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Abstract: This paper reports the results of a multi-factorial experiment that was aimed at the following: 
(a) analyzing driver's speed behavior while approaching zebra crossings under different conditions of 
vehicle-pedestrian interaction and with respect to several safety measures and (b) comparing safety 
measures and identifying the most effective treatment for zebra crossings. Three safety 
countermeasures at pedestrian crossings (curb extensions, parking restrictions and advanced yield 
markings) and the condition of no treatment (baseline condition) were designed on a two-lane urban 
road and implemented in an advanced driving simulator. Several conditions of vehicle-pedestrian 
interaction (in terms of the time left for the vehicle to get to the zebra crossing at the moment the 
pedestrian starts the crossing) were also simulated. Forty-two drivers completed the driving in the 
simulator. Based on the recorded speed data, two analyses were performed.  
The first analysis, which focused on the mean speed profiles, revealed that the driver's speed behavior 
was affected by conditions of vehicle-pedestrian interaction and was fully consistent with previous 
findings in the literature and with the Threat Avoidance Model developed by Fuller.  
Further analysis was based on variables that were obtained from the speed profiles of drivers (the 
speed at the beginning of the deceleration phase, the distance from the zebra crossing where the 
deceleration began, the minimum speed value reached during the deceleration, the distance from the 
pedestrian crossing where the braking phase ended and the average deceleration rate). Multivariate 
variance analysis (MANOVA) revealed that there was a significant main effect for safety measures and 
for pedestrian conditions (the presence and absence of a pedestrian). The results identified that the 
curb extension was the countermeasure that induces the most appropriate driver's speed behavior 
while approaching the zebra crossing. This conclusion was also confirmed by outcomes of the 
questionnaire on the countermeasure's effectiveness. More than 80% of the drivers perceived that the 
curb extensions were effective, which indicates that when this countermeasure was present, the 
drivers were more willing to yield and that the visibility of the pedestrian crossing was better. For this 
countermeasure, the lowest number of interactions in which the drivers did not yield to a pedestrian 
was also recorded. 
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ABSTRACT  28 
 29 
This paper reports the results of a multi-factorial experiment that was aimed at the following: (a) 30 
analyzing driver’s speed behavior while approaching zebra crossings under different conditions of 31 
vehicle-pedestrian interaction and with respect to several safety measures and (b) comparing safety 32 
measures and identifying the most effective treatment for zebra crossings. Three safety 33 
countermeasures at pedestrian crossings (curb extensions, parking restrictions and advanced yield 34 
markings) and the condition of no treatment (baseline condition) were designed on a two-lane urban 35 
road and implemented in an advanced driving simulator. Several conditions of vehicle-pedestrian 36 
interaction (in terms of the time left for the vehicle to get to the zebra crossing at the moment the 37 
pedestrian starts the crossing) were also simulated. Forty-two drivers completed the driving in the 38 
simulator. Based on the recorded speed data, two analyses were performed.  39 
The first analysis, which focused on the mean speed profiles, revealed that the driver’s speed behavior 40 
was affected by conditions of vehicle-pedestrian interaction and was fully consistent with previous 41 
findings in the literature and with the Threat Avoidance Model developed by Fuller.  42 
Further analysis was based on variables that were obtained from the speed profiles of drivers (the 43 
speed at the beginning of the deceleration phase, the distance from the zebra crossing where the 44 
deceleration began, the minimum speed value reached during the deceleration, the distance from the 45 
pedestrian crossing where the braking phase ended and the average deceleration rate). Multivariate 46 
variance analysis (MANOVA) revealed that there was a significant main effect for safety measures 47 
and for pedestrian conditions (the presence and absence of a pedestrian). The results identified that the 48 
curb extension was the countermeasure that induces the most appropriate driver’s speed behavior 49 
while approaching the zebra crossing. This conclusion was also confirmed by outcomes of the 50 
questionnaire on the countermeasure’s effectiveness. More than 80% of the drivers perceived that the 51 
curb extensions were effective, which indicates that when this countermeasure was present, the drivers 52 
were more willing to yield and that the visibility of the pedestrian crossing was better. For this 53 
countermeasure, the lowest number of interactions in which the drivers did not yield to a pedestrian 54 
was also recorded. 55 
 56 
 57 
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1. INTRODUCTION 63 
 64 
All around the world, pedestrians represent one of the road user categories that is the most exposed to 65 
high-risk levels. Each year, more than 270,000 pedestrians lose their lives on the world’s roads (WHO, 66 
2013). In Italy, every year, about 600 pedestrians are killed, and more than 21,000 are injured in 67 
traffic-related crashes (ACI-ISTAT, 2014). 68 
More than 50% of accidents that involve pedestrians occur at pedestrian crossings (ACI-ISTAT, 69 
2014). The relevance of the phenomenon, therefore, is considerable and implies the need to conduct 70 
studies with the aim of improving the safety of this vulnerable road user. In the literature, many issues 71 
that concern pedestrians are investigated. The main research area concerns pedestrian behavior in 72 
urban areas and focuses especially on the route choice and the crossing behavior (an exhaustive review 73 
is reported in Papadimitriou et al., 2009 and in Papadimitriou et al., 2013). Interactions between 74 
pedestrians and vehicles have received notably less attention (Papadimitriou et al., 2013); in particular, 75 
few studies of drivers’ behaviors are available in the literature. However, it is generally agreed that 76 
pedestrian-vehicle crashes are associated with a lack of driver compliance, that drivers often fail to 77 
yield to a pedestrian (Mitman et al., 2010) and that pedestrian safety at zebra crossings depends 78 
mainly on the speed of the vehicle. With an increase in the speed, in fact, the probability of a vehicle-79 
pedestrian conflict and a pedestrian fatality accident is higher (Pasanen, 1992; Várhelyi, 1998; Rosen 80 
and Sander, 2009; Rosen et al., 2011; Tefft, 2013; Kroyer et al., 2014). For example, (Pasanen, 1992) 81 
found that, for a collision at a speed of 50 Km/h, the risk of a fatal accident is approximately eight 82 
times higher compared to an event that occurs at a speed of 30 Km/h. Similarly, (Rosen and Sander, 83 
2009) found that the fatality risk at 50 km/h is more than twice that at 40 km/h and more than five 84 
times higher than the risk at 30 km/h. Tefft (Tefft, 2013) found that the average risk of death reaches 85 
10% at an impact speed of 24.1 mph, 25% at 32.5 mph, 50% at 40.6 mph, 75% at 48.0 mph, and 90% 86 
at 54.6 mph. Despite the inconsistency in the values of the actual risk at a given speed (Kroyer et al., 87 
2014), it is commonly thought to consider that a modest speed reduction/increase has a considerable 88 
effect on the probability of a fatality and, thereby, on the number of fatal accidents. 89 
According to Várhelyi (Várhelyi, 1998), when drivers approach pedestrian crossings, they do not 90 
adapt their speed to avoid endangering pedestrians who are already on the zebra crossing or who are 91 
about to step onto it. Therefore, interactions between vehicles and pedestrians at zebra crossings are 92 
critical situations, in which the drivers must be influenced to adapt their speeds in the presence of the 93 
pedestrian, to avoid the need for evasive maneuvers and limit the risk of fatal injury of a pedestrian. 94 
Inducing a proper speed adaptation is deemed to have great potential for improving pedestrian safety.  95 
A number of safety treatments at zebra crossings have been evaluated with positive results (see the 96 
next section, literature review). However, such results do not allow a comparative analysis of the 97 
effectiveness of the safety measures, for the following reasons:  98 

− the effectiveness of each countermeasure is provided by specific parameters (i.e., the 99 
operating speed, number of drivers that yield to a pedestrian, distance at which the driver 100 
yields to the pedestrians), which are not used in all studies; 101 

− the results are mainly obtained from field studies with specific experimental conditions of 102 
vehicle-pedestrian interactions and geometrical configurations of the sites, which are different 103 
for each study, and therefore, the findings are not comparable. 104 

 105 
The present study aims at the following: 106 

− analyzing a the driver’s speed behavior while approaching a zebra crossing under different 107 
conditions of vehicle-pedestrian interaction and in the presence of several countermeasures, to 108 
add to the body of knowledge that concerns the complex process of the interaction between 109 
the driver and pedestrian;  110 

− comparing several countermeasures and identifying the most effective treatment for zebra 111 
crossings, on the basis of having the same parameters that describe the driver’s behavior and 112 
under fixed conditions of a vehicle-pedestrian interaction. 113 

Accomplishing these aims is possible by the use of a driving simulator that, mainly, allows risk 114 
avoidance for the experimenters and full control of the experimental conditions, avoiding confounding 115 
factors, which are common in field studies.  116 
 117 
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This study included the following three main steps: (1) a literature review on vehicle–pedestrian 118 
interaction and countermeasures at zebra crossings, (2) driving simulator experiment for the driver 119 
behavior data collection and data processing, and (3) data analysis and results on the driver’s behavior 120 
during the approaching phase to the pedestrian crossings and on the countermeasure that induces the 121 
most appropriate driver’s speed behavior. 122 

 123 
 124 
2. LITERATURE REVIEW  125 
 126 
2.1 Vehicle-pedestrian interaction 127 
 128 
The theoretical framework of the vehicle-pedestrian interaction is provided by the “Threat Avoidance 129 
Model" developed by Fuller (Fuller, 1984). The threat-avoidance model of the driver’s behavior 130 
proposes that within the context of the motivation for a particular journey (usually a specific 131 
destination within a specific period of time), the driver behavior is focused on the avoidance of averse 132 
or potentially averse stimuli in the road-traffic environment (Fuller, 1987). This model implies that 133 
when confronted with a discriminative stimulus for a potential aversive event, what a driver does 134 
depends specifically on the rewards and punishments for alternative responses. In a vehicle-pedestrian 135 
interaction at a zebra crossing, the pedestrian presence is the discriminative stimulus. Such an adverse 136 
stimulus can cause: a) an “anticipatory avoidance response” or b) a “non-avoidance response”.  137 
In the first case, the driver considers the pedestrian presence to be a “threat”, and then, he slows down; 138 
in this way, the pedestrian can pass before the driver. In this case, the driver is “punished” with a loss 139 
of time. 140 
In the second case, the driver maintains the same speed because he considers the pedestrian presence 141 
to be a “threat” but chooses a “non– avoidance response”, signaling to the pedestrian that he has no 142 
intention to yield; then, two possible conditions could occur, as follows: 143 

− the driver passes first. This action is a “reward” for the driver because he does not stop and, 144 
thus, does not suffer delay; 145 

− the pedestrian assumes a “competitive behavior”, and therefore, the driver is forced to a 146 
delayed avoidance response (braking) or a collision occurs. 147 

Finally, this model suggests that the driver can experience a “no discriminative stimulus” (he does not 148 
see the pedestrian), and therefore, he does not expect a “threat”. In this case, two possible conditions 149 
could also occur: a) the interaction with the pedestrian does not cause a risk (the pedestrian does not 150 
start to cross) or b) a delayed avoidance response is required to avoid an accident. 151 
 152 
According to the literature, the vehicle-pedestrian interaction is affected by driver characteristics (that 153 
produce “availability” of the driver to yield), pedestrian characteristics (assertiveness and the risk 154 
levels that a pedestrian is willing to accept) (Harrel, 2001) and parameters that are related to the 155 
vehicle dynamics (Geruschat et al., 2005), such as the vehicle speed, distance from the conflict area, 156 
and maximum comfortable deceleration rate.  157 
A significant role is played by the vehicle dynamic parameters because these variables affect the 158 
arrival time of the vehicle at the zebra crossing and, consequently, the pedestrian decision. Such a 159 
time, called Time-To-Zebra arrive (TTZarr), is used in the literature (Varheli, 1998) to discuss the 160 
vehicle-pedestrian interaction at zebra crossings. TTZarr is defined as the time left for the vehicle to 161 
arrive at the zebra crossing at the moment the pedestrian arrives at the curb. TTZarr is obtained by 162 
calculating the distance of the vehicle from the zebra crossing divided by the vehicle’s speed when the 163 
pedestrian arrives at the curb. 164 
Varhelyi studied the drivers’ speed behavior while approaching the pedestrian crossing under different 165 
pedestrian times of arrival at the curb and compared the mean speed profiles for different TTZarr 166 
values with the mean speed profile with respect to pedestrian absence. The hypothesis was that 167 
drivers’ speed behavior while approaching the pedestrian crossing depends on the arrival of the 168 
pedestrian at the curb relative to the time at which the driver expects to reach the crossing. If 169 
pedestrian behavior threatens the undisturbed passage of the vehicle, then the driver will adopt a 170 
higher speed to ensure his priority. 171 
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The results showed very low proportions of drivers giving way to pedestrians, and a consistent pattern 172 
was observed according to which drivers would maintain a high speed or even accelerate in order to 173 
warn the pedestrians of their intention to not give way. More specifically, for a pedestrian approaching 174 
from the right, three driver behaviors were found: 175 

• for TTZarr values of less than 1 second, the mean speed profile does not differ statistically 176 
significantly from those situations in which there is no pedestrian presence. This circumstance 177 
can be explained by the fact that the driver estimates that at the moment at which the 178 
pedestrian reaches the curb, the vehicle is very close to the conflict point, and the driver will 179 
not be able to stop; even the pedestrian realizes this fact, and therefore, the pedestrian does not 180 
start to cross, allowing the vehicle to continue without forcing it to brake; 181 

• for TTZarr values that are from 1 to 4 seconds, the pedestrian could reach the conflict point 182 
before the driver and force him to brake. The mean speed profiles are statistically 183 
significantly higher than situations in which there is no pedestrian presence. This behavior can 184 
be explained by the driver’s willingness to take priority in passing the crosswalk before the 185 
pedestrian. To make this scenario occur, the driver accelerates, increasing his speed, which 186 
communicates to the pedestrian that he wants priority; 187 

• for TTZarr values that are higher than 4 seconds, the pedestrian has a good safety margin to 188 
pass the conflict point before the driver reaches it; and the mean speed profiles are statistically 189 
significantly lower than in situations in which there is no pedestrian presence. The driver 190 
realizes that he cannot pass before the pedestrian and, thus, adopts a lower speed. 191 

 192 
2.2 Countermeasures 193 
 194 
Several countermeasures that are aimed at modifying the drivers’ speed behavior while approaching 195 
unsignalized pedestrian crossings are shown in the literature (e.g., Hakkert et al. 2002; Fitzpatrick et 196 
al., 2006; Zegeer and Bushell, 2012; Pulugurtha et al., 2012). The most often-used driver oriented 197 
countermeasures are the following: 198 

- advanced yield lines to improve the visibility of the crossing pedestrians; 199 
- removal of parking to clear the line of sight to approaching vehicles; 200 
- installation of curb extensions to improve visibility; 201 
- pedestrian-activated flashing beacons to warn motorists of crossing pedestrians; 202 
- motorist signs to indicate that pedestrians have the legal right-of-way; 203 
- in-pavement warning lights with advance signing to inform the drivers of the crossing 204 

 205 
Among these safety countermeasures, curb extensions, parking restrictions and advance yield 206 
markings, which are characterized by low cost, simple installation and high potential effectiveness on 207 
driver behavior, were investigated in this study. 208 
 209 
Curb extensions are an extension of the edge of the sidewalk and are commonly made along roads that 210 
are equipped with parking places on the sides of the lanes. The curb extends up to the line that 211 
separates the lane from parking stalls that are made on the side of the roadway. The effects that are 212 
expected from this safety countermeasure are to slow down the vehicles, reduce the pedestrian 213 
exposure and increase his visibility. Several experiences show their effectiveness in terms of operating 214 
speed reduction (up to 40%) of the vehicle (Repogle, 1992; Macbeth, 1995; Hawley et al., 1992) and 215 
increments in the number of drivers that yield to the pedestrian (Randal, 2005). 216 
Parking restrictions are parking rules that are designed to not allow parking upstream of the zebra 217 
crossing, to improve pedestrian visibility. The presence of on-street parking, in fact, is associated with 218 
an increased risk of accidents. A model for the prediction of accidents showed that the contribution of 219 
the presence of parking on the roadside increases the accident levels more than the road width (Greibe, 220 
2003). Edquist (Edquist et al., 2012) found that the effect of the presence of on-street parking was 221 
statistically significantly for several variables, such as the time to brake, time to accelerator release, 222 
minimum time to collision, and number of collisions. 223 
Advanced yield markings consist of a series of triangular pavement markings that are placed across 224 
the travel lane between 6 and 15 m in advance of the zebra crossing. A “Yield Here to Pedestrian” 225 
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vertical sign is also placed at the location of the markings. This countermeasure is aimed at improving 226 
the yielding compliance; it should alert the driver further upstream of the crosswalk to the possible 227 
presence of pedestrians and prompt the driver to yield. Several studies have shown the effectiveness of 228 
this treatment because it increases the distance at which the driver yields to pedestrians, reduces the 229 
number of conflicts and increases the number of drivers that yield (Van Houten et al., 2001; Van 230 
Houten et al., 2002; Samuel et al, 2013). 231 
 232 
3.  METHODS 233 
This study was conducted using the advanced driving simulator of the Inter-University Research 234 
Centre for Road Safety (CRISS). Several studies have demonstrated that driving simulators are useful 235 
tools for the evaluation of the driver’s behavior as induced by the road configuration (e.g., Bella, 236 
2008a., 2013, 2014a, 2014b, 2014c; Rosey et al. 2008; Shechtman,et al. 2009; Daniels et al.2010; 237 
Bella and Calvi, 2013; Bella et.al. 2014). Moreover, driving simulators are ideal tools for studies 238 
whose field survey is made impossible by the implicit high risks that the experimenters would be 239 
subjected to and the difficulty of ensuring controlled experimentation conditions. Several studies show 240 
the high potential and reliability of driving simulators for studying the effect of safety 241 
countermeasures at zebra crossings or for studying the driver’s perception of pedestrians. Fisher and 242 
Garay-Vega (Fisher and Garay-Vega, 2012) studied the driver performance for advance yield 243 
markings at marked mid-bloc crosswalks in multi-threat scenarios (two-way/four lane road). Salamati 244 
et al. (Salamati et al., 2012) analyzed the effects of three different pedestrian crosswalk treatments at 245 
the exit leg of multilane roundabouts. Gomez et al. (Gomez et al., 2011) compared potential vehicle-246 
pedestrian conflict under different types of pavement markings when a driver’s view of the pedestrians 247 
in a crosswalk is obstructed. Regè et al. (Rogè et al, 2014) examined the ability of elderly drivers to 248 
detect pedestrians. Garay-Vega et al. (Garay-Vega et al., 2007) evaluated the hazard anticipation skills 249 
of novice and experienced drivers when a potential threat (such as the presence of pedestrians at 250 
crosswalks) was experienced. 251 
 252 
A multi-factorial experiment was designed to analyze the effects on drivers’ speed behavior while 253 
approaching the zebra crossings of the following:  254 

• four pedestrian crossing configurations: three countermeasures (curb extensions, parking 255 
restrictions, advanced yield markings) and the condition of no treatment (baseline condition); 256 

• four conditions of vehicle-pedestrian interaction: in addition to the absence of a pedestrian, 257 
three conditions of vehicle-pedestrian interaction were implemented in the driving simulator. 258 
Such three conditions were obtained because the pedestrian was set to start to cross from the 259 
right side of the driver when the vehicle was at 13.9 m, 34.7 m and 55.6 m before the zebra 260 
crossing. For a driver’s speed of 50 km/h, these distances represent the values of TTZarr (the 261 
time left for the vehicle to arrive at the zebra crossing at the moment the pedestrian starts the 262 
crossing) equal to 1 second, 2.5 seconds and 4 seconds, respectively. It should be noted that 263 
these values are theoretical because they depend on the actual speed of the driver when the 264 
pedestrian starts to cross. 265 
 266 

Combining four pedestrian crossing configurations and four conditions of vehicle-pedestrian 267 
interaction (including pedestrian absence), 16 combinations of zebra crossing/pedestrian were 268 
included in an urban scenario. 269 
 270 
3.1 Road scenario, countermeasures and vehicle-pedestrian interactions 271 
 272 
A two-lane urban road approximately 15 km long and with the 16 zebra crossing/pedestrian 273 
combinations was implemented in the driving simulator. The pedestrian crossing was the mid - block 274 
type. To ensure the same approaching condition, 16 signalized intersections were placed in advance of 275 
each zebra crossing. Each driver was obligated to stop at the signalized intersection, due to the red 276 
light that turned on when the driver was at approximately 100 m from the intersection. The distance 277 
between the signalized intersection and pedestrian crossing was equal to 400 m, which allowed the 278 
drivers to reach a congruous speed for the simulated urban scenario. The posted speed limit was 50 279 
km/h. The cross-section was 13 m wide formed by two 3.00 m wide lanes, two 2.00 m wide lateral 280 
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parking lanes and two 1.50 m wide sidewalks (fig. 1a). This configuration was chosen because it is 281 
representative of most Italian urban areas, where parking is allowed until the zebra crossing. 282 
According to the Italian Highway Code (Ministry of Infrastructures and Transports, 1992), the strips 283 
of crosswalks were 1.50 m long, 0.50 m wide and spaced 0.50 m from one another. In addition, two 284 
vertical signals that were related to the pedestrian crossings were placed: first, at the pedestrian 285 
crossing and, second, at 150 m in advance of it. This configuration represents the baseline condition, 286 
in other words, a typical pedestrian crossing without any treatment (fig. 1a). 287 
In addition to the baseline condition, three countermeasures were placed in the scenario: curb 288 
extensions, parking restrictions and advanced yield markings.  289 
The first (Curb Extensions) was designed according to the Road Design and Construction Standards 290 
(Washington County, 2011) (fig 1b). 291 
Parking restrictions were designed following the Italian road design guidelines (Ministry of 292 
Infrastructures and Transports, 2001) and the Italian Highway Code (Ministry of Infrastructures and 293 
Transports, 1992). The length of the upstream zone of the pedestrian crossing where parking is not 294 
allowed is a function of the stopping sight distance. According to the Italian road design guidelines, 295 
for a speed of 50 km/h, the stopping sight distance is 55.3 m, and the parking restrictions length to 296 
allow the driver to see the pedestrian and react from that distance is 13.2 m (fig 1c).  297 
The reference for the advanced yield markings was the Manual on Uniform Traffic Control Devices 298 
(FHWA, 2012). The triangular pavement markings are placed across the lane and to 15.0 m from the 299 
pedestrian crossing. At this point, a vertical signal is also placed that indicates to the driver that he 300 
must yield to the pedestrian. Triangles have a base of 0.4 m, a height of 0.5 m and are separated by 0.2 301 
m from one another. Each pedestrian crossing is preceded by two parked cars on the right side of the 302 
driver, to reproduce the low visibility of a pedestrian (fig 1d).  303 
 304 
 305 

Figure 1 - a) Baseline condition b) Curb Extensions c) Parking Restrictions d) Advanced Yield 306 
Markings 307 

 308 
 309 
Concerning the vehicle-pedestrian interaction, in addition to the pedestrian absence condition, 3 310 
conditions of the vehicle-pedestrian interaction (i.e. 3 theoretical values of TTZarr, equal to 1 s, 2.5 s 311 
and 4 s) were considered. Pedestrian crossing from the right side of the vehicle was simulated. This 312 
condition is the most critical because of the following:  313 

 the occlusion of the line of sight of an approaching vehicle due to the parking on the right, 314 
which does not allow the advanced detection of the pedestrian; 315 

 low pedestrian times of arrival to the potential conflict point with the driver. 316 
The condition of a pedestrian from the right should emphasize the effect of the safety measures on the 317 
driver behavior; such an effect is determined by comparing the behavior that was adopted when the 318 
safety measures were present and the behavior that was adopted for the baseline condition.  319 
The pedestrian did not appear suddenly (he was always displayed when the driver was at about 300 m 320 
from the pedestrian crossing) and the driver, while approached the zebra crossing, could observe the 321 
pedestrian who was waiting to cross the road, as typically occurs in the real life. As mentioned above, 322 
the movement of the pedestrian was triggered when the driver was at three distances from zebra 323 
crossings (13.9 m, 34.7 m and 55.6 m, corresponding, for a driver’s speed of 50 km/h, to the 324 
theoretical values of TTZarr equal to 1 second, 2.5 seconds and 4 seconds, respectively). Therefore, the 325 
pedestrians started to cross only with respect of the position of the vehicle from the zebra crossing and 326 
regardless of the driver behaviour (i.e. speed of vehicle). 327 
To avoid a potential effect of the order on the driver’s behavior, 3 road scenarios that have a different 328 
sequence of the 16 combinations of zebra crossing/pedestrian were implemented in the driving 329 
simulator. Each scenario was driven by one of the 3 groups into which the participants were divided 330 
(see next section on participants). 331 
 332 
3.2 Driving Simulator 333 
 334 
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The CRISS simulation system is an interactive fixed-base driving simulator. It was previously tested, 335 
calibrated, and validated (Bella, 2005; Bella, 2008b; Bella et al., 2007) as a reliable tool for the study 336 
of the driver’s speed behavior. The hardware interfaces (wheel, pedals and gear lever) are installed on 337 
a real vehicle. The driving scene is projected onto three screens: one in front of the vehicle and one on 338 
either side, which provide a 135° field of view (fig. 2). The resolution of the visual scene is 1024×768 339 
pixels with a refresh rate of 30 to 60 Hz. The system is also equipped with a sound system that 340 
reproduces the sounds of the engine. The simulator provides many parameters for describing the travel 341 
conditions (e.g., vehicle barycenter, relative position in relation to the road axis, local speed and 342 
acceleration, steering wheel rotation angle, pitching angle, and rolling angle). Data can be recorded at 343 
time or space intervals of a fraction of a second or a fraction of a meter.  344 
 345 
 346 

Figure 2 - CRISS driving simulator 347 
 348 
 349 
3.3 Procedure 350 
 351 
The experiment was conducted with the free vehicle in its own driving lane. In the other driving lane, 352 
a slight amount of traffic was distributed to induce the driver to avoid driving into that lane. The 353 
simulated vehicle was a standard medium-class car with automatic gears. The data recording system 354 
acquired all of the parameters at spatial intervals of 2 m.  355 
The driving procedure consisted of the following steps: (a) communicating to the driver about the 356 
duration of the driving and the use of the steering wheel, pedals, and automatic gear; (b) training at the 357 
driving simulator on a specific alignment with a length of approximately 5 Km; (c) filling in a form 358 
with personal data, years of driving experience, average annual distance driven; (d) driving one of the 359 
three road scenarios with a specific zebra crossing-pedestrian sequence; (e) filling in of a 360 
questionnaire about the discomfort that is perceived during driving, to eliminate from the sample 361 
driving performed under anomalous conditions. This questionnaire consisted of 5 questions, with each 362 
question addressing a typed of discomfort: nausea, giddiness, daze, fatigue, other. Each question could 363 
be answered by a score of 1–4 in proportion to the level of discomfort experienced: null, light, 364 
medium, and high. The null and light level for all four types of discomfort is considered to be the 365 
acceptable condition for driving; (f) filling in of a questionnaire about the perceived effectiveness of 366 
the countermeasures. This questionnaire consisted of 3 questions: the first was related to the effective 367 
influence perceived by the driver, the second (only for drivers that perceived an influence on their 368 
behavior) was related to the type of influence (slowing down, more willingness to yield, more 369 
visibility of a pedestrian), and the third related to the self-reported distance from the zebra crossing, 370 
where they modified their speed. For this last question, drivers could choose between the following 371 
values: less than 20 m; from 20 to 30 m; from 30 to 40 m; from 40 to 50 m, from 50 to 60 m and 372 
higher than 60 m. Drivers were instructed to drive as they normally would in the real world.  373 
 374 
3.4 Participants 375 
 376 
Forty-two drivers (24 men and 18 women), whose ages ranged from 23 to 59 (average 29) and who 377 
had regular European driving licenses for at least three years were selected to perform the driving in 378 
the simulator. They were chosen from students, faculty, and staff of the University and volunteers 379 
from outside of the University. The drivers had no prior experience with the driving simulator and had 380 
an average annual driven distance on urban roads of at least 2500 km. The average number of years of 381 
driving experience was approximately 9. According to the questionnaire on perceived discomfort, all 382 
of the participants experienced null or light levels of discomfort. Thus, the sample used for the 383 
analysis consisted of all 42 drivers, which were divided into 3 groups; the 3 groups drove different 384 
scenarios, which were each characterized by a specific sequence of zebra crossing/pedestrian. 385 
 386 
4. DATA PROCESSING 387 
 388 
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To analyze the drivers’ speed behavior while approaching the pedestrian crossings, the speed data 389 
were recorded starting from 150 m in advance of each one of the 16 zebra crossings.  390 
On the basis of the collected data, the following were determined: 391 

 the actual conditions of the vehicle-pedestrian interaction that occurred during the tests; 392 
 the variables of the driver’s speed behavior. 393 

 394 
4.1 Vehicle-pedestrian interactions recorded by the driving simulator 395 
 396 
Three conditions of vehicle-pedestrian interaction were implemented in the driving simulator. The 397 
pedestrian started crossing when the vehicle was at 13.9 m, 34.7 m and 55.6 m before the zebra 398 
crossing, to reproduce – for a vehicle speed of 50 km/h – three theoretical values of TTZarr (the time 399 
left for the vehicle to arrive at the zebra crossing at the moment the pedestrian starts the crossing), 400 
specifically, 1 second, 2.5 seconds and 4 seconds, respectively. 401 
The implemented scenarios in the driving simulator determined the occurrence of actual conditions of 402 
vehicle-pedestrian interactions in which the driver changed his speed as soon as he perceived the 403 
pedestrian (i.e. before that the pedestrian started to cross). Therefore, the actual conditions of vehicle-404 
pedestrian interaction (which were used in the following analyses) were related to the cinematic 405 
conditions (speed and distance from zebra crossing) of the driver at the moment in which he perceived 406 
the presence of the pedestrian and not at the moment in which the pedestrian started to cross. 407 
Considering the actual speeds of the drivers and their distances from the pedestrian crossings at the 408 
moment when they perceived the pedestrian presence, many conditions of vehicle-pedestrian 409 
interaction, were recorded during the simulated drives. These conditions of vehicle-pedestrian 410 
interaction were determined as follows. The first step was the plotting of each driver’s speed profile 411 
for each selected section (150 m in advance of the pedestrian crossing). A total of 504 speed profiles 412 
were plotted (3 theoretical TTZarr x 4 countermeasures x 42 drivers). Afterward, from each speed 413 
profile, the following variables were determined (fig. 3): 414 

 Vi: the driver’s initial speed value, identified at the moment in which the driver starts to 415 
decrease his speed, releasing the accelerator pedal or pressing the braking pedal; 416 

 LVi: the distance from the zebra crossing where the Vi value is located 417 
Then the actual vehicle-pedestrian interaction was obtained as  418 

i

Vi
arr

V

L
TTZ *  419 

which represents the time left for the vehicle to arrive at the zebra crossing at the moment he 420 
perceived the pedestrian presence at the zebra crossing. 421 
 422 
Speed profiles also showed several events when drivers did not yield because they accelerated to pass 423 
the conflict point before the pedestrian. However, no case of collision was recorded. 424 
Table 1 shows, for the 4 countermeasures, the number of vehicle-pedestrian interactions, the mean, 425 
maximum and minimum values of TTZ*arr, the number of vehicle-pedestrian interactions for several 426 
groups of values of TTZ*arr and the number of interactions where the drivers did not yield. 427 
 428 

Table1 - Actual vehicle-pedestrian interactions recorded at the driving simulator  429 
 430 
4.2 Variables of the driver’s speed behavior  431 
 432 
Several variables were taken into account to analyze the driver’s speed behavior while approaching 433 
the pedestrian crossings under different configurations of pedestrian crossing and conditions of 434 
vehicle-pedestrian interaction. From all of the 672 drivers’ speed profiles (42 drivers x 16 435 
combinations of zebra crossing/pedestrian), the following variables were collected (fig. 3):  436 

 Vi and LVi: initial speed and distance from the zebra crossing where the initial speed value is 437 
located, respectively (these were defined in the previous section); 438 

 Vmin and LVmin: the minimum speed value and the distance from the zebra crossing where the 439 
minimum speed value is located, respectively; 440 
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 dm: the average deceleration rate during the speed reduction phase from Vi to Vmin; this 441 
variable is given by the following equation: 442 

S

VV
d i

m
2

2

min

2 


 443 

where S is the distance between the points where the speed is equal to Vi and Vmin. 
444 

 445 
Figure 3 - Variables of the driver’s speed behavior  446 

 447 
5. DATA ANALYSIS AND RESULTS 448 
 449 
Two analyses were performed. The first analysis was based on the mean speed profiles for different 450 
groups of TTZ*arr values. It should be noted that the classification of the vehicle-pedestrian 451 
interactions by the TTZ*arr (defined as the ratio of Lvi to Vi) implicitly determined a classification of 452 
the interactions based on the driver’s characteristics. Drivers with low “availability” to yield (or 453 
aggressive drivers) determined low TTZ*arr, because they tended to start to slow down when they were 454 
close to the zebra crossing and/or from high initial speeds. Drivers with high “availability” to yield (or 455 
careful drivers), instead, determined high values of TTZ*arr because they tended to start to reduce the 456 
speed when they were far from zebra crossing and/or from low initial speeds. The table 2 shows the 457 
number of interactions for different groups of TTZ*arr values that were obtained from the three 458 
theoretical values of TTZarr. 459 
 460 

Table 2 - Number of actual vehicle-pedestrian interactions that were obtained from the three 461 
theoretical values of TTZarr.  462 

 463 
The purpose of this analysis was to assess how the driver’s speed adaptation while approaching the 464 
pedestrian crossing was affected by the conditions of vehicle-pedestrian interaction (and therefore 465 
implicitly by the driver’s characteristic) and how this influence occurred for the several 466 
countermeasures. The findings of this analysis were discussed in relationship to the results obtained 467 
from mean speed profiles collected on the field by Varhelyi. A further and more in-depth analysis was 468 
based on variables that were obtained from the speed profiles of drivers to highlight the effectiveness 469 
of the countermeasures for the conditions of absence and presence of a pedestrian. This analysis was 470 
not performed for different values of TTZ*arr (i.e. for different drivers’ characteristics) because the aim 471 
was the assessment of the effectiveness of the countermeasures both for the absence and presence of 472 
pedestrian in the common conditions of vehicle-pedestrian interaction that occur at pedestrian 473 
crossings. It should also be noted that the pedestrian presence condition implicitly includes a wide 474 
range of vehicle-pedestrian interactions (see table 1). The analysis was conducted by means of a 475 
multivariate variance analysis (MANOVA) procedure, to investigate all of the interaction and main 476 
effects on the dependent variables of the driver’s behavior (Vi, Vmin, LVi, LVmin, dm) due to the two 477 
factors: countermeasures (with 4 levels: baseline condition, curb extensions, parking restrictions and 478 
advanced yield markings) and pedestrian conditions (with 2 levels: presence and absence of a 479 
pedestrian). 480 
 481 
5.1 Mean Speed Profiles  482 
 483 
Mean speed profiles were plotted for each countermeasure, for 4 groups of TTZ*arr values and for the 484 
pedestrian absence condition (fig. 4).  485 

 486 
Figure 4 - Mean speed profiles for safety measures (a. baseline condition; b. curb extensions; c. 487 

parking restrictions; d. advanced yield markings) and groups of TTZ*arr   488 
 489 

For all of the countermeasures and for TTZ*arr<3s, the speed profile is higher than those under higher 490 
values of TTZ*arr (except for in the last section in advance of the pedestrian crossing). In the last 50 m, 491 
the drivers change abruptly their speed from approximately 55km/h to approximately 20 km/h because 492 
they must yield to the pedestrian that started crossing. The minimum speed value is at 15 m from the 493 



11 

zebra crossing for the baseline condition and 10 m for the other countermeasures. The minimum speed 494 
values are approximately 20 km/h; the minimum value (18 km/h) was recorded for the baseline 495 
condition, while the maximum value was 23 km/h for curb extensions. 496 
 497 
For all of the countermeasures, for 3<TTZ*arr<4s and for 4<TTZ*arr<5s, the speed profiles show that 498 
the speed values were lower than those for TTZ*arr<3s. The beginning of the speed reduction (less 499 
abrupt than that for the TTZ*arr<3s condition) occurs farther from the zebra crossing (at approximately 500 
55 m for 3<TTZ*arr<4s and of 65 m for 4<TTZ*arr<5s). The speed at which this occurs is higher for 501 
the lower TTZ*arr values (approximately 50 km/h for 3<TTZ*arr<4s and approximately 45 km/h for 502 
4<TTZ*arr<5s) (i.e., the speed reduction is less abrupt for higher values of TTZ*arr). With increasing 503 
values of TTZ*arr, the minimum speeds are reached farther from the zebra crossing (20 m for 504 
3<TTZ*arr<4 s and 30 m for 4<TTZ*arr<5 s). For the curb extension and for 3<TTZ*arr<4s, this 505 
distance is higher (25 m) than that (20 m) for the other countermeasures. The minimum speeds are 506 
approximately 20 km/h. For the baseline condition and for 3<TTZ*arr<4s, the minimum speed is 507 
slightly lower (15 km/h). 508 
 509 
For all of the countermeasures and for TTZ*arr>5s, the speed profile is the lower. The speed reduction 510 
occurs gradually and begins at a point that is more than 100 m away from the pedestrian crossing. The 511 
corresponding speed value is less than 50 Km/h. For the baseline conditions, the minimum speed value 512 
is at 25 m from the zebra crossing; for all of the other countermeasures, the point at which the speed 513 
reached the minimum value is 30 m away from the zebra crossing. The minimum speeds are equal to 514 
20 km/h (for the baseline condition, 18 km/h; for parking restrictions, 22 km/h). 515 
 516 
For the no-pedestrian condition and for all of the countermeasures, the speed profiles reveal a gradual 517 
speed variation from the value of approximately 55 Km/h until the minimum speed value. The 518 
minimum speed value is reached at points that are located at different distances from the zebra 519 
crossing: at 15 m for the baseline condition and for advanced yield markings (a minimum speed of 520 
approximately 35 km/h) and at 30 m for the curb extensions and for parking restrictions (a minimum 521 
speed of approximately 38 km/h). 522 
It should be noted that for no-pedestrian condition the mean speed profile was obtained from the 523 
speeds of all the 42 drivers that participated at the driving simulator experiment. Such drivers were not 524 
differentiated for their characteristics. Thus, it is reasonable to expect a trend of the mean speed profile 525 
in approach to the pedestrian crossing (i.e. not close to the pedestrian crossing where the behavior is 526 
affected by the presence or absence of the pedestrian) that is intermediate among of those plotted for 527 
different groups of TTZ*arr. 528 
 529 
5.2 Driver’s speed behavior 530 
 531 
Table 3 shows a summary of the average initial speeds (Vi), the distances from the zebra crossing 532 
where the Vi value is located (Lvi), the minimum speed values (Vmin), the distances from the zebra 533 
crossing where the Vmin is reached (LVmin), the deceleration rates (dm), and their standard deviations for 534 
every combination of the two independent factors (safety measures and pedestrian conditions). The 535 
interaction and main effects on the driver behavior (in terms of all of the dependent variables) due to 536 
the independent factors were analyzed with the MANOVA. A Bonferroni correction was used for 537 
multiple comparisons. For the analysis, SPSS (Statistical Package for Social Science) software was 538 
used. 539 
 540 
MANOVA revealed a significant main effect for the safety measures (F(15,1607) = 2.660, P = 0.001 541 
Wilk’s Λ = 0.935, partial Eta squared = 0.022, observed power = 0.990) and for pedestrian conditions 542 
(F(5,582) = 125.401, P < 0.000 Wilk’s Λ = 0.481, partial Eta squared = 0.519, observed power = 1). No 543 
interaction effects were found. Tests of between-subject effects showed that the distance from the 544 
zebra crossing where the Vi value is located, the minimum speed value and the distance from the zebra 545 
crossing where the Vmin is reached were statistically significantly affected by the safety measures; the 546 
pedestrian conditions affected all of the dependent variables. 547 
 548 
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 549 
Table 3 - Descriptive statistics 550 

 551 
Initial speed  552 
The effect of safety measures on the initial speed value (Vi) was not statistically significant (F(3,586) = 553 
0.861, P = 0.461); the mean value of the initial speed was 48.27 Km/h under baseline condition, 50.74 554 
Km/h for curb extensions, 50.32 Km/h for parking restrictions and 49.93 Km/h for advanced yield 555 
markings (fig. 5a). The results showed, instead, that there was a main effect for the pedestrian 556 
conditions with regard to the initial speed (F(1,586)= 9.361, P = 0.002). Pairwise comparison indicated 557 
that the initial speed when the pedestrian was absent (51.59 km/h) was significantly higher than that 558 
when the pedestrian was present (mean difference = 3.54 km/h; P= 0.002).  559 
 560 
Distance from the zebra crossing where the deceleration begins 561 
The results indicated that there was a main effect for the safety measures on the distance from the 562 
zebra crossing where the deceleration begins (F(3,586)=7.936, P< 0.000). Post-hoc analysis shows that 563 
only the distance from the zebra crossing for the curb extensions condition (57.45 m) was statistically 564 
significantly higher than that for the baseline condition (mean difference = 11.63 m; P<0.000), in 565 
parking restrictions (mean difference = 8.16 m; P=0.003) and for advanced yield markings (mean 566 
difference = 10.59 m; P<0.000) (fig. 5b). The results also showed a main effect for the pedestrian 567 
conditions (F(1,586) = 27.157, P < 0.000). Pairwise comparison indicated that Lvi, when the pedestrian 568 
was absent (44.45 m), was significantly less than that when a pedestrian was present (mean difference 569 
= 10.28 m; P=0.000).  570 
 571 
Minimum speed  572 
The results showed that there was a main effect for the safety measures on the minimum speed value 573 
(Vmin) that was reached during the deceleration (F(3,586) = 4.494, P=0.004). Post-hoc analysis indicated 574 
that the minimum speed value for the curb extensions condition (23.13 Km/h) was statistically 575 
significantly higher than that for the baseline condition (mean difference = 4.48 Km/h; P<0.000), for 576 
advanced yield markings (mean difference = 3.70 Km/h; P=0.002) and was not significantly different 577 
than that for parking restrictions (mean difference = 2.36; P=0.140). All of the other mean differences 578 
between the values of Vmin were not statistically significant (fig. 5c). The results also showed a main 579 
effect for the pedestrian conditions (F(1,586) = 297.238, P < 0.000). Pairwise comparison indicated that 580 
the minimum speed value when a pedestrian was absent (28.35 Km/h) was significantly higher than 581 
that when a pedestrian was present (mean difference = 15.19 Km/h; P=0.000).  582 
 583 
Distance from zebra crossing where the deceleration ends 584 
The main effect on the ending point of the deceleration was due to the safety measures (F(3,586)= 2.648, 585 
P=0.048). Post-hoc analysis indicated that the distance from the pedestrian crossing where the braking 586 
phase ends (LVmin) is statistically significantly higher for the curb extensions condition (21.42 m) than 587 
that for the advanced yield markings (mean difference = 4.30 m; P= 0.029) and not significantly 588 
different than that for the baseline condition (mean difference = 3.39 m; P= 0.167) and for parking 589 
restrictions (mean difference = 2.66 m; P= 0.517). All of the other mean differences between the 590 
values of LVmin were not statistically significant (fig. 5d). The results also showed a main effect for the 591 
pedestrian conditions (F(1,586) = 14.672, P < 0.000). Pairwise comparison indicated that LVmin, when the 592 
pedestrian was present (21.21 m), was significantly higher than that when the pedestrian was absent 593 
(mean difference = 5.05 m; P<0.000).  594 
 595 
Average deceleration  596 
The results showed that the effect of the safety measures for the average deceleration rate (dm) was not 597 
statistically significant (F(3,586) = 1.540, P = 0.203); however, it should be noted that the average 598 
deceleration rates for the safety measures that improved the pedestrian visibility as curb extensions (-599 
1.92 m/s

2
) and parking restrictions (-2.18 m/s

2
) were less than that for the baseline condition (-2.23 600 

m/s
2
) and for advanced yield markings (-2.39 m/s

2
) (fig. 5e). As expected, a main effect was due to the 601 

pedestrian conditions (F(1,586) = 101.285, P<0.000). Pairwise comparison indicated that the average 602 
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deceleration rate when the pedestrian was present (-2.99 m/s
2
) was significantly higher than that when 603 

the pedestrian was absent (mean difference = 1.63 m/s
2
; P<0.000).  604 

 605 
 606 

Figure 5. Effects of the safety measures on the dependent variables of the driver’s speed 607 
behavior 608 

 609 
  610 

5.3 Outcomes of the questionnaire on countermeasures effectiveness  611 
 612 
The results of the questionnaire on the perceived effectiveness of the countermeasures are shown in 613 
figure 6. The first result indicated that 83% of the drivers (35 of 42) perceived an effect on their 614 
driving behavior when the curb extensions were present, 67% (28 of 42) when there were parking 615 
restrictions and 71% (30 of 42) when the treatment was the advanced yield markings. This finding 616 
means that for the curb extensions condition, the drivers were more influenced in their driving 617 
behavior. 618 
With respect to the drivers who perceived an effectiveness on their driving behavior, the second result 619 
indicated that for the curb extensions and parking restrictions, the main effectiveness was the better 620 
visibility of the pedestrian (16 of 35 and 14 of 28, respectively); for the advanced yield markings, the 621 
main effectiveness was the willingness to yield (12 of 30). For the curb extensions, the willingness to 622 
yield was also experienced by several drivers (14 of 35). For the three countermeasures, few drivers 623 
indicated that the perceived effectiveness was the speed reduction.  624 
The last result is related to the self-reported distance from the zebra crossing where the driver 625 
modified his speed. In the baseline condition, most drivers (25 of 42, 59%) selected the lowest 626 
distance interval (from 20 to 30 m), which means that they changed their speed when they were too 627 
close to the zebra crossing. For the curb extensions, most of the drivers (13 of 42 and 12 of 42, 628 
globally equal to 60%) selected the highest values of the distance from the zebra crossing (from 40 to 629 
50 m and from 50 to 60 m, respectively); this finding is consistent with the potential effectiveness of 630 
the countermeasure, which allows better visibility of the pedestrian. For parking restrictions, most of 631 
the drivers (19 of 42, 45%) selected the distance interval from 30 to 40 m. This outcome is also 632 
consistent with the aim of the countermeasure, that of clearing the line-of-sight to the pedestrian 633 
crossing, but the outcome was less than that observed for the curb extensions. For the advanced yield 634 
markings, most of the drivers (16 of 42, 38%) selected the distance interval of 30 to 40 m; this result 635 
can be attributed to the markings and the vertical signs that advise the drivers in advance about the 636 
presence of the pedestrian crossing. 637 
 638 
Figure 6 - Outcomes of the questionnaire on the effectiveness of the countermeasures: a) drivers 639 
affected by the countermeasures; b) type of perceived effectiveness; c) distance from the zebra 640 

crossing where the drivers modified their speed. 641 
 642 
6. DISCUSSION 643 
 644 
6.1 Yielding compliance 645 
 646 
As reported in table 1, the lowest value of the interactions where drivers did not yield (6, equal to 5% 647 
of 126 interactions) was reached when the curb extensions were present, while the highest value (17, 648 
equal to 13%) was obtained when the safety measure was the parking restrictions. The value for the 649 
advanced yield markings (8, equal to 6%) is slightly lower than that under the baseline condition (11, 650 
equal to 9%). Although these values are small for all of the countermeasures, a trend of the effects 651 
produced by the countermeasures on the yielding compliance was observed. 652 
The lowest number of interactions in which drivers did not yield to a pedestrian was recorded for curb 653 
extensions, and this result is likely because the driver can anticipate his maneuver because the 654 
visibility of the pedestrian is improved; this characteristic, combined with the narrowing of the lane, 655 
leads to a more correct driver behavior. This result supports the findings of Randal et. al (Randal et. 656 
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al., 2005), who found that the number of vehicles that pass before the pedestrian decreases after the 657 
installation of the treatment, due to the anticipated drivers’ yielding behavior.  658 
For advanced yield markings, the number of interactions where the driver did not yield was lower than 659 
that under the baseline condition; this result is consistent with the findings of Samuel et al. (Samuel et 660 
al, 2013), who found that the number of drivers who yielded to pedestrians increased after the 661 
installation of this countermeasure. For the parking restrictions, the highest value (12%) was recorded; 662 
this result was unexpected. The large number of drivers who did not yield to a pedestrian could be 663 
linked to the fact that this countermeasure improves the visibility of the pedestrian and, at the same 664 
time, allows the driver to perceive a wider lane, due to the absence of parked cars. This combination 665 
leads the driver to maintain the same speed until the pedestrian crossing; when the pedestrian is 666 
perceived, the driver is too close to the zebra crossing and cannot adopt a comfortable deceleration 667 
rate; therefore, he decides to not yield to the pedestrian. 668 
 669 
6.2 Mean speed profiles  670 
 671 
As expected, the analysis of the mean speed profiles revealed that the driver’s speed behavior is 672 
affected by the vehicle-pedestrian interaction conditions (.i.e., different groups of TTZ*arr values and 673 
therefore different drivers’ characteristics). In fact, for all the countermeasures, the mean speed 674 
profiles highlighted: 675 

 lower initial speed with the increase of the TTZ*arr  676 
 less abrupt speed reductions with the increase of TTZ*arr  677 

 678 
More specifically, for all of the countermeasures and for TTZ*arr<3s, the driver is approaching the 679 
pedestrian crossing with high speed values and adopts the most abrupt speed reductions. This behavior 680 
highlights a low “availability” of the driver to yield (or a certain driver’s aggressiveness). The driver 681 
would have the priority at the zebra crossing, and thus, he maintains the same speed until he is close to 682 
the pedestrian crossing; then, he is forced to brake to avoid hitting the pedestrian.  683 
This result is consistent with the findings of Varhelyi (Varhelyi, 1998), which were obtained for 684 
TTZarr values from 1 to 4 s. However, it should be noted that the shape of the mean speed profiles near 685 
the pedestrian crossing is not the same as in Varhleyi’s study, where the driver speed profile shows 686 
high speed values (approximately 50 Km/h), which highlights that the driver does not yield and passes 687 
before the pedestrian. This result is the outcome of the vehicle-pedestrian interaction where the 688 
pedestrian is affected by the driver’s behavior (the driver maintains a high speed) to give up crossing 689 
before the arrival of the driver. The mean speed profile plotted from the driving simulator data instead 690 
highlights an abrupt speed reduction (from approximately 50 Km/h to approximately 20 Km/h) near to 691 
the zebra crossing, which means that the driver has yielded to the pedestrian. This observation is 692 
because the pedestrian is set to start crossing regardless of the driver’s behavior. 693 
For 3<TTZ*arr<4s and 4<TTZ*arr<5s, the driver adopts lower speed and less abrupt speed reductions 694 
than those shown for TTZ*arr <3s. This behavior reveals that the driver realizes that he cannot pass 695 
before the pedestrian and starts to decelerate farther from the zebra crossing. This behavior is more 696 
accentuated for TTZ*arr>5s, where the driver adopts the lower speeds and the less abrupt speed 697 
reductions highlighting a careful behavior. Additionally, this result is fully consistent with the findings 698 
of Varhelyi (Varhelyi, 1998), which were obtained for TTZarr values that were higher than 4 s.  699 
 700 
It should be noted that these drivers’ behaviors are completely consistent with the “Threat Avoidance 701 
Model" developed by Fuller. In particular, the behavior observed for TTZ*arr<3s can be related to the 702 
“non-avoidance response”. The driver, in fact, maintains the same speed because he considers the 703 
pedestrian presence to be a “threat” but chooses a non-avoidance response, signaling to the pedestrian 704 
that he has no intention to yield. However, because the pedestrian assumes a competitive behavior 705 
(into the simulated scenario, the pedestrian starts to cross regardless of the driver’s behavior), the 706 
driver is forced to a delayed avoidance response (braking) or a collision occurs. 707 
The behavior observed for TTZ*arr>5s (and to a lesser extent, also that for 3<TTZ*arr<4s and 708 
4<TTZ*arr<5s) can be related, instead, to the case of “anticipatory avoidance response”. The driver 709 
considers the pedestrian presence to be a “threat” and he slows down; in this way, the pedestrian can 710 
pass before the arrival of the driver. 711 
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It is important to observe that these results highlight the reliability of the driving simulation, which 712 
returns drivers’ behaviors qualitatively similar to those recorded in the real world and fully consistent 713 
with the driver’s behavioral model while approaching the pedestrian crossings.  714 
 715 
Only slight differences were observed among the countermeasures for different values of TTZ*arr.. 716 
These differences were not observed in approach (i.e. far from zebra crossing) to the pedestrian 717 
crossing, but were revealed close to the pedestrian crossing (Vmin and LVmin were different among the 718 
countermeasures). This highlights that far from zebra crossing the driver’s speed behavior is affected 719 
only by the conditions of the vehicle-pedestrian interaction (i.e., by the different drivers’ 720 
characteristics) while close of the zebra crossing also the configuration of the pedestrian crossing 721 
seems to play a role. Close to the pedestrian crossing, however, the slight differences that were 722 
revealed from the analysis of the mean speed profiles did not highlight a clear trend that enables to 723 
express considerations on the induced effects by the several countermeasures. 724 
 725 
More evident differences between the countermeasures were observed for the pedestrian absence 726 
condition. For this condition, advanced yield markings and baseline condition have the same shape for 727 
the mean speed profile, due to having a similar effect on the drivers’ behavior. In fact, the driver 728 
cannot clearly see if the pedestrian is present at the zebra crossing, and thus, he reached the minimum 729 
speed value (approximately 35 km/h) close to the pedestrian crossing (at a point 15 m from the zebra 730 
crossing). For curb extensions and parking restrictions, the driver has better sight of the zebra crossing 731 
and can clearly see if the pedestrian is present or not, and thus, he reaches the minimum speed value 732 
(approximately 38 Km/h) farther from the zebra crossing (30 m). In other words, for these 733 
countermeasures, the driver does not need to slow down as much to ensure whether the pedestrian is 734 
present or not. Moreover, the speed value at the zebra crossing for the curb extensions (40 Km/h) is 735 
lower than that for the parking restrictions (43 Km/h). This relationship was expected because the curb 736 
extensions cause a narrowed cross-section and induce the driver to adopt a lower speed.  737 
 738 

6.3 Driver’s speed behavior  739 

 740 
Effects of the countermeasures 741 
Statistical analysis indicated that the driver’s initial speed value (Vi), identified at the moment when 742 
the driver starts to decrease his speed, was not statistically affected by the countermeasures. This result 743 
is consistent with the expected behavior of the driver: he is not affected by the safety measures with 744 
respect to his speed selection when he is far from the zebra crossing. The distance from the zebra 745 
crossing where Vi is located (LVi) was significantly higher for the curb extensions. This distance gives 746 
an indication of how clear the information perceived by the driver is. Higher values of this variable 747 
indicate that the driver anticipates the maneuver of adapting his speed at the pedestrian crossing. This 748 
result confirms the expected effectiveness of the curb extensions, which are aimed at improving the 749 
visibility of the zebra crossing. The minimum speed value (Vmin) was also significantly higher for the 750 
curb extensions. The consequence of an anticipated maneuver is that the driver does not need to reach 751 
a low speed value during the speed reduction phase because he starts to slow down when he is farther 752 
from the zebra crossing. This arrangement means that the driver is not forced to brake, and thus, to 753 
adopt an abrupt maneuver while approaching the zebra crossing. Additionally, the distance where Vmin 754 
is located (LVmin) was higher for the curb extensions (the difference was statically significant only with 755 
advanced yield markings). This outcome is consistent with previous results, and it highlights that 756 
when the driver can anticipate the maneuver, he ends the deceleration phase farther from the zebra 757 
crossing. 758 
Finally, the statistical analysis showed that the effect of countermeasures on the average deceleration 759 
rate (dm) was not statistically significant. However, the lowest value was recorded for curb extensions 760 
(-1.92 m/s

2
). Despite the fact that the differences in the average deceleration rates were not statistically 761 

significant, this outcome is also consistent with the results on the other variables and supports the 762 
expected effects on the driver’s speed behavior due to the improving of the visibility of crossing 763 
pedestrians caused by the curb extensions. 764 
 765 
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Effects of the pedestrian conditions 766 
Statistical analysis showed that the pedestrian conditions significantly affected all of the variables of 767 
the driver’s speed behavior. This result was expected. According to the “Threat Avoidance Model" 768 
(Fuller, 1984), the driver behaves in different ways depending on whether he perceives the 769 
discriminative stimulus (i.e., the presence of the pedestrian) or not.  770 
The initial speed (Vi) for the pedestrian absence case (51.59 Km/h) was significantly higher than the 771 
speed for the case of pedestrian presence (48.05 Km/h), which shows that the driver reaches a higher 772 
speed when he does not perceive interference with a pedestrian.  773 
For the distance from the zebra crossing where Vi is located (LVi), as expected, the lowest value was 774 
for the pedestrian absence case (44.45 m); under this condition, the driver delays the moment of his 775 
reaction because he does not perceive that there is an interaction with the pedestrian.  776 
The minimum speed (Vmin) also reaches a higher value for the pedestrian absence condition (28.35 777 
Km/h). As expected, when a pedestrian is absent, the driver does not have to slow down as much and 778 
reaches a higher speed value because he does not perceive that there is an interaction with a 779 
pedestrian.  780 
The distance from the zebra crossing where the minimum speed is located (LVmin) (similar to LVi) was 781 
lower for the pedestrian absence condition (16.16 m), which shows that the driver, when he does not 782 
perceive an interaction with a pedestrian, ends the deceleration phase at a point that is nearest to the 783 
zebra crossing. 784 
The average deceleration rates (dm) confirm how the driver reacts when he perceives an interaction 785 
with the pedestrian. When the pedestrian was present, the average deceleration reached the highest 786 
value (-2.99 m/s

2
). As expected, to yield or to avoid the conflict, the driver adopts a more abrupt 787 

maneuver than that of the pedestrian absence condition. For this last pedestrian condition, the driver 788 
does not experience a “threat”, and therefore, he performs a smoother maneuver. 789 
 790 
 791 
7. CONCLUSIONS  792 
 793 
The main aims of this driving simulator study were the following: 794 

1) to provide useful insights for a better comprehension of the drivers’ speed behavior while 795 
approaching the zebra crossings under different conditions of vehicle-pedestrian interaction 796 
and several countermeasures; 797 

2) to perform a comparative evaluation of the effectiveness of several countermeasures on the 798 
drivers’ speed behavior while approaching the zebra crossing. 799 

Two analyses were performed. The first analysis focused on the mean speed profiles. A further 800 
analysis was based on variables that were obtained from the speed profiles of drivers. 801 
 802 
The study provided several interesting findings.  803 
Concerning the driver yield compliance, a trend in the effects produced by the countermeasures was 804 
observed. The lowest number of interactions where the drivers did not yield (5%) was recorded for the 805 
curb extensions. This result could reasonably be due to having better visibility of the pedestrian, which 806 
was caused by this countermeasure.  807 

 808 
The analysis of the mean speed profiles revealed that the driver’s speed behavior was affected by the 809 
conditions of the vehicle-pedestrian interaction (different groups of TTZ*arr values and therefore 810 
different drivers’ characteristics). However, only slight differences between the countermeasures were 811 
observed for different TTZ*arr values; specifically, the main differences were observed for the 812 
pedestrian absence condition. Under this condition, for the countermeasures that improve visibility, 813 
such as curb extensions and parking restrictions, the minimum speed value was reached farther from 814 
the zebra crossing than that for the baseline condition and advanced yield markings, due to the 815 
possibility of advancing the maneuver.  816 

 817 
The drivers’ speed behaviors that were recorded for different groups of TTZ*arr were fully consistent 818 
with the findings of Varhelyi (Varhelyi, 1998) and with the “Threat Avoidance Model" developed by 819 
Fuller (Fuller, 1984), according to which the driver could adopt a “non– avoidance response”, warning 820 
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the pedestrian of his intention to not give way, or could adopt an “anticipatory avoidance response”, 821 
slowing down and giving way to the pedestrian. 822 

 823 
The analysis that was focused on the variables that were obtained from the speed profiles of the 824 
drivers identified that curb extensions was the countermeasure that induces the most appropriate 825 
driver’s speed behavior while approaching the zebra crossing. For this countermeasure, the higher 826 
(statistically significant) values for the following were obtained: the distance from the zebra crossing 827 
where the driver starts to decrease his speed (LVi); the distance from the pedestrian crossing where the 828 
braking phase ends (LVmin); and the minimum speed value (Vmin) reached during the deceleration. For 829 
this countermeasure, we also found the lowest value (statistically not significant) of the average 830 
deceleration rate (dm). Such results indicate that this countermeasure improves the visibility of the 831 
zebra crossing and effectively allows the driver to advance the maneuver to adapt his speed at the 832 
pedestrian crossing and, therefore, to perform a smoother maneuver. 833 
This result was also confirmed by outcomes of the questionnaire on countermeasures effectiveness. 834 
For curb extensions, in fact, over 80% of the drivers perceived effectiveness, which indicates that 835 
when this countermeasure was present, they were more willing to yield and that the visibility of the 836 
pedestrian crossing was better. Finally, the self-reported distance from the zebra crossing showed that 837 
the drivers started to change their speed farther from the zebra crossing when the curb extensions were 838 
present, which confirms the findings of the statistical analysis. 839 
These outcomes highlight that the pedestrian crossings should be provided with curb extensions, 840 
which are the most effective countermeasures to be used in order to improve the pedestrian safety at 841 
unsignalized pedestrian crossings. 842 
 843 
The present study was conducted using the advanced driving simulator of the Inter-University 844 
Research Centre for Road Safety (CRISS), which allowed for full control of the experimental 845 
condition and no risk to the participants. However, it should be recognized that one of the major 846 
concerns with the use of driving simulators is that the simulated drive can determine a driver behavior 847 
that is different from that in the real world. The CRISS driving simulator was previously validated as 848 
being a reliable tool for the study of drivers’ speed behaviors on two-lane rural roads (Bella, 2008). 849 
Such a result does not allow generalizations to be drawn because of concerns about the validation of 850 
the simulator for different experiments and road types (Bella, 2009). A rigorous validation study of the 851 
CRISS driving simulator that compares the driver performance at pedestrian crossings in the 852 
simulation with data from the real world under the same conditions has not yet been developed. 853 
However, considering the aim of the present study, only the relative validity (which refers to the 854 
correspondence between the effects of different variations in the driving situation) is required (Tornos, 855 
1998). Concerning this point, the obtained results on the drivers’ speed behaviors that were recorded 856 
for different groups of TTZ*arr  (these drivers’ behaviors were qualitatively similar to those recorded in 857 
the real world and fully consistent with the driver’s behavioral model while approaching the 858 
pedestrian crossings) confirm the reliability of the driving simulation. In addition, considering the 859 
reliability of the results on the drivers’ behavior at zebra crossings from previous driving simulator 860 
studies (Garay-Vega et al., 2007; Gomez et al., 2011; Fisher and Garay-Vega, 2012; Salamati et al., 861 
2012; Rogè et al, 2014) in which the driving simulators had the same characteristics as the CRISS 862 
driving simulator, it can be stated that there are sufficient guarantees for the validity of the method 863 
used.  864 
 865 
Further studies might examine combinations of treatments, such as curb extensions and advanced 866 
yield markings or parking restrictions and advanced yield markings. Such combinations of treatments 867 
remain inexpensive and easy to install and could determine additional effects on the driver’s behavior 868 
than those found for the single treatment.  869 
 870 
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 1075 
 1076 
 1077 

Counter 

measures 
N° of 

vehicle-

pedestrian 

interaction 

TTZ*arr N° 

interactions 

where 

drivers did 

not yield  

  Mea

n [s] 
max 

[s] 
min 

[s] 
TTZ*arr≤ 3 s 3<TTZ*arr ≤4s 4<TTZ*arr≤5s TTZ*arr >5s  

Baseline 

condition 
115 4.1 9.1 1.4 31 28 28 28 11 

Curb 

extensions  
120 4.6 10.7 1.2 13 43 26 38 6 

Parking 

restrictions  
109 4.2 9.0 1.1 24 29 22 34 17 

Advanced 

Yield 

Markings  

118 4.0 11.4 0.9 37 31 20 30 8 

 1078 
Table 1 - Actual vehicle-pedestrian interactions recorded at the driving simulator 1079 

 1080 
 1081 
  1082 
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 1083 
 1084 

 1085 
 theoretical vehicle-pedestrian interactions 

implemented in the driving simulator 

 

actual vehicle-pedestrian 

interactions 

TTZarr= 1s TTZarr = 2.5s TTZarr = 4s total number of 

interactions 

TTZ*arr <3 21 30 54 105 

3<TTZ*arr<4s 46 51 34 131 

4<TTZ*arr<5s 35 30 31 96 

TTZ*arr>5s 40 43 47 130 

 1086 
 1087 

Table 2 - Number of actual vehicle-pedestrian interactions that were obtained from the three 1088 
theoretical values of TTZarr. 1089 

 1090 
 1091 
 1092 
  1093 
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 1094 
 1095 
 1096 

 

Safety 

Measure 
Pedestrian 

Condition Vi [Km/h] LVi [m] Vmin [Km/h] LVmin [m] dm[m/s2] 

  Average SD Average SD Average SD Average SD Average SD 

Baseline 
condition 

Pedestrian 
absence 

49.94 12.83 39.48 18.73 26.83 14.02 15.38 12.71 -1.39 1.29 

Pedestrian 
presence 

46.61 11.87 50.82 18.13 11.41 6.04 20.34 13.05 -3.07 1.74 

Curb 
Extensions 

Pedestrian 
absence 

51.44 14.36 52.64 13.53 30.48 13.26 19.09 11.50 -1.19 0.93 

Pedestrian 

presence 
50.04 10.38 62.26 20.53 15.78 8.46 23.75 14.37 -2.64 1.43 

Parking 

Restrictions 
Pedestrian 

absence 
52.89 14.24 42.79 15.52 29.44 10.70 17.09 8.34 -1.30 1.41 

Pedestrian 
presence 

47.75 11.22 54.54 22.23 13.11 8.54 20.87 12.70 -3.06 2.04 

Advanced 

Yield 

Markings 

Pedestrian 

absence 
52.07 12.76 42.89 18.05 26.66 12.36 13.07 10.58 -1.57 1.19 

Pedestrian 

presence 
47.80 10.95 51.29 22.17 12.34 6.90 19.85 15.34 -3.21 1.75 

 1097 
Table 3 - Descriptive statistics 1098 
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