation
from the models and they were
represented according to the
decision observed by the driver.
For the gap model were used to
predict gap acceptance probability,
this validation capacity was
separated into two levels, strong
Prediction, weak Prediction.

(Chen et al.,
2016)

Counting and
video
recording

Commercial
area Oneway two-lanes

Bidirectional pedestrian
model developed by Blue
and Adler (2001) and Binary
logit model determine the
probability that the
pedestrian crossed

The cellular automata model is
used to depict the motion of
vehicle; The vehicular traffic
model consists of a
vehicle-following sub model and
a lane changing sub model.the
decision making of the vehicle, a
logit binary model was used to
determine the probability of
yielding to pedestrians.

Pedestrian-vehicle
interaction is carried out
through the framework of
game theory

Four types of parameters
were calibrated: The
vehicle characteristics
Pedestrians
characteristics
The coefficients in binary
logit regression model
The noise parameter in
the imitation rule

Two level of validation were used:
1. The first level consisted of
comparing the average outputs
obtained from the model with field
observations as a way testing the
overall predictive power of the
model. (vehicle delay, pedestrian
delay); 2. Statistical comparison of
the outputs: The method used to
achieve this was a confidence
interval and hypothesis test for the
mean based in the t distribution.
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Table 3. Cont.

Study
Methodology
Data
Collection

Characteristics of
the Study Location

Geometrical
Characteristics of the
Study Location

Analysis Technique for
Pedestrian Behavior

Analysis Technique for
Driver Behavior

Coupling between
Pedestrian and
Vehicle Analysis

Calibration Validation

(Wu et al.,
2019)

Video
recording and
surveys

Mixed area
(Educative area and
residencial area)

two-way four-lane Cellular automata model Cellular automata model

Pedestrian-vehicle game
model is applied to solve the
problem of decision-making
uncertainty between vehicles
and crossing pedestrians.

The survey data, the
headways and waiting
time was used to
calibrate the model

The space-time distribution of
the traffic volume under the
critical state was used for the
validation of the model results

(Lu et al.,
2016)

Video
recording Commercial area two-ways two-lanes SFCA (Social Force Cellular

Automaton) model

Model of Nagel-Schreckenberg to
imitate the driving manoeuvres
and the actions of the vehicles.
The vehicle yielding model was
used for decision making

The discrete CA
(Cellular Automaton) model
was used to simulate
pedestrian-vehicle
interaction behavior, in
which the pedestrians and
vehicles are allowed to move
between cells at
every timestep.

The model is calibrated
with detailed behavioral
data collected and
extracted from field
observations. The
capability of the
calibrated model in
predicting the
pedestrian-interaction
events as well as
estimating te driver
yielding rate and
pedestrian delay are also
tested and demonstrated.

The models were validated
analyzing the error percentage of
the number of interactions and
the range of yield, in addition the
pedestrian delay was
also analyzed.

(Feliciani
et al., 2017)

Video
recording Residential area two way one-lane

Cellular model automata and
the acceptance of the gap
were assigned depending on
the distribution of the
data observed

The car following method is
based on a modified version of
the Gipps model, a probability of
yielding was assigned based on a
field distribution

Cellular Automata model
was used for the analysis of
pedestrian-vehicle
interaction, adding specific
rules of the behavior of the
two agents

Since the model is based
on qualitative aspects
captured by video
recordings, its parameters
use empirical data and
therefore do not require
iterative calibration

In order to validate the model,
delays (or waiting times)
measured for both pedestrians
and drivers were compared with
simulated values

(Schroeder
et al., 2010)

Counting and
video
recording

Educative area one way two-lane - The binary logit model - - -

(Salamati
et al., 2013)

Counting and
video
recording

Urban areas One two-lane entry and
One two-lane exit -

The analysis used logistic
regression to model the
likelihood of drivers yielding
based on several factors.

- - -

(Schneider
et al.,2018)

Counting and
video
recording

Central business
district Oneway two-lanes -

A binary logistic model was to
use for analyze the driver
yielding behavior

- - -

(Fricker and
Zhang, 2019)

Video
recording Educative area One way one-lane and

two way one-lane

A binary logistic regression
model and the mixed logit
model were applied

A logistic regression model was
to use for analyze - - -
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3.3. Risk of Bias within Studies

Only two studies were classified as “moderate” and nine were classified as “strong” using the
methodology mentioned in Section 2.6, which is based on criteria that help determine the quality of the
studies under this review. Several sources were found that could be considered as main generators of
biases. For instance, the use of variables and/or parameters that describe the behavior of the pedestrian
and the vehicle, which were obtained in certain contexts, in another case study, implies caution, since
not maintaining the similarity in the conditions with which they were originally determined could
produce inappropriate results for the model. For example, the aggressiveness factor (AF) associated to
the analysis of gap acceptance depends on the individual characteristics of the pedestrian, which in
time depends on the crossing location.

Another source of bias that was common to some studies is associated to the heterogeneity of
the characteristics of pedestrians and vehicles that is not usually considered when developing and
applying the models. That was the case of the studies carried out by Feliciani et al. [13] and Ottomanelli
et al. [30], in which some relevant characteristics such as gender and age of pedestrians, which lead to
distinct walking speeds and the type of vehicle with which the interaction occurs (light or heavy) were
not taken into account. The study developed by Lu et al. [4] assumed a classification of pedestrians by
gender and age but mentioned that one of the shortcomings of the study is that the walking speeds
of all kinds of pedestrians (old male, old female, young male, and young female) were assumed as
the same. In the same line, the model developed by Feliciani et al. [13] considered an unique value
for the following factors that describe pedestrian and driver behavior: driver reaction time, walking
speed (in this case a distinction between elderly and non-elderly was made), pedestrian acceleration,
gap acceptance, etc. In fact, the author determined these values based on the scientific literature and
assumed that although these parameters were not specifically considered for the study, the variations
that could present from one case study to another would not be abrupt.

3.4. Main Outputs from Studies

3.4.1. Results of Pedestrian-Vehicle Interaction

The main objective of analysing PVI in unsignalized pedestrian crossings is to evaluate and optimize
pedestrian safety. Based on this objective, several studies have been carried out [2,13,17,20,30,31] to
establish a reliable simulation model that represents the vehicle yielding and pedestrian crossing
behaviors in a most realistic way.

The pedestrian gap acceptance (PGA) and the driver yield (DY) have been investigated as these
variables represent a behavior eventually associated to conflicts between vehicles and pedestrians. One
of the pioneering studies in the analysis of the overall behavior of the PGA and the DY was carried out
by Sun et al. [17], whose main objective was to develop a model for the prediction of PGA behavior and
the DY at unsignalized midblock crosswalks. The authors studied two different issues related to PVI.
The first was to determine the attributes that influence the decision of the pedestrian to accept a certain
gap, and the second was to determine the attributes that are taken into account when assigning the
driver yield to pedestrian. Binary logit models were used to analyze both issues aiming to generate
predictions closer to reality. In order to study the PGA and the DY, the authors collected data that were
divided into two groups regarding pedestrian behavior versus driver behavior. The authors showed
that in the case of PGA model, the variables with the greatest influence on the decision to cross or not
cross were the gap size, the number of pedestrians waiting, and the age of pedestrians. Similarly, the DY
binary logit model showed that the variables with a higher impact on the decision to yield or not yield
the pedestrian were opposite direction traffic, number of pedestrians waiting, and the type of vehicle.

Lu et al. [4] used the basic concept for the microscopic model and integrated a simulation
algorithm describing the pedestrian and vehicle behavior. This integrated algorithm, representing
two sub-models (one for each agent), was divided into 5 phases, which ranged from the generation
of pedestrians and vehicles with their respective attributes, until the moment when the pedestrian
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and the vehicle cross the crosswalk. The results presented by the authors showed that the variables
that have the greatest influence in drivers’ yielding behavior and pedestrian crossing behavior for the
analysed sites were pedestrian attitude, presence of pedestrian group, time headway between vehicles,
and vehicle speed. The authors compared the results of the PVI events of the simulation with those
observed in the field for the validation of the model, obtaining a difference for the yielding rate of
10.67% for site A and 3.77% for site B. Similarly, they analysed the differences between the observed
and simulated numbers of pedestrian-vehicle interaction events for site A and site B, which were 13.2%
and 9.43%, respectively.

In the same way, Ottomanelli et al. [30] developed a simplified model that simulated the interactions
between pedestrians and vehicles at crosswalks. In this model, parameters were selected to represent
the PVI according to the easy-to-collection criterion assigned by the authors. The main objective of
the study was to develop a simulation tool that is able to predict the response of a particular design
solution and compare them with design alternatives, assuming to do that a set of easy and cheap
collection data. The results obtained by the discrete event system model were simulated for an hour,
the same duration of the observations obtained in the field. The first analysis conducted to evaluate the
model performance was the comparison between the number of agents (pedestrians and vehicles) that
were generated by the model and observed in the field, showing a difference of 1.6% for pedestrians
and 0.8% for vehicles. The first simulation test was performed with gap acceptance hold modules
characterized by a walking speed and an aggressive factor (AF) value as indicated in the literature:
1.37 (m/s) for the walking speed and AF of 2.5 s. After 100 simulation runs, the percentage of error
obtained when compared with the observed values for the AVWT and the APWT at the entrance
and exit of the campus was 138.83% on average. Considering this percentage of error, the authors
concluded that the value usually suggested in the literature for AF cannot be applied for the study,
stating that this may be because this factor depends on the individual pedestrian characteristics. The
authors showed that when the AF is 0 (i.e., pedestrians are very aggressive), the results of the model
presented an acceptable error (16.83% mean error). With respect to the walking speed of pedestrians, a
more accurate representation of the real system can be obtained, assuming that the walking speed is
generally variable among pedestrians.

Chen et al. [31] modelled the PVI from a microdynamic point of view to provide a more detailed
analysis of individual behavior. They developed a model to simulate PVI by joining the decision model
(crossing/yielding decision-making) and the movement model (pedestrian submodel and vehicle
following/lane changing). To replicate the PVI in a more realistic way, the authors chose four types of
parameters to be calibrated, among which are the vehicle characteristics, pedestrian characteristics,
the coefficients obtained by the binary logistic regression model (which was used to determine the
probability that the driver yield to the pedestrian), and the noise parameter in the limitation rule
(parameter that measures stochastic uncertainty for irrational choices). The calibrated model showed
that the accuracies of predicting the driver behavior and pedestrian crossing behavior are 92.6% and
96.3%, respectively. In addition, the study concluded that the delays for vehicles increase moderately
with an increase in the pedestrian arrival rate. According to the authors, this is due to the fact that
increasing the volume of pedestrians, the vehicle traffic flow is interrupted because crossing takes
longer. Similarly, it is highlighted that the delays for pedestrians decrease with an increasing flow of
pedestrians for the following two reasons: the herd mentality effect and lateral discomfort.

For the analysis of PVI, empirical models have also been developed. Feliciani et al., 2017 [13],
considered a model that was based on empirical evidence gained during an observation of a
non-signalized crosswalk. The objective of the authors was to develop a tool that could be used by
decision-makers to assess the need to introduce a new crosswalk and/or change a traffic light and
estimate the potential benefits of such a measure in terms of service level. The authors used small
time steps to model the different speeds of pedestrians, including those with reduced mobility, to
reproduce the PVI. For structuring the algorithm that combines driver and pedestrian behavior, the
authors defined two possible methods to describe the PVI. Method 1 used the vehicle speed to set,
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for a specific distance, if it was safe or not to start the crossing. On the other hand, in the method 2,
each pedestrian is generated with an individual speed and with a specific gap acceptance assigned
according to the assumed statistical distribution. The authors used four main parameters for the
validation of the model, which were vehicle delay, pedestrian delay, vehicle flow, and pedestrian flow.
They concluded that the method that provides the most significant and realistic results was method 1.

In 2014, a project called “Empirically based performance assessment and simulation of pedestrian
behavior at unsignalized crossings” was developed by Schroeder et al. [2] in USA. The main objective
of this project was to develop a new and improved algorithm to describe pedestrian and vehicle
interaction at unsignalized midblock pedestrian crossings and to implement them in a traffic simulation
environment. This project was focused on identifying and modeling mixed-priority (refers to crosswalk
operations in which drivers at times yield to create crossing opportunities, but pedestrians may need
to rely on their judgment of gaps in traffic to cross the street) crossing events at unsignalized midblock
locations. The authors based the simulation on the time of passage, and once the simulation began,
all the movements and decisions of the vehicle were taken before the movements and decisions of
the pedestrians, at each time step. The average delay of the vehicles due to the midblock crosswalk
was the variable used to compare the simulation with reality. The average delay for the simulation
was 0.383 seconds, while in the field site was 0.257 seconds. The authors concluded that using the
global default pedestrian parameters results in similar rates of no delay, but the average delay depends
much more on site-specific flow rate. They added that although the simulation recreates reasonable
delay values for a set of site-specific flow rates, it is necessary to develop the simulation to replicate the
largest observed delays.

3.4.2. Results of Driver Yielding Models

Another perspective study carried out by Schroeder et al. [18] showed that drivers have a higher
probability of yield to pedestrians who exhibit assertive behavior (referred to as those pedestrians who
walk quickly in their approach to the crosswalk), since the probability of driver yielding increases from
13.7% to 65.5% on the presence of this pedestrian behavior. Therefore, the authors concluded that
there is a strong correlation between pedestrian behavior and driver yielding. On the other hand, the
authors determined three factors that influenced the reduction of the probability of driver yielding
to pedestrian, which are high speeds, deceleration rates, and vehicles traveling in a platoon. This
study demonstrated the importance of taking into account the dynamic restrictions of the vehicle in
the evaluation of unmarked crosswalks since the variable that describes the dynamics of the vehicle
(deceleration rate required to stop) in an increase of 0.305 (m/s2) decreased the probability of driver
yielding by 0.68.

In the same line, the main objective analyzed by Salamati et al. [14] was to determine the factors that
affect the probability of driver yielding to pedestrians at un-signalized crosswalks, in this case, located
at two-lane roundabouts. Factors such as the location of the zebra (entry or exit of the roundabout),
appearance of the pedestrian (blind and carried a white cane or sighted), speed of the first vehicle,
lane in which the first vehicle was driving, and the number of pedestrians waiting to cross (multiple
pedestrians or any pedestrians) were statistically significant for determining the probability of yielding
to pedestrian. The authors demonstrated that the drivers tended to yield more often to a pedestrian
who was carrying a white cane compared with a sighted pedestrian. Similarly, the results lead to the
expected conclusion that drivers located in the far lane relative to the pedestrian location had a lower
likelihood of yielding to a pedestrian standing at the curb than drivers located in the near lane. The
study highlights that as the speed of the vehicle entering or exiting the roundabout increased, the
likelihood of driver yielding decreased. Finally, the study showed that drivers exiting the roundabout
had a lower likelihood of yielding to a pedestrian than drivers entering the roundabout.

Additionally, the results of the binary logistic model developed by Schneider et al. [38] to study
the driver decision to yield suggested that drivers were more likely to yield to pedestrians who were
white than pedestrians of other racial and ethnic backgrounds. However, the authors highlighted that
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the data could not determine whether specific drivers are less likely to yield because a pedestrian is a
person of color. It is also important to highlight that in the final model, the age and sex of pedestrians
and the driver’s demographic variables (age, sex, and race/ethnicity) were not statistically significant.
Regarding the behavior of the pedestrian, it was shown that pedestrians waiting on the street to cross
are more likely to give up, giving way to the vehicle than those pedestrians waiting on the sidewalk.
In addition, pedestrians who indicated their intent to cross the street assertively were more likely to
have drivers yield. Finally, the authors concluded that when high traffic volumes and high speeds are
present near the pedestrian crossing, the probability of driver yield to pedestrian is low. The study
conducted by Fricker and Zang [39] allowed to analyze and compare the PVI when a change occurred
on the observed road, i.e., from one way to two ways. The authors concluded, based on more than
3400 interactions recorded in the field, that driver and pedestrian behavior change significantly when a
change in the traffic direction occurred.

3.4.3. Summary of Results of Studies

Table 4 presents a summary of the most influential variables determined by each study and the
main conclusion that the authors obtained.

4. Discussion

This systematic review selected 9 articles that analysed the PVI at crosswalks not controlled by
traffic lights. Of these studies, 6 developed a model for the analysis of the PVI, and 3 analysed this
same interaction but focusing on what factors/variables influenced the driver yielding behavior.

Distinct methodologies were applied in the selected studies for the data collection to describe
the PVI that was observed either in unsignalized crosswalks located in the mid-block or roundabouts
entrances and exits. These methodologies are based on the observation technique, which is considered by
Mamidipalli et al. [16] as the most used by studies that analyze the behavior of pedestrians and drivers.
This technique allows capturing the fixed attributes (the type of vehicle, pedestrian characteristics, etc.)
and some dynamic characteristics (vehicle and pedestrian speed, driving distance, etc.).

The studies selected in the SR applied various methodologies for the collection of information on
the behavior of pedestrians and vehicles. Each of these methodologies focuses on obtaining the relevant
data that allows the fulfillment of the objectives set for each study. By carrying out a detailed analysis of
each of the proposed methodologies, it was possible to understand the need for a reference framework
that establishes fundamental points for the collection of information in the field of pedestrian-vehicle
interaction. In the absence of this frame of reference, it cannot be concluded with complete veracity
which technique could best fit each context. Based on this methodological gap in the collection of PVI
data at unsignalized crosswalks, the authors of this SR have developed a list of fundamental items that
should be applied and reported in a methodology that seeks to obtain data on pedestrian behavior
and vehicles in this type of crossings. This list of items presented in Table 5 was prepared to take into
account the experience of the authors in this subject and the methodologies of the studies selected in
this work. It is expected that, with the application of this list, the methodologies applied to the PVI can
be compared and thus be able to define for which context the application of certain techniques would
obtain better results in data collection.

To determine which are the parameters or variables that best represent the PVI in the unsignalized
pedestrian crossings, the analysed studies applied various approaches either from the perspective of
the pedestrian or the vehicle. In addition, some studies have found that other events and/or factors
related to the environment of the place where the pedestrian crossing is located can affect the PVI.



Sustainability 2020, 12, 2805 18 of 23

Table 4. Summary of results of studies (variables and main conclusions).

Study Input/Variables Used Influential Variables for
Pedestrian Analysis

Influential Variables for
Vehicle Analysis Conclusions (Authors)

(Sun et al., 2003)

The variables used to analyze pedestrian behavior were age,
gender, waiting time, gap size and number of pedestrians
waiting to cross. The variables used for the drivers were,
age, gender, vehicle type (car, SUV or pick-up, truck or bus),
number of pedestrians waiting and opposite direction
traffic condition.

Gap size, number of pedestrians
waiting, and age of pedestrians.

Opposite direction traffic and
the type of vehicle.

The main contribution of the models proposed lies in
application of these validated models into a simulation
framework which can replicate the traffic realities at
mid-block crosswalks to improve the safety of pedestrians.

(Ottomanelli et al., 2012)

Time between the arrival of two consecutive pedestrians at
the crossing, recorded for each crossing direction (TPA);
Walking speed of pedestrian; Time between the arrival of
two consecutive vehicles at the crossing (TVA); Speed of
vehicles; Percentage of drivers that intentionally stop the
vehicle to let pedestrians cross.

Pedestrian waiting time (PWT)
to begin crossing the street

Vehicle waiting time (VWT) if a
vehicle has to stop because
pedestrians are crossing
the street

With ordinary measurements relevant to vehicular and
pedestrian flows at real crossing, it is possible to simulate
with good accuracy and reliability the behavior of the
system. Also, the developed model is scalable; it can be
easily maintained, reused, and extended for different
application sites and case studies

(Schroeder et al., 2014)

Variables focused on the behavior of the first vehicle that
entered into interaction with the pedestrian were used
(speed vehicle, The distance from the vehicle to the
researcher, yield to pedestrian or not, was in platoon, type
of vehicle, type of yield), the variables were used for the
pedestrian (group, pedestrian crossed from the mediam or
the cub, the crossing pedestrian was controlled, site where
the pedestrian stopped crosswalk or curb)

the size of the gap length in
seconds, and a binary variable
distinguishing between gaps
and lag events

Presence of adjancent yields,
low speed plattons, presence of
multiple pedestrians and
female pedestrians

Using the global default pedestrian parameters results in
similar rates of no delay, but the average delay depends
much more on site-specific flow rate. They added that
although the simulation recreates reasonable delay values
for a set of site-specific flow rates, it is necessary to develop
the simulation to replicate the largest observed delays.

(Chen et al., 2016)

The distance between the vehicle and the pedestrian along
the vehicle movement direction (DISTANCE); Vehicle speed
(VEHSPEED); Vehicle type (VEHTYPE); Pedestrian speed
(PEDSPEED); The number of pedestrian arriving at the
crossing point (PEDNUMBER)

Pedestrian speed (PEDSPEED) DISTANCE and vehicle speed
(VEHSPEED)

In order to take into account the decision process of vehicle
drivers and pedestrians during the interaction, evolutionary
game theory and cumulative prospect theory are employed
for addressing the crossing decision behavior under
bounded rationality and risk. Futhermore, the model
developed by the authors can capture the phenomenon of
disagreement among a pedestrian crossing group, which
could help to better understanding the herd mentality.

(Lu et al., 2016)

Were classified into three categories: Pedestrian
characteristics and situation (gender, age, attitude, position,
clothes colour, etc.); Vehicle characteristics (vehicle type,
distance to conflict pedestrian, time headway, etc.) and
Traffic condition (adjacent condition of yielding to the
pedestrians that may occur with the vehicle in the other lane
os the road)

Attitude and presence of
pedestrian group

Time headway and
vehicle speed

Through comparison of the average interaction events and
driver yielding rates obtained from simulation model and
field data, the authors demonstrated that the simulation
model can replicate pedestrian-vehicle interaction with high
accuracy and reliability. In addition, the proposed model
also makes a good prediction of pedestrian delay.

(Feliciani et al., 2017)

The model used constants and parameters for the modeling
of the PVI (pedestrian speed, vehicle speed, gap acceptance
for pedestrian, car density, pedestrian flow, etc.) those were
mostly obtained from the field study. Some values taken
from literature is the drivers’ reaction time and the
pedestrians’, acceleration and deceleration.

Pedestrian flow,
pedestrian delay Vehicle flow, vehicle delay

Simulations show that a good agreement with delay of both
road users is found when pedestrians are supposed to
estimate velocity of incoming vehicles and judge if they can
stop in the given distance. Furthermore, they highlight that
the use of the accepted gap also led to somehow acceptable
results, but the concept needs to be investigated further to
allow a successful implementation in the simulation model.
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Table 4. Cont.

Study Input/Variables Used Influential Variables for
Pedestrian Analysis

Influential Variables for
Vehicle Analysis Conclusions (Authors)

(Wu et al., 2019)
the model used the headways and the waiting time as main
variables, three parameters were analyzed for pedestrians
(the occupancy, the direction, the conformity).

Pedestrian delay, traffic conflict Traffic volume

The threshold of traffic flow and pedestrian flow causing
traffic conflicts and delay is proposed. In addition, the
authors include the threshold of pedestrian arrival rate
which will induce force crossing behaviors. The model
develops provides some practical references for
transportation agencies to meet pedestrians time-cost and
comfort needs in crossing streets when they design
pedestrian crossing facilities.

(Schroeder et al., 2010)

The variables used for the study describing driver
characteristics (vehicle platooning, type of vehicle, vehicle is
part of a queue of vehicles, vehicle speed), pedestrian
characteristics (pedestrian assertiveness, multiple
pedestrians, Pedestrian is waiting on the near side of the
approaching vehicle, Indication whether the flashing
beacon was actuated by the pedestrian), the dynamics of the
closest approaching vehicle (approaching vehicle has close
follower, ), and the circumstances surrounding the
pedestrian-vehicle interaction event (presence of an adjacent
yield in the opposite direction, the previous vehicle passed
without yielding)

pedestrian assertiveness vehicle platooning

Vehicle yields also showed a strong correlation with the
behavior of the pedestrian. An assertive pedestrian, who
walks briskly in the approach to the crosswalk, appears to
frequently elicit a response from the driver by increasing the
likelihood of yielding. A strong effect of vehicle platoons in
reducing the likelihood of yielding

(Schneider et al.,2018)

Three different types of variables were taken into account:
Demographic variables (gender, race/ethnicity, age) for
pedestrians and drivers; Behavior variables (pedestrian
assertively, position of pedestrian and pedestrian group);
site variables (Traffic volume, vehicel speed, bus stop
present, adjacent commercial land use, etc.)

pedestrian race/ethnicity,
position of pedestrian,
pedestrian assertively

traffic volumes, vehicle speed,
distance of crosswalk

The authors concluded, based on the results that roadway
design strategies such as reducing roadway design speeds
and narrowing roadway crossing distances to increase the
probability of drivers yielding to pedestrians. They also
suggest the importance of educating pedestrians and
drivers so that pedestrians can carefully and confidently
assert their right-of-way in uncontrolled crosswalks.

(Salamati et al., 2013)

The variables describe the interaction between the first
vehicle and the pedestrian; vehicle speed, type of vehicle,
lane in which first vehicle was driving, vehicle platooing,
presence of conflicts at the entrance of the roundabout, type
of pedestrian (appeared to be blind and carried a white
cane), waiting position of pedestrian (at curb or passive, in
road or aggressive)

Type of pedestrian, waiting
position of pedestrian

Vehicle speed, lane in which fist
vehicle was driving

The authors concluded even when controlling for vehicular
speed, pedestrian behavior, vehicle platooning, and other
factors, the study showed that other site-specific variables
or driver culture explained a significant portion of the
differences in yielding behavior.

(Fricker and Zhang, 2019)

Four different types of variables were taken into account:
Pedestrians dynamics (gender, hesitation, pedestrians
position, number of pedestrians waiting, age, gropu size,
etc.), vehicle dynamics (approach speed, adjacent vehicle,
approach to the crosswalk), environmental characteristics
(interaction’s distance), response behavior (pedestrians
outcomes, vehicle response)

Approach speed, Hesitation,
distance and pedestrian position

Approach speed, hesitation and
number of pedestrians waiting

The authors concluded that a driver’s decision is mainly
influenced by interacted pedestrian behavior and the
environmental characteristics when an interaction occurs.
Furthemore, the change of one-way to two-way operation
removed the effects of interaction between vehicles
(follower vehicle and adjacent vehicle) on a driver’s decision
and led drivers to react more to the interacted pedestrian.
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Table 5. Items for the application and reports of methodologies.

Steps to Follow Step Content

1. Tools used for data collection Video camera, pedestrian and vehicle counts, speed measuring guns

2. Moment of information gathering Peak hour, day of week, climate conditions, etc

3. Description of the site where the study is conducted

Crossing location
Pedestrian crossing dimensions

Type of pedestrian crossing
Road classification

4. What type of information will be collected?
Variables

Parameters
Attributes

5. Detailed description of how the methodology is applied When an interaction is considered, assumptions

6. Description of data processing and statistics Use of software for data processing, distribution of pedestrians along the field survey, etc.
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As shown in Table 4, the influential variables that were investigated in 4 of the 9 studies are
vehicle speed, pedestrian attitudes, and number of pedestrians waiting at the crossing. It should be
noted that these variables may not represent the most influential factors to the observed PVI since
there are other potentially relevant variables that are not usually studied. That is the case, for example,
of the existence or not of vehicle platooning.

First, the influence of a variable depends largely on the specific behavior that occurs in the study
place, and second, the same set of variables in all studies should be analyzed in order to make a valid
point of comparison. This is not to omit variables that may affect the interaction, which was found to
influence PVI by Schroeder et al. [18]. Indeed, the authors found that when the vehicle approaches the
pedestrian crossing in a platoon, the chances of the vehicle yield the pedestrian decrease.

Based on the aforementioned, the analysis of a PVI should take into account the common variables
used in previous studies, allowing comparisons, but not excluding other possible variables that may
represent, for instance, the social and cultural context of the places analysed.

Regarding the modeling of the PVI, various techniques have been used to represent this interaction.
The cellular automaton (CA) has been highly used [4,31,32,35], which represents the movement of
pedestrians and vehicles between cells over time [4]. The CA models are able to characterize complex
traffic behaviors with simple and flexible transition rules accurately. Based on the results of the described
studies that used this type of models for PVI (see results Section 3.4.1), we may conclude that the CA
models have a great potential to simulate reality. Nevertheless, some difficulties were reported by
Lu et al. [4] regarding the simulation of the heterogeneity of pedestrian speed, which was overcome by
Feliciani et al. [14] when using a different approach of the CA model. Overall, and although the CA
model showed to be adequate to represent the PVI, the most significant disadvantage is the complexity
in implementation, since it requires specialized personnel in this area, and thus, constraining the use by
decision-makers of the urban space. Additionally, difficulties may be encountered regarding the data
required by the models since it may not be possible to collect it in the field, as pointed out Schroeder
et al. [2].

5. Conclusions

This systematic review shows that despite the relevance of the pedestrian-vehicle interaction to
road safety analysis, a lack of recent studies exists at least regarding the PVI at unsignalized crosswalks
as can be concluded by the low number of selected manuscripts.

From the analysed studies, it was possible to set a guide for the collection of information needed
to investigate the PVI as well as to support the selection of the methodology to be used. Overall, this
SR provided the following main conclusions:

(1) Each study used distinct data, variables, and techniques, which difficult the use of a common
approach and, thus, a reliable comparison of the results that would allow to identify clearly the
risk factors associated to PVI and, therefore, common policies to be implemented.

(2) In general, the heterogeneity of the pedestrians, drivers, vehicles, and road environment is not
clearly considered in the modelling process. Age and sex of pedestrians and drivers are the main
common variables used to assume distinct behaviors on the PVI.

(3) Although studies exist focusing on driver and pedestrian decision-making process, it is not clear
how the findings of these particular studies are considered in the micro-simulation process.

From these main conclusions, the lack of a harmonized approach to guide the PVI analysis covering
all tasks (from the data collection until the modelling) is obvious. The recent robust technology that
has been developed considering the video recording analysis of field observations may contribute
to the use of a common data collection and, thus, the use of common variables obtained by similar
processes. Additionally, and although robust mathematical models have been developed and/or
used for the analysis of the PVI, a lack of PVI algorithms in commercial traffic simulation software
was noticed. The use of commercial simulation software allows the analysis of distinct microscopic



Sustainability 2020, 12, 2805 22 of 23

environments, providing a tool to optimize the decision-making of engineering practitioners in terms
of road infrastructure and pedestrian safety.
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