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  Abstract 

The objective of this study is to discover driving behaviour features that indicate 

pedestrian collision risk of right-turns at intersections for collision risk assessment. 

Right-turns at intersections is a typical accident scene of vehicle-pedestrian 

accidents in Japan, and if the collision risk of this scene becomes measurable, driver-

assistance-systems will be able to prevent those accidents. To realise the objective, 

driving behaviour reflecting driversô risk anticipation was focused on. Because 

collisions occur when drivers fail to anticipate risk correctly and driving behaviour 

is partially determined considering the driversô anticipation, collision risk could be 

evaluated based on the driving behaviour features reflecting risk anticipation. To 

discover the driving behaviour features, first, near-miss incident data with high 

collision risk behaviour was analysed. Features of driversô visual search and vehicle 

control were extracted as driving behaviour index candidates. Next, pedestrian 

collision risk scenes were experimentally reproduced and the relationship between 

the driving behaviour index candidates and collision risk were investigated. 

Evaluation indices based on driversô visual search behaviour features showed 

significant correlation with pedestrian collision risk. From the results, it was 

clarified that pedestrian collision risk is evaluable with driverôs visual search 

behaviour, and the visual search behaviour feature to realize the evaluation was 

identified. 

  Introduction  

In Japan, among the fatal traffic accidents occurred in 2015, collisions with crossing 

pedestrians accounted for the most. Therefore, prevention of traffic accidents 

involving pedestrians is demanded to decrease the fatalities. If collision risk against 

pedestrians is evaluable in advance based on driving behaviour, driving-assistance-

systems will be able to support the driver to select sufficient driving behaviour for 

collision avoidance and prevent collisions with crossing pedestrians. To realise such 

a system, a method to evaluate the collision risk against pedestrians based on driving 

behaviour is necessary. 
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Drivers select their driving behaviour (e.g. adjust vehicle speed, adjust margins 

between objects) not to collide with static objects and other traffic participants based 

on the risk anticipation of the traffic environment (Van der Hulst et al., 1999). If 

driving behaviour selected to avoid collision based on driverôs risk anticipation is 

identified, collision risk could be evaluated by comparing the present driving 

behaviour with the identified driving behaviour reflecting driverôs risk anticipation. 

To anticipate the transition of traffic environment and set driving behaviour targets 

based on the anticipation, drivers use visual information obtained from their eyes. 

From this fact, not only driving operation and vehicle behaviour but driverôs visual 

search behaviour is assumed to reflect the driverôs risk anticipation and has the 

possibility to evaluate collision risk based on the behaviour. Therefore, visual search 

behaviour as well as driving operation and vehicle behaviour is focused on in this 

study. 

Attention selection of driving is classified into four modes (Trick et al., 2004). 

Among the four modes, habit and deliberation are known as top-down selection, 

which are driven by goals and expectation (Engström et al., 2013). Habitual 

attention is often allocated to places where the main hazards exist based on the 

driverôs experience, but in some situations if the attention allocation does not suit the 

actual situation it becomes critical. To avoid it, habitual visual attention is needed to 

be overridden by deliberate visual attention. To drive deliberate selection correctly 

and avoid the critical situation, sufficient risk anticipation of the situation is 

necessary. From this, it is suggested that the deliberate attention selection is related 

to risk anticipation. Therefore, when a driver is not anticipating the appearance of a 

pedestrian in a certain driving situation, it is assumed that the driverôs visual 

attention will not be deliberate but habitual and the collision risk against the 

pedestrian will be high. 

The objective of this study is to discover driving behaviour features reflecting risk 

anticipation of the driver which can evaluate pedestrian collision risk for future 

driver assistance systems, focusing on driverôs visual search behaviour as well as 

driverôs operation and vehicle behaviour. First, candidates of driving behaviour 

indices are extracted by analysing near-miss incident database containing high risk 

driving behaviour focusing on driving behaviour that reflects driverôs risk 

anticipation. Next, the validity of the extracted driving behaviour indices is 

examined by a risk scene reproducing experiment using a real vehicle in a test 

course. 

  Target driving scene 

The target driving scene in this study is right-turns at intersections with crossing 

pedestrians. Because vehicle-to-pedestrian collision during right-turns is a typical 

accident type in Japan and right-turn situation requires the driver to pay attention to 

many objects, this right-turn driving scene was selected as the target scene. In our 

previous research, environmental elements that affect driving behaviour of right-

turns at signalized intersections with crossing pedestrians were clarified and 10 

typical scene patterns were classified based on the clarified environmental elements 

(Shino et al., 2015). Among the classified typical scene patterns, the scene without 
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any preceding vehicle or oncoming vehicle (Pattern D), as shown in Figure 1, was 

set as the target driving scene in this study. 

 

Figure 1. Bird's view of target driving scene (Pattern D). 

  Near-miss incident data analysis 

The objective of this analysis is to extract driving behaviour indices reflecting 

driverôs risk anticipation which has the possibility to indicate pedestrian collision 

risk in right-turns at intersections. 

  Method 

To achieve the previously mentioned goal of this analysis, first, hypotheses of 

driving behaviour features reflecting driverôs risk anticipation was formulated based 

on driving behaviours that drivers are expected to select when they have predicted 

the appearance of a crossing pedestrian at a crosswalk in a right-turn scene. Next, to 

examine whether the driving behaviour reflecting driverôs risk anticipation have 

relation with pedestrian collision risk, the near-miss incident database collected by 

the Society of Automotive Engineers of Japan (JSAE) (Nagai, 2013) was used. This 

approach using a near-miss incident database approach is a valid approach because 

the composition of near-miss incidents and actual traffic accidents were similar and 

the near-miss events could be collected in larger volume. The database used 

contained over 80,000 near-miss events recorded by an acceleration triggered event 

recorder equipped on taxis running in 5 cities of Japan. The database stored recorded 

video images of the cameras on board, vehicle data (e.g. velocity, acceleration, GPS 

signals) and driver operation data (e.g. brake pedal on/off, turn signal). Because the 

visual attention of the driver is focused on in this study, data with two cameras (front 

camera and driver face camera) as shown in Figure 2 was used. 

Host

vehicle

Pedestrian
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Figure 2. Sample camera image of JSAE near-miss incident database data 

(Left: Front camera, Right: Driver face camera). 

  Hypotheses of driving behaviour reflecting driverôs risk anticipation 

Driving behaviour reflecting driverôs risk anticipation was extracted based on 

assumptions of driving behaviour that a driver will select to avoid collision in a 

situation where he/she anticipated the appearance of a pedestrian at an intersection. 

When a driver predicted the appearance of a crossing pedestrian in a right-turn 

situation, it is assumed that the driver will select their driving operation to avoid 

collision against the pedestrian with sufficient margin. As specific driving behaviour 

expected in the above situation, distributing visual attention to the ends of the 

crosswalk to find the pedestrian without any delay after the appearance and 

adjusting vehicle speed to maintain enough time to confirm the presence of the 

pedestrian can be listed. From the listed driving behaviour, distribution of visual 

attention to the surroundings and adjustment of vehicle velocity was focused on. 

  Result of database analysis 

Figure 3 shows the time duration rate of each target that the drivers look during 

right-turns. The analysis period was from the timing when the vehicle crossed the 

centre line to the timing when the driver hit the brake against a pedestrian. The face 

direction of the driver in the above period was classified into 4 targets (traveling 

direction, oncoming direction, crosswalk and others) as shown in Figure 4. As a 

feature of the face direction during right-turns, a large time was turned towards the 

traveling direction. Looking long time towards the traveling direction will obstruct 

the driver from looking at other targets such as the crosswalk where pedestrians may 

appear and will lead to delay in crossing pedestrian perception. Figure 5 shows the 

frequency distribution of the velocity at the centre line. Incidents with velocity larger 

than 30 km/h accounted for more than the half. Crossing the centre line with high 

vehicle speed will shorten the time to check the appearance of pedestrians around 

the intersection and will lead to high pedestrian collision risk. From the analysis 

results, the face direction duration towards the traveling direction and the velocity at 

the centre line were extracted as driving behaviour indices. 
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Figure 3. Time duration rate of face direction during right-turns. 

 

Figure 4. Targets of face direction during right-turns. 

 

Figure 5. Frequency distribution of velocity at centre line. 
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  Risk scene reproducing experiment 

  Objective 

Driving behaviour indices reflecting driverôs risk anticipation of pattern D was 

extracted based on analysis of the near-miss incident database. Although near-miss 

incident data classified as pattern D was analysed in this study, driving behaviour 

database contains data of various traffic environment conditions. Therefore, the 

objective of this reproducing experiment is to control environmental conditions by 

using a test course and examine the validity of the extracted indices. 

  Method and conditions 

A reference measure TTCbrake was defined to evaluate the validity of the extracted 

driving behaviour indices reflecting the driverôs risk anticipation. This TTCbrake is 

the time-to-collision value against a crossing pedestrian at the driverôs braking 

manoeuvre timing calculated by the Equation 1 in the scene shown in Figure 6. D 

and ɗ in Equation 1 is defined as Equation 2 and 3. The correlation between the 

TTCbrake calculated based on a scene with a crossing pedestrian (risk scenario) 

driving data and the driving behaviour indices calculated based on a scene with no 

crossing pedestrian (non-risk scenario) driving data was evaluated. 

ὝὝὅ
ÃÏÓ

     (1) 

Ὀ ὢ ὢ ὣ ὣ    (2)  

— ÔÁÎ     (3)  

 

Figure 6. Model scene for TTCbrake calculation. 

To reproduce risk scenes without putting actual pedestrians at risk, the JARI-ARV 

(Augmented Reality Vehicle, Uchida et al., 2015) owned by the Japan Automobile 

Research Institute (JARI) was used. This vehicle has video cameras and displays on 

its hood and the driver can see the surroundings through the displays which show the 

X

Y

(Xhv, Yhv)

(Xcp, Ycp)

L

Vɣ

(Xhv, Yhv) : Vehicle position [m]

V : Vehicle velocity [m/s]

ɣ : Vehicle yaw angle [rad]

L : Vehicle length from COG[m]

(Xcp, Ycp) : Virtual collision point [m]

ɗ
D
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images acquired by the video cameras. Due to this feature, this vehicle can 

reproduce risk scenes by superimposing computer graphic (CG) objects on real 

frontal images as shown in Figure 7. Using this augmented reality technology, it 

gives the driver the impression that the object such as vehicles and pedestrians really 

exist on the test field. 

 

Figure 7. Augmented reality vehicle JARI-ARV (Top-left: Outer view of JARI-ARV, Top-right: 

Inner view of JARI-ARV, Bottom: Real front window image with superimposed CG objects). 

Figure 8 shows the experiment course set in the test field of JARI. Non-risk scenario 

and risk scenario was reproduced at the target intersection with two lanes on each 

side and a traffic signal. The detail of the risk scenario reproduced is shown in 

Figure 9. Each driver drove the experiment course for a total of eight laps. Two laps 

for vehicle operation practice, two laps for CG scenario experience, three laps for 

non-risk scenario driving and last one lap for risk scenario driving. 

 

Figure 8. Experiment course. 
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Figure 9. Risk scenario. 

The subjects were 26 people (D01-D26) aged 22 to 42 years old who possessed a 

driving licence and drove on a daily basis. The subjects were explained about the 

nature of the experiment thoroughly and informed consent were obtained from each 

subject before the experiment. 

The aim of this experiment is to reproduce risk scenes and obtain high collision risk 

driving behaviour data. However, it is rare to come across high collision risk 

incidents in daily driving. Therefore, to achieve the aim, 3 different driving 

conditions were set and each subject participated in the experiment with one of the 

conditions. The detail of each driving condition is as follows: 

¶ Normal condition (D09-D17): Instruct subjects to drive as they do as usual. 

¶ Hurry condition (D18-D26): Instruct subjects to drive with a hurry feeling. 

¶ Absent-mind condition (D01-D08): Instruct subjects to drive with a secondary 

task (N-back task). 

 

  Result 

In the risk scenario, 4 subjects did not hit the brake pedal although they noticed the 

crossing pedestrian and 1 subject was already pressing the brake pedal when he 

found the crossing pedestrian. Therefore, TTCbrake could not be calculated for the 

previously mentioned 5 subjects. Figure 10 shows the average value of TTCbrake for 

each driving condition. The variability between drivers were large and there was no 

significant difference between the driving conditions. From this result, although the 

driving condition was different between subjects, the subjects were treated as a 

single subject group regarding the variability as driverôs characteristics. 

HV

OV

Pedestrian
From Google Earth

HV

Pedestrian
From Google Earth

* HV: Host vehicle, OV: Oncoming vehicle

OV Pedestrian

Time
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Figure 10. TTCbrake result of each driving condition. 

Figure 11 shows the relationship between the TTCbrake calculated based on risk 

scenario driving data and the two driving behaviour indices extracted through the 

near-miss incident analysis calculated based on non-risk scenario driving data. The 

gaze duration rate (GDR) of traveling direction was calculated based on images 

recorded with the eye-tracking device. The analyse period was from the timing when 

the vehicle crossed the stop line to the timing when the driver reached the crosswalk. 

As the relationship shown in the figure, there were no significant correlation 

between the reference measure and driving behaviour indices. 

 

Figure 11. Driving behaviour indices vs. TTCbrake 

(Left: GDR of traveling direction, Right: Velocity at centre line). 

Although the TTCbrake was expected to be long when the GDR of traveling direction 

was low, there were cases with low GDR and short TTCbrake. Also, driving behaviour 

with high velocity at the centre line was assumed to be high collision risk behaviour 

but there were cases with relatively long TTCbrake values. These instances indicate 

that the two indices partially represent the collision risk with crossing pedestrians 

but not sufficient for collision risk evaluation. From the fact that there were cases 

with relatively low collision risk driving with high velocity at the centre line, the 

drivers could perceive the pedestrian at an early timing and hit the brake to end up 

with a long TTCbrake value despite the high vehicle speed. This suggests that there 

were some differences in visual search behaviour among high and low collision risk 

instances other than GDR of traveling direction. 
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  Investigation of risk scenario driving behaviour 

To reveal the difference of driving behaviour in high and low collision risk 

instances, driving behaviour data of the risk scenario was investigated. Figure 12 

shows the crossing pedestrian position when the driver perceived it. The origin of 

the coordinate axes is the centre of gravity point of the test vehicle. The pedestrian 

perceived timing for each subject was set as the timing when the gaze point recorded 

by the eye-tracking device overlapped the crossing pedestrian in the camera image 

recorded. The driving behaviour data were classified into two groups (high risk 

driving behaviour (HR) and low risk driving behaviour (LR)) based on the median 

value (1.52 s). The figure shows that HR tended to find the crossing pedestrian near 

the vehicle front compared to LR. This result means that the drivers of HR were not 

able to find the pedestrian until the opponent got near to the vehicle front and this 

suggests that there was some difference in the visual search behaviour to find the 

pedestrian between HR and LR drivers. 

 

Figure 12. Position of crossing pedestrian at perceived timing. 

To identify the difference, visual search behaviour of the drivers was examined. 

During right-turns, drivers tended to look out through the side window for some 

time and then started to look out through the front window as shown in Figure 13. In 

Figure 14, the curved line shows the vehicle path which the driver drove and the 

circle represents the position where the driver started to look out through the front 

window. Compared to the driver of LR, the visual search behaviour of the HR driver 

differed at the point that they looked out through the side window longer and started 

to look out through the front window later after getting closer to the crossing 

pedestrian. From the examination of driverôs visual search behaviour, the timing 

when the driver started to look out through the front window was obtained as a 

feature having the possibility to evaluate pedestrian collision risk. 
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Figure 13. Visual search behaviour during right-turn at intersection. 

 

Figure 14. Comparison of vehicle position at front window confirmation timing. 

To evaluate pedestrian collision risk assessment based on the previously mentioned 

feature of visual search behaviour, a collision risk assessment index was formulated. 

Because drivers look out through the side window to check the trajectory they are 

willing to run in the near future, it was assumed that the target trajectory geometry 

and the behaviour looking out from the side window have relation and consequently 

have relation with pedestrian collision risk. Based on the assumption that the target 

trajectory could be expressed by the present vehicle velocity and the change in 

vehicle angle per unit distance, a collision risk assessment index, estimated yaw rate 
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ɔest was defined as Equation 4 using the parameters in Figure 15. D and ɗ of 

Equation 4 was defined as Equation 5 and 6. Figure 16 shows the relationship 

between TTCbrake and estimated yaw rate ɔest at the centre line when the target 

destination point was set as the boundary of the crosswalk like it is in Figure 15. 

There was a significant correlation between the two indices (r = -0.65, p < .01). 

From this result, it was confirmed that pedestrian collision risk was evaluable by an 

index based on visual search behaviour of a driver. 

 ϽὠÃÏÓ—     (4) 

Ὀ ὢ ὢ ὣ ὣ    (5) 

— ὸὥὲ     (6) 

 

Figure 15. Model scene for ɔest calculation. 

 

Figure 16. Relationship between TTCbrake and ɔest at centre line. 

 

 

X

Y

(Xhv, Yhv)

(Xdst, Ydst)

L

Vɣ

(Xhv, Yhv) : Vehicle position [m]

V : Vehicle velocity [m/s]

ɣ : Vehicle yaw angle [rad]

L : Vehicle length from COG[m]

(Xdst, Ydst) : Target destination point[m]

ɗ
D

0

0.5

1

1.5

2

2.5

3

3.5

4

0.1 0.15 0.2 0.25 0.3

T
T

C
b

ra
k

e
[s

]

ɔest at centre line[rad/s]



 investigation of driving behaviour reflecting driversô risk anticipation 19 

  Discussion 

Visual search behaviour with high pedestrian collision risk is examined by applying 

the visual attention modes mentioned in the introduction of this paper. Drivers 

tended to look out through the side window towards the traveling direction for a 

long time and the confirmation of the crosswalk through the front window got 

behind and the perception of the crossing pedestrian was late ending up with a short 

time-to-collision. The attention allocation towards the traveling direction can be 

classified as a habitual visual attention because it is an attention selection mainly for 

making a right-turn which is an action the driver has done hundreds of times and 

over-learned. The visual attention to the crosswalk is assumed to be a deliberate 

attention since it is driven by the risk anticipation that a pedestrian may appear. 

From this application of visual attention modes to high collision visual search 

behaviour, it can be said that shift to deliberate attention got behind because of 

concentration to habitual attention and pedestrian collision risk became high, as 

assumed in the introduction. Therefore, it is suggested that the distribution and 

timing of habitual and deliberate visual attention affect pedestrian collision risk. 

  Conclusion 

To discover driving behaviour features which can evaluate pedestrian collision risk 

for future driver-assistance-systems, driving behaviour indices reflecting the driverôs 

risk anticipation of a driving scene where no preceding vehicle and oncoming 

vehicle exists (Pattern D) was extracted based on near-miss incident analysis and the 

extracted indices were examined by a risk scene reproducing experiment using the 

JARI-ARV. The major conclusions of this research are as follows: 

¶ The estimated yaw rate ɔest was verified to be a valid pedestrian collision risk 

assessment index for right-turns at intersections classified as Pattern D. 

¶ Pedestrian collision risk of right-turns at intersections was evaluable by an index 

related to driverôs visual search behaviour and it was suggested that distribution 

and timing of driverôs habitual visual attention and deliberate visual attention, 

which reflects the driverôs risk anticipation, affect the collision risk against 

pedestrians. 
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  Abstract 

Older pedestrians are at higher risk of being involved in car crashes than younger 

pedestrians. As it is known from other domains such as driving, dual-task demands 

represent challenges, especially for older adults. Thus, one possible reason for high 

accident rates of older pedestrians might be the multitasking character of the road 

crossing situation. With regard to safety, hazard detection represents the primary 

task. However, additional secondary tasks such as scanning for obstacles, 

navigation, and walking are mostly conducted simultaneously. According to the 

Multiple-Resource Model, demands of tasks regarding the main processing stage can 

be characterized in visual perceptual, cognitive, and motoric. The aim of the current 

study was to compare the effects of secondary tasks with different main process 

stages on the primary task of hazard detection. For this purpose, a laboratory 

experiment was conducted with 20 older and 20 younger participants, using a 

pedestrian traffic simulation. Secondary tasks differed with regard to modalities 

(visual search, n-back and simulated walking). Reaction time, number of errors and 

perceived workload served as dependent variables. Older adults performed slower, 

but equally accurate across all dual-task conditions compared to younger adults. 

Dual-task costs were found for the visual-search and the n-back task concerning 

number of errors, but not for response speed. No dual-task costs arouse for the 

walking task, which in contrast even increased hazard detection speed. The 

hierarchy of different dual-task costs did not differ between the two age-groups.  

Introduction  

Older adults (65+) accounted for 20% of injured pedestrians in Germany in 2012 

(Statistisches Bundesamt, 2013). Comparing total numbers, they are not involved in 

accidents more often than other age groups. However, in relation to the walking 

distance, older pedestrians are injured more often than younger people (Rytz, 2006). 

Furthermore, they die more often as a consequence of the accident, as nearly half of 

all persons deceased after a crash were 65 years or older (Statistisches Bundesamt, 

2013). That makes it important to reduce older pedestriansô crashes in traffic.  

Therefore it is necessary to understand the differences of younger and older 

pedestriansô behaviour in road crossings and to analyse the underlying reasons. 



22 Siegmann, Protzak, & Wiczorek 

Several studies have found diverse behavioural deficits of older pedestrians, such as 

they walk slower and leave smaller safety margins, they focus more on the pathway 

and less on the traffic, and they do not take into account velocity but only distance 

information when accepting gaps in traffic (e.g. Dommes, Cavallo, Dubuisson, 

Tournier, & Vienne, 2014; Oxley et al., 1997; Avineri et al., 2012; Wiczorek et al., 

2016). Age-related declines of cognitive and motoric functions have been identified 

as reasons for those differences.  

However, age-related differences in specific tasks are not the only cause for older 

pedestriansô problems in traffic. In addition to that, one has to consider the 

multitasking character of the situation. Pedestrians perform several different 

activities during road crossing. That can be navigating, checking the pathway for 

bumps, and the walking itself. These activities can distract pedestrians from the 

main task of hazard detection and therefore be considered as secondary tasks.  

While so-called dual-task costs, (performance decrements in the primary task when 

being engaged in a secondary task) can be observed across all age groups (Pashler, 

1994), they are often higher for older than for younger adults (Verhaeghen et al., 

2003). Though, a meta-analysis indicates that the extent of age-specific dual task 

costs depends on the characteristics of the task (Riby et al., 2004). For example, 

costs are higher when one of the tasks is cognitively demanding and they are more 

pronounced for speed than for accuracy. Furthermore it was found that older people 

tend to give the priority in a dual-task situation to tasks related to motion, such as 

walking. This effect has been referred to as óposture firstô (cf. Schaefer, 2014). The 

reasons may be reduced capacity to keep the balance and increased fear of falling 

(cf. Davidse, 2007; Dietz, 2002; Schott, 2008). Thus, the multitasking character of 

the road crossing situation may contribute to the occurrence of car crashes with older 

pedestrians. 

Current studies of multitasking in road crossing usually use external tasks such as 

talking at the phone or texting as secondary tasks. These tasks always delay the 

initiation of behaviour and under some conditions reduce attentive behaviour and 

increase collision frequency (Neider et al., 2010; Banducci et al., 2016; Byington & 

Schwebel, 2013). Similar results were found when participants performed a 

cognitively demanding 2-back task (Gaspar et al., 2014). The only two studies that 

included older pedestrians found the usual age-related dual-task costs but it was 

mentioned that those were related to older participantsô scores in motoric and 

cognitive screening tests (Neider et al., 2011; Nagamatsu et al., 2011). Considering 

the already multitasking character of the road crossing it is not surprising that older 

people were outperformed by younger, considering that they actually had to perform 

more than two tasks simultaneously. Apart from that, cell phone use in traffic is 

rather a problem of younger than older adults. Thus, it is necessary to investigate 

whether and how road crossing imbedded secondary tasks negatively affect hazard 

detection in younger and older adults.  

With the help of the Multiple Resource Model (MRM; Wickens, 1984; 2002) it is 

possible to predict the amount of dual task costs dependent on the nature of the task. 

According to the MRM a task can be characterised along five dimensions:  
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¶ processing stage (perception vs. cognition vs. responding),  

¶ perceptual modalities (visual vs. auditory),  

¶ visual channels (focal vs. ambient),  

¶ processing codes (spatial vs. verbal) and  

¶ response execution (manual spatial vs. vocal verbal).  

The more similar two tasks are on these dimensions, the higher are the predicted 

dual-task costs. 

Research in the driving context shows the applicability of the model for the 

investigation of multitasking effects of older adults in traffic. For example age-

specific dual-task costs were observed when participants had to respond to a 

secondary task manually while driving, but not when the response was given 

verbally (Brouwer et al., 1991; Fofanova & Vollrath, 2011). Higher costs for older 

adults are also found during driving when the secondary task requires visual 

perception, but not when it requires auditory perception (Chaparro et al., 2004; 

Horberry et al., 2006). Thus, it was decided to use the MRM as theoretical 

framework for the current investigation.  

Current Study 

The aim of this study is to investigate the effects of different modality specific 

secondary tasks on hazard detection in younger and older adults in a simulated road-

crossing environment. The hazard detection task used in the current experiment 

consists of the perception of crossing cars in different road situations and the 

indication of intention to stop (i.e. not to cross the street) via joystick. Three 

different secondary tasks are used, which pose specifically high demands on one of 

the processing stages described in the MRM. The tasks require either visual-

perceptual resources, cognitive resources or motoric resources. 

It is expected that performance of older adults in the primary task is worse than 

performance of younger adults due to age-related declines in cognitive and 

attentional capacities (e.g. Salthouse & Somberg, 1982; Kramer & Madden, 2011; 

Ball, 1990). Dual-task costs should result for both age groups but should be higher 

for older than for younger participants, reflecting age-specific dual task cost (cf. 

Riby et al., 2004).  

Furthermore, it is hypothesized that dual-task costs differ between the three 

secondary task conditions. The primary task places the highest demands in the 

perceptual processing stage, because potential hazards have to be detected visually. 

Medium demands of resources are required for the cognitive processing stage, when 

deciding whether the detected object represents a hazard or not. Finally only a few 

resources are needed for the responding stage that consists of the movement of a 

joystick. Thus, it is expected that dual-task costs are highest in the visual-perceptual 

condition followed by the cognitive condition and lowest in the motoric condition. 

However, as it was shown that older people give priority to motoric tasks (cf. Riby 

et al., 2004), the described order of dual-tasks costs is predicted only for the younger 

participants. For the older adults over proportionally high dual-task cost are 
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expected in the motoric condition and thus, the order of dual-task costs should be 

different for them.    

Method 

Participants 

Forty participants of two age groups attended the study. The younger group (age Ò 

30 years) consisted of 20 students (6 male, 14 female). Their age ranged from 18 to 

30 years (M=25.5; SD=3.5). The older group (age Ó 65 years) also consisted of 20 

participants (6 male and 14 female), with an age range from 67 to 82 years (M=71.6; 

SD=4.0). Further characteristics of younger versus older participants were 

respectively: possession of a driver licence (14 vs. 17), regular drivers (4 vs. 12), 

regular cyclists (10 vs. 9), walked regularly (20 vs. 20). Mean Montreal Cognitive 

Assessment (MoCA; Nasreddine et al. 2005), a screening test for mild cognitive 

impairment (27.65 vs. 25.75). All participants eyesight (M=.99 vs M=.63) was 

higher than the required minimum of 40%, (necessary to fulfil the task).  

Simulation Environment and Apparatus 

Animated videos are played with PsychoPy (Peirce, 2007) and projected on a wall 

with a width of 5,50m, a height of 1,50m, and a resolution of 3840x1080 pixels, 

using two Acer S1283 HNE projectors. Participants stand central at a height-

adjustable standing desk 1,50m away from the projection with a visual angle of 133° 

to the edges of the video so that the edges of the road can only be seen through 

peripheral vision or head movements. Participants react to the hazard detection task 

using a joystick, which is attached at the top of the desk. During the cognitive and 

the visual-perceptual secondary task participants wore a headset. During the motoric 

secondary task participants used a foot switch with two pedals, which was attached 

at the ground under the desk. Figure 1 shows a schematic representation of the 

laboratory setup.  

Figure 1. Schematic representation of the laboratory setup. 

Hazard Detection Task 

Two different types of road crossing tasks were examined in this study. One 

consisted of hazard detection. The other one was a ógap acceptanceô task and will 



 dual-task effects in road crossing of older pedestrians 25 

not be reported here. Each trial in the hazard detection task consists of a video 

sequence with duration of 20 seconds. In these video sequences a road is displayed 

and a car enters from the left or from the right edge of the scene at a pseudo random 

time and passes the whole screen in eight seconds. A screenshot of one of the videos 

can be seen in Figure 2. The road, the colour and brand of the car vary between the 

sequences. In total there were three different roads. Sequences of the same road were 

displayed in a row. Thus it was not possible for the participant to know when a trial 

started and thus appearance of cars was not predictable. The order of the sequences 

was counterbalanced between the different experimental blocks. The participantsô 

task is to react as quickly as possible when seeing a car, by pulling the joystick 

towards themselves. E-bikes which are driving on the opposite pathway serve as 

distractors. Participants were instructed not to react to the e-bikes, which appear on 

average in four sequences per block in a pseudo random order.   

 

Figure 2: Screenshot of a video used in the hazard detection task.  

Secondary Tasks 

Secondary tasks were created with the aim to interfere mainly with one of the three 

processing stages of the primary task, while not (much) interfering with the others. 

Therefore, the motoric and the cognitive task used the auditory perceptual modality 

to not interfere with the visual modality of the primary task. Cognitive demands of 

the motoric and the visual task were kept as low as possible to not interfere with the 

cognitive requirements of the primary task. The visual task and the cognitive task 

required vocal response execution to not interfere with the manual response of the 

primary task. 

Visual-Perceptual Task: Participants performed a visual scanning task, which was 

adapted from the ñTestbatterie zur Aufmerksamkeitspr¿fungò (Testing Battery for 

Attentional Performance; Zimmermann & Fimm, 2012). A 5x6 matrix with a width 

of 63,5cm and a height of 52,5cm is shown centrally at the top of the projection. 

Every element of the matrix is a square, which is opened to one of the four sides. 

The target stimulus is a square opened towards the top. The task of the participants 

is to decide whether the matrix includes a target stimulus or not. Participants 

indicate their decision by saying ñyesò or ñnoò into the microphone of the headset. 

Responses are recorded and a new matrix is displayed automatically after every 

response. Matrices alternate between white squares on black background and vice 

versa to make the appearance of a new matrix clear for participants. Matrices were 

presented in random order. 
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Cognitive Task: Participants performed an auditory 1-back task (Mehler et al., 

2011). Every 3.33 seconds a number between zero and nine is played over a headset. 

After a number is read out, participants are supposed to name the number which was 

played one step before as quickly as possible. Responses are recorded via 

microphone. 

Motoric Task: Participants task is to press the two pedals of a double foot switch 

alternating the left and the right foot in the rhythm of a regular metronome beat. 

Beats are played via loudspeaker every 1.33 seconds so that participants have to 

press the switch 45 times per minute. This frequency corresponds to a cadence of 90 

steps per minute (pressing the foot switch requires two steps: moving the foot 

forward to the pedal and backward again). The cadence of most healthy elderly 

adults lies between 80 and 130 steps per minute (Whittle, 2014). 

Design and Dependent Measures 

Design: The study consisted of a 2x4 mixed design. The between factor was age-

group and the within factor was secondary task with four conditions (baseline/single 

task, cognitive dual-task, visual-perceptual dual-task, and motoric dual-task. The 

dependent measures were: 

¶ Number of errors: sum of false negatives and false positives 

¶ Reaction time: between time of appearance of a car and pull of the joystick. 

(Reaction time was assessed via frame numbers of the video) 

¶ Subjectively perceived workload: assesses with the NASA- Task Load 

Index (NASA-TLX ; Hart & Staveland, 1988)  

Procedure 

On arrival, participants were briefly instructed about the course of the experiment 

and filled in a declaration of consent. Afterwards they performed an eyesight test 

with Landolt rings. Following up participants were acquainted with the laboratory 

equipment. Participants trained each of the secondary tasks and performed it for five 

minutes in order to get familiar with the task. The order of the tasks was 

counterbalanced. After a 5-minute break participants trained the two primary tasks 

(hazard detection and gap acceptance). The experiment started with the first baseline 

measure block which consisted of five minutes single task hazard detection and five 

minutes single task gap acceptance. The order of the tasks was counterbalanced 

between participants. Subsequently participants completed three dual-task blocks 

with a duration of 2x5 minutes each. The order of the secondary tasks and the road 

crossing tasks corresponded to the order of the training. Participants had been 

instructed that both tasks were important. The secondary tasks started 20 seconds 

before the 5-minute road crossing tasks. The first and the last dual-task block were 

followed by a 5-minute break. Afterwards participants performed a second baseline 

block. The average of the measures of both baseline blocks was used for the analysis 

in order to prevent biases due to learning effects or fatigue. After each of the 

baseline and experimental blocks participants filled in the NASA-TLX. In the end of 

the experiment participants filled in the MoCA and a demographic questionnaire. 

Finally they received a financial compensation. 
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Results 

To test for effects of learning and fatigue the data of the two baseline measures was 

compared using a 2x2 ANOVA for repeated measures. Afterwards the average of 

the two baseline measures was used for further calculations. The number of errors, 

reaction time and subjective workload were compared between dual-task conditions 

using 2x4 ANOVAs for repeated measures. A priori defined contrasts were used to 

analyse the order of dual-task costs between the three secondary tasks.  

Comparison of Baseline blocks: Analysis revealed a main effect of order, 

F(1,38)=5.109, p<.05, and a main effect of age, F(1,38)=5.630, p<.05, which were 

further qualified by a significant age x order interaction effect, F(1,38)=7.983, 

p<.001. Older participants made more errors than younger people in the first 

baseline block but reduced there number of errors to the lower level of the younger 

group in the second baseline. This indicates a learning effect. No significant 

differences were found for reaction time and subjective workload between the two 

age groups and the two measures. 

Error rate: Analysis revealed a main effect of secondary task, F(3,114)=9.737, 

p<.001, but no other significant effects. A priori defined contrast showed significant 

differences between the visual-perceptual condition and the baseline, 

F(1,38)=12.507, p<.001, as well as the motoric condition, F(1,38)=13.760, p<.001. 

The same pattern revealed for the cognitive condition when compared to the 

baseline, F(1,38)=16.130, p<.001 and the motoric condition, F(1,38)=16.369, 

p<.001. As can be seen in Figure 3, more errors were made in the visual-perceptual 

condition and in the cognitive condition, compared to the baseline and the motoric 

condition. 

 

Figure 1: Means of number of errors of the averaged baseline and the three dual-task 

conditions for younger and older adults. Error bars reflect Standard Error. 
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Figure 4: Means of reaction time of the averaged baseline and the three dual-task conditions 

for younger and older adults. Error bars reflect Standard Error. 

Reaction time: The concurrent presentation of matrices and videos in the visual-

perceptual dual-task condition led to a reduction of M=10,8 frames per matrix, 

which had to be corrected manually afterwards. Comparison of the averaged 

baseline measure and the three dual-task conditions showed a main effect of age, 

F(1,38)=6.431, p<.05 with older adults being slower than younger adults. 

Furthermore a main effect of secondary task was observed, F(1,38)=31.093, 

p<.001). Planned contrasts showed that the reaction time in the motoric condition 

was shorter than in the baseline F(1,38)=69.299, p<.001. The reaction time in the 

motoric condition was also shorter than in the cognitive, F(1,38)=36.878, p<.001, 

and the visual-perceptual condition, F(1,38)=55.646, p<.001. Reaction times 

between the baseline and the cognitive and the visual-perceptual condition did not 

differ. Figure 4 shows results of reaction time. 

Subjective workload: Comparison of the data from the NASA-TLX revealed a main 

effect of secondary task, F(3,114)=60.499, p<.001. Planned contrasts showed the 

difference of perceived workload between all four conditions with the least 

workload in the baseline condition, followed by the motoric condition, 

F(1,38)=65.548, p<.001, the visual-perceptual condition, F(1,38)=13.508, p<.001, 

and the highest workload in the cognitive condition, F(1,38)=5.275, p=.027. F-

values refer to contrasts with the condition with the next lower workload. No main 

effect of age and no interaction effect were found. Results can be seen in Figure 5. 
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Figure 5: Means of reaction time of the averaged baseline and the three dual-task conditions 

for younger and older adults. Error bars reflect Standard Error. 

Discussion 

The current study was conducted to investigate the effects of road crossing 

imbedded secondary tasks on hazard detection performance in simulated pedestrian 

crossing situations. The aim of this study was to identify differences and similarities 

of younger and older pedestrians when performing secondary tasks, which differed 

with regard to their main processing stage. Number of errors, reaction time and 

subjective workload were assessed. Dual-task related performance decreases in the 

primary task of hazard detection were expected for all the participants. The older 

adults however, should additionally produce age-specific (i.e. higher) dual-task costs 

than the younger group. It was also hypothesized that the three secondary tasks 

produce different amounts of dual-task costs. The highest costs were expected for 

the visual-perceptual secondary task, followed by the cognitive task, with the fewest 

for the motoric task. This order is based on the different demands of the primary task 

on the three processing stages. Hazard detection should require the most resources 

for the visual-perceptual processing stage, followed by the cognitive stage and only 

a minimum of motoric resources as the motoric component consisted of moving a 

joystick. However, it was further hypothesised that this order would be different for 

older adults. As they were found to not fulfil  the task of walking as automatically as 

younger people and to need additional attention resources, it is possible that the 

motoric task also interferes with one of the other processing stages. 

The comparison of two baseline measures conducted at the beginning and at the end 

of the experiment indicated a learning effect of older adults. For the following 

analysis, the two baseline blocks were averaged.  
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No difference between younger and older adults could be observed with respect to 

the number of errors. However, older adults reacted slower than younger adults. This 

is in line with previous research, which found higher age-specific performance 

decrements when considering response speed than when considering response 

accuracy (Verhaeghen et al., 2003). 

Dual-task costs were observed regarding number of errors, but not for reaction time. 

Older and younger adults made more errors in the primary task of hazard detection 

when they performed a cognitive or visual-perceptual task concurrently. It seems 

that participants accepted making more errors in order to maintain their reaction 

speed. In real-life road crossing this behaviour can have fatal consequences, when 

pedestrians overlook potential hazards. However, it has to be noted that the number 

of false positives (reactions in the absence of cars, for example to the e-bikes used as 

distractors) was higher than the number of misses. Nevertheless also false positives 

can lead to dangerous traffic situations, for example when pedestrian behaviour 

diverts from the expectations of other road users  

In contrast to the other two secondary tasks, the motoric task not only did not cause 

any dual-task costs, but even improved performance in terms of reaction speed. 

There are some possible explanations for this unexpected result. First, the motoric 

task might have been too easy, compared to normal walking. Participants could hold 

on the standing desk and had always one food on the ground. Thus, there was no risk 

of losing balance, which can explain why no dual-task costs were found. 

Furthermore, neuropsychological research shows that motion can influence visual 

perception, either directly or via attentional mechanisms (Ishimura & Shimojo, 

1994). That could explain the observed benefits for the hazard detection when 

conducting the motoric task in parallel. In an experiment with mice, Ayaz et al. 

(2013) found neurons in the visual cortex to have a higher firing frequency when 

subjects were running on a treadmill. If this effect holds true also for humans, it 

could explain the faster reaction times in the motoric condition. 

The unexpected results in the motoric condition could also explain why the order of 

dual-task costs did not differ between younger and older adults. It was expected that 

the motoric task would only produce small dual-task costs in younger adults, 

because the primary task did only induce minor motoric demands. However, older 

adults were expected to suffer from higher dual-task costs, because for them walking 

is less automatic and requires more attentional resources (Lindenberger et al., 2000). 

Thus, walking could possibly interfere also with the visual-perceptual and the 

cognitive task. In order to examine this hypothesis a more realistic motoric task 

should be used in further research.  

However, it has to be noted that also the subjectively perceived workload did not 

differ between younger and older adults but showed significant differences among 

all four conditions. The baseline single task condition was considered the least 

demanding followed by the motoric dual-task, the visual-perceptual and the 

cognitive dual-task. Differences in the NASA-TLX score for the visual-perceptual 

and the cognitive dual-task condition were not accompanied by differences in 

performance. Performance in the single task condition was similar to the visual-
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perceptual and the cognitive dual-task conditions with regard to number of errors but 

resembled most the motoric dual-task in terms of reaction time.   

The three secondary tasks were created in a way they would interfere with only one 

of the three processing stages according to the MRM. As expected the least 

impairment was observed in the motoric process, which only consisted of pulling the 

joystick in the primary task and therefore did not require a lot of resources. No 

significant differences were found between the visual-perceptual and the cognitive 

task with regard to number of errors and reaction time. However, it is possible that 

differences would emerge on a behavioural level rather than on the performance 

level. As it was shown that scanning behaviour in road crossing differs between 

older and younger adults (Tapiro et al., 2016), investigation of eye movements could 

possibly also show differences between secondary tasks.  

Findings of this study can be used to make road crossing safer for younger as well as 

for older adults. They underline the need for awareness campaigns, which point out 

the risks of multitasking during road crossing. Results also show that crossing points 

should be designed in a way that they induce as few additional workload as possible. 

This can be achieved by using smooth sidewalks and minimising billboards, 

especially on places which are used frequently for road crossing. Findings of this 

study will also help to clarify demands of a pedestrian assistance system for older 

adults, which is currently developed by the junior research group FANS at the TU 

Berlin (cf. Breitinger et al., 2015). According to current findings, the system should 

support users to investigate all resources in hazard detection. That means, execution 

of other road crossing imbedded tasks such as scanning the ground for obstacles and 

navigation should be done before or after but not in parallel to the primary task. 

Whether the same holds true for concurrent walking will be further analyses using a 

more realistic walking task.   
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  Abstract  

This experiment aims to study the impact of the sonification of a hand gesture 

controlled system on the driver behavior. The principle is to give an auditory 

feedback to the driver, in addition to a visual screen, in order to assist in-car devices 

interface manipulation. A touchless interface has been tested with a panel of 24 

subjects on a driving simulator. Different tasks (pick up the phone, select an item in 

a list) involving the screen and the interface had to be performed by the user while 

driving. To study the contribution of the sound feedback on the driversô behavior, 

two audio conditions were tested: with and without auditory feedback. The tasks 

were performed in lowly and highly demanding traffic conditions. Driving and gaze 

behavior as well as eye-tracking information were analyzed. Moreover, a 

questionnaire was used to obtain subjective measurements, such as ease of use and 

feeling of safety. The results show that the sonification helped drivers to feel safer 

and more focused on the road. This result was confirmed by gaze analysis, which 

shows that drivers look significantly less to the visual interface when a sound is 

present, leading to a safer use of the interface.   

  Introduc tion 

The manipulation of in-vehicle information systems is a challenge in todayôs vehicle 

design. These systems are more and more interactive while their complexity is 

expanding, leading to infotainement systems that include many functions. When the 

user is engaged in a primary task (driving), the basic solution that involves a 

physical interaction with the device while looking at a visual display is an 

interaction way that can certainly be improved. In particular, auditory feedbacks 

may decrease the need for visual attention and free-hand gesture interaction 

eliminates the need for reaching the device. The sonification of information is an 

emerging discipline that exploits the capacity of sounds to convey information 

(Hermann et al., 2011) and many applications are proposed in particular in the car 

industry (Denjean et al., 2013). In this context, touchless interfaces with auditory 

feedback may be an interesting alternative to assist and even replace visual 

interfaces. (Kajastila & Lokki, 2013) showed that auditory interfaces can outpoint 

visual interfaces, in particular with free-hand (touchless) interaction. A study of 

multi-modal controls (visual, audio or visual+audio) of in-vehicle information 
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systems is presented in (Jakus et al., 2015) with a driving simulator. The results 

showed that the visual and visual+audio interaction modes are the most fast and 

efficient, but no significant contribution of the audio to the visual-only mode on the 

driving performance and safety is noticed: the main contribution of audio is that it 

increased driversô preferences. (Sodnik et al., 2008) presented a comparative study 

on the effectiveness and efficiency of audio-only or visual-only interfaces for the 

manipulation of a mobile phone while driving on a simulator. They demonstrated 

that audio-only interfaces were effective to control a mobile, particularly when 

spatialized auditory cues are used in the audio interface. A study with a real vehicle 

on the acceptability of a sonification for GPS navigation (Tardieu et al., 2015) 

showed that with sounds, the driving was estimated as safer by the drivers, even if it 

did not improve significantly the efficiency of the navigation.  

In this context, our work aims to assess the contribution of sounds to a visual 

touchless interface. The objective is to study the impact of the interface sonification 

on the driver behavior, during the manipulation of an infotainement system in a car. 

An experiment was conducted on a driving simulator, with two main experimental 

conditions: manipulation of the interface with visual-only interaction, or with 

visual+audio interaction. Two categories of variables were observed: driving 

parameters, recorded by the simulator, but also the driver gaze behavior, recorded by 

means of an eyetracking system. After a presentation of the material and methods of 

the experiment, the results are presented and discussed. 

  Material and methods 

  Interface 

A graphical interface with gestures command without contact (using a Leap motion
1
 

device) was implemented. Six functional categories were created to constitute the 

main menu of the infotainement system (phone, air conditioning, contacts, music, 

news and GPS). The main menu of the interface is given in figure 1. 

 

Figure 2. Main menu of the interface of the in-vehicle information system (French version) 

                                                           

1 https://www.leapmotion.com 
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Different contactless gestures, necessary to control the interface, were programmed: 

¶ Selection of a category in the main menu: the subject has to point with one 

finger (index finger) which category he/she wants to select (selection gesture) 

¶ Validation: this is made by closing the fist (validation gesture) 

¶ Browsing into a list of items (draggable carousel menu): this is done by 

sweeping the items on the right or left side (horizontal movement of the hand on 

the right or left) (sweeping gesture) 

¶ Back return in the menu: this is done by rotating the hand the palm facing up 

(return gesture) 

The general framework of the interface is given in figure 2. It allows a real time 

control of the screen and of the played audio samples, according to the gestures 

provided by the subject: 

¶ The leap motion detects subjectô gestures and sends the information to a general 

program (coded in python).  

¶ The program updates the interface screen in real time and sends informations to 

the sound synthesizer (Pure Data
2
 code).  

¶ The syntheziser sends audio samples to the loudspeakers. 

 

Figure 3. Framework of the interface for the realtime control of the screen and the audio 

samples 

                                                           

2 https://puredata.info : Pure Data (aka Pd) is an open source visual programming language that 

processes and generates sounds based on a graphical interface. 
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  Sonification 

Different sounds were associated to the gestures of the user (sonification) in order to 

provide an audio feedback and help the handling of the interface. The sounds were 

designed from samples and sounds synthesized on the digital audio workstation 

Reaper
3
, with MIDI notes. The following 11 sounds have been designed: 

¶ 6 sounds corresponding to the 6 categories on the main menu, to specify the 

area pointed by the hand (selection gesture), 

¶ a validation sound (validation gesture) 

¶ a sweep / scrolling sound (sweeping gesture for browsing) 

¶ a sweep / validation sound (sweeping gesture for validation) 

¶ a back return sound (return gesture) 

¶ a refusal sound (pop-up) (sweeping gesture for refusal) 

All the sounds were very short (between 50 and 300ms) and they were designed to 

be easily recognized by the user. 

  Experiment 

  Material 

The experience took place on the driving simulator of the IRCCyN laboratory, 

shown in figure 3.  

 

 

Figure 4. Picture of the fixed-base simulator used for the driving tests 

It is a fixed-base simulator, which consist of a compact size passenger car with 

actual instrument panel, clutch, brake and accelerator pedals, handbrake, ignition 

key, and an adjustable seat with seat belt. The visual environment was displayed on 

three 32-inch LCD monitors, each with a resolution of 1280*720. One monitor 

was positioned in front of the driver, with two laterals inclined at 45 deg from the 

                                                           

3 http://www.reaper.fm. Audio processing software 

http://www.reaper.fm/
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front one, viewed from a distance of about 1 m and covering 115 deg of visual 

angle. An additional screen was added to the simulator for the interface (figure 4).  

 

 

Figure 5. Picture of the screen to display the interface and of the leapmotion to capture the 

gestures of the subject 

The Leap Motion was placed in front of this additional screen and connected to the 

computer of the interface. Speakers were placed behind the simulator screens to play 

the sound samples. A Smarteye Pro 5 eye-tracking system, composed of 4 cameras 

placed under the three screens in front of the subject, was calibrated to measure the 

location and duration of gaze fixations (glances) during the tasks. 
 

  Subject and experimental factors 

24 subjects (16 men and 8 women ï average age 24), students or researchers at 

Ecole Centrale de Nantes, participated to the tests. The subjects had to drive on a 

countryside road, on the same route for each scenario. The experimental factor was 

the sonification condition, with two levels: with sound (s) and without sounds (w-s). 

For each sonification condition, every course was carried out in two different 

conditions: with no visible danger on the road (free-flowing traffic) and with a 

disturbing traffic (a vehicle in front of the driver that drives slowly and brakes 

regularly). The later case should yield an increased mental workload (not measured). 

Four scenarios are thus envisaged: 

¶ Scenario 1: no sound, free-flowing traffic 

¶ Scenario 2: no sound, disturbing traffic 

¶ Scenario 3: with sound, free-flowing traffic 

¶ Scenario 4: with sound, disturbing traffic 

  Interface manipulation tasks  

For each course of the scenario, the following four tasks had to be completed by the 

subject on the interface, in a straight line and in a curve: 

¶ task 1: Acknowledge receipt of a message (pop-up), in a straight line 
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¶ task 2: Select a particular destination on the GPS, in a curve 

¶ task 3: Select a particular destination on the GPS, in a straight line 

¶ task 4: Acknowledge receipt of a phone call (pop-up), in a curve 

Tasks 1 and 4 are simple: they require only one gesture from the subject (sweeping 

gesture). Tasks 3 and 4 are more complex: they require several different gestures 

(selection, browsing, validation, back return). The trigger of the tasks and the 

corresponding instructions were shown to the subject on the central screen of the 

simulator. The tasks had to be made always on the same location for every trial. The 

map of the course and the positioning of the tasks are presented in figure 5. 

 

Figure 6. Map of the course and location of the four tasks 

  Test procedure 

First, a training period was proposed to the participants so that they get acquainted 

with the Leap Motion and with the production of the gestures, with the manipulation 

of the interface, and with the simulator. No subject was familiar with the use of the 

Leap motion. For the interface, the subjects were trained without sound first, and 

then with sounds. Then, every subject made each of the four scenarios in a 

counterbalanced order. 

 

  Dependant variables (DV) 

The following dependent variables were considered, for each subject, each task and 

each scenario, between the trigger of the task and its completion by the subject: 

Driving variables (9 variables): 

¶ Completion time of the task, 
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¶ Average and standard deviation (SD) of the lateral deviation of the vehicle, 

¶ Number of steering wheel reversal,  

¶ Average and standard deviation (SD) of the speed of the vehicle, 

¶ Average and standard deviation of longitudinal acceleration, 

¶ Inter-vehicular time. 

Eye tracking variables (5 variables): 

¶ Glance duration on the interface screen and number of glances, 

¶ Glance rate (corresponding to the glance duration divided by the time for 

performing the task) on the interface screen, 

¶ Maximum time of glance duration on the interface screen (without looking back 

on the simulator screens), 

¶ Number of eye movements from the simulator screens to the interface screen. 

  Questionnaire 

A semi-directive questionnaire was proposed to the participants after the completion 

of each scenario. Different questions were formulated to assess: 

¶ the global impression: ease of use, feeling of safety, feeling of not looking at the 

road,  

¶ the impression on the sound design: is it disturbing, is it appreciated? 

¶ two open questions, one on the global interface and one on the sound design 

 

  Data analysis 

Descriptive statistics on the DV showed that few spurious data were present in the 

recordings. To reduce the effect of these outliers on the DV, a winsorisation was 

applied on each DV (extreme values above the 95
th
 percentile and below the 5

th
 

percentile were setted to the 95
th
 and 5

th
 percentile respectively) (Wilcox, 2014). 

Each dependent variable (DV) was next analysed with ANOVA (Næs et al., 2010). 

Two ANOVA were carried out: 

¶ one-way ANOVA with the factor ñtraffic conditionò (two levels: free-flowing 

traffic; disturbing traffic) 

¶ two-ways ANOVA with interaction with the factors ñsubjectò (24 levels) and 

ñsonification conditionò (two levels: with sounds (s) and without sounds (w-s)) 

The significance of the effects was analysed with the Fisher test (type III sum of 

square) and the associated p-value (significance level: p<.05) 

  Results and discussion 

  Effect of the factor ñtraffic conditionsò (one way ANOVA) 

The results show that, for all the DVs considered, there is no significant effect of the 

ñtraffic conditionsò (one way ANOVA, p>.05). The subjects were very focused on 
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the road even when the traffic condition was not difficult because they wanted to 

respect as well as possible the driving instructions. For this reason, this factor is 

ignored in the following analyses.  

  Effects of the factors ñsubjectò and ñsonification conditionsò (two-ways ANOVA) 

The results show that the factor ñsubjectò was significant (p<.05) for most of the 

DVs (detailed results are not reported here for concision). This is a sign of 

singificant inter-individual differences in the driving performances and in the 

management of the interface. This result was expected and does not need particular 

comments. The interactions subject*sonification was almost never significant.  

 

Table 1 presents the results of the two-way ANOVAs for the factor ñsonification 

conditionò, for the two categories of DVs (Driving and Eye tracking). When 

significant, the sign of the effect (difference between the level with sound (s) and 

without sound (w-s)) is mentioned with the relation w-s>s or w-s<s). 

Table 1. Results of ANOVAs: significance of the ñsonification conditionò for the different 

dependent variables (without sound: w-s ï with sound: s). F-test: * p<.05 - **p<.01 ï n.s. : 

not significant (p>.05) 

 Dependent variable DV Task 1 Task 2 Task 3 Task 4 

Driving 
variables 

Completion time n.s. n.s. n.s. n.s. 

Average lateral deviation n.s. n.s. n.s. n.s. 
SD of lateral deviation **  

w-s > s 
n.s. n.s. n.s. 

Number of steering wheel 
reversals 

n.s. n.s. n.s. n.s. 

Average speed n.s. n.s. n.s. n.s. 
SD of speed n.s. n.s. n.s. n.s. 
Average longitudinal 
acceleration 

**  
w-s < s 

n.s. n.s. n.s. 

SD of longitudinal acceleration n.s. n.s. **  
w-s > s 

**  
w-s > s 

Inter-vehicular time n.s. n.s. n.s. **  
w-s < s 

Eye 
tracking 
variables 

Glance duration on the 
interface screen  

n.s. **  
w-s > s 

**  
w-s > s 

n.s. 

Number of glances n.s. n.s. n.s. n.s. 
Glance rate  n.s. **  

w-s > s 
**  

w-s > s 
**  

w-s < s 
Maximum time of glance 
duration  

n.s. **  
w-s > s 

**  
w-s > s 

n.s. 

Number of road-interface eye 
movements  

n.s. **  
w-s > s 

**  
w-s > s 

n.s. 

The sonification barely influenced the lateral control of the vehicle. The only 

exception was a significant reduction of the SD of lateral position with auditory 

feedback, but only for task 1. On the other hand, longitudinal control was influenced 

by sound in different ways depending on the task: increased average acceleration in 
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task 1, decreased SD of acceleration in task 3, decreased SD of acceleration and 

increased inter-vehicular time in task 4. Although this pattern of result is not entirely 

consistant, it suggests a moderate facilitation of vehicular control with sonification.  

 

Table 1 shows that the presence of sounds has a significant impact on the eye-

tracking variables, mainly for the longer tasks (task 2 and 3: manipulation of GPS in 

a curve and in a straight line). In these cases, the presence of sounds significantly 

decreased the glance duration, the glance rate, the maximum time of glance duration 

and the number of eye movements toward the interface. The subjects spent less time 

looking at the interface with sounds than without, increasing driving safety. This 

effect was not observed for the shorter tasks (tasks 1 and 4 ï reaction to a pop-up 

message). For task 4 (pop-up in a curve), the glance rate on the interface was even 

higher with sounds than without. For these two short tasks, to study the reactions of 

the driver after the task completion (not considered in the previous DVs), we looked 

at the number of visual controls of the driver on the interface after the task 

completion (controls to verify that the pop-up actually disappeared). The proportion 

of visual controls for each task and each condition is given in table 2. 

Table 2. Proportion of visual controls on the interface after completion of tasks 1 and 4 in the 

two sonification conditions (without sound: w-s ï with sound: s). Significance test of the 

difference (unilateral test of two proportions z-test -* p<.05 - **p<.01 ï n.s. : not significant 

(p>.05)) 

 Task 1 Task 4 

 w-s s w-s s 

Proportion of visual control after 
the completion of the task 

 21/96 15/96 17/96 5/96 

p-value (unilateral z-test of two 
proportions) 

n.s. (p>.17) ** (p<.01) 

 

The results show that for task 4, the presence of sounds significantly decreased the 

proportion of visual controls after the task completion, and hence increases the 

driving safety. 

  Questionnaire 

The questionnaire reports the subjectsô subjective assessments, stated just after the 

experiment. The analysis of the response can be used to give indications to better 

understand the causes of the significant effects of the sonification condition on the 

DVs, based on the feelings of the drivers. For the questions about feeling of safety 

and feeling of not looking at the road, the responses rates are given in figure 6 and 7. 
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Figure 6. Proportion or responses to the question about safety 

 

Figure 7. Proportion or responses to the question about ñlooking at the roadò 

 

The results show that the proportions of responses between the two conditions are 

significantly differents for the two questions (multinomial goodness of fit test, 

p<.01). With the presence of sounds, the subjects judged the interface as easier to 

use and had the feeling of looking more at the road. 

Unsurprisingly, 100% of participants preferred to use the interface with sound than 

without sound. This supports the idea that the sound is a useful parameter for the 

manipulation of the interface. Finally, concerning the quality of sound design, the 

participants considered that the sounds were not troublesome and 91% appreciated 

the sound. 

 

0% 50% 100%

Without sound - w-s

With sound - s

Do you feel safe when you are driving ? 

Not at all

Not really

Yes a little bit

Yes totally

0% 50% 100%

Without sound - w-s

With sound - s

Do you have the feeling that you are not 
looking at the road when manipulating ? 

Not at all

Not really

Yes a little bit

Yes totally
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  Discussion 

Auditory feedback for touchless interaction marginally influenced driving 

behaviour, mainly in the longitudinal control of the vehicle. One reason may be that 

the subjects were very much engaged in the driving task during the whole 

experiment, with or without sounds. Inter-individual differences between subjects 

were large, possibly due to differences in driving style and experience. The 

influence of the sound in that context was relatively weak. Furthermore, for the short 

popups tasks (tasks 1 and 4), it was difficult to observe possible changes in 

behaviour in the 1 or 2 seconds the tasks required to be completed. In particular, 

before the validation, the sound did not bring any information. It was only useful for 

the confirmation of the task completion.  

On the other hand, the interest of auditory feedback for the manipulation of the 

touchless interface was clearly evidenced by the gaze analysis. Indeed, the sound 

influenced gaze behaviour in a very significant way. With the sound, the participants 

looked much less at the interface when navigating in the menus or to verify that a 

call/message was refused or accepted. Furthermore, the lower number of eye 

movements between the interface and the road and the shorter glance duration in the 

ñsoundò condition shows that the users are feeling much less confident in their 

navigation. They could consequently pay more attention to the road and the driving 

task. 

The results of the questionnaire confirm this analysis: with sounds, users are feeling 

safer, thanks to a sound design that meets the requirements (easily interpretable by 

user, bringing information needed to the navigation and relieving the visual 

workload).  

 

  Conclusion 

The study showed that the presence of auditory feedbacks for the manipulation of a 

touchless interface of an infotainment system in a car significantly decreased the 

eyes-on-the-interface time. The sonification provides useful information on the 

manipulation of the interface, information that can only be obtained through vision 

in the absence of sound. It may increase safety because the driver can be more 

attentive to the road. The interface seems also easier to use with sounds, and the 

sound allows a more user-friendly experience. 
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Abstract       

Keeping correct distance between vehicles is a fundamental tenet in road traffic. 

New road signs and markings appearing on motorways aid drivers in determining 

this distance. However, the óNagoya experimentô (Sugiyama et al., 2008) revealed 

correct distance made following safe while also eventually destabilizing traffic flow. 

When traffic becomes dense, most drivers keep the minimum safety distance and 

brake when the vehicle ahead decelerates. The resultant chain reaction along the 

entire line of closely following vehicles causes for no apparent reason a traffic 

stoppage, known as a óphantomô or óshockwaveô jam. The car-following models of 

Sugiyama et al. found certain speeds, traffic densities, and inter-vehicular distances 

combined to congest traffic. Drawing upon these and other phenomena (e.g., wave 

movement in Nature), car following by Driving to keep Inertia (DI) was conceived 

by us as an alternative to Driving to keep Distance (DD). Three studies explored 

possible prevention of óphantomô jams by adopting DI. Using a driving simulator, 

affective and behavioural measures were taken (N=113). The results comparing the 

efficiency of DI vs. DD are summarized. DI promoted a more stable driver 

trajectory, in cognitive-affective and behavioural terms, and lowered fuel 

consumption by about 20%.    

Background   

This paper compares the efficiency of two elementary car-following (CF) 

techniques. Traffic flow efficiency may be judged by the prevalence of four driving 

modes: acceleration, deceleration, idling, and cruising (Tong et al., 2000). Efficient 

traffic cruises; congested traffic speeds up and slows down, polluting, wasting time 

and money, exasperating drivers, and risking life. As developed nations adopted 

stricter road safety standards, road salubrity worsened. Vehicle emissions now claim 

as many lives as crashes do, and possibly more (Caiazzo et al., 2013).  

CF models were first developed in the early 1950s. Two main modelling efforts 

since then are the Newtonian or engineering CF models and the human factor 

http://hfes-europe.org/
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models (Saifuzzaman & Zheng, 2014). The rationale behind engineering CF models 

is the possibility to appraise and formalise how drivers naturally follow each other. 

Characterising and parameterising Normative Driving Behaviour (NDB) have 

become important goals since the late 1990s (Brackstone & McDonald, 1999). 

Hence, human driversô collective movement is observed in the context of how 

animals move in Nature, and then it is modellised and predicted. But rather than 

being a Nature issue, CF is nurtured by official criteria derived from such technical 

documents as the Highway Capacity Manual (TRB, 2010). Perhaps drivers practice 

certain NBD, but they also heed official advice: keep safety distance.  

This advice stems from the engineering and human rationale shaping such historical 

programmes as the USAôs Federal-Aid Highway Act of 1956 (Weingroff, 1996). 

During the 1920s to 1940s, soaring car ownership brought wealth and also fatalities 

and traffic jams. Authorities then had to base growth of an adequate motorway 

network on certain calculations. If 50,000 drivers go from city A to city B daily at a 

reasonable pace (say, 100 km/h), what road geometry and capacity (e.g., number of 

lanes) would be needed? The answer is straightforward: consider a standard car 

speed and braking time (taking gravitational force, and a standard friction 

coefficient). Then consider time needed to slow down from, e.g., the maximum 

official speed if a car ahead brakes suddenly. Traffic safely cruising through a given 

road section should result. The desired following distance, say, 2 seconds (s), is 

thereby set ï shaped top-down. Drivers, however, normally flout limits. In England, 

95.8% keep less than 2 s and 47.9% less than 1 s (Brackstone et al., 2002).  

Talking about road capacity may be misleading. Topologically speaking, a bucket 

has a limited capacity and a hose (road) does not. What prevents roads from being 

functional is the way flows are ordered. Hence, congested roads express lack of road 

capacity beyond reason, but so pervasively that they have earned a metaphysical 

label: phantom traffic jam (Gazis & Herman, 1992). But, why should stoppages 

arise not due to a bottleneck (e.g., caused by lane loss)? To answer, a shift from 

modelling coupled vehicles is needed; now ótraffic flow is investigated as a 

dynamical phenomenon of a many-particle systemô (Sugiyama et al., 2008; p. 2). 

The Nagoya experiment aimed to create an artificial traffic jam. Drivers followed 

each other in a circle whose perimeter was 230 m. Participants were instructed only: 

follow the vehicle ahead in safety in addition to trying to maintain cruising velocity. 

And so they drove and kept free flow. But when the number of drivers was increased 

to 22, fluctuations tripping backward easily broke the free flow. Eventually several 

vehicles had to stop for a moment to avert crashing. 

At stake here is longitudinal mechanical waves (Cromer, 1981). Keep safety distance 

is good advice for coupling vehicles on a road section, but, when more than two cars 

follow, cars platoon into a nearly perfect medium for wave transmission. As shown 

by Sugiyama et al., at some point the oscillatory nature of flowing cars spread, 

backward, to form a soliton of 25 km/h. Cars platooned so nicely that drivers, by 

virtue of the instruction follow the vehicle ahead in safety, could not avoid 

propagating the corresponding disturbances. It did not matter if tight couplings and 

platoons came from external reduction of space (adding cars to the circuit) or from 

voluntary decision (leaving less than 1 s distance to the car ahead).  
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Considering wave mechanics, we either eliminate disturbances or deal with the 

medium transmitting them ï the car-following platoon. The former are difficult to 

control, but not the latter. To cope with a lead oscillatory car (the shockwave origin), 

a following car must become shockwave proof. This remedy may be sought by 

reversing the goal of Sugiyama et al.: instead of observing the cause of congestion, 

seeking a means of prevention. To this end, two driving techniques (DD/DI) are 

compared to see if one is more effective, in cognitive-affective and behavioural 

terms, in promoting steadier travel. DD is Driving to keep Distance (from the lead 

car) and DI is Driving to keep Inertia (an adaptive, uniform speed) while car 

following. Proposing these two orthogonal driving techniques (aim for uniform 

distance vs. uniform speed) opposes the idea of NDB as a unique driving mode 

(Brackstone & McDonald, 1999) and assumes drivers can learn to follow a lead 

vehicle proactively by changing from an automatic to a controlled operative mode 

(Charlton & Starkey, 2011) and applying DD or DI as appropriate.  

Overview of the studies 

Goals  

All three studies aimed to check if: A) the same driver could drive in DD and DI 

modes when following a lead ódisturbingô car; B) drivers could follow the driving 

techniques by heeding a 10 s instruction (three sentences); C) DD vs. DI differences 

in cognitive-affective and behavioural terms were significant (Blanch, 2015). The 

relevance of such emotions as anger, fear or anxiety in troubled CF contexts like 

congestion have been documented (Shinar & Compton, 2004; Zhang & Chan, 2014). 

Additionally, Study 3 (Ferruz, 2015) monitored the space occupied by eight virtual 

automaton DD drivers following either a DD or a DI participant. 

Participants 

All participants were licensed drivers (table 1). Some were students participating in 

exchange for academic credit; others were invited via billboards at nearby shops, 

driving schools, restaurants, and the like.  

Table 1. Main demographics of participants   

 Study 1 

 (Blanch, 2015) 

Study 2 

 (Blanch, 2015) 

Study 3  

(Ferruz, 2015) 

 

N 44 44 25  

Gender 20 men/24 women 7 men/37 women 13 men/12 women  

Age 23.3 years 20.7 years 21.3 years  

Education 84.1% university 68.2% university 100% university  

Driving experience 4.07 years 2.81 years 2.68 years  

Km per year (%) 59.1% < 10,000  59.6% <10,000  44.0% <10,000  

 

  Design  

The three studies shared the same experimental design, a repeated measures model 

controlling for order. Manipulation of driving technique (DD, DI) was the within-
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subject factor. Order (DD-DI, DI-DD), randomly assigned, was the between-subjects 

factor. The set of dependent measures concerned cognitive-emotional and 

behavioural indicators (table 2). The participantsô basic task consisted of advancing 

in a straight line, for 4 minutes on a simulated road, and following a vehicle 

accelerating and decelerating (until stopping) cyclically, similar to what occurs in 

very congested traffic.  

  Materials 

The studies were conducted in two rooms at the faculty laboratories of a Spanish 

university: a booth where participants executed the tasks and an adjoining room with 

two-way glass and a monitor displaying the participantsô psychophysiological 

responses. One main study objective was characterizing the psychophysiological 

activity under DD and DI. Skin conductance response (SCR) was recorded with an 

MP36 unit (BIOPAC Systems, Inc., Goleta, CA, USA) at a sampling rate of 50 Hz 

by using two disposable Ag-AgCl electrodes attached to the left hypothenar 

eminence. Mean SCR was calculated in microsiemens (ɛS) for all three experiments. 

The MP36 unit connected to a standard PC running Windows XP.  

Self-report measures of affective state were also collected via the Self-Assessment 

Manikin (SAM), a nonverbal pictorial rating technique (Lang, 1980). SAM was 

applied to measure the affective state after task execution in the simulator. It 

provides data on three general affective dimensions: valence, arousal, and 

dominance. SAM has been widely used and validated in psychophysiological 

research and has normative data adapted to the Spanish population (Moltó et al., 

1999). The valence scale ranges from 1 (pleasure) to 9 (displeasure). The arousal 

scale ranges from 1 (exciting) to 9 (relaxing). The control scale ranges from 1 (low 

dominance) to 9 (high dominance). 

One of the earliest goals of this research was designing a 3D driving simulator able 

to run on a standard PC in distant workplaces and laboratories. ReactFollower 

(Impactware, 2014), based on UNITY software, was developed and customized to 

change certain parameters (e.g., speed, frequency of stop-and-go cycles, etc.) 

externally, via XML. The focus was on materialising the possibility to study DD/DI 

against different oscillatory patterns of the lead vehicle. Participants were shown 

three scenarios, always in one lane on a straight road: A) participant drives alone on 

the road (always in a natural position on the driverôs virtual side of the vehicle); B) 

participant drives behind another vehicle travelling at constant speed of 3 m/s (10.8 

km/h); C) participant drives behind another vehicle traveling with constant stop-and-

go cycles of a sinusoidal function built at a mean speed of 3 m/s (data is presented 

only from C). Participants could control acceleration/deceleration of their vehicle 

only by pressing óup/downô arrows on a computer keyboard. When óupô was 

pressed, it accelerated and maintained a constant speed when released. When ódownô 

was pressed, it decelerated. Acceleration/deceleration was in discrete increments: to 

accelerate or decelerate continually participants had to press the keys repeatedly. 

The simplest option (keyboard) was preferred to enable all participants to use the 

software with basic hardware equipment, and to level differences in expertise with 

video game keyboards. Finally, no direction changes were intended, just regulating 

speed-distance in a straight lane. The driving simulator worked on an HP 
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TouchSmart iq522es computer with a 23-inch screen, NVIDIA GeForce 9300m GS 

video card and 4 GB RAM, Intel Core 2 Duo Processor T6400 2.00 GHz, and 

Windows 7 operating system. A precision Apple USB keyboard (PCB DirectIN 

V2012) was used. The simulator collected, among others, variables for speed, 

distance to leader, and fuel consumption (a gross estimate obtained considering 

variations in speed per frame, see table 2).  

Procedure 

Scenarios A/B were designed as controls. In scenario C, participants were asked to 

follow the lead vehicle and adopt one of two driving techniques (DD or DI) though 

they never received an explicit verbal label for either. The group performing the task 

in DD-DI order received this instruction fi rst for DD: óIn the simulated driving 

scenario that you will enter, you will see a vehicle ahead of you and it will not move 

at a constant speed. Sometimes it will go faster or slower. We ask you to travel 

behind that vehicle as closely as possible without risking a collision.ô Following this, 

they used the simulator and then were given the SAM scales. Afterwards, the 

instruction for DI was provided: óIn the simulated driving scenario, you will see a 

vehicle ahead of you and it will not move at a constant speed. Sometimes it will go 

faster or slower. We ask you to travel smoothly behind the vehicle and maintain a 

constant speed, without letting the lead vehicle move too far away.ô Participants in 

the supplementary condition (DI-DD) read the same texts in reverse order.  

Overview of main results 

Data were subjected to a repeated measure ANOVA having two levels of driving 

orientation (DD, DI). Table 2 presents the main results concerning SCR, SAM 

scales (valence, arousal, dominance), and performance indicators (speed, distance, 

fuel consumption) from the three studies. Skin conductance was systematically and 

significantly higher for DD vs. DI in all three studies (S-1, p < .001; S-2, p < .001; 

S-3, p = .046, ɖp
2
 = .16 to .37). Regarding SAM subscales, differences concerning 

valence were significant only in Study 2, with DI being judged as more pleasurable 

than DD (p < .001, ɖp
2
 = .58). Arousal was significantly higher for DD vs. DI in all 

three studies (S-1, p = .004; S-2, p < .001; S-3, p < .001, ɖp
2
 = .18 to .49). 

Dominance was higher for DI in S-1 (p < .001, ɖp
2
 = .27) and S-2 (p < .001, ɖp

2
 = 

.37), but not in S-3 (p = .11). Regarding performance indicators: Average speed was 

lower for DI in all three studies (S-1, p < .001; S-2, p < .001; S-3, p = .004, ɖp
2
 = .26 

to .35), and also speed variability (S-1, p < .001; S-2, p < .001; S-3, p < .001, ɖp
2
 = 

.68 to .85). Conversely, average distance to leader was always smaller under DD (S-

1, p < .001; S-2, p < .001; S-3, p < .001, ɖp
2
 = .57 to .60). Finally, fuel expenditure 

was lower under DI in the three studies (S-1, p < .001; S-2, p < .001; S-3, p < .001, 

ɖp
2
 = .75 to .89).  
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Table 2. Means corresponding to main variables  

           Study 1        Study 2       Study 3  

       DD        DI     DD        DI     DD       DI  

Skin conductance 8.04 6.55 9.47 8.18 11.11 9.26  

Valence 3.45 3.45 5.79 2.93 3.48 3.52  

Arousal  3.93 5.07 3.11 5.61 4.24 5.76  

Dominance  6.25 7.20 4.91 6.77 5.68 6.44  

Speed (m/s) 3.08 3.05 3.07 3.03 3.07 3.03  

Speed variability (m/s) 2.57 1.44 2.54 1.44 2.24 .99  

Distance to leader (m) 6.60 11.90 7.70 17.60 9.25 19.40  

Fuel expenditure (l) 19.4 15.0 18.6 15.1 19.7 13.9  

 

 

 

Figure 1. Mapping valence and arousal dimensions upon discrete emotions (Studies 1-3). 

In sum, cognitive-affective indicators portrayed DI as a more comfortable way of 

following a lead oscillatory vehicle. SCR and SAM reports indicate DD drivers feel 

more arousal than DI ones (S1-3) and less dominance (S1-2), but only S2 shows 

valence differing. Following Cai & Lin (2011; see also Zhang & Chan, 2014), Fig. 1 

tentatively maps results for valence-arousal dimensions (SAM) and discrete 

emotions. Performance indicators pointed to two orthogonal driving approaches, DD 

(aiming for uniform and shorter distance) vs. DI (aiming for uniform speed and 

longer distance). DI participants absorbed leader disturbance; moving at a more 


