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SUMMARY

The driver’s braking behavior while approaching zebra crossings under different safety measures (curb ex-
tensions, parking restrictions, and advance yield markings) and without treatment (baseline condition) was
examined. The speed reduction time was the variable used to describe the driver’s behavior. Forty-two
drivers drove a driving simulator on an urban scenario in which the baseline condition and the safety mea-
sures were implemented. The speed reduction time was modeled with a parametric duration model to com-
pare the effects on driver’s braking behavior of vehicle dynamic variables and different countermeasures.
The parametric accelerated failure time duration model with a Weibull distribution identified that the vehicle
dynamic variables and only the countermeasure curb extensions affected, in a statistically significant way,
the driver’s speed reduction time in response to a pedestrian crossing.
This result shows that the driver, because of the improved visibility of the pedestrian allowed by the curb

extensions, was able to receive a clear information and better to adapt his approaching speed to yield to the
pedestrian, avoiding abrupt maneuvers. This also means a reduction of likelihood of rear-end collision due
to less aggressive braking. Copyright © 2016 John Wiley & Sons, Ltd.
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model

1. INTRODUCTION

The pedestrians are one of the road user categories that is the most exposed to high-risk levels.
Recent accident statistics report that more than each year 270,000 pedestrians lose their lives on
the roads all around the world [1]. In the particular case of Italy, pedestrians constitute more
than 16% of all road deaths and more than 21,000 are injured in traffic-related crashes [2].
More than 50% of accidents that involve pedestrians occur at pedestrian crossings [2]. In the
literature, many issues that concern pedestrians are investigated. The main research area con-
cerns the pedestrian behavior in urban areas and focuses especially on the route choice and
the crossing behavior [e.g. 3, 4]. Interaction between pedestrians and vehicles has received no-
tably less attention [4]; in particular, few studies of driver’s behavior are available in the liter-
ature. However, it is generally agreed that pedestrian-vehicle crashes are associated with a lack
of driver compliance, which drivers often fail to yield to the pedestrian [5], and that pedestrian
safety at zebra crossings depends mainly on speed of the vehicle. With an increase in the speed,
in fact, the probability of a vehicle-pedestrian conflict and a pedestrian fatality accident is
higher [6–11].
Inducing in the driver an appropriate speed adaptation while approaching the zebra crossings

through driver oriented countermeasures (i.e., that are aimed at modifying the driver’s speed behavior)
is expected to have great potential for improving pedestrian safety and for reducing abrupt maneuvers
that could lead to a rear-end collisions.
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In literature, some studies highlight positive effects of several driver oriented countermea-
sures (such as curb extensions, parking restrictions, advance yield markings, pedestrian-
activated flashing beacons, and in-pavement warning lights) in terms of operating speed,
number of drivers yield to the pedestrian, distance that the driver yields to the pedestrians
[e.g. 12–15]. However, there are still no studies that assess the effectiveness of the counter-
measures on the basis of the braking behavior induced in the drivers while approaching the
pedestrian crossings.
The present study was aimed to examine the driver’s braking behavior while approaching ze-

bra crossings under different safety measures. More specifically, a configuration of zebra cross-
ing without treatment (baseline condition) and three safety measures, such as curb extensions,
parking restrictions, and advance yield markings that are characterized by low cost, simple in-
stallation and high potential effectiveness on driver behavior, were investigated. The speed re-
duction time, defined as the elapsed time between the initial speed value (i.e., the speed value
when the driver releases the accelerator pedal or starts to brake in response to a pedestrian
crossing) and the minimum speed value when the driver yields to the pedestrian, was the var-
iable used to describe the driver’s behavior. The width of the interval time taken by the driver
to pass from the initial speed to the minimum speed highlights if the driver receives an infor-
mation that is more or less clear about the pedestrian crossing and, therefore, if he can yield to
the pedestrian with a gradual maneuver. In other words, a small speed reduction time reveals an
inappropriate driver’s braking behavior indicating that the driver needs to modify his speed in a
short time in response to a crossing pedestrian, and therefore, he adopts abrupt maneuver. The
speed reduction time was modeled by the use of a parametric duration model, also called “sur-
vival model” or “hazard-based duration model”, to compare the effects on driver’s braking be-
havior of vehicle dynamic variables and different countermeasures.
The study reported here was carried out within a larger research program to analyze how different

conditions of vehicle-pedestrian interaction and safety measure at pedestrian crossings affect driver’s
behavior. The first results of this research program on the effects on driver’s behavior of different
driver-pedestrian interactions are reported in Bella and Silvestri [16]. For the overall aim of the re-
search program, of which this study is a part, a driving simulator experiment, that allows risk avoid-
ance for the experimenters and full control of the experimental conditions, was performed.

2. METHODOLOGY

2.1. Hazard-based duration model

A hazard-based duration model is a probabilistic method that is used for analyzing data in the
form of time from a well-defined time origin until the occurrence of some particular event of an
end-point [17]. Such modeling is a common topic in many areas including biomedical, engi-
neering, and social sciences. In the transportation field, hazard-based duration models have
been applied to study a number of time-related issues such as analyzing the critical factors that
affect accident duration and developing accident duration prediction models [18–20], analyzing
the crossing behavior of cyclist at signalized intersections [21], modeling the pedestrian behav-
ior violator and risk exposure at signalized crosswalk [22, 23], studying the effects of the phone
use on the driver reaction time in response to a crossing pedestrian [24, 25], predicting the
pavement performance over the time [26], exploring the factors that affect airport security tran-
sit times [27], developing a subway operational incident delay model [28], developing a acci-
dent duration model with endogenous variable [29], modeling the duration of freeway and
highway traffic incident [30–32], and investigating the traffic delay due to incident frequency,
durations, and lanes blockage [33].
In this study, speed reduction time is the duration variable. The speed reduction time is a

continuous random variable T with a cumulative distribution function and probability density
function, F(t) and f(t), respectively; the first gives the probability that a driver ends to brake
with a speed reduction time lower than t. Conversely, the survivor function S(t) is the probabil-
ity of a speed reduction time longer than that some specified time t.
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F tð Þ ¼ Pr T < tð Þ ¼ 1� Pr T≥tð Þ ¼ 1� S tð Þ (1)

The hazard function h(t) gives the conditional failure rate. More specifically, h(t) is the conditional
probability that an event will end between time t and t + dt, given that the event has not ended up to
time t [26].

h tð Þ ¼ lim
Δt→0

Pr t þ Δt ≥ T ≥ t T ≥ tð Þ
Δt

¼ f tð Þ
S tð Þ (2)

The proportional hazard and the accelerated failure time (AFT) models are two alternative
parametric approaches that allow incorporating the influence of covariates on a hazard function.
The proportional hazard model assumes that the hazard ratios are constant over the time. The
AFT model, instead, allows the covariates to accelerate time in a baseline survivor function,
which is the survivor function when all covariates are zero [34]. The AFT assumption allows
a simple interpretation of results because the estimated parameters quantify the corresponding
effect of a covariate on the mean survival time [24, 25]. Given these features, AFT models
were applied in this study. In the AFT model, the natural logarithm of the speed reduction
times, ln(T), is expressed as a linear function of explanatory variables, as follows:

ln Tð Þ ¼ βX þε (3)

where X is a vector of explanatory variables, β is a vector of estimable parameters and ε is the
error term. Following Washington [34], the survival function in the AFT model can be written
as

S t XÞ ¼ S0 t exp βXð Þ½ �;jð (4)

which leads to the conditional hazard function

h t XÞ ¼ h0 t exp βXð Þ½ � exp βXð Þ;jð (5)

where ho and S0 are the baseline hazard and the baseline survival function, respectively.
Equations (4) and (5) show the effect of the covariates on the speed reduction time: the ex-

planatory variables accelerate or decelerate the elapsed time to reduce the speed to the mini-
mum value during the yielding phase. In order to estimate the hazard and the survival
function in a fully parametric setting, a distribution assumption of the duration variable is
needed. Common distribution alternatives include Weibull, lognormal, exponential, gamma,
log-logistic, and Gompertz distribution [34]. The drivers’ speed reduction times in response
to a crossing pedestrian are positive duration dependence events. In other words, with the in-
creasing of the time, the probability that the driver is reducing his speed in response to a cross-
ing pedestrian reasonably increases. Such physical phenomenon is consistent with the form of
the lognormal, log-logistic, and Weibull survival functions. The selection of the appropriate
distribution form was based on the probability plot method [35]. The Weibull distribution
was assessed as the best fitting (the plotting showed that the best linear relationship between
the speed survival times and the cumulative distribution function was for the Weibull function)
and thus, selected as survival function for the following analysis. In addition, this function is
suitable for modeling data with monotone hazard rates that either increase or decrease with time
[24, 25], which is consistent with the present study.
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The hazard function of the Weibull duration model is expressed as

h tð Þ ¼ λPð Þ λtð ÞP�1 (6)

and the survival function of the Weibull duration model is expressed as

S tð Þ ¼ exp �λtP
� �

(7)

where λ and P are the location and the scale parameter, respectively. The location parameter, with the
introduction of explanatory variables, has the following expression:

λ ¼ exp �P βo þ β1X 1 þ…ð Þ½ � (8)

where the βi are the coefficients of the explanatory variables Xi. The final expression of the survival
function of the Weibull duration model is the following:

S tð Þ ¼ exp � exp �P βo þ β1X 1 þ…ð Þ½ �tP� �
(9)

The duration model as previously specified assumes that the individual observations are indepen-
dent. However, in the present study, data were obtained from a repeated measures experiment. There-
fore, the observations might be subjected to individual level of heterogeneity or frailty, which implies
that data from an individual might be correlated [24, 25]. Without accounting for shared frailty or het-
erogeneities and potential correlations, the duration model would suffer from a specification error that
could lead to erroneous inferences on the shape of the hazard function. In addition, the standard error
estimates of the regression parameters might be underestimated and inferences from the estimated
model might be misleading [24, 25]. To taking into account the effects of the repeated measures on
the individual observations, two possible extensions of the AFT model could be used: Weibull
regression model with clustered heterogeneity and Weibull regression model with shared frailty.
Several previous studies applied the frailty type models in order to include the unobserved heteroge-
neity (i.e., frailty) with the aim of exploring the effect of freeway work zones on the non-recurrent
traffic congestion [36], estimating the capacity reduction that is attributable to accidents in the opposite
direction of accident [37] and developing models for the estimation of the temporal and spatial extent
of congestion impact caused by accidents [38].
The model with clustered heterogeneity fits the standard duration model and then, adjusts the

standard error estimates to account for the possible correlations induced by the repeated observations
within individuals [39, 40].
Weibull regression model with shared frailty allows to taking into account the correlation among

observations obtained from the same driver and maintains independence among observations across
different drivers. The shared frailty model can be expressed by modifying the conditional hazard
function (Equation (5)) as follows:

hij t αiÞ ¼ αihij tð Þ ¼ αih0 t exp βXij

� �� �
exp βXij

� ���� (10)

where hij is the hazard function for the ith driver in the jth driving test and αi is the shared frailty, which
is assumed to be gamma or inverse–Gaussian distributed, with mean 1 and variance θ.
Weibull regression model with clustered heterogeneity and Weibull regression model with shared

frailty were compared by the likelihood ratio statistics [34] and the Akaike’s information criteria
(AIC) [41] to identify the best fitting model. To determine the effects of explanatory variables, the ex-
ponents of the coefficients were calculated. The exponent of a coefficient provides an intuitive way of
interpreting the results by translating to a percent change in the survival duration variable resulting
from a unit increase for continuous explanatory variables and a change from zero to one for categorical
or indicator variables [25].
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2.2. Driving simulator experiment

The study was conducted using the advanced driving simulator of the Department of Engineering—
Roma Tre University. Several studies have demonstrated that driving simulators are useful tools for
the evaluation of the driver’s behavior induced by the road configuration [42–53]. Moreover, driving
simulators are ideal tools for studies whose field survey is made impossible by the implicit high risks
that the experimenters would be subjected to and the difficulty of ensuring controlled experimentation
conditions. In the literature, several driving simulator studies concerning the analysis of the effects of
crosswalk treatments and the driver’s perception of pedestrian are reported, showing the high potential
and reliability of the use of driving simulators. Fisher and Garay-Vega [54] studied the driver perfor-
mance for advance yield markings at marked mid-bloc crosswalks in multi-threat scenarios (two-way/
four-lane road). Salamati et al. [55] analyzed the effects of three different pedestrian crosswalk treat-
ments at the exit leg of multilane roundabouts. Gomez et al. [56] compared potential vehicle-
pedestrian conflict under different types of pavement markings when a driver’s view of the pedestrians
in a crosswalk is obstructed. Garay-Vega et al. [57] evaluated the hazard anticipation skills of novice
and experienced drivers when a potential threat (such as the presence of pedestrians at crosswalks) was
experienced.

2.2.1. Road scenario
A two-lane urban road approximately 15 km long was implemented in the driving simulator. Sixteen
mid-block zebra crossings with different configuration and vehicle-pedestrian interaction were in-
cluded. These 16 zebra crossings were obtained combining the following:

• four pedestrian crossing configurations: the condition of no treatment (baseline condition) and three
countermeasures (curb extensions, parking restrictions, and advanced yield markings);

• four conditions of vehicle-pedestrian interaction: absence of a pedestrian and three conditions with
pedestrian starting the crossing when vehicle was approximately at 15m, 35m, and 55m before ze-
bra crossing to simulate a wide range of vehicle-pedestrian interactions that occurs at pedestrian
crossings.

To ensure the same approaching condition, 16 signalized intersections were placed in advance of
each zebra crossing. Each driver was obligated to stop at the signalized intersection, because of the
red light that turned on when the driver was at approximately 100m from the intersection. The distance
between the signalized intersection and pedestrian crossing was equal to 400m, which allowed the
drivers to reach a congruous speed for the simulated urban scenario. The posted speed limit was
50 km/hour. The cross-section was 13m wide formed by two 3.00m wide lanes, two 2.00-m wide lat-
eral parking lanes, and two 1.50-m wide sidewalks (Figure 1). This configuration was chosen because
it is representative of most Italian urban areas, where parking is allowed until the zebra crossing. Ac-
cording to the Italian Highway Code [58], the strips of crosswalks were 1.50m long, 0.50m wide, and
spaced 0.50m from one another. In addition, two vertical signals that were related to the pedestrian
crossings were placed: first, at the pedestrian crossing and, second, at 150m in advance of it. This con-
figuration represents the baseline condition, in other words, a typical pedestrian crossing without any
treatment (Figure 1).

Figure 1. Baseline condition design.

634 F. BELLA AND M. SILVESTRI

Copyright © 2016 John Wiley & Sons, Ltd. J. Adv. Transp. 2016; 50:630–646
DOI: 10.1002/atr



In addition to the baseline condition, three countermeasures were implemented in the scenario: curb
extensions, parking restrictions, and advanced yield markings.
The first (curb extensions) was designed according to the Road Design and Construction Standards

[59]. As shown in Figure 2, curb extensions are an extension of the edge of the sidewalk and are com-
monly made along roads that are equipped with parking places on the sides of the lanes. The curb ex-
tends up to the line that separates the lane from parking stalls that are made on the side of the roadway.
The effects that are expected from this safety countermeasure are to slow down the vehicles, reduce the
pedestrian exposure and increase his visibility [60–62].
Parking restrictions are parking rules that are designed to not allow parking upstream of the zebra

crossing, to improve pedestrian visibility. The presence of on-street parking, in fact, is associated with
an increased risk of accidents [63, 64]. This countermeasure was designed following the Italian road
design guidelines [65] and the Italian Highway Code [58]. The length of the upstream zone of the pe-
destrian crossing where parking is not allowed is a function of the stopping sight distance. According
to the Italian road design guidelines, for a speed of 50 km/hour, the stopping sight distance is 55.3m,
and the parking restrictions length to allow the driver to see the pedestrian and react from that distance
is 13.2m (Figure 3).
Advanced yield markings consist of a series of triangular pavement markings that are placed across

the travel lane and 15m in advance of the zebra crossing. A “Yield Here to Pedestrian” vertical sign is
also placed at the location of the markings. This countermeasure is aimed at improving the yielding
compliance; it should alert the driver further upstream of the crosswalk to the possible presence of pe-
destrians and prompt the driver to yield [66–68]. The reference for the advanced yield markings was
the Manual on Uniform Traffic Control Devices [69]. The triangular pavement markings have a base
of 0.4m, a height of 0.5m, and are separated by 0.2m from one another. Each pedestrian crossing is
preceded by two parked cars on the right side of the driver, to reproduce the low visibility of a pedes-
trian (Figure 4).
With respect to the presence of pedestrian, the condition of pedestrian from right was considered;

this condition is the most critical because of the following:

• the occlusion of the line of sight of an approaching vehicle due to the parking on the right, which
does not allow the advanced detection of the pedestrian;

• pedestrian can reach the conflict point in a short time.

Figure 2. Curb extensions design.

Figure 3. Parking restrictions design.
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To control for carry-over effects, three road scenarios that have a different sequence of the 16 com-
binations of zebra crossing-pedestrian (i.e., four pedestrian crossing configurations x four conditions of
vehicle-pedestrian interaction) were implemented in the driving simulator. Each scenario was driven
by one of the three groups into which the participants were divided (see next section on participants).

2.2.2. Apparatus
The driving simulator of the Department of Engineering—Roma Tre University is an interactive fixed-base
driving simulator. It was previously tested, calibrated, and validated [70–72] as a reliable tool for the study of
the driver’s speed behavior. The hardware interfaces (wheel, pedals, and gear lever) are installed on a real
vehicle. The driving scene is projected onto three screens: one in front of the vehicle and one on either side,
which provide a 135° field of view. The resolution of the visual scene is 1024×768pixels with a refresh rate
of 30 to 60Hz. The system is also equipped with a sound system that reproduces the sounds of the engine.
The simulator provides many parameters for describing the travel conditions (e.g., vehicle barycenter, rela-
tive position in relation to the road axis, local speed and acceleration, steering wheel rotation angle, pitching
angle, and rolling angle). The data recording system acquired all of the parameters at spatial intervals of 2m.

2.2.3. Procedure
The experiment was conducted with the free vehicle in its own driving lane. In the other driving lane, a
slight amount of traffic was distributed to induce the driver to avoid driving into that lane. The simu-
lated vehicle was a standard medium-class car with automatic gears. The participants were first briefed
about the experiment and the use of the hardware interface (i.e., wheel and pedals and automatic gear)
and then invited to filling in a form with personal data, years of driving experience, average annual dis-
tance driven. Before starting experimental drive, each participant performed a training drive at the driv-
ing simulator on a specific alignment with a length of approximately 5 km, to become familiar with the
driving simulator. Participants encountered several traffic events including stop-sign intersections,
overtaking a car, and crossing pedestrian at signalized intersection. After the training, participants
drove one of the three road scenarios with a specific zebra crossing-pedestrian sequence. At the end
of the road scenario, each participant filled in a questionnaire about the discomfort that was perceived
during driving, to eliminate from the sample driving performed under anomalous conditions. This
questionnaire consisted of five questions, with each question addressing a typed of discomfort: nausea,
giddiness, daze, fatigue, and other. Each question could be answered by a score of 1–4 in proportion to
the level of discomfort experienced: null, light, medium, and high. The null and light level for all five
types of discomfort is considered to be the acceptable condition for driving. The last step was the fill-
ing in of a questionnaire about the perceived effectiveness of the countermeasures. This questionnaire
consisted of three questions: the first was related to the effective influence perceived by the driver, the
second (only for drivers that perceived an influence on their behavior) was related to the type of influ-
ence (slowing down, more willingness to yield, and more visibility of pedestrians), and the third re-
lated to the self-reported distance from the zebra crossing, where they modified their speed. For this
last question, drivers could choose between the following values: less than 20m, from 20 to 30m, from
30 to 40m, from 40 to 50m, from 50 to 60m, and higher than 60m. Drivers were instructed to drive as
they normally would in the real world.

Figure 4. Advanced yield markings design.
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2.2.4. Participants
Forty-two drivers (24 men and 18 women), whose ages ranged from 23 to 59 (average 29) and who
had regular European driving licenses for at least three years were selected to perform the driving in
the simulator. They were chosen from students, faculty and staff of the University, and volunteers from
outside of the University. The drivers had no prior experience with the driving simulator and had an
average annual driven distance on urban roads of at least 2500 km. The average number of years of
driving experience was approximately nine. According to the questionnaire on perceived discomfort,
all of the participants experienced null or light levels of discomfort. Thus, the sample used for the anal-
ysis consisted of all 42 drivers, which were divided into three groups; the three groups drove different
scenarios, which were each characterized by a specific sequence of zebra-crossing pedestrian.

3. DATA PROCESSING

For the aim of the study, the drivers’ braking behaviors while yielding to the pedestrian were analyzed.
The speed profile of each driver when approaching a zebra crossing where a pedestrian started the
crossing was plotted for the section of 150m in advance of the pedestrian crossing. Overall, 504 speed
profiles were analyzed. On the basis of the collected data, the following variables of the driver’s brak-
ing behavior were determined (Figure 5).

• Vi: the driver’s initial speed value, identified at the moment when the driver starts to decrease his
speed, releasing the accelerator pedal or pressing the braking pedal;

• LVi: the distance from the zebra crossing where the initial speed value is located;
• Vmin: the driver’s minimum speed value reached during the deceleration phase;
• LVmin: the distance from the zebra crossing where the minimum speed value is located;
• dm: the average deceleration rate during the speed reduction phase from Vi to Vmin; this variable is
given by the following equation:

dm ¼ V 2
1 � V 2

min

2S
(11)

where S is the distance between the points where the speed is equal to Vi and Vmin.

• speed reduction time: the elapsed time between the initial speed value (Vi) and the minimum speed
value (Vmin).

Several events of failed yielding to pedestrian were also recorded: 11 for baseline condition, 6 for
curb extensions, 17 for parking restrictions, and 8 for advanced yield markings. Thus, 462 observa-
tions of driver’s braking behavior were used for the analysis. It should be noted that the size of this
sample data is higher than those used in previous driving simulator studies for the development of haz-
ard based duration models [24, 25]. Moreover, this number of data is consistent with several studies
based on field observations and aimed to develop survival models [20, 22, 26].

Figure 5. Variables of the driver’s braking behavior.
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4. DATA ANALYSIS AND RESULTS

The Table I shows the descriptive statistics of the continuous variables used in the Weibull AFT model
and the speed reduction time.
The time to reduce the speed from the initial value to the minimum value was first tested and com-

pared across the countermeasures by using the ANOVA test, to asses if the safety measures affect the
driver’s braking behavior while yielding to the pedestrian under different pedestrian crossing condi-
tions. Bonferroni correction was used for multiple comparisons.

4.1. Speed reduction times

Drivers’ speed reduction times measured from the initial speed to the minimum speed during the yield-
ing phase are shown in Figure 6. ANOVA revealed that there was a significant main effect across the
countermeasures (F(3, 458) = 7.52, p=0.000). The longer speed reduction time was reached when the
curb extensions were present (4.34 seconds), which was statistically significantly longer than that in
baseline condition (mean difference = 1.40 second, p=0.000), in parking restrictions (mean
difference = 0.93 second, p=0.020), and in advanced yield markings (mean difference = 1.08 second,
p=0.003). No other mean difference was statistically significant. Therefore, braking behavior is af-
fected by the countermeasures; thus, to gain insight into the driver’s braking behavior, the survival
time of speed changes from the initial speed to the minimum speed was modeled using hazard-based
duration models.

4.2. Hazard-based duration model

The speed reduction times from the initial speed to the minimum speed were modeled with the Weibull
AFT, and two extensions of this model were tested; the Weibull AFT model with inverse–Gaussian
shared frailty and the Weibull AFT model with clustered heterogeneity. The two models were com-
pared with their likelihood ratio statistics and with the AIC test. The likelihood ratio statistics of the
Weibull AFT model with shared frailty and with clustered heterogeneity was �216.83 and
�222.23, respectively, highlighting that the first was preferable. The AIC test also confirmed the

Table I. Descriptive statistics of the continuous variables of the Weibull accelerated failure time model and speed
reduction time.

Variable Mean Value Standard deviation

Vi (m/s) 13.35 3.09
LVi (m) 54.79 21.27
Vmin (m/s) 3.66 2.14
LVmin (m) 21.22 13.97
dm (m/s2) 2.99 1.75
Speed reduction time (s) 4.23 1.75

Figure 6. Effects of the safety measures on the speed reduction times.
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previous result; for the shared frailty model, the AIC was 455.66, while for the clustered heterogeneity
model was 466.47 (the model with the lower AIC is preferable). Thus, based on both likelihood ratio
statistics and the AIC, the Weibull AFT model with shared frailty was the preferable for the speed re-
duction time of drivers in response to a crossing pedestrian, under different conditions of the zebra
crossing.
An overall assessment of the goodness of fit for the Weibull AFT duration model with shared frailty

can be showed with the representation of the cumulative hazard rate versus the Cox-Snell residuals,
compared with a reference 45° line. In particular, the Cox-Snell residuals were determined from the
model estimates and then used as time variable to generate an empirical estimate of the cumulative haz-
ard function. The Figure 7 presents the Cox-Snell residuals for the Weibull AFT model with shared
frailty.It should be noted that the plotted points follow quite well the reference straight line, sug-
gesting that the predicted speed reduction time of drivers with the Weibull AFT model matches
the observed data well.
The Table II shows the significant parameter estimates for the Weibull AFT model with shared

frailty for the speed reduction times of drivers. The scale parameter p has an estimate value equal to
3.155, meaning that the survival probability of the speed reduction times decreased with the elapsed

Figure 7. Cox-Snell residuals for the Weibull accelerated failure time model.

Table II. Variables for the Weibull accelerated failure time model with shared frailty.

Variable Estimate SE z-statistic p-value Exp (β) 95% Conf. interval

Vi (m/s) 0.049 0.009 5.55 0.000 1.05 0.032 0.067
LVi(m) 0.001 0.001 7.06 0.000 1.01 0.007 0.012
Vmin (m/s) �0.099 0.009 �11.27 0.000 0.91 �0.116 �0.082
LVmin (m) �0.009 0.001 �6.65 0.000 0.99 �0.012 �0.007
dm (m/s2) �0.274 0.016 16.87 0.000 0.76 0.242 0.306
Pedestrian crossing condition
Baseline condition - - - - - - -
Curb extensions 0.236 0.044 5.36 0.000 1.27 0.150 0.323
Parking restrictions 0.103 0.045 2.31 0.127 1.108 0.015 0.191
Advanced yield markings 0.107 0.043 2.48 0.079 1.113 0.022 0.191

Constant 1.250 0.087 14.27 0.000 1.078 1.421
p 3.155 0.134 2.903 3.429
Variance of inverse–Gaussian frailty, θa 0.130 0.064 0.049 0.339
Log-likelihood at convergence �216.83
Log-likelihood at zero �496.24
AIC 455.66
Number of observations 462
Number of groups 42

aLikelihood ratio test of θ: χ2 = 11.00, p-value< 0.000.
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time. This implies that the probability of the driver response to a crossing pedestrian was increased
with the elapsed time; in other words, the probability that the driver ends the braking maneuver,
decreasing his speed from the initial value to the minimum value (this occurs in the speed reduction
time), increases with the elapsed time. On average, in fact, the probability of decreasing the
speed from Vi to Vmin after 4 seconds was approximately 4.4 times higher than that after 2 seconds
(i.e., (4/2)3.155�1). The effect on the probability of the scale parameter p higher than one ensures that
the hypotheses concerning the speed reduction times (i.e., monotone hazard function and positive
duration dependence) were consistent with the applied model. Concerning the appropriateness of
inclusion of inverse–Gaussian shared frailty specification, the likelihood ratio test on the frailty
parameter θ showed that effectively in the observation group the unobserved heterogeneity was
present (χ2 = 11.00, p = 0.000).
The model identified that all the variables were statistically significant for the drivers’ speed reduc-

tion times in response to a crossing pedestrian; the sign of all the coefficients was consistent with the
effect on the speed reduction time. The coefficient of the initial speed was positive, which means that
when the value of this variable increased, the time to reach the minimum speed (i.e., the speed reduc-
tion time) value also increased, because of the wider speed gradient. More specifically, for 1m/second
increase in the driver’s initial speed, the time required to reach the minimum speed value was 5% lon-
ger (Exp (β) = 1.05). Also, the distance where the Vi is located (LVi) was positively associated with the
speed reduction time; if the driver starts to brake farther from zebra crossing, in fact, he covers a
greater distance to pass from the initial speed to the minimum speed, needing more time. With an in-
crease of 1m in LVi, the speed reduction time was 1% longer (Exp (β) = 1.01). The minimum speed
value had a negative coefficient, meaning that with an increase of the Vmin, the speed reduction time
decreased; this is consistent because if the minimum speed increases, the speed gradient is smaller, re-
quiring less time. More specifically, for 1m/second increase in the driver’s minimum speed, the speed
reduction time was 9% lower (Exp (β) = 0.91). The distance where the Vmin is located (LVmin) also had
a negative coefficient; if the braking maneuver ends farther from zebra crossing, the distance to pass
from the initial speed to the minimum speed is smaller, requiring less time. For 1m increase in LVmin,
the speed reduction time was 1% lower (Exp (β) = 0.99). The average deceleration rate was negatively
associated with the survival speed reduction time; this is consistent because if the drive adopts a more
aggressive maneuver to yield to the pedestrian, he passes from the initial speed to the minimum speed
in less time. With an increase of 1m/s2 in the average deceleration rate, in fact, the speed reduction
time was 24% lower (Exp (β) = 0.76).
Among the pedestrian crossing conditions, only the curb extensions were statistically signif-

icant and positively associated with the speed reduction time (mean difference = 1.62 second,
p = 0.000). Compared with the baseline condition (6.06 seconds), the time to pass from the ini-
tial speed to the minimum speed (7.68 seconds) was 27% longer (Exp (β) = 1.27, see also
Figure 10). Parking restrictions and advanced yield markings were also positively associated
with the speed reduction time, but the differences with the baseline condition were not statisti-
cally significant (mean difference = 0.65 second, p = 0.127; mean difference = 0.69 second,
p = 0.079, respectively). It should be noted that for the baseline condition a coefficient was
not provided because it was the reference condition (i.e., the baseline condition had the shorter
speed reduction time). A pairwise comparison with Bonferroni’s correction among the safety measures
was also performed; the results indicated that the speed reduction time for curb extensions (7.68 second)
was statistically significantly longer than that for parking restrictions (mean difference=0.97 second,
p=0.014) and for advanced yield markings (mean difference=0.93 second, p=0.016) (Figure 10).
No other difference was statistically significant.

4.3. Outcome of the questionnaire

The Figure 8 shows the results of the questionnaire about the perceived effectiveness of the counter-
measures, and for those who perceived effectiveness, the type of the effectiveness is also reported.
The higher number of drivers that perceived effectiveness during the drive was reached for the curb
extensions; for this countermeasure, almost all the sample of drivers (35 of 42, equal to 83%) perceived
an effect on their driving behavior (Figure 8a). For the parking restrictions and advanced yield
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markings, the results were similar: 67% (28 of 42) when there were parking restrictions (Figure 8b) and
71% (30 of 42) when the treatment was the advanced yield markings (Figure 8c). A first comparison
among the countermeasures, based on this result, indicates that the driver’s behavior was more influ-
enced when the curb extensions were present.
The drivers who experienced an effect during their drive also reported the type of the per-

ceived effectiveness; for curb extensions and parking restrictions (Figure 8a and b), the drivers
indicated the better visibility of pedestrian as the main effectiveness (16 of 35 and 14 of 28,
respectively), while for the advanced yield markings, most of the drivers (12 of 30) indicated
the willingness to yield as the main effectiveness (Figure 8c). Moreover, when curb extensions
were present, several drivers indicated that they were also more willing to yield (14 of 35). For
the three countermeasures, the effectiveness on the speed reduction was the less experienced by
the drivers.
The Figure 9 shows the self-reported distance from zebra crossing where the driver started to modify

the approaching speed. For the baseline condition, most drivers indicated that they modified the speed
when they were too close to the zebra crossing (25 of 42, 59%). The higher distance intervals (from 40
to 50m and from 50 to 60m) were indicated by most drivers when the curb extensions were present
(13 of 42 and 12 of 42, respectively, globally equal to 60%). This outcome is consistent with the

Figure 8. Drivers affected by the countermeasures and type of perceived effectiveness.
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potential effectiveness of the countermeasure, which mainly allows the better visibility of the pedes-
trian. For the parking restrictions the intermediate distance interval (from 30 to 40m) was selected
by most of the drivers (19 of 42, 45%); this finding is also consistent with the aim of the counter-
measure that of clearing the line-of-sight to the pedestrian crossing, but the outcome was less than
that observed for the curb extensions For the advanced yield markings, most of drivers (16 of 42,
38%) also selected the distance interval of 30 to 40m; this result can be attributed to the markings
and the vertical signs that advise the drivers in advance about the presence of the pedestrian
crossing.

5. DISCUSSION

The use of the Weibull AFT model allowed a comparison of the driver’s braking behavior in response
to a crossing pedestrian, under different zebra crossing conditions. The representation of the drivers’
braking patterns was possible by the plotting of the survival curves of the speed reduction time with
the use of the several coefficients determined for the Weibull AFT model with shared frailty. The es-
timation of the survival curves was provided by the Equation (9), where the vector X was represented
by the driver’s braking behavior variables, while the vector β was represented by the related coeffi-
cients. The survival curves for the several countermeasures were plotted by using the mean values
of the continuous variable (Table I) and the coefficients in Table II.
For example, the survival probabilities of the speed reduction time for the parking restrictions and

curb extensions after 3 seconds were respectively:

S t ¼ 3ð Þ ¼ exp f�½expð�3:155ð1:250þ 0:049*13:35ð Þ þ 0:001*54:79ð Þ þ �0:099*3:66ð Þ þ
þ �0:009*21:22ð Þ þ �0:274*2:99ð Þ þ 0:103ÞÞ�*33:155g

S t ¼ 3ð Þ ¼ exp f�½expð�3:155ð1:250þ 0:049*13:35ð Þ þ 0:001*54:79ð Þ þ �0:099*3:66ð Þ þ
þ �0:009*21:22ð Þ þ �0:274*2:99ð Þ þ 0:236ÞÞ�*33:155g

Using this method, the survival curve for each countermeasure was plotted (Figure 10).
As expected, the speed reduction time survival probability during the yielding phase decreases with

the elapsed time (Figure 10). Thus, the probability that the driver completes the braking maneuver
from Vi to Vmin increases with the elapsed time.
The survival curves for different pedestrian crossing conditions show that, for a fixed elapsed time,

the higher speed reduction time survival probability was obtained for the curb extensions, while the
lower survival probability was recorded for baseline condition. For example, after 4 seconds, the speed
reduction time survival probability for curb extensions was 27.4%, while for the baseline condition
was approximately 6.5%; for parking restrictions and advanced yield markings, the speed reduction
time survival probability was 13.9% and 14.2%, respectively.

Figure 9. Self-reported distance from zebra crossing where the drivers modified their speed.

642 F. BELLA AND M. SILVESTRI

Copyright © 2016 John Wiley & Sons, Ltd. J. Adv. Transp. 2016; 50:630–646
DOI: 10.1002/atr



The event duration, that is, the speed reduction time (the time required to reduce the speed from the initial
value to the minimum value), was 6.06 seconds for the baseline condition, while it was 1.62 second longer
(statistically significant) for curb extensions, 0.65 second longer (not statistically significant) for parking re-
strictions, and 0.69 second longer (not statistically significant) for advanced yield markings.
It should be noted that speed reduction time values are representative of the same maneuver acted by the

driver to yield to the pedestrian; this means that the longer values of the speed reduction times are linked to
smoother yielding maneuver (i.e., the driver’s braking behavior is less aggressive). The results of the
Weibull AFT model showed that for the curb extensions, the longer time to pass from the initial speed to
the minimum speed was required. This finding suggest that in this condition of pedestrian crossing, the
drivers are able to start earlier the braking maneuver to yield to the pedestrian, and the consequence is that
they undertake less deceleration rates. This is consistent with the findings of Randal [62], where pedestrian
experienced a vehicle yielding sooner when the curb extensions were present. The improvement of the pe-
destrian visibility provided by the curb extensions allows the driver to advance the detection of the pedes-
trian, and thus, he has more time to brake and give way.
For the parking restrictions and the advanced yield markings, the speed reduction times were similar. The

estimate coefficients were 0.103 and 0.107, respectively, indicating that the speed reduction time for the ad-
vanced yield markings was slightly longer. Although this result was not statistically significant, it can be at-
tributed to the following reasons:

• presence of the pavement markings and the vertical sign that effectively warned the driver of the
presence of the pedestrian, allowing him to start to brake slightly earlier than that in parking restric-
tions condition;

• absence of parked cars in advance of the zebra crossing in the parking restrictions condition, which
improves the visibility of the pedestrian crossing, induces the perception of a wider lane and leads
the driver to maintain the same speed for much time and, thus, to start the braking when he is closer
to the zebra crossing.

For the baseline condition, the speed reduction time was the lower among all the countermeasures. This
result was expected, because there were no improvements of the pedestrian crossing. In this condition, the
driver was not able to advance the braking maneuver, and thus, he was forced to brake more abruptly.

6. CONCLUSIONS

The present study aimed to investigate the driver’s braking behavior in response to a crossing pedestrian un-
der different crosswalk treatments such as the curb extensions, the parking restrictions and the advanced
yieldmarkings. The time taken to reduce the speed from the initial value to theminimum value (called speed
reduction time) was the variable used to describe the driver’s braking behavior. This speed reduction time
was modeled with the Weibull AFT model with shared frailty, to taking into account the possible

Figure 10. Survival curves of the speed reduction time for all the pedestrian crossing conditions and values of
speed reduction times for null survival probability.
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correlations due to the repeated measures and to compare the effects on driver’s braking behavior of vehicle
dynamic variables and different countermeasures. The hazard-based duration model identified that five ve-
hicle dynamic variables (the initial speed and the distance from zebra crossing were the initial speed is lo-
cated, the minimum speed and the distance from zebra crossing were the minimum speed is located and
the average deceleration rate) and only the countermeasure curb extensions affected, in a statistically signif-
icant way, the driver’s speed reduction time in response to a pedestrian crossing. The Weibull AFT
model showed that for the curb extensions the drivers adopted a smoother maneuver to yield
to the pedestrian. The speed reduction time for this countermeasure was longer (statistically sig-
nificant) than those for the baseline condition and the other countermeasures. No other differ-
ence was statistically significant. These findings suggest that the driver, because of the
improved visibility of the pedestrian allowed by the curb extensions, was able to receive a clear
information on the presence of the pedestrian and better to adapt his approaching speed to yield
to the pedestrian, avoiding abrupt maneuvers. The opportunity to not to brake hard during the
approaching phase to the pedestrian crossing, also allows to avoid unexpected situations for the
following vehicles and, thus, reduce the likelihood of rear-end collisions.
These results were also confirmed by the outcomes of the questionnaire on the countermeasures effective-

ness. For the curb extensions, almost all the sample of drivers (over 80%) indicated that the curb extensions
were effective and that the main effect was the better visibility of the pedestrian. Moreover, the drivers re-
ported that when the curb extensions were present, they started to change their speed at a point farther from
zebra crossing.
Further studies might examine combinations of treatments, such as curb extensions and advanced

yield markings or parking restrictions and advanced yield markings. Such combinations of treatments
remain inexpensive and easy to install and could determine additional effects on the driver’s behavior
than those found for the single treatment.
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