This article has been published as Kérber, M., Gold, C., Lechner, D., & Bengler, K. (2016). The influ-
ence of age on the take-over of vehicle control in highly automated driving. Transportation Research
Part F: Traffic Psychology and Behaviour, 39, 19-32. doi:10.1016/j.trf.2016.03.002

The Influence Of Age On The Take-Over Of Vehicle Control In
Highly Automated Driving

Moritz Kérber Christian Gold David Lechner Klaus Bengler
Institute of Ergonomics, Institute of Ergonomics, Institute of Ergonomics, Institute of Ergonomics,
Technische Universitat Technische Universitat Technische Universitat Technische Universitat

Miinchen Miinchen Miinchen Miinchen
BoltzmannstraRe 15, BoltzmannstraRe 15, BoltzmannstraRe 15, BoltzmannstraBe 15,
85747 Garching 85747 Garching 85747 Garching 85747 Garching
Tel: +49 89 289 15376 Tel: +49 89 289 15401 lechnerd@Ife.mw.tum.de Tel: +49 89 289 15400
koerber@Ife.mw.tum.de gold@Ife.mw.tum.de bengler@Ife.mw.tum.de

Correspondence concerning this article should be addressed to Moritz Korber, Institute of Ergonom-
ics, Technische Universitat Miinchen, BoltzmannstraRe 15, D — 85747 Garching, Tel: +49 89 289
15376, Email: koerber@Ife.mw.tum.de

Abstract

The growing proportion of older drivers in the population plays an increasingly relevant role in road
traffic that is currently awaiting the introduction of automated vehicles. In this study, it was investi-
gated how older drivers (2 60 years) compared to younger drivers (< 28 years) perform in a critical
traffic event when driving highly automated. Conditions of the take-over situation were manipulated
by adding a verbal non-driving task (20 questions task) and by variation of traffic density. Two age
groups consisting of 36 younger and 36 older drivers drove either with or without a non-driving task
on a six-lane highway. They encountered three situations with either no, medium or high traffic density
where they had to regain vehicle control and evade an obstacle on the road. Older drivers reacted as
fast as younger drivers, however, they differed in their modus operandi as they braked more often and
more strongly and maintained a higher time-to-collision (TTC). Deterioration of take-over time and
quality caused by increased traffic density and engagement in a non-driving task was on the same level
for both age groups. Independent of the traffic density, there was a learning effect for both younger
and older drivers in a way that the take-over time decreased, minimum TTC increased and maximum
lateral acceleration decreased between the first and the last situation of the experiment. Results high-
lightthat older drivers are able to solve critical traffic events as well as younger drivers, yet their modus
operandi differs. Nevertheless, both age groups adapt to the experience of take-over situations in the
same way.
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1. Introduction

Nowadays, industrialized nations are witnessing a major change in demographics since the proportion
of older people in the population is steadily growing. According to Cauley (2012), the proportion of
people in the global population older than 65 years will double from 7 to 14 % by 2040. Accompanied
by that is an increased number of elderly drivers in road traffic. It is controversially discussed whether
older drivers have increased involvement in accidents. Frailty bias (overrepresentation in registered
accidents because of their increasing physical frailty) and low mileage bias (driver with low yearly driv-
ing distances have a higher risk per kilometer) show that a simple measurement by crash rate based
on distance driven might result in a skewed image (Langford, Methorst, & Hakamies-Blomqvist, 2006).
In addition, older drivers differ from younger drivers in the type of crashes (Cicchino & McCartt, 2015;
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Dotzauer, Waard, Caljouw, Poéhler, & Brouwer, 2015) and show compensatory driving behavior, i.e.
driving in conditions and at demands that are appropriate for their abilities (Andrews & Westerman,
2012). Therefore, accounting for multiple factors (how much is driven, in what situation, where, when
and how) is important for estimating elderly drivers’ crash risk (Blanchard, Myers, & Porter, 2010).

Aging is accompanied by a decline in cognitive functions (Salthouse, 2009) and since driving is a com-
plex task, such impairments may also be relevant for safe road behavior. Anstey and colleagues (An-
stey, Wood, Lord, & Walker, 2005) give an overview of age-related changes relevant to driving and
show that the relationship between the decline in performance in cognitive tests and reported crash
involvement varies. Impairments and decline relevant to driving include executive functions (Bryan &
Luszcz, 2000), impaired vision (Haegerstrom-Portnoy, Schneck, & Brabyn, 1999), perception of hazards
(Horswill et al., 2008), reaction times (Der & Deary, 2006), and information processing speed (Salt-
house, 1991; Verhaeghen & Salthouse, 1997). Additionally, their visual search is altered (Maltz & Shi-
nar, 1999), older drivers make more mistakes in estimating the speed of other vehicles (Scialfa, Guzy,
Leibowitz, Garvey, & Tyrrell, 1991), they take longer to switch tasks (Kray & Lindenberger, 2000), and
solve novel problems worse (Baltes, Staudinger, & Lindenberger, 1999). However, although every ag-
ing individual is affected by this decline, its speed and intensity vary strongly between them (Hultsch,
MacDonald, & Dixon, 2002) and this variability, in addition, increases with age (Morse, 1993). Hertzog
et al. (2008) describe the decline as a “zone of possible functioning” (p. 1) whose borders are set by
person-specific endowments and age-related constraints. According to them, an individual’s position
in this zone is dependent on the individual engagement in gainful intellectual, physical, and social ac-
tivities. Therefore, given the right conditions, proper cognitive functioning can be maintained even at
an higher age. Furthermore, performance in naturalistic common tasks does not only depend on ele-
mentary general cognitive abilities but is also influenced by specific knowledge and expertise
(Masunaga & Horn, 2001). Even performance in cognitive tasks, laboratory or naturalistic, is partially
based on acquired relevant information structures (Hertzog, 2008), which limits the external validity
of laboratory tests. Development of cognitive performance is thereby not only a function of age, but
also of compensatory adaptations, experience-related changes, and acquisition of expertise. From this
perspective, aging does not necessarily lead to a deterioration in driving performance for everyone,
but depends on the situation and individual lifestyle.

While the impact of this decline on road safety has already been studied in manual driving (e.g. Devlin,
McGillivray, Charlton, Lowndes, & Etienne, 2012; Horberry, Anderson, Regan, Triggs, & Brown, 2006),
the planned introduction of vehicle automation to mass-production vehicles creates the need to in-
vestigate older drivers’ interaction with vehicle automation. This introduction initiates a shift in vehicle
control since the ability to let longitudinal control as well as lateral control be carried out by an auto-
mation is now provided (Gold & Bengler, 2014). This shift also influences the driver’s tasks and their
demands: In highly automated driving (Gasser, 2012; Level 3 in NHTSA, 2013), the driver is not actively
taking part in the controller-vehicle loop and, therefore, it is now possible for him to engage in non-
driving-related activities (e.g. reading e-mails). If the system detects a system limit, it then requests
the driver to take over vehicle control in a certain amount of time. Thus, the driver now has to react
quickly, must be able to switch from secondary tasks to manual driving and has to gather information
about the environment as well as the reason for the takeover request (TOR) and has to choose the
best reaction. If vehicle automation is to be introduced into road traffic, safe use for every potential
user has to be ensured (Korber & Bengler, 2014). Since reaction times (Der & Deary, 2006), processing
speed (Salthouse, 1991), task switching (Kray & Lindenberger, 2000) and hazard perception response
time (Horswill et al., 2008) decline with age, it seems reasonable that older drivers could take longer
to regain vehicle control in case of a TOR. Petermann-Stock and colleagues (Petermann-Stock, Hacken-
berg, Muhr, & Mergl, 2013) investigated the influence of age on take-over time with a younger driver
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(25-35 years) and an older driver (50-70 years) group. They found a difference of up to 1200 ms (de-
pending on the workload condition) between the means in take-over time of the two age groups, alt-
hough this difference was not significant. A reason for this result could lie in the study design: the
participants drove at rather low speed (35 km/h) and no immediate reaction by the participants was
necessary. It is imaginable that the participants did not react as fast as possible and took their time to
comfortably take over, which could have ruled out any age-related differences in reaction times. Thus,
more research about take-over time of older drivers and, given the mentioned performance variations
of older drivers dependent on the situation, relevant situational influences is needed. In this study, we,
therefore, investigate the influence of age on take-over time in highly automated driving in varying
conditions.

2. Situation Complexity as Intensifier of Age Effects

Depending on the time and location of the drive, the number of other road users might vary. Other
road users increase the complexity of a situation and the number of objects that have to be monitored
or taken into account in the decision-making process. Accordingly, Baldwin and Coyne (2003) found
significant processing decrements, indicated by higher response times and lower accuracy, in a detec-
tion task as a function of increased traffic density, although subjective ratings and EEG results did not
differ significantly between the conditions. Strayer, Drews and Johnson (2003) report an exacerbation
of the difference between single- and dual-task conditions by traffic density: participants were more
often involved in a traffic accident while talking on a cell phone when the traffic density was high.
Tornros and Bolling (2006) found performance in a peripheral detection task (PDT) to be remarkably
poor in a complex urban environment, even when there was no engagement in a secondary task. Driv-
ers’ reduction of speed in this environment was seen as a compensatory measure caused by higher
task demands. In a driving simulator study, Trick and colleagues (Trick, Toxopeus, & Wilson, 2010)
showed that high traffic density leads to longer hazard reaction times and a higher standard deviation
of lane position. Radlmayr et al. (Radlmayr, Gold, Lorenz, Farid, & Bengler, 2014) investigated the effect
of high traffic density during a take-over situation in highly automated driving and found a large in-
crease in take-over time when other road users were present. However, generalization of their results
to the general driving population is difficult, because their mean sample age was rather low. The in-
crease in take-over time could even be larger for elderly drivers since age-related differences in per-
formance have been found to be exacerbated by an increase in task complexity (Salthouse, 1987,
1988). Accordingly, Horberry and colleagues (Horberry et al., 2006) found that older drivers drive
slower in highly complex environments to allow themselves an increased margin of error, i.e. to com-
pensate for the high task demand (Fuller, 2005). Cantin and colleagues (Cantin, Lavalliere, Simoneau,
& Teasdale, 2009) also reported a disproportionate increase in reaction times for older participants in
the most complex driving context, although others could not replicate this finding (Stinchcombe &
Gagnon, 2013), which highlights the high variability and context dependency of age effects and cogni-
tive decline. To elaborate the possible interaction between age and situational complexity further, we
manipulated situational complexity in this study by variation of traffic density. Compared to no traffic,
a high traffic density incorporates more vehicles that have to be perceived, monitored, and taken into
account in decision-making and therefore represents a more complex situation. Based on the afore-
mentioned research, we expect that older drivers’ ability to regain vehicle control is disproportionately
impaired by high traffic density.

H1: An interaction effect between age and traffic density exists in a way that older drivers’ take-over
time and quality suffer disproportionately from traffic density.
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3. Engagement in a Non-driving Task as Use Case in Highly Automated Driv-
ing

Driving with vehicle automation has been shown to reduce engagement in the driving task (Saxby,
Matthews, Warm, Hitchcock, & Neubauer, 2013) and investigations on drivers’ behavior have sup-
ported this: Jamson and colleagues (Jamson, Merat, Carsten, & Lai, 2013) reported that vehicle auto-
mation increased the inclination to engage in non-driving activities, i.e. use of in-vehicle entertain-
ment. Carsten and colleagues (Carsten, Lai, Barnard, Jamson, & Merat, 2012) found that engagement
in non-driving tasks, like reading or usage of a DVD player, increased from manual to highly automated
driving as a substitution for the vehicle control task. Llaneras, Salinger and Green (2013) reported sim-
ilar results with engagements like eating or e-mailing. Summed up, engagement in a non-driving task
is very likely in highly automated driving. Engagement in a such a task promotes an orientation of
attention away from the traffic scene, occupies working memory and thereby promotes a loss of situ-
ation awareness (Baumann, Rosler, & Krems, 2007). If the driver is engaged in a secondary task while
being requested to take over, he first has to reallocate attention to the traffic scene, regain situation
awareness and then switch to the driving task in order to commence a reaction. The influence of en-
gagement in a secondary task on take-over time has already been investigated empirically: Petermann-
Stock and colleagues (Petermann-Stock et al., 2013) manipulated the task demand of a secondary task
and found significant differences in take-over time according to the task demand. The distraction does
not have to be visual; a cognitive secondary task can be equally influencing (Radlmayr et al., 2014).
This includes having a phone conversation while driving highly automated, which will be a common
use case in the future (Kyriakidis, Happee, & Winter, 2015). However, the influence of this type of non-
driving-related task is not well studied yet. Merat and colleagues (Merat, Jamson, Lai, & Carsten, 2012)
simulated a phone conversation by using the 20-Questions Task (TQT), a verbal guessing task with
guantifiable performance. The results showed that in the absence of the TQT, response to a critical
event was similar for manual and highly automated conditions, but the worst performance occurred
when drivers were required to regain vehicle control in the automated condition while being engaged
with the TQT. In this study, we investigate the use case phone conversation as engagement in a non-
driving task further and simulate a phone conversation as well by means of the TQT. Several authors
have examined an age-related decline in cognitive functions that are relevant for the take-over process
in case of task engagement and that indicate a possible interaction between age and task engagement:
Ponds et al. (1988) showed that elderly adults have a decreased ability to divide attention compared
to young and middle-aged adults and dual-task performance of the elderly is worse (Baldwin &
Schieber, 1995; Hartley & Little, 1999). They have a reduced ability to flexibly allocate attention be-
tween two tasks and to adhere to a prioritized focus (Siu, Chou, Mayr, van Donkelaar, & Woollacott,
2008) and their working memory and thereby their ability to keep relevant situational information
active is deteriorated (Salthouse, 1991). Moreover, they have deficits in maintaining and selecting task
sets, and also in task switching (Kray, Eber, & Lindenberger, 2004; Kray & Lindenberger, 2000; Mayr,
2001). Accordingly, older people need longer to resume a task when they get interrupted (Monk,
Boehm-Davis, & Trafton, 2004). Therefore, we expect that older drivers have increased difficulties to
take-over when they are engaged in a non-driving task. The following relationship is expected:

H2: An interaction effect between age and engagement in an additional task exists in a way that older
drivers’ take-over time and quality suffer disproportionately from engagement in an additional task.
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4. Method

4.1. Sample

A total of 72 participants took part in this experiment, 14 (19.4 %) female and 58 (80.6 %) male. Mean
age of the young driver group (n = 36) was M = 23.28 years (SD = 2.60) with a range from 19 to 28
years. Mean age of the old driver group (n = 36) was M = 66.67 years (SD = 4.56) with a range from 60
to 79 years. The possession of a driving license for at least one year was required for participation and
participants held their license for a mean of M = 4.34 (SD = 2.38) years in the young driver group and
M = 48.44 (SD = 4.70) years in the old driver group. Annual mileage by age group is listed in Table 1. In
an interview, no participant reported impairments that could interfere with a driving task.

Table 1. Annual mileage in kilometers by age group.

< 5,000 5,000-10,000 10,000-20,000 > 20,000
Younger Drivers 20 10 5 1
Older Drivers 3 8 18 7
Total 23 18 23 8

4.2. Study Design and Measures

A 2x2x3 factorial design with the between-subject factors age and task and a within-subject factor
traffic density (TD) was used for this experiment. The participants of the older and younger group either
drove with or without an additional non-driving task and experienced three take-over situations, each
with a different traffic density. The sequence of traffic density conditions was permutated in Latin
square design and the participants were evenly distributed on the conditions. Table 2 shows an over-
view of the experimental conditions.

Table 2. Overview of the experimental conditions.

Be Younger Drivers Older drivers
Be Task No Task Task No Task
Wi ZeroTD Medium TD High TD ZeroTD Medium TD High TD

Note. TD = traffic density; Be = between-subject factor; Wi = within-subject factor.

Dependent variables were take-over time, minimum time-to-collision (TTC), maximum lateral and
maximum longitudinal acceleration. According to previous publications (e.g. Gold, Dambdéck, Lorenz,
& Bengler, 2013), take-over time was defined as the time between the TOR and the first conscious
reaction by the driver, i.e. a change of 10 % of the maximum brake pedal position or more than 2
degrees in steering wheel angle. Besides take-over time, the quality of the take-over is a crucial deter-
minant of a safe reaction to a critical event. Take-over quality is measured in this study by the maxi-
mum longitudinal accelerations or the maximum lateral accelerations of the ego vehicle that occurred
between the TOR and 166 meters after the obstacle. This interval captures the evasive maneuver as
well as the stabilization on the new lane. Additionally, we calculated the time to collision (TTC), which
represents the time remaining until a collision with an obstacle is imminent. Hereby, a constant speed
difference between vehicle and obstacle is assumed. The TTC decreases until the participant brakes or
changes lanes, whereas a TTC of zero represents a collision. The last indicator for take-over quality was
the type of resolution of the situation, i.e. if and what kind of collision occurred. Table 3 summarizes
the dependent variables.
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Table 3. Overview of the dependent variables in this study.

Variable Unit Construct Definition

Time between TOR and

Take-Over Time [s] Take-Over Time
start of maneuver

Maximum longitudinal Max. long. acc. occurred

. m/s? Take-Over Qualit L . .
accelerations [m/s7] Q ¥ within the situation
Maximum lateral accel- 2 . Max. lat. acc. occurred

. m/s Take-Over Qualit L . .
erations [m/s?] ver Quality within the situation
Minimal Time-to-Colli- Minimal TTC occurred
. S Take-Over Qualit e .
sion (TTC) [s] Quality within situation

Count of collisions in

Solution of Situation count Take-Over Quality consequence of the

take-over

4.3. Apparatus

4.3.1. Driving Simulator and Experimental Track

The experiment was conducted in a static driving simulator consisting of a BMW 6 series mockup with
a front field view of approximately 180 ° as well as three additional screens for rear mirrors. SILAB by
WIVW GmbH was used to create the driving simulation. Data (vehicle’s position, acceleration, steering
wheel angle and position of pedals) are recorded at a frequency of 100 Hz. Participants drove highly
automated (Gasser, 2012; Level 3 in NHTSA, 2013) at a speed of 120 km/h on a six-lane highway (three
lanes in each direction). The implemented automation carried out longitudinal and lateral control. Lon-
gitudinal control was designed like an ACC system and the automation was able to follow indicated
speed limits, to keep the vehicle in the middle of the current lane and to overtake slower vehicles. The
initial ego vehicle’s lane was permutated in a Latin square design. The system limits were each repre-
sented by a broken down vehicle on the participant’s current lane. This obstacle suddenly appeared
233 meters ahead on a straight stretch, which made it impossible for the participants to foresee the
take-over situation. Also, the situations evolved out of a common traffic flow, for instance, the ego-
vehicle overtook a slower vehicle and, therefore, changed to the lane with the obstacle, which also
hindered anticipation of the take-over situations based on traffic or ego-vehicle behavior. Seven sec-
onds before the ego vehicle would have collided with the obstacle, vehicle automation was turned off,
i.e. longitudinal and lateral control was transitioned back to the driver, resulting in a drag torque of
0.64 m/s2. At this particular point in time, an auditory TOR in form of a doubled beep (2800 Hz, 74 dB)
was given and the driver was requested to take over vehicle control.

4.3.2. Additional Task
We simulated a hands-free cell phone conversation by means of the 20 questions task (TQT) which has
been shown to induce cognitive distraction in the same manner as a natural cell phone conversation
(Heenan, Herdman, Brown, & Robert, 2014). The participants had to guess an animal by asking a max-
imum of 20 questions to the experimenter by a microphone in the mockup. Participants were engaged
in the task during the whole experimental drive.
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4.3.3. Traffic Density Conditions

In this experiment, three traffic density (TD) conditions were simulated. In Zero TD (TD 0) no other
vehicles were on the road at the moment of the take-over situation. For the other two conditions,
traffic density was manipulated by the number of other vehicles and their constant and equal distance
to the ego vehicle. Condition Medium TD (TD 10) was set with 10 vehicles per kilometer and lane; other
road users surrounded the ego vehicle with a distance of approximately 100 m. High TD (TD 20) was
set with 20 vehicles per kilometer and lane with a distance of 50 m. In each condition, other vehicles’
speed was set equal to the automated ego vehicle. When the TOR was given, other vehicles formed a
gap next to the participant’s vehicle to enable a lane change as an evasive maneuver.

4.4. Procedure

After being welcomed by the experimenter, the participants filled out a demographic entry question-
naire about age, gender and driving experience. An introduction to the experiment and the automation
was presented in which they were told that the automation will carry out longitudinal and lateral con-
trol and does not have to be monitored, although there are situations that the automation cannot
solve. In this case, the TOR warns the driver and he has to regain control. Depending on the condition,
the TQT was explained. Next, the driving simulator was shown to the participants and an introductory
drive was started. When the participant indicated that he/she felt comfortable using the simulator,
the experimental drive was started. The participants then received their reward and were said good-
bye. Total time of the experimental session was approximately 80 min.

5. Results

To analyze the influence of the independent variables, we conducted a three-way ANOVA with the
factors age, task and traffic density for each dependent variable.

5.1. Take-over Time

The mean take-over times of the different conditions are listed in Table 4. Table 5 shows the results of
the three-way ANOVA for the take-over time. No significant effect was found for age, task or interac-
tions with age or task. However, we found a significant effect for traffic density. Performed post hoc
tests using Bonferroni-Holm correction (Holm, 1979) revealed that the zero traffic density condition
differed significantly from the medium (p < .001) and high (p < .001) traffic density condition. There
was no significant difference between medium and high traffic density (p = .583). Figure 1 and Figure
2 visualize these results.



This article has been published as Kérber, M., Gold, C., Lechner, D., & Bengler, K. (2016). The influ-
ence of age on the take-over of vehicle control in highly automated driving. Transportation Research
Part F: Traffic Psychology and Behaviour, 39, 19-32. doi:10.1016/j.trf.2016.03.002

Table 4. Mean take-over time and according confidence interval for each condition.

95% Cl
M D
3 Lower Limit Upper Limit
DO 2.58 0.97 2.09 3.06
No Task TD 10 3.32 1.44 2.61 4.03
TD 20 3.52 1.17 2.94 4.10
Younger
Drivers DO 2.76 0.88 2.32 3.19
Task TD 10 3.70 0.97 3.22 4.18
TD 20 3.66 1.24 3.04 4.28
TDO 2.41 1.00 1.91 291
No Task TD 10 3.41 1.34 2.74 4.08
TD 20 3.41 1.39 2.72 4.10
Older
Drivers TDO 2.62 1.29 1.95 3.29
Task TD 10 3.25 1.41 2.53 3.97
TD 20 3.56 1.10 3.01 4.10
Note. Unit of measurement: seconds.
Table 5. Results of an ANOVA on take-over time.
F df Partial n? p
Age 0.66 1,67 .01 420
Task 0.69 1,67 .01 .409
Traffic Density 14.83*** 2,134 .18 <.001
Age x Task 0.21 1,67 .00 .650
Age x Traffic Density 0.20 2,134 .00 .982
Task x Traffic Density 0.03 2,134 .00 .974
Age x Task x Traffic Density 0.38 2,134 .01 .688

Note. *** p <.001.

4,00 4,00 _} + +
3,00 3,00
(%] (%]
2,00 2,00
1,00 1,00
0,00 0,00
DO TD 10 TD 20 TDO TD 10 TD 20
OYoung OOId OYoung OO0Id
Figure 1. Take-over time of participants without additional Figure 2. Take-over time of participants with additional

task; error bars = 95% confidence interval. task; error bars = 95% confidence interval.
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5.2. Take-over Quality

In the traffic density conditions TD 10 respectively TD 20, 8 respectively 9 participants caused an acci-
dent during the take-over, which is why we can only report take-over time for them. Of these 17 colli-
sions, 8 were collisions with other road users, 6 were collisions with obstacles and in 3 cases the par-
ticipant left the road. The total frequency of collisions was compared between the two age groups by
a chi-squared test, which returned no significant effect (x3(1) = 0.59, p < .443; ORyoung/old = 1.42 [0.52,
3.86]). Table 6 lists the collisions in condition of age group and traffic density.

Table 6. Count of collisions by traffic density and age group.

DO TD 10 TD 20

Obstacle Traffic Road Obstacle Traffic Road Obstacle Traffic Road Total
Young 0 0 0 2 1 1 3 2 1 10
old 0 0 0 0 4 0 1 1 1 7
Total 0 0 0 2 5 1 4 3 2 17

Next, we investigated the effect on the minimum TTC. We found significant main effects for the factors
age, task and traffic density (Table 7). Performed post hoc tests with Bonferroni-Holm correction re-
vealed significantly lower TTCs in medium traffic density (p < .001) compared to zero traffic density as
well as significantly lower TTCs in high traffic density (p < .001) compared to zero traffic density, but
no significant difference between medium and high traffic density (p = .144). Figure 3 and Figure 4
show these results graphically. Beyond that, the frequency of participants with a TTC lower than 1
second is listed by age group in Table 8. We found that, compared to the older drivers group, signifi-
cantly more participants in the younger drivers group kept a TTC below 1 second in TD 20 (x%(1) = 4.72,
p <.03; ORyoung/old = 3.44 [1.10, 10.78]). The same tendency was found across all traffic densities (x*(1)
=2.82, p <.093; ORyoung/old = 1.84 [0.90, 3.76]).

Table 7. Results of an ANOVA on minimum TTC.

F df Partial n? p
Age 5.19* 1,50 .09 .027
Task 5.53* 1,50 .10 .023
Traffic Density 18.48*** 2,100 27 <.001
Age x Task 0.00 1,50 .00 .981
Age x Traffic Density 0.23 2,100 .01 .793
Task x Traffic Density 0.05 2,100 .00 .954
Age x Task x Traffic Density 0.75 2,100 .02 475
Note. * p <.05; *** p <.001.
4,00 4,00
3,00 3,00
? 2,00 “ 2,00
1,00 1,00 m
0,00 0,00
TDO TD 10 TD 20 DO TD 10 TD 20
OYoung OOId OYoung OOId

task; error bars = 95% confidence interval. task; error bars = 95% confidence interval.
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Table 8. Count of participants with min TTC lower than 1 second by traffic density and age group.

0 D 10 D 20 At leastin Total
oneTD
Young 2 (34) 9(23) 13 (17) 16 (10) 24 (74)
old 4 (32) 5(26) 6 (27) 12 (16) 15 (85)
Total 6 (66) 14 (49) 19 (44) 28 (26) 39 (159)
X3(1) 0.73 1.31 4.72% 1.89 2.82
OR 0.47 2.04 3.44 2.13 1.84°
young/old [0.08, 2.75] [0,60 6.95] [1.10, 10.78] [0.72, 6.33] [0.90, 3.76]

-0.75 0.71 1.24 0.76 0.61

IOgORyoung/old

[-2.52, 1.01] [-0.52, 1.94] [0.09, 2.38] [-0.33, 1.85] [-0.11, 1.33]
Note. °p <.10; * p <.05; numbers in parentheses indicate the number of participants with min TTC higher than 1 second.

To further investigate the differences in minimum TTC, the frequency of engagement in braking was
compared between the age groups (Table 9). We found that, compared to the younger drivers group,
significantly more participants in the older drivers group engaged in braking in TD 0 (x3(1) = 12.41,
p <.001; ORoigjyoung = 6.29 [2.17, 18.24]), TD 10 (x*(1) = 4.60, p = .032; ORoid/young = 3.03 [1.09, 8.46]) and
across all traffic densities (x*(1) = 8.66, p = .003; ORoid/young= 2.35 [1.32, 4.17])

Table 9. Count of participants that engaged in braking during the take-over maneuver.

TDO TD 10 TD 20 Total
Young 7 (28) 12 (20) 16 (14) 35(62)
Old 22 (14) 20(11) 15 (18) 57 (43)
Total 29 (42) 32 (31) 31(32) 92 (105)
x*(1) 12.41%** 4.60* 0.39 8.66**
ORold/young 6.29[2.17, 18.24] 3.03[1.09, 8.46] 0.73[0.27, 2.00] 2.35[1.32, 4.17]
10gORold/young 1.84[0.77, 2.90] 1.11[0.08, 2.14] -0.32 [-1.31, 0.68] 0.85[0.28, 1.43]

Note. * p <.05; ** p <.01; *** p <.001; numbers in parentheses indicate the number of participants with min TTC higher
than 1 second.

After that, we investigated differences in maximum longitudinal acceleration as the second criterion
for take-over quality. An ANOVA revealed a significant interaction effect between the factors age and
traffic density. Analysis of the group means indicated that younger drivers brake as strong as older
participants, but only in the high traffic density condition (Table 10; Figure 5; Figure 6).
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Table 10. Results of an ANOVA on maximum longitudinal acceleration.

F df Partial n? p
Age 2.78 1,50 .05 .102
Task 0.82 1,50 .02 .369
Traffic Density 2.16 2,100 .04 113
Age x Task 0.90 2,100 .02 .347
Age x Traffic Density 5.27* 2,100 .10 .020
Task x Traffic Density 0.10 2,100 .00 991
Age x Task x Traffic Density 0.23 2,100 .00 .789
Note. * p <.05.
8,00 8,00
6,00 6,00
é 4,00 é 4,00
2,00 ’{_‘ 2,00 ’{_‘
0,00 0,00
DO TD 10 TD 20 TDO TD 10 TD 20
OYoung OOId OYoung OOId
Figure 5. Maximum longitudinal acceleration of Figure 6. Maximum longitudinal acceleration of
participants without additional task; error bars = 95% participants with additional task; error bars = 95%
confidence interval. confidence interval.

As the third criterion for take-over quality, we analyzed the maximum lateral acceleration (Table 11;
Figure 7; Figure 8). There was no significant difference between the age groups and no interaction
effect with age. We found a significant effect for traffic density. Performed post hoc tests using Bon-
ferroni-Holm correction revealed a significant difference between zero traffic density and medium
traffic density (p =.047) and a significant difference between zero traffic density and high traffic density
(p <.001). No difference was found between the medium and high traffic density condition (p = .279).

Table 11. Results of an ANOVA on maximum lateral acceleration.

F df Partial n? p
Age .09 1,50 .00 771
Task 2.62 1,50 .05 112
Traffic Density 6.48** 1,100 12 .002
Age x Task .09 1,50 .00 772
Age x Traffic Density 0.16 2,100 .00 .853
Task x Traffic Density 1.73 2,100 .03 .182
Age x Task x Traffic Density 0.06 2,100 .00 .939

Note. ** p <.01.
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Figure 7. Maximum lateral acceleration of participants Figure 8. Maximum lateral acceleration of participants
without additional task; error bars = 95% confidence with additional task; error bars = 95% confidence interval.
interval.

To investigate if both age groups show the same adaption to the take-over situations, we conducted
an ANOVA with the factors number of situation, age and traffic density (Table 12; Figure 9; Figure 10)
and take-over time as the dependent variable. We found a significant effect for the number of the
situation and post hoc tests using Bonferroni-Holm correction revealed a significant difference be-
tween the first and the second situation (p = .001) and a difference between the first and the third
situation (p < .001). There was no significant difference between the second and third situation
(p=.171). Age had no influence on this learning effect. Similar to previous analysis, post hoc tests for
traffic density revealed a difference between the zero traffic density condition and medium traffic den-
sity (p <.001) as well as high traffic density (p < .001), but no significant difference between the me-
dium and high traffic density condition (p = .529). The minimum TTC increased independently of age
and traffic density from M = 1.90 (SD = 1.11) in Situation 1 to M = 2.43 (SD = 1.34) in Situation 3. We
obtained a linear trend for this increase (F(1, 56) = 5.30, p = .025), however, a repeated measures
ANOVA indicated only a trend for differences between the means (F(2, 112) = 2.87, p = .061). A re-
peated measures ANOVA revealed no significant differences between the means of the situations in
maximum longitudinal accelerations(F(2, 112) = 0.23, p = .792) as well. The mean maximum lateral
acceleration decreased from M = 4.05 (SD = 2.09) in Situation 1 to M = 2.98 (SD = 1.68) in Situation 3.
A repeated measures ANOVA revealed a significant differences between the means of the Situations
(F(2,112) = 8.05, p = .001) and this decrease appeared in a linear manner (F(1, 56) = 15.77, p < .001).
Post hoc tests with Bonferroni-Holm correction revealed a significant difference between Situation 1
and 2 (p =.018) and between Situation 1 and 3 (p <.001), but not between Situation 2 and 3 (p = .265).
This effect occurred independently of age and traffic density.

Table 12. Results of an ANOVA on take-over time to investigate the learning effect in the course of the experiment.

F df Partial n? p
Situation 13.78*** 2,130 .18 <.001
Age 2.76 1,65 .04 .102
Traffic Density 18.67*** 2,65 .37 <.001
Age x Traffic Density 0.02 2,65 .00 .978
Situation x Traffic Density 1.03 4,130 .03 .395
Situation x Age 0.67 2,130 .01 .515
Situation x Age x Traffic Density 2.53%* 4,130 .07 .044

Note. * p <.05; *** p <.001.
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Figure 9. Take-over time of younger drivers in condition of
the number of experienced situations; error bars = 95%
confidence interval.
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Figure 10. Take-over time of older drivers in condition of
the number of experienced situations; error bars = 95%
confidence interval.

6. Discussion

In this study, we investigated the influence of age on take-over time and take-over quality in different
traffic densities and in combination with a non-driving task. The confidence intervals of take-over time
show a high overlap and no significant difference between younger and older drivers was found: de-
spite the mentioned expected decline in cognitive performance, older participants reacted as fast as
young participants. This is consistent with a similar, previous study by Petermann-Stock et al. (2013)
and although both studies are not fully comparable, we obtained similar results: Our results on mean
take-over time for participants with an additional task differ 210 ms for younger drivers and 240 ms
for older drivers from their study (180 ms for younger drivers and 70 ms for older drivers for mean
standard deviation). However, contrary to our findings, laboratory reaction time tests suggest an in-
crease in reaction times with increasing age (Der & Deary, 2006; Salthouse, 2009; Yang, Bender, & Raz,
2015). One possible explanation for the contradictory results could be that the cognitive decline at this
age is only observable in laboratory tests and not pronounced enough to matter in an applied task.
Laboratory tests are usually conducted under very controlled conditions and require rather simple in-
puts by the participant; mean reaction times in these tests typically are lower than take-over times and
range between 300-800 ms, depending on the test. This procedure leads to highly reliable and repro-
ducible reaction times with low inter-subject variance, which provides the statistical power to detect
differences in reaction times between age groups. Coefficients of variation between subjects in com-
parable age groups in these studies are typically around 18% for younger participants and 25% for
older participants (Anstey, 1999; Deary et al., 2009; Der & Deary, 2006; Gorus, Raedt, & Mets, 2006);
while this study’s coefficients of variation were 39% for younger drivers and 35% for older drivers.
Intra-subject variation in this study was higher (32 % for younger drivers, 34 % for older drivers) com-
pared to laboratory tests (around 22% for younger participants, 24% for older participants), as well.
The difference in variability of performance supports the notion that a naturalistic task like taking over
vehicle control might not be sensitive and controlled enough to replicate age-related differences in
reaction times. Furthermore, naturalistic tasks involve, in addition to general cognitive abilities, also
specific knowledge and expertise (Hertzog et al., 2008). This issue of ecological validity and external
validity of laboratory tests has been already discussed in multiple fields (Chapanis, 1967; Hancock,
2013; Hoc, 2001; Tarnanas et al., 2013; Zelditch, 2007). However, reported correlations between reac-
tion time tests and crash involvement support the validity of standardized tests in this case (McKnight
& McKnight, 1999). Given the high variability in cognitive decline (Hultsch et al., 2002), it has to be
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taken into account that the participants in this study were volunteers who very likely assessed them-
selves fit enough for a novel task in a driving simulator. A selection bias could be existent in a manner
that only cognitively very fit older participants volunteer for such a study and thereby do not represent
the general older age population. Regarding the execution of the take-over maneuver (viz. take-over
quality), older participants caused fewer collisions and kept a longer minimum TTC in their take-over
situations. Also, they braked stronger than younger participants when the traffic density was zero or
medium and, in total, older drivers’ chance to brake during the take-over was twice as high as younger
drivers’ chance. This becomes especially clear in the zero traffic condition where the chance to brake
was six times higher for older drivers. Accordingly, with their riskier take-over execution, younger driv-
ers had almost two times higher chance to have a TTC below one second. Altogether, the older age
group executed a safer and more careful take-over, which could be seen as a consequence of their
probably greater driving experience. Younger participants only saw this more conservative strategy as
necessary if the traffic density and thereby the complexity of the situation was high. Stronger braking
can also be seen as a compensatory behavior which allows the operator more time to react. It is imag-
inable that younger participants, in contrast to the older driver group, only needed this compensation
in the most complex situation. For both age groups, about 10 % of the participants were involved in a
collision during the take-over when other road users were present, which highlights the difficulty of
taking over in traffic regardless of age.

An additional task neither influenced take-over time for younger nor for older participants, but led to
a slightly shorter (497 ms [73, 921]) minimum TTC, thus to a more critical take-over, also independent
of the age group. Thus, older participants do not have more problems with an additional task than
younger participants. Although Radlmayr and colleagues (Radlmayr et al., 2014) showed, that a cogni-
tive task impairs take-over performance, we could not replicate their findings. A reason for this could
be that they used the n-back task, which is not interruptible by the participant. The progress in the 20
guestions task, which was used in this study, could be controlled by the participants and interrupted
at any time, which might result in a lower occupation of working memory —a proposed main factor for
age effects in dual-task studies (Salthouse, 1992) — and distraction.

Increased traffic density extended take-over time, increased the number of collisions and decreased
minimum TTC for both age groups equally, yet older participants generally tend to show stronger brak-
ing while younger participants only showed stronger braking in the high traffic condition. Future stud-
ies have to elaborate if this is a compensatory measure because of higher workload caused by the
other road users or if it represents a difference in risk perception or driving experience.

Independent of the traffic density, there was a learning effect for both younger and older drivers in a
way that the execution of the take-over became less risky between the first and the last situation,
which is consistent with past research (Gold & Bengler, 2014; Petermann-Stock et al., 2013). More
precisely, take-over time decreased, minimum TTC increased and maximum lateral acceleration de-
creased. The reduction of take-over time was stronger for older participants in the zero traffic density
condition, probably because they evaluated the situation without other road users as more controlla-
ble after experiencing a take-over situation for the first time. Younger participants reduced their take-
over time with each situation independently of traffic density.

Overall, the results show that older participants are able to take over as fast and as well as young
participants and do not have a disproportional decrease in performance or quality by an additional
task or by high situational complexity. Both age groups adapted to the experience of take-over situa-
tions in the same way, independently of traffic density: take-over time decreased, minimum TTC in-
creased and maximum lateral acceleration decreased between the first and the last situation of the
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experiment. However, older drivers generally braked more often and more strongly and maintained a
higher TTC in the take-over situations.

Itis difficult to generalize these results to the population of older drivers in general since the cognitive
decline is highly variable in its degree (Deary et al., 2009; Hultsch et al., 2002; Morse, 1993). Also, as
already mentioned, a selection bias might exist in this study so that only cognitively very fit older par-
ticipants might have taken part. As Hakamies-Blomquvist (1998) claimed, not age in general causes a
higher crash risk, but a decline in particular abilities. Factors like personal lifestyle, experiences, and
genetics determine the speed of cognitive decline, create an individual variability in it, and, therefore,
older drivers at the bottom of the zone of possible functioning (Hertzog et al., 2008) could have solved
this situation less successfully, despite being the same age. Given the possibilities of collisions and
injuries, we conducted the study in a static driving simulator. Therefore, it was not possible for the
participants to feel acceleration and braking and it is imaginable that, because of the lack of conse-
guences, a difference in risky behavior in comparison to a naturalistic drive could exist. However, we
used a high-fidelity mockup and simulated a realistic highway drive, which is a possible scenario for
the deployment of vehicle automation. Participants were instructed to obey traffic rules and to guar-
antee safety at any time. We, therefore, believe that the behavior in the experiments reflects realistic
behavior.

Future studies could use a visually distracting non-driving-related task to compare the results to this
study. Beyond that, naturalistic tasks like a real conversation or office work should be investigated. It
could also be interesting if older drivers engage in non-driving activities as much as younger drivers if
engagement in a non-driving task is not mandatory. Given that, in this study, older drivers tended to
execute the take-over more carefully, differences in engagement and gaze behavior (e.g. monitoring
frequency) could exist. It is imaginable that they engage less in non-driving tasks as a form of compen-
satory behavior and because of safety concerns. Besides age, trust in automation is probably another
relevant individual difference, which could influence monitoring behavior and secondary task engage-
ment (Korber & Bengler, 2014). Mahr and Miiller (2011) state in their model that overreliance on an
automation because of too much trust leads to a risk adaption, i.e. the driver takes risks he would not
take without an automation. Consequences of overreliance are longer reaction times (Beller, Heesen,
& Vollrath, 2013; Helldin, Falkman, Riveiro, & Davidsson, 2013) or lower reaction quality (McGuirl &
Sarter, 2006) in critical events. Therefore, take-over time and similar dependent variables could be
confounded with the trust in automation and statistically controlling this attitude could be a promising
way to clarify influence factors in the take-over process in future studies. With increasing life expec-
tancy (Eggleston & Fuchs, 2012), drivers beyond the age range used in this study (upper end of 79 years
of age) are becoming more common. Therefore, it is reasonable to include drivers above the age of 80
years in a future study. This could be conducted by using standard driving ability assessment tests to
select elderly drivers that have sufficient abilities to take part in traffic, but still deviate from younger
participants.
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