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Abstract   “Gap acceptance” behaviour oversees pedestrians crossing manoeuvre 
at unsignalized road crossings. From a scientific point of view, the study of pedes-
trians behaviour has a particular interest, since the underlying factors of behav-
ioural interaction between pedestrians and motor vehicles drivers have a strong 
non-deterministic component, which makes their simulation very complex. In this 
paper a Fuzzy logic model for representation and simulation of pedestrian behav-
iour in such a manoeuvre is proposed. The calibration of Fuzzy model member-
ship functions is executed through an Adaptive Neural Network which considers a 
sample of “gap acceptance” decisions collected on field. The analysis method is at 
first theoretically defined and then applied to a real pedestrian crossing. 

1 Introduction 

The issue of accidents on pedestrian crossings is highly emotional and 
raises a very strong interest within the public opinion and the media, mainly be-
cause the victims are often children and elderly people. Furthermore, everybody 
travelling is sooner or later a pedestrian himself before and after using any kind of 
vehicle. In 2005, pedestrian fatalities [1] (in and outside pedestrian crossings) per 
1 million population in Europe has rates between 15.7% and 4.6%. Of these, pe-
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destrians fatalities occurred at pedestrian crossings represent a ratio between 37% 
(Norway) and 6 % (Netherlands). 

In the simulation field, the decision-making processes that oversee the 
implementation of pedestrians crossing manoeuvre, as well as the assessment of 
opportunity to stop the vehicle or to slow down the march in the driver case, have 
particular interest. Usually in the field of transport, human behaviour (both in the 
case of pedestrians and drivers) at a crossing (pedestrian or road intersection) has 
been usually described through the so-called theory of  “gap acceptance”, based 
on a probabilistic/deterministic approach.  

 In this paper a different method of reproduction of pedestrian behaviour 
is proposed. The method is based on the assumption that when a pedestrian 
crosses the road, he evaluates a series of qualitative parameters that describe the 
closest vehicle motion rather than a numerical estimation of them. These subjec-
tive evaluations are inevitably affected by a considerable degree of uncertainty, 
and they cannot be merely expressed with probabilistic models, as they depend on 
the intrinsic vagueness concerning pedestrians assessment. 

2 Statement of the problem - Gap Acceptance Theory 

In literature, gap acceptance problem has been largely analyzed for sig-
nalized or unsignalized intersections, but mainly from the driver’s point of view. 
A complete description of principal aspects of  driver behaviour is presented in 
[2]. Since a pedestrian behaviour is similar to a driver’s one, pedestrian crossing 
behaviour can be considered largely governed by gap acceptance theory too [3, 4, 
5]. This theory states that each pedestrian or a group of pedestrians [6, 7] has a 
critical gap. Arrived at the curb, the pedestrian checks if the current traffic gap is 
greater than the critical gap and decides whether to accept the traffic gap. If the 
current one is rejected, the next one is considered. This process continues until the 
pedestrian accepts a traffic gap or gives up.  Generally the critical gap numerical 
value is not constant among pedestrians and it often varies also for the same indi-
vidual, due to subjectivity and to lack of pedestrians consistency. [2]. The critical 
gap consists of two parts. One is the required crossing time and the other is a 
safety margin, often defined aggressiveness factor. The safety margin is the differ-
ence between the time a pedestrian crosses the traffic and the time the next vehicle 
arrives at the crossing point. The crossing time is what it takes a pedestrian to 
cross a particular road. This theory, thus, indicates that pedestrians crossing be-
haviour is governed largely by three components: the supply of gaps, the crossing 
time, and the safety margin.  According to this theory, a pedestrian evaluates his 
Estimated Crossing Time (ECT), that is his critical gap, compares it with the 
Available Time between two Vehicles arriving at the crossing (TVA), and decides 
if to cross [8]. This can be summarised in the following rule: “if  TVA is grater 
than ECT then CROSS, Otherwise, WAIT”, where ECT can be expressed as the 
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sum of time needed to cross, depending on the pedestrian walking speed (V), and 
the crossing Aggressiveness Factor (AF). It turns out: 

 AF
V
LECT +=   (1) 

where L is the crossing length.  
Due to the variability of the critical gap (ECT) among pedestrians some 

authors suggest to estimate the cumulative distribution function of ECT. Logit 
model (Gumbel distribution) [2, 9], probit model [2, 10], maximum likelihood 
calibration  [2, 11, 12] or regression models [13] have been proposed. Distribu-
tions trend and their mean values depend on different geometrical and subjective 
factors. Only few authors consider fuzzy logic to simulate driver’s gap perception 
uncertainty [14, 15]. 

3 Proposed Model - Fuzzy Logic approach 

Human decisions are not based on numerical parameters judgments, on 
the contrary they are based on qualitative opinions. So pedestrians do not really 
compare the numerical value ECT with TVA, but they perform qualitative evalua-
tions, that can be more conveniently expressed in the linguistic form with expres-
sions like “a lot of time to cross”, “not much time to cross” etc. These adjectives 
(a lot of , not much, low, high…) can be represented with fuzzy sets.  In order to 
simulate the fuzzy judgments of the pedestrian it is necessary to establish a Fuzzy 
Inference System (FIS). The Fuzzy Logic pedestrian behaviour simulation model 
proposed, assumes that the pedestrian decision is based on qualitative assessment 
of motion parameters of the vehicle immediately closer to the crossing. These pa-
rameters are evaluated when the pedestrian decides to begin the crossing manoeu-
vre, and are the vehicle’s speed, the vehicle’s distance from the crossing and the 
interval between vehicle arrival and pedestrian arrival at the crossing (“lag”) or, if 
the first interval is rejected, interval between two consecutive vehicles (“gap”). 
 Each combination of these parameters implies the development of an “ad 
hoc” FIS composed by a particular combination of input parameters and a set of 
rules. In this paper two fuzzy inference systems for simulation of pedestrians deci-
sions behaviour are specified. 

3.1 FIS Model A 

In the first FIS proposed (Model A) we consider the case in which a pe-
destrian evaluates only the  gap time or lag time. Five membership functions that 
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bind the possible judgments made by a pedestrian on lag or gap values have been 
defined. The shapes of membership functions chosen are triangular and trapezoi-
dal and are designed, as first attempt, on the basis of “expert” assessments. Of 
course, fuzzy values of intervals must be referred to a particular pedestrian cross-
ing. For each linguistic variable the more the degree of membership is equal to 
one the more the corresponding gap or lag value belongs to the respective linguis-
tic variable. We get two singleton outputs (decision) from fuzzy model (wait is 
equal to zero and cross is equal to one). Five logical rules have been applied such 
as “If Gap or Lag is low then decision is wait”. 

3.2 FIS Model B 

In the second FIS proposed (Model B)  we assume that pedestrians con-
sider both lag/gap and speed of vehicle approaching (in literature only few authors 
consider more than one parameter at the same time [15]).  Even in this case on the 
basis of “expert” assessments, we fixed five membership functions respectively 
for gap/lag and for speed. Also in this case wait is equal to zero and cross is equal 
to one. Twenty-five logical rules have been applied such as “If Gap or Lag is very 
low and Speed is very low then decision is cross”. 

3.3  Model Calibration - ANFIS 

After setting the architecture of the models (input and output parameters, 
membership functions shapes and logical rules), it is necessary to calibrate mem-
bership functions parameters (position of triangles and trapezoids vertexes) be-
cause they have been chosen on the basis of few “expert” pedestrians opinions and 
could differ from those regarding a larger pedestrians population. To operate this 
calibration the ANFIS (Adaptive Neuro-Fuzzy Inference System) methodology 
was considered, adopting a neural network to calibrate FIS membership functions.   

4 Case study, model specification and application  

A pedestrian crossing located in the municipality of Bari (Italy), placed at 
a pedestrian entrance of the Technical University of Bari was considered as a case 
study. The crossing was chosen because of high pedestrian flows, combined with 
high vehicular flows. The crossing is 4.00 meters wide and has a length of 10.30 
m. The road is travelled  by vehicles in one way.  

 In the proposed models, the ANFIS algorithm has been specified with 
one input (gap/lag) and one output (decision: cross = 1; wait = 0) for Model A and 
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two input (gap/lag and speed of approaching vehicle) and one output (decision: 
cross = 1; wait = 0) for Model B.  

The cars with low speed (lower than 10 km/h) are not considered because 
they stop before the zebra cross if a pedestrian is still moving. A part of the meas-
ured data has been employed in ANFIS training phase. Remaining data have been 
employed in checking phase. The horizon of 100 epochs for the training phase has 
been chosen to minimize the error. The calibration process, based on ANFIS 
methodology with training from real data collected on field, will provide the final 
configuration of membership functions parameters as fixed in previous paragraph. 
The results, described below, are referred to the first 20 minutes of takeovers. 
Starting membership functions shapes were fixed as discussed in section 3, and 
are represented in Figure 1(a). Membership Functions obtained for Model A after 
the training procedure are shown in Figure 1(b). 

 
Fig. 1. Model A: Membership functions before (a) and after (b) adjustment. 

The positions of triangles and trapezoids vertexes have been slightly 
changed. The greatest shifting of vertexes is equal to 0.44 seconds for “Low” 
Membership Function. Even in the Model B we face a slight adjustment. The 
greatest vertexes shifting has been obtained in both cases for “Low” Membership 
Functions: 0.40 seconds for gap/lag and 0.52 kilometres per hour for speed.  

5 Model Results 

Output function values very close to 1 point to a positive crossing deci-
sion (lag/gap greater than about 4.3 seconds), while values very close to 0 indicate 
that for corresponding gap values (smaller than 2 seconds), the pedestrian decides 
not to cross. For values between 2 and 4.3 seconds the decision is no longer 
unique (the higher the preference the more the pedestrians accept the relative gap). 
In this interval pedestrians behave in different ways. We find a typically fuzzy 
situation in which the choice to cross or not has different degrees of preference. 
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The output function of calibrated Model A is shown in Figure 2(b). As regards the 
Model B, the results are shown in Figure 3. 

 

 
Fig. 2. Model A output function: not calibrated (a) – calibrated (b). 

 
Fig. 3. Model B output function: not calibrated (a) – calibrated (b). 

Unlike Model B output previously defined on the basis of expert knowl-
edge, in this case (Model B calibrated) it can be noticed that pedestrians decision 
seems to be not affected by vehicles perceived speed.  

6 Model validation and result analysis 

As well as the checking phase of the ANFIS, the models outputs were 
compared with sample data. While real case choices data are represented with a 
binary condition (1 cross – 0 not cross),  Fuzzy models output is a degree of pref-
erence for crossing decision (the more the value of preference is high the more the 
pedestrians prefer to cross). Practical use of this decision-making model requires 
transformation of Model output values (preferences), in numerical conditions to be 
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used in pedestrian behaviour simulators. For this reason, Fuzzy models output has 
been first normalized bringing preferences values between 0 and 1. Then to com-
pare Fuzzy models output with measured data, (as proposed in [9, 14, 15]), it was 
assumed that for preferences values greater than or equal to 0.5 the pedestrian 
chooses to cross; on the other hand for preferences values less than 0.5 the pedes-
trian chooses to wait. The error assessment was conducted by splitting time and 
speed intervals into sub-intervals. Comparison results are shown in Table 1. For 
the Model A the total error is of 11/164 = 6.7%. For The Model B the total error is 
of 10/175 = 5.7%. 

Table 1. Comparison between Model A/Model B output and real data.  

gap/lag [s] Model A   
correct  

Model A        
incorrect 

Model A 
error (%) 

Model B    
correct  

Model B      
incorrect 

Model B  
error (%) 

< 3 76 0 0 77 0 0 
3– 5 44 11 20 46 10 17.9 
> 5 33 0 0 42 0 0 

 
It can be noticed that the proposed models provide more incorrect deci-

sions when parameter values imply subjectivity in pedestrians assessment. Any-
way, total error rates obtained are widely acceptable (error < 6%), and allow to af-
firm that the model reproduces the phenomenon with good reliability. 

The total error rate obtained with Model A and Model B have almost the 
same magnitude. This fact would seem to prefer the Model A, which, while pro-
viding an error rate sufficiently low, requires to collect field data for a single pa-
rameter rather than two.  The results obtained in Model A and in Model B are 
comparable with those showed in precedent gap acceptance studies [15].  

7 Conclusion and further research 

The results of this work illustrate that fuzzy philosophy is usefully suit-
able to description of pedestrian decision behaviour at a crossing, as it manages to 
capture more accurately the subjectivity of the decision taken by the pedestrian 
and provides a sufficiently synthetic and, at the same time, mathematically valid 
description of phenomenon. The proposed model allows to reproduce human ap-
proximate reasoning, providing reliable and useful results within a soft computing 
environment and/or with low data requirements. 

The main difference with the classic gap acceptance theory lies in the fact 
that the assessment performed by a pedestrian with respect to his characteristics 
related to ECT (walking speed and aggressiveness factor) is implicit in FIS modes. 
Moreover, through an ANFIS learning procedure, “ex post” evaluation procedure 
of pedestrian choices allows to automatically take into account evaluation and 
perception mistakes, inevitably made by the pedestrian. 
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Next steps of the research will involve the construction of Fuzzy models 
corresponding to other combinations of input significant parameters. A compari-
son between the results provided by this set of models will determine which are 
the parameters actually significant for the fuzzy representation of the phenomenon 
and will lead to outline a definitive architecture for a Fuzzy model reproduction of 
pedestrians behaviour at a road crossing. Then the robustness of this model will be 
tested on other pedestrian crossings. 
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