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Abstract: This paper assesses pedestrian crossing behavior and critical gaps at a two-way midblock
crossing location. A critical gap is the shortest gap that a pedestrian accepts when crossing a road.
A dataset was collected in 2017 in Edinburgh (UK). The analysis was performed using the fuzzy logic
system. The adopted membership function of the fuzzy logic system is of a triangular form since
it has a simple and convenient structure. The input variables that are used in the analysis are the
number and length of rejected gaps and length of accepted gaps at the crossing location. The output
variables are the critical gaps. The results show that assessing critical gap estimation of pedestrians
crossing using fuzzy logic is achievable and produces reasonable values that are comparable to values
that are reported in the literature. This outcome improves the understanding of pedestrian crossing
behavior and could therefore have implications for transport infrastructure design. Further analysis
using additional parameters including waiting time and demographic characteristics and alternative
forms for membership functions are strongly encouraged.
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1. Introduction

Pedestrian crossing behavior and activities while using the road network have always been
identified as causing factors associated with pedestrian accidents in urban and in rural areas. It has
been claimed that over 70% of pedestrian fatalities occur while crossing roads away from a pedestrian
crossing. Very few (0.5% of all killed or seriously injured) were observed on a refuge, central island
or reservation. Pedestrian crossing behavior and critical gap analysis has been a focus of many
transportation studies. Critical gap can be defined as the shortest gap that the pedestrian would
accept when crossing a road. Many crossing locations in urban areas are not signalized. At these
locations, pedestrians need to wait for a safe gap to cross the road. In these cases, each pedestrian has
to assess each gap in traffic, reject one or more before accepting a convenient gap according to their
physical ability, risk taking attitude, age, gender etc. A refuge island can be installed at some of these
non-signalized crossing locations. The goal of these refuge islands is to ease the crossing process and
to provide a halfway protection for pedestrians who are about to cross the road. In order to assess the
usefulness of these refuge islands it is crucial to study the gap acceptance behavior of pedestrians at
such locations. Understanding the gap acceptance behavior is also useful for cost–benefit analysis of
road engineering projects. Pedestrian decision-making and risk-taking during road crossing can be
studied through monitoring and observation of pedestrians’ behavior and crossing activities [1–9].
See also [10–17] for further discussions of other factors affecting crossing behavior.
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Many researchers have conducted research studies on pedestrian behavior and interactions of
experimental, field and simulation approaches [18–22]. Most other studies have employed discrete
choice techniques including binary logistic regression, logit and probit models to assess gap acceptance
behavior and to predict values for the critical gaps [23–27]. These techniques, while robust and very
widely applied in many fields, might not always produce efficient estimates in cases where there are
repeated measurements. A known problem associated with pedestrians’ crossing decisions is the
multiple rejected gaps and non-independence of observations because of prior strong assumptions
associated with such models. A single pedestrian often rejects more than one gap, and analyzing each
rejected gap as a separate observation does not account for the fact that it is rejected by the same person.
This introduces a source of vagueness when using conventional discrete choice models, in particular
logit-based models. Further prediction techniques could offer possible potential enhancements and
flexibility to investigations of pedestrians’ crossing behavior. These alternative prediction techniques
include genetic algorithms (GA), fuzzy logic (FL) and other artificial intelligence (AI) methods, and are
increasingly used in many engineering applications [28–31].

Fuzzy logic systems are powerful prediction tools in dealing with complex problems. These models
or groups are mathematical means of representing that vagueness and rough information. They have
the ability of distinguishing, expressing, explaining and operating this information, which is vague
and lacks preciseness. They can be designed to calculate a distinction between data sets by simulating
processes to match those of human reasoning [32]. The usefulness of fuzzy logic in this kind of
investigation is evident since there is not a “standard” mathematical model available or one that can
be derived from physical laws for adequately modelling pedestrians’ crossing behavior. Furthermore,
fuzzy systems were originally proposed as a solution to imitate the decision-making processes of
the human beings by weighing rules; therefore, it seems logical to use them for modeling human
behavior. There are many applications of fuzzy logic in many fields, including transportation (see,
for example, [4,31,33–35]. However, there is a significant lack of applications of fuzzy logic systems in
transportation in comparison with other fields.

An important feature of fuzzy logic analysis is the membership functions. There are different
possible shapes for the membership functions, including triangular, trapezoidal, Gaussian, etc.
(see [33,36,37] for an investigation of the efficiency of estimation of different forms). The triangular and
trapezoidal membership functions are often adopted in many applications because of their simplicity
and the convivence of their computation. It is therefore reasonable to adopt a triangular form in any
investigation as a first step. If the performance of the system is not satisfactory, other forms can be used.

Fuzzy logic system is a nonlinear mapping of input data sets to scalar output data [32].
A fuzzifier and a defuzzifier, IF-THEN rules, and an inference engine are the main mechanisms of

fuzzy system as illustrated in Figure 1. The advantage of using fuzzy logic system is that it can handle
problems with imprecise and incomplete data. They can also model nonlinear functions of an arbitrary
or complex nature.

The main aim of this study is to test the ability to assess critical gap acceptance for pedestrian
crossing behavior using fuzzy logic using real data. The outcome of the study could enhance our
understanding of pedestrian crossing behavior and, therefore, could have implications that improve
transport infrastructure planning and design.
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2. Methodology

2.1. Critical Gap Analysis

The gap in the traffic is defined as the duration time between two consecutive vehicles arriving at
the exact reference point [38,39]. Pedestrian crossing behavior is determined by a critical gap, which is
defined as the shortest gap that the pedestrian would accept. Each pedestrian will have a certain
value for their critical gap. Pedestrians monitor the gaps available to them and compare them to
their critical gap; crossing is attempted when the available gap is equal to or greater than the critical
gap [38,39]. Assessing the rejected gaps and accepted gaps for each individual pedestrian would allow
the identification of the critical gap for that individual, and for the sample population. In this study,
data was collected using video recording [39]. Most previous research on pedestrian behavior has
adopted interaction field experimentations and simulation approaches. Very few studies have adopted
fuzzy logic controls.

2.2. Fuzzy Logic Analysis

The membership function is the fundamental component of a fuzzy logic system and the most
important step in fuzzy set building; i.e., the fuzziness feature in a fuzzy set is controlled by its
membership function. There are a number of possible shapes for the membership functions that
include Gaussian, triangular, trapezoidal, as well as other forms. The one condition a membership
function must actually satisfy is that it needs to vary between 0 and 1. The triangular and trapezoidal
membership functions are often adopted in many applications because of their simplicity and ease
of calculations over other function types, such as bell, sigmoidal, asymmetric, LR, and Gaussian,
which may require more complicated arithmetic operations. In addition, a relatively smaller amount
of data is needed to define a triangular and trapezoidal membership function. It is hence prudent to
start with a triangular form in our case.

In this analysis, a triangular membership function was specified by three input parameters {a, b, c}
to represent the number and lengths of accepted gaps and length of rejected gaps. These are the x
coordinates of the three vertices of µ(x) in the fuzzy set A. The MATLAB software was used to build the
fuzzy logic systems [37,40]. Each of the input variables was defined by three parameters (low, medium
and high). Therefore, the three input variables are the number and lengths of rejected gaps and length
of accepted gaps, and the output variable of the fuzzy logic system is the critical gap. Table 1 below
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shows membership functions used, their names, and input variables with the parameters’ ranges.
These values are calculated from real data collected at the selected site in Edinburgh.

Table 1. Membership functions used with name of input variables and range values.

Input Variable Linguistic Terms and Range Values

a (Low) b (Medium) c (High)

Length of accepted gap 0–1.75 s 1.75–5.62 s 5.62–7.6 s
Number of rejected gaps 0–1.933 1.933–3 3–4

Length of rejected gap 0–0.9 s 0.9–2.65 s 2.65–3.5 s

2.3. Data Description

A dataset that was collected in 2017 in Edinburgh (UK) has been used to assess pedestrian critical
gaps [39]. The site is located on a two-way single-midblock crossing location in Edinburgh. It is a
location where a two-stage pedestrian crossing exists (Figure 2). Data was collected using two GoPro
cameras, one camera for each traffic direction. The cameras were attached to high signposts at a level
above the eyesight of the average adult pedestrian in order to mask them. The size of the cameras
and their locations made them discreet so pedestrians were not observed to be paying attention to
the cameras. A total of 500 observations were collected over a 3-day period of recording that was
conducted from November 2017 to February 2018. In each record, data on pedestrian waiting time,
number of rejected gaps and the lengths of all rejected and accepted gaps were obtained.
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2.4. Detection of Critical Gaps Using Fuzzy System

The fuzzy system process that is implemented in this analysis follows the approach adopted by
Mendel (1995), which includes three steps:

1. Fuzzification process;
2. Inference process based on IF-THEN rules;
3. Defuzzifcation process.
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These are explained below.
The first step is the fuzzification process, which can be achieved by converting the input data to

a fuzzy set through fuzzy linguistic variables and membership functions. Then, based on IF-THEN
rules, the inference process is carried out. Lastly, the defuzzification step is implemented, which is
then completed using membership functions to crisp fuzzy outputs (Figure 3). Each of these steps will
be further illustrated below.
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3. Fuzzification Process

The fuzzification process is the first step in the fuzzy logic system. At this stage, converting
the input data into a fuzzy set is implemented through fuzzy linguistic variables and membership
functions. In order to fuzzify the input and output factors, it is common practice to adopt three to
seven linguistic variables. Less than three values would be inefficient and would make it hard to
differentiate the output after fuzzy inference [30,31]. More than seven would complicate the number of
fuzzy rules used.
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In this case, the membership function in the fuzzification process is constructed using three
parameters {a, b, c} for each input and output variable, denoting low, medium and high values of each
of the inputs, with variable ranges presented in Table 1. The estimation toolbox included in MATLAB
was adopted. The triangular membership function, which is specified by the three parameters a,
b and c, represents the z coordinates of the three vertices in a fuzzy set L (a and c are the lower and
upper boundaries, where membership degree is 0; b is the center, where membership degree is 1),
as presented by the equation below:

µL(x) =


0 if z ≤ a
z−a
b−a if a ≤ z ≤ b
c−z
c−b if b ≤ z ≤ c

0 if z ≥ c

Using this toolbox, the real-time data can then be matched with the adopted fuzzy model and have
a mathematical justification for selecting a determined value for a rule, such as sum-of-squared-error
minimization or any other suitable rule. The fuzzy system used for predicting the critical gap for
pedestrians crossing is created from the knowledge of the inputs (number and lengths of rejected gaps
and length of accepted gaps) and the output of the fuzzy logic system (the critical gaps).

The observed length of accepted gaps has been assigned to one of three ranges of membership
functions: low (0–1.75 s), medium (1.75–5.62 s) or high (5.62–7.6 s). Similarly, this has been done for all
input and output variables (Table 1). Table 1 and Figure 4 show the values and structure of inputs,
outputs and critical gap values for the three adopted ranges from the survey data.
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Figures 5 and 6 show the three levels of inputs and the three levels of outputs in the fuzzy logic
system and the ranges of membership functions for the inputs and outputs respectively.

As shown in the inputs and outputs of the fuzzy system, the used membership functions are of a
triangle type. As discussed earlier, triangle membership functions constitute one amongst a range of
possibilities yielding the optimal values of the introduced criteria. While the simplicity of this partition
becomes evident, it does not preclude that one could construct some other partitions that are optimal
in the sense of the assumed criteria for the input and output interface and simultaneously perform
better when it comes to the optimization of the processing block itself.
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4. Inference Process Based on IF-THEN Rules

Based on a wide-ranging number of IF-THEN rules, inference processes will be carried out using
linguistic IF-THEN rules to shape the relationships between the input and output variables. The data
used in this study provides information for each pedestrian on the number and lengths of the rejected
gaps and the length of the accepted gaps. Fuzzy logic control system linguistic IF-THAN rules have
been generated as part of the proposed fuzzy control or fuzzy decision step. Table 2 below shows a
few examples of IF-THEN rules that have been used in this investigation. In total, there are fifteen
IF-THEN rules that have been used in this analysis in order to embrace all alternative options.

Table 2. A few examples of IF-THEN rules that have been used as part of the proposed fuzzy decision.

Fuzzy Rules (IF-THEN Rules)—Relationship between Inputs and Output

If (Accepted-gap is Low) and (Rejected-gap is Low) and (Length-of-Reject-gap is Low) then (Critical-gap is Low) (1)
If (Accepted-gap is Medium) and (Rejected-gap is Low) and (Length -of-Reject-gap is High) then (Critical-gap is High) (1)
If (Accepted-gap is Low) and (Rejected-gap is High) and (Length -of-Reject-gap is High) then (Critical-gap is High) (1)

5. Defuzzification Step

The final step of the optimization process through the fuzzy control system is the process of the
defuzzification. The defuzzification process is carried out based on the membership function of each
individual as well as the computation of their decisions. If the performance is not acceptable according
to the assessment criteria, then some fuzzy rules will need to be modified then re-run.

Figure 7 below shows a graphical representation of the defuzzification process. The results of the
fuzzy system are shown in Figure 8 and Table 3. The results show that the critical gap values obtained
using the proposed fuzzy logic system and using the input data ranges from 0.987 s to 11.00 s with an
optimal value of 6.0 s. For the accepted gaps, the fuzzy logic system predicts an optimum value of
1.92 s while the range extends from 0.214 s to 7.5 s. The number of rejected gaps ranges from 0.892–4.0
with an optimum value of 1.93. Finally, the range of length of rejected gap is from 0.144 to 3.4 s with an
optimum value of 0.554 s. These values are within acceptable span when compared with the input
values. The outcomes look reasonable and are in agreement with findings from previous studies that
applied conventional analytical methods. For example, some studies [2,32–34] estimated values of
the critical gap to be 3–8 s. [39] reported values of critical gap ranges from 5.75 s and 6.25 s using
conventional statistical methods. Accordingly, the predicted critical gap values can be accepted as
conceivable values.
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Table 3. Output results from the proposed fuzzy system.

Variables/Values Accepted Gap Number of
Rejected Gaps

Length of
Rejected Gap Critical Gap

Minimum value 0.214 s 0.892 0.144 s 0.987 s
Maximum value 7.5 s 4.0 3.5 s 11.0 s
Optimum value 1.92 s 1.93 0.554 s 6.0 s

6. Discussion of Results

Fuzzy logic analysis was adopted to predict critical gaps for pedestrians’ crossing using a fuzzy
logic system. The fuzzy inputs (the lengths and number of rejected gaps and lengths of accepted
gaps) were built each using three parameters (low, medium and high) in order to assess and calculate
the critical gaps for each individual in the set. Triangular membership functions for each input were
calibrated for each decision maker. A dataset of 500 observations that was collected in 2017 using two
GoPro cameras in Edinburgh (UK) was used to assess pedestrian critical gaps. The site was located on
a two-way midblock crossing location.

The results are encouraging and show a number of positive contributions. Firstly, the analysis
presented in this paper shows that it is evidently possible to use fuzzy logic analysis to assess and
predict pedestrians’ crossing behavior. This is a good outcome as it may offer opportunities to enhance
understanding of pedestrians’ crossing behavior using other tools than those conventionally used.

Critical gap values obtained using the proposed fuzzy logic system range from 0.987 s to 11.00 s
with an optimal value of 6.0 s. For the accepted gaps, the fuzzy logic system predicts an optimum
value of 1.92 s while the range is 0.214 s to 7.5 s. Number of rejected gaps ranges from 0.892–4.0 with an
optimum value of 1.93. Finally, length of rejected gap is ranging from 0.144 to 3.4 s with an optimum
value of 0.554s. These values are within reasonable limits with the input values. The outcomes
look reasonable and are in agreement with findings from previous studies that applied conventional
analytical methods. For example, critical gap values were estimated in the range from 3–8 s in [2].
Ref [39] also calibrated values of critical gap ranges from 5.75 s and 6.25 s using conventional statistical
methods. Accordingly, the predicted critical gap value can be endorsed as reasonable. It should
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be noted here that no further validation of these values has been carried out and, therefore, this is
suggested for further research. In addition, it is possible for future research to assume different
membership function forms of fuzzy logic systems in the analysis, as well as including more variability
by including pedestrians’ characteristics and waiting times. Further statistical analysis can also
be adopted. For example, in the estimation toolbox included in MATLAB, the real-time data was
matched with the adopted fuzzy model; other mathematical justifications can be used, such as
sum-of-squared-error minimization or any other suitable rule. This could also be suggested for
further research.

7. Conclusions

Most previous research on pedestrian behavior has adopted interaction field experimentation and
simulation approaches. This current study adopts a fuzzy logic analysis approach. The critical gap,
which is defined as the shortest gap that the pedestrian would accept, affects pedestrians’ decisions
about when to cross a road, and has been assessed using fuzzy logic analysis. This has been achieved
by assessing the number and length of rejected gaps and accepted gaps for each individual pedestrian.

Fuzzy logic analysis was then carried out to estimate the critical gap, which involved three steps.
The fuzzification process was attained by translating the input data into fuzzy sets through fuzzy
linguistic variables and membership functions. The inputs to the system included lengths and the
number of rejected gaps for each individual at the crossing location and the length of the accepted gap.
Three parameters were used for each input and output variable to identify the membership function
(low, medium and high). Then, based on IF-THEN rules, the inference process was carried out. Lastly,
a defuzzification step was functioned. In this case, the membership functions were used to calculate
and produce fuzzy outputs. The output, the temporal critical gap, was found to be 6.0 s. This value is
comparable with other values obtained using different statistical methods.

The experiment shows that the critical gap for pedestrian crossing is possible to predict using
fuzzy logic analysis. These results could complement other conventional methods that have been
reported in the literature, including the graphical method and discrete choice models. This is a valuable
outcome that might have useful implications for transport planners and highway engineers. Further
research in this area is definitely required, with larger numbers of locations as well as consideration of
further attributes of pedestrians, including additional variables such as pedestrian waiting time as well
as other demographic characteristics in the analysis. The current investigation adopted a triangular
membership function in the fuzzification process. Other types of functions, such as trapezoidal or
Gaussian, can be attempted and the results can be compared in future research.
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