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ABSTRACT 42 

Passing maneuvers allow faster drivers to continue driving at their own desired speeds without being 43 

delayed behind an impeding vehicle. On two lane rural roads, this requires from the passing driver to occupy 44 

the opposing lane. This has tremendous implications on safety and operation of two-lane roads. In the 45 

literature, several studies investigated the passing behavior of drivers, and some have used driving 46 

simulators to analyze drivers’ behavior during following and passing maneuvers. However, the validity of 47 

simulators has not been ensured, as their results have rarely been compared with real data.  48 

The objective of this study is to compare drivers’ passing behavior as observed in the field with 49 

passing behavior in a driving simulator. This may improve both methods to validate the use of simulation 50 

instead of observations. For this purpose, data on passing performance and passing gap acceptance 51 

decisions is required. This paper carried out a comparative analysis of the most significant variables related 52 

to passing behavior. 53 

The results showed similarities between passing time and passing distance of completed maneuvers 54 

(during the occupation of the opposing lane). However, drivers passed faster in the driving simulator, 55 

keeping higher clearances. Gap acceptance decisions were also found to be similar, as the distributions of 56 

both accepted and rejected gaps were similar, although critical gaps were found to be lower in the driving 57 

simulator. This might be explained by the absence of objective risks. Consequently, the applicability of 58 

driving simulation seems reasonable, although some improvements are still possible, in order to account 59 

for sight distance limitations, replicate age and gender distributions, and  reproduce better the opposing 60 

traffic flow.  61 

  62 
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INTRODUCTION 63 

On two-lane rural roads, vehicles travelling at lower speeds cause delays to faster vehicles. Passing 64 

maneuvers allow faster drivers to travel at their own desired speeds minimizing these delays. However, it 65 

is necessary to occupy the opposing lane to pass a slower vehicle. As a result, an interaction with the 66 

opposing traffic has both operational and safety implications.  67 

Drivers make passing decisions based on their own behavior, experience, vehicle, as well as the road, traffic 68 

and environmental conditions. Traditionally, passing process has been divided into three consecutive stages 69 

(1): passing desire, passing decision (namely passing gap acceptance) and passing performance. The 70 

severity of accidents related to passing maneuvers is usually higher than in other maneuvers (2). To ensure 71 

road safety, roads are provided at certain locations with sufficient passing sight distance, which is the 72 

distance required to pass a slower vehicle when an opposing vehicle is approaching. The determination of 73 

the minimum passing sight distance as well as the characterization of passing gap acceptance has been 74 

widely explored. However, there is a high dispersion in design and marking standards (3), as well as within 75 

research studies (4).  76 

Some authors proposed theoretical models, which described the trajectories of the vehicles by 77 

equations. They assumed different hypotheses, such as uniform speed of the impeding vehicle (5–7), 78 

uniform acceleration of the passing vehicle (6, 7), or linear relationships between the acceleration rate and 79 

the speed of the passing vehicle (8). However, to ensure the validity of those assumptions it was required 80 

to collect data of passing maneuvers. Several studies focused on observing passing maneuvers on real roads. 81 

Some of them obtained video data from external, static positions, in order to extract the trajectories of the 82 

vehicles (9–11). Those authors calibrated passing sight distance models, by characterizing the opposing 83 

lane occupation time as well as the speeds of both impeding and passing vehicles. Additionally, static 84 

observations were used to describe the operational effects of passing zones (12, 13), as this method has no 85 

intervention of the researchers on traffic flow. Other researchers observed passing maneuvers from an 86 

instrumented vehicle that acted as impeding vehicle (14–16). The advantages of instrumented vehicle 87 

compared to conventional video data are the higher accuracy and better level of detail of the measurements, 88 

which included in certain cases even the age and gender of the following drivers.  89 

Generally, collecting data from the field is costly and time-consuming. The use of driving 90 

simulators has been proposed as an alternative to obtain detailed data of passing maneuvers. Driving 91 

simulators have several advantages, including the ability to control the intervening variables and as well to 92 

repeat the same exact scenario for several participants in the experiment and to collect personal information 93 

on drivers. Furthermore, the driving simulators provide very accurate trajectory data of all the relevant 94 

vehicles involved in the passing process (subject, lead and opposing). Some studies analyzed the impact of 95 

age, gender and delay on passing decisions and maneuvers (1, 17–20). Other studies focused on the effect 96 

of traffic conditions (21). However, the absence of real risk during the experiment and the limited realism 97 

of the scenarios might be a disadvantage. Driving simulators have been validated in other fields of highway 98 

engineering research, such as the use of driving behavior questionnaires (22), work zones (23) or headway 99 

choices (24). 100 

There is no previous comprehensive comparison between field observation of passing maneuvers 101 

and the use of driving simulators. Consequently, the validity and applicability of driving simulators cannot 102 

be ensured without such a comparison. This paper is motivated by the necessity of comparing both 103 

methodologies. The results can benefit and validate the use of driving simulator as a tool to obtain data of 104 
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drivers’ behavior on two-lane rural roads. Potential differences may suggest improvements on studies 105 

involving driving simulators.   106 

 107 

OBJECTIVES AND HYPOTHESES 108 

The main goal of this paper is to compare the observations of passing maneuvers from a field study with 109 

observations obtained from a driving simulator experiment. This may improve both methods and validate 110 

the use of simulation instead of observations. More specifically, the following objectives were determined:  111 

 Characterize both studies in terms of the road and traffic characteristics and as well the participating 112 

drivers (field study and driving simulator experiment), in order to determine uniform conditions for 113 

the comparison.   114 

 Compare drivers’ performance in passing maneuvers (such as: passing time, distance travelled and 115 

speeds).  116 

 Compare gap acceptance (accepted and rejected gaps in the opposing flow) 117 

The underlying hypotheses is that driving simulator experiment would result in a lower critical gaps 118 

and more risky passing maneuvers, because of the absence of real risks. Besides, the limited screen 119 

resolution may make the detection of opposing vehicles more difficult contributing to a more risky 120 

behavior.  121 

 122 

METHOD 123 

The research methodology is based on the comparison of the most significant variables characterizing 124 

passing process, starting from the following process (such as: gap acceptance) to the completion of passing 125 

maneuvers (such as: passing time and distance, time-to-collision). Those variables were obtained from a 126 

field study in Spain, as well as from a driving simulator study in Israel. Firstly, each data collection 127 

methodology, scenarios and sites are described. Then, a comparison between passing maneuvers and 128 

between passing gap acceptance decisions is presented.  129 

Field study 130 

A field study obtained data from up to 781 maneuvers using two methodologies on 10 two-lane road 131 

segments. Both methods consisted of video recording of passing maneuvers without the intervention of 132 

observers (10, 15). Following is a detailed explanation of each method. 133 

Field study layout 134 

The first methodology (named static) (10) consisted of recording videos from external fixed positioned 135 

cameras on 24 passing zones in 8 road segments. The mobile traffic laboratory of the Universitat Politècnica 136 

de València (Spain) was parked next to the two-lane highway. This equipment is composed of six digital 137 

video cameras installed on the top of an elevator platform of 11 meters height.  138 

The second methodology (named dynamic) (15) used two instrumented vehicles (a passenger car 139 

and a truck). The objective was for other vehicles to pass the instrumented vehicles, collecting data of these 140 

maneuvers and the entire following process. The vehicle was driven along 6 road segments. In 4 of the 141 

segments, the static method was also applied, in order to compare passing maneuvers, to ensure that the 142 



Llorca and Farah, 2016 

5 

dynamic method did not affect driver’s behavior. The result of the comparison showed no differences 143 

between both the two methods with respect to passing times (4)  FIGURE 1 summarizes the data collection.  144 

 145 

FIGURE 1 Field study layout: (a) static data collection; (b) dynamic data collection. 146 

Site selection 147 

The data was collected on 10 two-lane road segments (on 8 of them using the static method, and on 6 of 148 

them, the dynamic), in a variety of traffic and geometric design characteristics. Design speeds ranged 149 

between 70 and 120 km/h, and the roads were located on level and rolling terrain, being the longitudinal 150 

grade under 3%. Generally, lane width was equal to 3.5 m and shoulder width equal to 1.5 m. The Average 151 

Annual Daily Traffic (AADT) on the observed segments was between 4,517 and 15,342 veh/day.  152 

A total of 20 passing zones with a length ranging between 99 and 1,855 meters were observed using the 153 

static method. The number of observed passing zones increased to 92 by using the instrumented vehicle.    154 

Data collection and processing 155 

During the static method data collection, a wireless network facilitated adjusting the zooming and focusing 156 

of the video cameras, in order to collect video images of the entire passing zone with uniform quality. This 157 

method provided data of passing times, passing and impeding vehicles’ speeds and free flow speeds.  158 

The instrumented vehicle (dynamic method) was equipped with four Video VBOX cameras, 159 

covering rear, left side and front of the vehicle. Two LTI S200 laser rangefinders measured distance gaps 160 

between the instrumented car and other vehicles behind and in front of it. Measuring systems are very small 161 
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and are installed inside the car (cameras and recording units) or in front and rear bumpers (rangefinders). 162 

Following drivers did not perform unexpected maneuvers, like following without passing or with longer 163 

headways. A 10 Hz GPS tracker connected to the Video VBOX unit provided the position and speed of the 164 

instrumented vehicle. The speed of the instrumented vehicle was selected according to the observations of 165 

the static methodology, which had been previously carried out. The dynamic method provided very accurate 166 

information of the gap acceptance. A total of 848 gaps were registered, observing a sample of 282 drivers, 167 

characterized by their age and gender.  168 

Combining data from the static and the dynamic methodologies resulted in a total of 781 completed 169 

passing maneuvers.  170 

Driving simulator experiment 171 

Experiment Design 172 

Data of passing maneuvers were extracted from a driving simulator experiment conducted in a previous 173 

study (1). In this study the STISIM driving simulator, which is a low-cost fixed-base, interactive driving 174 

simulator with a 60° horizontal and 40° vertical display was used. The driving scene was projected onto a 175 

wall 3.5 m ahead of the driver. The image was continually updated at a rate of 30 frames per second. The 176 

driving scenario consisted mainly of two-lane highway segment of a total length of 7.5 km, with no 177 

intersections, and designed on a level terrain. The traffic and geometric design of the road were varied in 178 

order to be able to assess their impact on drivers’ passing decisions and behaviors. Good weather and 179 

daytime conditions (good visibility) were assumed.  180 

In total 16 different scenarios were created following a design that included 4 main factors in two 181 

levels as detailed in TABLE 1. The selection of these factors was based on their significant impact on 182 

passing performance found in the literature. Further details on the experiment and the experimental design 183 

can be found in Farah and Toledo, 2010 (1). 184 
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TABLE 1 Factors Included in the Experimental Design 185 

Factor 
Level 

High Low 

Geometric design 
Lane width: 3.75 m, Shoulder width: 2.25 m 

Curve radius: 1500-2500 m Curve radius: 300-400 m 

Passing gaps in the 

opposite lane 

Drawn from truncated negative exponential distributions 

Mean: 10.3 s 

Min: 5.0 s, Max: 25.0 s 

Mean: 18.0 s 

Min: 9.0 s., Max: 31.0 s 

Speed of lead vehicles 

Drawn from uniform distributions 

67% between 80 and 120 km/h  

33% between 40 and 80 km/h 

33% between 80 and 120 km/h 

67% between 40 and 80 km/h 

Speed of opposing 

vehicles 

Drawn from uniform distributions 

67% between 80 and 120 km/h 

33% between 40 and 80 km/h 

33% between 80 and 120 km/h 

67% between 40 and 80 km/h 

In addition to these factors, the type of the front and opposing vehicles (truck or passenger cars) 186 

were considered. The type of the vehicles were randomly set in each scenario so that each participating 187 

driver encountered both types of vehicles. 188 

Participants 189 

An advertisement on the driving simulator experiment was published at the Technion campus university in 190 

Israel. Candidates who expressed their interest in participating had to fulfill the following two main criteria: 191 

First, interested drivers had to have a driving license for at least 5 years (i.e. already established their driving 192 

style); and secondly, drivers drive on a regular basis. The participation in the experiment was on a voluntary 193 

basis. The recruitment process resulted in 100 drivers (69 males, 31 females) with an age ranging between 194 

22 and 70 years old.  195 

Each driver completed 4 scenarios out of the total 16 created scenarios (24=16). The partial 196 

confounding method (25) was used to allocate 4 scenarios for each driver as described in Farah and Toledo 197 

(1). Drivers were instructed to drive as they would normally do in real world and completed a familiarization 198 

scenario (~10 min) to get used to the simulator. No instructions were given regarding their driving speed, 199 

distance from other vehicles, or passing other vehicles. 200 

Data Collection and Processing 201 

The main goal of this study was to understand drivers’ decisions to accept or reject passing gaps, under 202 

different conditions of traffic and road design. To answer these questions detailed trajectory data of the 203 

relevant vehicles and drivers’ demographic characteristics were collected. The trajectory data included 204 

speeds, positions, and acceleration of the subject vehicle and all other vehicles at a resolution of 0.1 s. Using 205 

this raw data several other variables of interest, such as relative speeds and distances between vehicles, 206 

passing and following gaps were calculated.  207 

Available passing gaps were defined as the time gaps between two consecutive vehicles in the 208 

opposing lane measured at the time the subject vehicle passes the lead vehicle in the opposing lane. A total 209 

of 6,654 gaps were observed, being 487 passing maneuvers completed.  210 
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Study variables 211 

Both methods provided data on following, accepted and rejected gaps, and passing maneuvers. The analysis 212 

only focused on the following maneuvers that ended with a passing maneuver. This included as well all the 213 

rejected gaps from the moment the subject vehicle starts tracking the impeding vehicle and until the moment 214 

it accepts a gap and start performing the passing maneuver.  215 

In general, the vehicles that are involved in a passing maneuver are: 216 

 Following vehicle: in the field study is the vehicle following the instrumented vehicle, and in the 217 

driving simulator is the vehicle driven by the participant. In both cases, the driver of the following 218 

vehicle takes the passing gap acceptance decisions. If that decision is positive, the subject vehicle 219 

is also called the passing vehicle.  220 

 Leader vehicle: is the vehicle located in front of the following vehicle, which was the instrumented 221 

vehicle when using the dynamic method in the field study. If a passing maneuver is performed, the 222 

leader vehicle is also called the impeding vehicle.  223 

 Opposing vehicles: are vehicles travelling in the opposite direction on the left lane during the 224 

passing maneuver.   225 

The analysis of the passing performance (successfully completed maneuvers): covered the 226 

characterization of the following variables summarized in TABLE 2, for both passenger cars and trucks as 227 

impeding vehicles.  228 

TABLE 2 Variables Characterizing the Passing Performance 229 

Variable Symbol Units 

Type of impeding vehicle: passenger car or truck. - - 

Passing time t13 s 

Passing distance d13 m 

Average speed of impeding vehicle during the passing time Vi km/h 

Average speed of passing vehicle during passing time Vp km/h 

Speed difference dV=Vp-Vi km/h 

Clearance between impeding and passing vehicle before passing h1 m 

Clearance between impeding and passing vehicle after passing h3 m 

Speed difference at start dV1 km/h 

Time until crossing with next opposing vehicle, or safety margin t34 s 

  230 

 231 

The analysis of gap acceptance: focused on the characterization of the accepted and rejected passing 232 

gaps (passing opportunities). This analysis considered only passenger cars (for both the leader and the 233 

following vehicle). The following variables were considered: 234 

 Passing gap (in seconds): time interval between crossing time with two consecutive opposing 235 

vehicles from the following (subject) vehicle point of view.  236 
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 Acceptance: accepted or rejected gap, respectively.  237 

 Visibility of opposing vehicles: in the simulator, the opposing traffic is always visible, because 238 

there is unlimited sight distance and long gaps were discarded by the truncated negative exponential 239 

gap distribution. In the field data, there were both sight distance-limited cases (opposing vehicles 240 

were not seen) and opposing vehicle-limited cases (opposing vehicles were seen). The analysis was 241 

limited to only opposing-vehicle limited cases to make the two databases valid for comparison.   242 

 Age (in years) and gender of the following driver: Using the dynamic method of the field study the 243 

co-driver estimated the age and gender of the following driver (using 5-years interval for the age). 244 

These data were included in the questionnaire in the case of the driving simulator.   245 

 Waiting time since the following process started (in seconds): is the time spent following for each 246 

individual following vehicle and passing process. 247 

 Leader vehicle speed (in km/h). 248 

  249 

Results 250 

This section presents first a summary of the data collected from the field and data collected in the driving 251 

simulator. This is followed by a comparison of the participating drivers in both studies in terms of their age 252 

and gender. Then a detailed analysis of the passing performance and gap-acceptance decisions is made 253 

while comparing the results from both data collection methods.  254 

TABLE 3 summarizes all the collected data, from the field study and the driving simulator study. 255 

The number of observations could be different for each variable, because of the use of different 256 

methodologies (i.e., age and gender could be observed only with the instrumented vehicle and not from the 257 

static method).  258 
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TABLE 3 Summary of the Field Study and Driving Simulator Databases 259 

Analysis Sample 
Impeding 

vehicle 
Variable n 

mean/ 

mode 
sd min max 

Participants  

Field data 

Both types 

Age (years) 282 41 11 20 70 

Gender (1=male) 282 na na na na 

Simulator 
Age (years) 100 33 10  21 70 

Gender (1=male) 100 na na na na 

Passing 

performance 

Field data  

Passenger car 

Passing time t13 (s) 538 7.2 2.1 2.4 16.5 

Safety margin t34 (s) 291 9.4 7.8 0.5 40.0 

Impeding speed Vi (km/h) 349 66.7 9.7 44.4 112.0 

Speed difference dV (km/h) 347 20.6 8.9 na 74.3 

Passing distance d13 (m) 346 171.5 49.9 79.1 459.0 

Clearance at start h1 (m) 296 9.8 7.3 2.3 70.1 

Clearance at end h3 (m) 296 23.7 9.5 na 71.9 

S. dif. at start dV1 (km/h) 164 5.7 4.7 0.1 34.3 

Truck 

Passing time t13 (s) 243 9.4 2.8 3.6 20.3 

Safety margin t34 (s) 131 7.6 5.6 -0.4 35.9 

Impeding speed Vi (km/h) 85 65.7 11.6 30.0 85.0 

Speed difference dV (km/h) 76 24.3 8.4 10.9 59.3 

Passing distance d13 (m) 76 224.5 61.0 80.4 351.0 

Clearance at start h1 (m) 40 9.8 3.6 3.6 18.7 

Clearance at end h3 (m) 20 30.0 18.6 5.1 84.8 

S. dif. at start dV1 (km/h) na na na na na 

Simulator 

Passenger car 

Passing time t13 (s) 403 6.7 2.0 2.1 14.3 

Safety margin t34 (s) 403 3.4 3.7 0.0 20.7 

Impeding speed Vi (km/h) 403 61.4 16.1 42.8 103.0 

Speed difference dV (km/h) 403 33.3 16.6 7.9 118.8 

Passing distance d13 (m) 403 172.8 54.5 69.0 388.4 

Clearance at start h1 (m) 403 14.3 11.8 1.1 93.0 

Clearance at end h3 (m) 403 36.5 21.9 2.0 138.0 

S. dif. at start dV1 (km/h) 403 19.2 19.5 -2.1 116.0 

Truck 

Passing time t13 (s) 84 7.3 1.6 4.7 11.0 

Safety margin t34 (s) 84 4.0 3.8 0.1 17.8 

Impeding speed Vi (km/h) 84 60.7 14.9 42.8 95.0 

Speed difference dV (km/h) 84 28.1 7.8 13.4 49.7 

Passing distance d13 (m) 84 177.8 42.0 88.2 297.7 

Clearance at start h1 (m) 84 13.6 8.4 4.3 50.0 

Clearance at end h3 (m) 84 34.2 16.0 4.5 76.1 

S. dif. at start dV1 (km/h) 84 12.7 8.8 0.1 48.2 

Gap 

acceptance 

Field data Passenger car 

Passing gap (s) 848 6.1 5.1 0.8 28.2 

Leader vehicle speed 

(km/h) 848 63.7 7.6 44.4 96 

Waiting time (s) 848 62.4 61.3 0 307.6 

Simulator Passenger car 

Passing gap (s) 6563 6.9 5.6 0.7 31.0 

Leader vehicle speed 

(km/h) 
6563 71.7 19.9 26.9 146.0 

Waiting time (s) 6563  81.5 80.4 0.0 488.4 

 260 
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Participants 261 

In both studies, drivers from different age groups and both genders participated. FIGURE 2 presents a 262 

comparison of the age and gender of the participants in the field study and the driving simulator study.  263 

  

FIGURE 2 Age and gender distribution in the field study compared to the driving simulator study. 264 

FIGURE 2 shows that the population of participants in the driving simulator study is significantly 265 

younger compared to the field study (K-S test: D=0.5040; P-value<0.0001). This is mainly because the 266 

driving simulator experiment took place in a university. Consequently, the age of the drivers was 267 

significantly lower (on average 33 years, against 41 in the field data). Still, the age range in both studies is 268 

similar. The gender distribution was also different, being 31% and 21% female in the driving simulator and 269 

in the field data, respectively. A Chi-square test showed that there is no significant differences in the 270 

distribution of gender between the field and the driving simulator studies (𝜒2(1) = 2.60, p = 0.11). 271 

Passing performance 272 

This sub-section of the results deals with the comparison of passing maneuver dynamics in both studies. 273 

The cumulative frequency distributions resulting from the two databases are presented in FIGURE 274 

3. To test whether the two samples are drawn from the same distribution, a two-sample Kolmogorov-275 

Smirnov test was conducted. In Kolmogorov-Smirnov test the null hypothesis is of no difference between 276 

the empirical cumulative distribution functions of the two samples. This null hypothesis is rejected when 277 

the p-value is below 0.05 at the 95% confidence level. 278 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 20 40 60 80

Fr
eq

u
en

cy

Age (years)

Field
Simulator

58, 
21%

224, 
79%

Field

female male

31, 
31%

69, 69%

Simulator

female male



Llorca and Farah, 2016 

12 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

FIGURE 3 Comparison of passing performance related variables. 279 

FIGURE 3(a) compares the passing time t13 for both passenger car and truck impeding vehicle 280 

types. For passenger cars, the passing time was slightly but significantly higher in the case of field data 281 

(D=0.1405; p-value=0.0002). However, the difference in passing time was much stronger in the case of 282 

trucks (D=0.3943; p-value<0.0001).  283 

FIGURE 3(b), shows that the speeds of the impeding vehicle Vi differ in both studies. In the driving 284 

simulator study there was significantly a higher proportion of impeding vehicles (cars and trucks) travelling 285 

at lower speeds compared to the field study. The K-S test results showed that this difference is significant 286 

for cars (D=0.3743; p-value<0.0001) as well as for trucks (D=0.2868; p-value=0.0019). The relatively high 287 
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speeds of trucks in the driving simulator study stems from the fact that the type of the impeding vehicle 288 

(car or truck) was set randomly by the simulator software. As a result it was not possible to assign in advance 289 

systematically lower speeds for trucks in the simulator scenarios which resulted in a similar distribution as 290 

that for the passenger car as shown in FIGURE 3(b). 291 

The average speed difference dV between the passing and impeding vehicles presented in FIGURE 292 

3(c) shows significant differences in the distributions. This difference is significantly higher in the case of 293 

passenger cars (D=0.4784; p-value<0.0001) where the average speed difference in the driving simulator is 294 

higher compared to the field study. For the case of trucks, the difference is smaller but still significant 295 

(D=0.2807; p-value=0.0019).  296 

The distance travelled on the opposing lane d13 was very similar in both studies, when the impeding 297 

vehicle was a passenger car (D=0.0787; P-value=0.1992), but significantly different when the impeding 298 

vehicle was a truck (D=0.4424; P-value<0.0001), with longer passing distances in the field, as observed in 299 

FIGURE 3(d).  300 

In general, both clearances h1 and h3, were significantly higher (not plotted) in the case of driving 301 

simulator for passenger cars (h1 was on average 4.5 m higher; D=0.2177; P-value<0.0001 and h3 was on 302 

average 12.8 m higher; D=0.3572; P-value<0.0001). For trucks h1 was higher too (D=0.3155; P-303 

value=0.0091), but not for h3 (D=0.2429; P-value=0.2518). Besides, in the case of passenger cars, drivers 304 

had significantly higher speed difference at the start of passing maneuvers (not plotted) in the field 305 

compared to the driving simulator (D=0.4969; P-value<0.0001).  306 

Lastly, FIGURES 3(e) and 3(f) show the differences in the safety margin, or time until crossing 307 

with the next opposing vehicle t34. This variable has been divided into forced maneuvers (under 10 s, in 308 

FIGURE 3(e)) and not forced maneuvers (over 10 s, in FIGURE 3(f)). These figures show that there are 309 

significant differences for the forced maneuvers group (K-S test result in D=5161; p-value < 0.0001 and 310 

D=0.4311; p-value<0.0001, for passenger cars and trucks, respectively). On the contrary, there are no 311 

significant differences for the not forced maneuvers group (D=0.1709; p-value=0.5913 and D=0.1932, p-312 

value=0.9809).  313 

Gap acceptance 314 

The second sub-section of the results compares the main variables related to gap acceptance. As gap 315 

acceptance involves several decisions during the following time, the field study data was obtained only by 316 

using the instrumented vehicle methodology. 317 

FIGURE 4(a) plots the gaps distributions for the whole sample of both studies. The gaps were 318 

slightly but significantly lower in the case of field study (K-S test: D=0.1306; p-value<0.0001). For this 319 

comparison, only opposing vehicle limited decisions (in the field study) have been considered. It means 320 

that gaps higher than those limited by the available sight distance were not accounted in this paper, this is 321 

in order to establish uniform conditions for the comparison between the field study results with the driving 322 

simulator results, where an opposing vehicle always limited the gaps. Besides, gaps beyond the truncation 323 

values proposed in TABLE 1, for the driving simulator, have been discarded also in the field data, ensuring 324 

a uniform comparison.  325 
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  326 
1.                                                                               (b) 327 

 328 
      (c)                                                                                 (d) 329 

FIGURE 4 Gap distribution (expressed as TTC in s) (together accepted and rejected). 330 
 331 

As seen in FIGURE 4(b), the range of leader vehicle speeds (for both accepted and rejected gaps) 332 

was significantly narrower and lower (D=0.4398; p-value<0.0001) in the field study because it was 333 

controlled by the researchers during the instrumented vehicle data collection, which represented the entire 334 

sample in the passing gap acceptance sub-section. The average values were 71 km/h and 63 km/h with 335 

standard deviations of 19.9 km/h and 7.6 km/h, in the driving simulator and field study, respectively.  336 

The comparison in the speeds of the opposing vehicles, is shown in FIGURE 4(c). The K-S test 337 

results showed that the two distributions of the opposing speed from the field test and the driving simulator 338 

test significantly differ (D=0.4249; p-value<0.0001). In the case of the field study, this speed was assumed 339 

equal to the design speed values of the selected roads, because the actual speed could not be measured. In 340 

the case of the driving simulator the speed was randomly set from a truncated uniform distribution as shown 341 

in TABLE 1.   342 

FIGURE 4(d) shows the distribution of waiting times. As can be seen, following processes were 343 

significantly (but slightly) longer during the simulator experiment (D=0.1045; p-value<0.0001).  344 

Lastly, the distribution of the accepted and rejected passing gaps were plotted separately. As seen 345 

in FIGURE 5, the distributions of gaps are quite similar.  346 
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 347 
FIGURE 5 Accepted and rejected gap distributions. 348 

 349 

Differences between accepted and rejected gaps were analyzed by using the K-S statistical test. The 350 

results showed significant statistical differences for the rejected gaps at the 95% confidence level  351 

(D=0.1637; p-value <0.0001). Accepted gaps distributions were not found to be significantly different 352 

(D=0.1584, p-value=0.0798), although lower accepted gaps were overrepresented in the case of the driving 353 

simulator. Consequently, the intersection of accepted and rejected gap distributions provided a lower critical 354 

gap for the driving simulator, which agreed with lower safety margin, as shown in FIGURE 3(e).  355 

 356 

DISCUSSION & CONCLUSION 357 

This paper has carried out a comprehensive comparison between two databases of passing maneuvers, the 358 

first one obtained from a field study and the second one, using a driving simulator. The aim of this 359 

comparison was to validate and contribute to improvement of the use of driving simulators for behavioral 360 

studies.  361 

The data obtained from both these studies provided the same variables characterizing passing 362 

maneuvers and gap acceptance decisions. Definitions of the main factors and outputs were verified, 363 

ensuring the comparison between uniform variables.  364 

With respect to the road characteristics of the simulated and observed scenarios, similar design 365 

speeds, traffic volumes and presence of curves were identified. However, one of the limitations of the 366 

driving simulator was the provision of unlimited sight distance. This did not match accurately the real 367 

conditions, where the visibility of opposing vehicles is not always possible, because of the presence of sight 368 

distance obstacles. The comparison was uniform though, after discarding the sight distance-limited 369 

maneuvers observed in the field study.  370 

The analysis of the completed passing maneuvers focused on the opposing lane path. Both time 371 

and distance of opposing lane occupation were similar in the simulated and in the real conditions (for the 372 

case of passenger cars, mean times were 7.2 s and 6.7 s, and mean distances 171.5 m and 172.8 m in the 373 

field data and simulator studies, respectively). However, the values of the relative speeds and clearances 374 

between the passing and passed vehicles before and after the maneuver were quite different. This suggested 375 

that drivers passed faster (speed difference was on average 12.7 km/h higher) but kept higher clearances 376 
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(on average 4.5 m higher at the beginning and 12.8 m higher at the end of the maneuver) in the driving 377 

simulator experiment.  378 

The safety margin that drivers accepted in forced maneuvers (time until the opposing vehicle under 379 

10 s) in the simulator was generally lower. In the driving simulator, drivers may not feel so forced to return 380 

to their own lane in case an opposing vehicle approaches because of the absence of real risk and real human 381 

behavior in the opposing vehicle (26, 27). These differences in the safety margin were not observed for the 382 

not-forced maneuvers, because the interaction with opposing traffic is less significant. 383 

The analysis of gap acceptance decisions was based on the measurements of gaps in the opposing 384 

traffic flow. The gap acceptance decisions were only compared within the ranges that existed in both 385 

experiments, truncating also the gaps from the field experiment at the same values indicated in TABLE 1 386 

for the driving simulator experiment. Only some differences were found in the accepted gap distribution, 387 

where the presence of low, accepted gaps was more frequent in the simulator (confirming the hypothesis of 388 

riskier behavior in the simulator, by having a low critical gap and a low safety margin).  389 

The results of the comparison of both studies, and the differences found, lead to the following 390 

recommendations and suggestions to improve the use of driving simulators in future studies on passing 391 

behavior:  392 

 The selection of participants should replicate the real characteristics of drivers’ population, as in 393 

the case of the presented study.   394 

 The designed driving simulator scenarios to study passing maneuvers should include sight distance 395 

limitations along the road, since the effect of the visibility of opposing vehicles has been previously 396 

demonstrated (28).  397 

 The generation of gaps in the opposing flow, which included truncation of very small and very 398 

large gaps (since these are not of interest and the experiment time is limited), might have affected 399 

drivers’ gap-acceptance decisions, and its analysis. For example, drivers might decrease their 400 

critical gaps when they are faced with very short gaps of vehicles driving in platoon.     401 

 Similarly, to trigger drivers to pass in the driving simulator the speeds of the impeding vehicles 402 

were set to be relatively low. As a result, in the driving simulator there was higher frequency of 403 

speeds below 60 km/h, which in reality they are less frequent. In general, more realistic results 404 

would be achieved by using the real distributions of speeds.  405 

 Driving speeds assigned to trucks in the driving simulator should represent the range of speeds in 406 

reality.  407 

 Finally, to control for the higher risk taking levels in the driving simulator, a reward-penalty scheme 408 

can be used to encourage real-world driving. These strategies should be further investigated.  409 

The field study was carried out in Spain, while the driving simulator experiment took place in Israel. 410 

Consequently, drivers’ behavior may be different due to their cultural and social characteristics, and not 411 

only because of the different experiment settings. Additionally, the age and gender of participants were not 412 

distributed according to the same pattern in both experiments. The participants of the driving simulator 413 

experiment were younger, in comparison with the field data. The presence of more young drivers among 414 

the population could also be related with smaller critical gaps, or with higher passing speeds.  However, the 415 

comparison is supported by similarities between the Spanish and Israeli road safety enforcement, speed 416 
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limits, seat belt usage, and alcohol limits (29). In addition, road safety figures affecting fatalities per 417 

inhabitant (30) and its reduction in recent years (29) are similar. Drivers’ age distribution and its evolution 418 

(31), as well as vulnerable road users’ behavior (32) were as well found to be similar both countries. 419 

To conclude, the driving simulator provided a reasonable representation of the real behavior of 420 

passing drivers, although it might be necessary to improve some aspects regarding road and traffic 421 

generation for the experiments. Future studies, should conduct such comparison within the same driving 422 

culture. 423 

The importance of this validation relies on the potential applications of driving simulator, in 424 

comparison with the more traditional observation of passing maneuvers. The use of driving simulators may 425 

contribute to a deeper understanding of drivers’ behavior, as their personal characteristics can be 426 

interviewed, in contrast with naturalistic field studies. Moreover, driving simulators allow the study of the 427 

response of drivers to changes in the infrastructure or traffic, such as the improvement of available sight 428 

distance, changes on marking or signing, or an increasing of traffic volume. This can easily be researched 429 

using simulation, without the necessity of collecting field data after the implementation of measures.  430 
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ACKNOWLEDGEMENTS 432 

The field study presented in the paper was part of the research projects TRA2010-21736 and TRA2013-433 

42578-P, subsidized by the Spanish Ministry of Economy and Competitiveness.  434 

 435 

REFERENCES 436 

 437 

1.   Farah, H., and T. Toledo. Passing behavior on two-lane highways. Transportation Research Part 438 

F: Traffic Psychology and Behaviour, Vol. 13, No. 6, Nov. 2010, pp. 355–364. 439 

 440 

2.   Molinero, A., E. Carter, C. Naing, M. Simon, and T. Hermintte. Accident causation and pre-441 

accidental driving situations. Part 1. Overview and general statistics, TRACE - Traffic Accident 442 

Causation in Europe Report. 2008. 443 

 444 

3.   Harwood, D. W., D. B. Fambro, B. Fishburn, A. Joubert, R. Lamm, and B. Psarianos. International 445 

Sight Distance Design Practices. In Transportation Research Circular E-003. 446 

 447 

4.   Llorca, C., A. T. Moreno, T. Sayed, and A. Garcia. Risk Evaluation of Passing Sight Distance 448 

Standards Based on Observational Data. Presented at the 93rd Transportation Research Board 449 

Annual Meeting, Washington DC (US), 2014. 450 

 451 

5.   American Association of State Highway and Transportation Official. A Policy on Geometric Design 452 

of Highways and Streets, 6th Edition. 2011. 453 

 454 

6.   Glennon, J. C. New and improved model of passing sight distance on two-lane highways. 455 

Transportation Research Record: Journal of the Transportation Research Board, No. 1195, 1988, 456 

pp. 132–137. 457 



Llorca and Farah, 2016 

18 

 458 

7.   Hassan, Y., S. M. Easa, and A. O. A. El Halim. Passing sight distance on two-lane highways: 459 

Review and revision. Transportation Research Part A: Policy and Practice, Vol. 30, No. 6, Nov. 460 

1996, pp. 453–467. 461 

 462 

8.   Saito, M. Evaluation of the MUTCD Minimum Passing Sight Distance Requirement for Aborting 463 

the Passing Maneuvers. ITE Journal, Vol. 54, No. 1, 1984, pp. 18–22. 464 

 465 

9.   Polus, A., M. Livneh, and B. Frischer. Evaluation of the Passing Process on Two-Lane Rural 466 

Highways. Transportation Research Record: Journal of the Transportation Research Board, Vol. 467 

1701, 2000, pp. 53–60. 468 

 469 

10.   Llorca, C., and A. García. Evaluation of Passing Process on Two-Lane Rural Highways in Spain 470 

with New Methodology Based on Video Data. Transportation Research Record: Journal of the 471 

Transportation Research Board, Vol. 2262, No. -1, Dec. 2011, pp. 42–51. 472 

 473 

11.   Harwood, D. W., D. K. Gilmore, and K. R. Richard. Passing Sight Distance Criteria for Roadway 474 

Design and Marking. Transportation Research Record: Journal of the Transportation Research 475 

Board, Vol. 2195, 2010, pp. 36–46. 476 

 477 

12.   Moreno, A. T., C. Llorca, A. Garcia, and A. M. Perez. Operational Effectiveness of Passing Zones 478 

Depending on Length and Traffic Volume. Transportation Research Record: Journal of the 479 

Transportation Research Board, Vol. 2395, 2013, pp. 57–65. 480 

 481 

13.   Moreno, A. T., C. Llorca, T. Sayed, and A. García. Field Evaluation of Traffic Performance 482 

Measures for Two-Lane Highways in Spain. Presented at the 93rd Transportation Research Board 483 

Annual Meeting, Washington DC (US), 2014. 484 

 485 

14.   Carlson, P., J. Miles, and P. Johnson. Daytime High-Speed Passing Maneuvers Observed on Rural 486 

Two-Lane, Two-Way Highway: Findings and Implications. Transportation Research Record, Vol. 487 

1961, No. 1, Jan. 2006, pp. 9–15. 488 

 489 

15.   Llorca, C., A. García, A. T. Moreno, and A. M. Pérez-Zuriaga. Influence of age, gender and delay 490 

on overtaking dynamics. IET Intelligent Transport Systems, Vol. 7, No. 2, Jun. 2013, pp. 174–181. 491 

 492 

16.   Hegeman, G., S. Hoogendoorn, and K. Brookhuis. Observations of overtaking manoeuvres on bi-493 

directional roads. Advanced OR and AI Methods in Transportation, Vol. 1, 2008. 494 

 495 

17.   Farah, H. Age and Gender Differences in Overtaking on Two-Lane Rural Highways. Presented at 496 

the Transportation Research Board 90th Annual Meeting, Washington DC (US), 2011. 497 

 498 

18.   Jenkins, J. M., and L. R. Rilett. Application of distributed traffic simulation for passing behavior 499 



Llorca and Farah, 2016 

19 

studyPresented at the Transportation Research Record, 2004. 500 

 501 

19.   Younsi, K., J. Floris, B. Rajaonah, P. Simon, P. Loslever, and J.-C. Popieul. Study of driver ’ s 502 

behavior during overtaking situations. Advances in Transportation Studies: an international 503 

Journal, Vol. 25, No. A 25, 2011, pp. 29–38. 504 

 505 

20.   El-bassiouni, S., and T. Sayed. Design Requirements for Passing Sight Distance : A Risk-based 506 

Approach. Presented at the 90th Transportation Research Board Annual Meeting, 2010. 507 

 508 

21.   Bella, F. How Traffic Conditions Affect Driver Behavior in Passing ManeuverPresented at the 3rd 509 

International Conference on Road Safety and Simulation, Indianapolis, US, 2011. 510 

 511 

22.   Helman, S., and N. Reed. Validation of the driver behaviour questionnaire using behavioural data 512 

from an instrumented vehicle and high-fidelity driving simulator. Accident; analysis and prevention, 513 

Vol. 75, Feb. 2015, pp. 245–51. 514 

 515 

23.   Bham, G. H., M. C. Leu, M. Vallati, and D. R. Mathur. Driving simulator validation of driver 516 

behavior with limited safe vantage points for data collection in work zones. Journal of safety 517 

research, Vol. 49, Jun. 2014, pp. 53–60. 518 

 519 

24.   Risto, M., and M. H. Martens. Driver headway choice: A comparison between driving simulator 520 

and real-road driving. Transportation Research Part F: Traffic Psychology and Behaviour, Vol. 25, 521 

Jul. 2014, pp. 1–9. 522 

 523 

25.   Hicks Jr, C. R., and K. V. Turner. Fundamental Concepts in the Design of Experiments, 5th Edition. 524 

1999. 525 

 526 

26.   Farah, H., S. Bekhor, and A. Polus. Risk evaluation by modeling of passing behavior on two-lane 527 

rural highways. Accident; analysis and prevention, Vol. 41, No. 4, Jul. 2009, pp. 887–94. 528 

 529 

27.   Farah, H. Modeling drivers’ passing duration and distance in a virtual environment. IATSS 530 

Research, Vol. 37, No. 1, Jul. 2013, pp. 61–67. 531 

 532 

28.   Llorca, C., A. T. Moreno, A. García, and A. M. Pérez-Zuriaga. Daytime and Nighttime Passing 533 

Maneuvers on a Two-Lane Rural Road in Spain. Transportation Research Record: Journal of the 534 

Transportation Research Board, Vol. 2358, No. -1, Dec. 2013, pp. 3–11. 535 

 536 

29.   World Health Organisation. Global Status Report on Road Safety: Supporting a decade of action. 537 

2013. 538 

 539 

30.   International Transport Forum. Road Safety Annual Report. 2015, p. 458. 540 

 541 



Llorca and Farah, 2016 

20 

31.   Sivak, M., and B. Schoettle. Recent changes in the age composition of drivers in 15 countries. 542 

Traffic injury prevention, Vol. 13, No. 2, Jan. 2012, pp. 126–32. 543 

 544 

32.   Papadimitriou, E., A. Theofilatos, and G. Yannis. Patterns of pedestrian attitudes, perceptions and 545 

behaviour in Europe. Safety Science, Vol. 53, 2013, pp. 114–122. 546 


	ABSTRACT
	INTRODUCTION
	OBJECTIVES AND HYPOTHESES
	METHOD
	Field study
	Field study layout
	Site selection
	Data collection and processing

	Driving simulator experiment
	Experiment Design
	Participants
	Data Collection and Processing

	Study variables

	Results
	Participants
	Passing performance
	Gap acceptance

	DISCUSSION & CONCLUSION
	ACKNOWLEDGEMENTS
	REFERENCES

