Accident Analysis and Prevention 106 (2017) 468-479

ACCIDENT

Contents lists available at ScienceDirect ANATRSIS

&
PREVENTION

Accident Analysis and Prevention

journal homepage: www.elsevier.com/locate/aap

Age differences in the takeover of vehicle control and engagement in
non-driving-related activities in simulated driving with conditional
automation

@ CrossMark

Hallie Clark, Jing Feng*

Department of Psychology, North Carolina State University, United States

ARTICLE INFO ABSTRACT

Article history:

Received 1 May 2016

Received in revised form 28 June 2016
Accepted 26 August 2016

Available online 27 September 2016

High-level vehicle automation has been proposed as a valuable means to enhance the mobility of older
drivers, as older drivers experience age-related declines in many cognitive functions that are vital for
safe driving. Recent research attempted to examine age differences in how engagement in non-driving-
related activities impact driving performance, by instructing drivers to engage in mandatory pre-designed
activities. While the mandatory engagement method allows a precise control of the timing and mental
workload of the non-driving-related activities, it is different from how a driver would naturally engage
in these activities. This study allowed younger (age 18-35, mean age=19.9years) and older drivers
(age 62-81, mean age=70.4years) to freely decide when and how to engage in voluntarily chosen
non-driving-related activities during simulated driving with conditional automation. We coded video
recordings of participants’ engagement in non-driving-related activities. We examined the effect of age,
level of activity-engagement and takeover notification interval on vehicle control performance during the
takeover, by comparing between the high and low engagement groups in younger and older drivers, across
two takeover notification interval conditions. We found that both younger and older drivers engaged in
various non-driving-related activities during the automated driving portion, with distinct preferences
on the type of activity for each age group (i.e., while younger drivers mostly used an electronic device,
older drivers tended to converse). There were also significant differences between the two age groups
and between the two notification intervals on various driving performance measures. Older drivers ben-
efited more than younger drivers from the longer interval in terms of response time to notifications.
Voluntary engagement in non-driving-related activities did not impair takeover performance in general,
although there was a trend of older drivers who were more engaged in non-driving-related activities
braking harder than those with low activity-engagement during the takeover.

Published by Elsevier Ltd.
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1. Introduction

While high level vehicle automation is predicted to bring signif-
icant benefits, such as greater travel efficiency (Levitan et al., 1998),
reduced pollution (Levitan et al., 1998), and improved safety (Fitch
et al., 2014), many human factors issues remain unsolved or sim-
ply unaddressed. In a recent survey of public opinions of automated
vehicle technology across the US, the UK and Australia (Schoettle
and Sivak, 2014), a majority of respondents expressed strong con-
cerns about potential equipment failure, technology limitations,
legal liability, and driver misuse of the technology. Similar alarms
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were raised in other human factors studies on automated driving
(e.g., Cunninghamm and Regan, 2015; Lee and See, 2004; Merat
et al., 2012; Saffarian et al., 2012). For example, higher levels of
vehicle automation may lead to reduced vigilance of a driver to the
road (Neubauer et al.,, 2012; Saxby et al., 2013), increased driver
boredom and drowsiness (Miller et al., 2015; Schomig et al., 2015),
more driver engagement in non-driving-related activities (Carsten
et al., 2012; Merat et al., 2012), and overreliance on automation
(Lee and See, 2004; Saffarian et al., 2012).

Automated driving is defined by the NHTSA (2013) as driving
with one or more safety critical functions controlled by the vehi-
cle. There are multiple levels of automation, which differ based on
the distribution of responsibilities between the driver and the sys-
tem. These levels are identified and summarized in Table 1 (SAE
International, 2014, p.2, Table 1). The present study focuses on level
3, Conditional Automation. At this level of automation, the vehicle
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Table 1
Levels of Driving Automation for On-road Vehicles.

Level Name

SAE narrative definition

0 No Automation

1 Driver Assistance

2 Partial Automation

3 Conditional Automation

4 High Automation

5 Full Automation

the full-time performance by the human driver of all aspects of the dynamic
driving task, even when enhanced by warning or intervention systems

the driving mode-specific execution by a driver assistance system of either
steering or acceleration/deceleration using information about the driving
environment and with the expectation that the human driver perform all
remaining aspects of the dynamic driving task

the driving mode-specific execution by one or more driver assistance systems
of both steering and acceleration/deceleration using information about the
driving environment and with the expectation that the human driver perform
all remaining aspects of the dynamic driving task

the driving mode-specific performance by an automated driving system of all
aspects of the dynamic driving task with the expectation that the human
driver will respond appropriately to a request to intervene

the driving mode-specific performance by an automated driving system of all
aspects of the dynamic driving task, even if a human driver does not respond
appropriately to a request to intervene

the full-time performance by an automated driving system of all aspects of the
dynamic driving task under all roadway and environmental conditions that
can be managed by a human driver

Note: Table quoted from “Taxonomy and definitions for terms related to on-road motor vehicle automated driving system”, by SAE International On-road Automated Vehicle
Standards Committee, 2014, SAE International Standard J3016-201401, p.2. Copyright © 2014 SAE International.

has the capacity to control all aspects of driving, while the driver is
expected to respond appropriately when requested to intervene in
less than ideal situations.

At the current stage, a central question for human factors
research to answer about highly automated vehicles is how to sup-
portadriver inregaining control of the vehicle during the transition
from automated driving to manual driving or from a higher level
of automation to a lower level (e.g., Merat et al., 2012; Zeeb et al.,
2016). Such transitions of control from the vehicle to the driver
(i.e., the takeover) can occur in many situations, such as passing
a construction zone, navigating through extreme weather condi-
tions, or in an emergency situation when driving with conditional
automation. Takeover notification interval (i.e., the amount of time
from the presentation of a notification to the point of the transition
of vehicle control) could play a significant role in driver takeover
performance. If the interval is too short, a driver could not be pre-
pared to take over when vehicle control is handed back. In addition,
engagement in non-driving-related activities during automated
driving can significantly impact driver performance in takeover
(Merat et al., 2012; Zeeb et al., 2016). For example, Zeeb et al.
(2016) found drivers performed significantly poorer in takeover
when being engaged in non-driving-related activities.

With age-related cognitive decline (Anstey et al., 2005), older
drivers experience increasing fatal crash risks as they age (Tefft,
2012). Based on the reasoning that drivers are responsible for
fewer tasks thus less opportunities for human errors in higher-
level vehicle automation, older drivers have been proposed as a key
population whom could benefit from automated vehicle technol-
ogy (Zmud et al., 2013). However, as Reimer (2014) emphasized,
while automated vehicle technology has its promises to enhance
the mobility of older adults, there are substantial concerns that
the society should be aware of. For example, without an accurate
understanding of the capabilities and limitations of autonomous
vehicle technology, a driver may misuse or abuse the automa-
tion, and subsequently disuse it (for a review on human use of
automation, see Parasuraman, 1997). Therefore, in addition to
examining how factors such as the takeover notification interval
and driver engagement in non-driving-related activities influence
driver performance on vehicle control in driving with conditional
automation, it is important to identify how individual character-
istics, such as age, play a role. Understanding age differences in
driver-automation interaction is critical to designing automated
vehicles to serve the needs of older drivers.

1.1. Aging and driving

Older drivers are more prone to fatal vehicle crashes (Tefft,
2012). While their high fatality rates have been mainly attributed
to physical fragility (Li et al., 2003), a significant reason is that cog-
nitive abilities decline with age (Salthouse, 1985, 2009). A wide
range of cognitive functions are susceptible to age-related decline,
including vision (Johnson and Keltner, 1983; Klein et al., 1992),
attention (Owsley et al., 1998), processing speed (Salthouse, 1996),
hazard perception (Horswill et al., 2008), reaction time (Hultsch
et al.,, 2002;), executive control (Zelazo et al., 2004), and memory
(Salthouse, 2003). Declines in these cognitive functions have been
shown to negatively impact driving performance (e.g., Daigneault
et al., 2002; McKnight and McKnight, 1999; Odenheimer et al.,
1994; for areview, see Anstey et al., 2005). As a result, older drivers
are overrepresented in crashes occurring in high cognitive demand
situations such as intersections (McGwin and Brown, 1999), sce-
narios involving multiple vehicles and places that require yield
right-of-way (Tasca, 1998).

Situations such as takeover of vehicle control in highly auto-
mated driving could be cognitively demanding. To achieve an
effective takeover of vehicle control (e.g., with minimal change in
speed and lane deviation), adriver needs to exercise high sensitivity
to a visual or auditory notification of the takeover, fast processing
of perceptual information presented inside and outside the vehi-
cle, accurate recognition of potential hazards, efficient choice of
the correct response, and prompt motor action to the situation.
Due to age-related cognitive declines, takeover of vehicle control
in driving with conditional automation could be more challeng-
ing for older drivers. Such challenge may further intensify with
driver engagement in non-driving-related activities. In the event
of a takeover, an older driver who was engaged in non-driving-
related activities could experience a higher mental workload than a
younger driver, therefore could demonstrate substantially different
driving behaviors compared to those of a younger driver. This was
indeed observed in a recent effort to compare younger and older
drivers’ performance in takeover while driving in no, medium and
high traffic (Kérber et al., 2016). In the study, although older drivers
in general performed as well as younger drivers in all traffic condi-
tions, older drivers exerted compensatory driving behaviors such
as using the brake more frequently and maintaining a longer time
to collision from other road users (Korber et al., 2016). By utilizing
these compensatory strategies, older drivers were able to maintain
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alevel of driving performance that is comparable to that of younger
drivers. With automated vehicle technology being said to provide
an option for safe mobility of older adults, it’s essential to consider
potential age differences in driver-automation interaction.

1.2. Takeover notification interval

In the event of a planned takeover (e.g., before entering a con-
struction zone), a notification of transitioning control should be
displayed to alert the driver to the upcoming takeover. In the
recent taxonomy of automated driving, SAE International (2014)
has advised that notifications, when applicable, should be adminis-
tered well in advance to permit an orderly transfer of vehicle control
from automation to the driver. Existing research on automated
vehicle functions such as the forward collision warning system sug-
gest that while a notification should be presented in advance, it
should not be presented too early (e.g., Lee and Lee, 2007), as an
excessively long interval between the notification and the potential
collision could decrease our perception of relatedness between the
notification and the takeover. In driving with conditional automa-
tion, when a driver expects a takeover to happen much sooner than
scheduled, the notification could be viewed as a false alarm. This
could prevent the driver from effectively using the notification.
Identifying the appropriate timing for notification that is neither
too early nor too late could be critical to ensure drivers’ proper use
of a notification for an upcoming takeover.

Many factors, such as individual cognitive capabilities as well
as driver mental state and workload at the moment of notification,
could potentially impact the timing of the takeover notification.
Korber et al. (2015) found that a driver’s multitasking ability to be
a significant predictor of takeover time in highly automated driv-
ing. Given it becomes harder to multitask as we age (Clapp et al.,
2011), it is reasonable to speculate that older drivers could benefit
more from a longer takeover notification interval than do younger
drivers. Similarly, when a driver is engaged in a non-driving-related
activity while being notified of the takeover, driver performance
at the takeover could be much poorer (Zeeb et al., 2016). Given
the time needed to switch attention increases with age (Zanto
and Gazzaley, 2014), this detrimental effect of non-driving-related
activity engagement on takeover performance could further inten-
sify as we age.

Despite the importance of understanding how age influences
the timing of the takeover notification, very little research has been
devoted to examine this question. Empirical evidence is lacking
to answer whether younger and older drivers require compara-
ble or differential takeover notification intervals. In addition, it
is necessary to examine whether the effect of engaging in non-
driving-related activities on the preferred takeover interval differ
between younger and older drivers.

1.3. Driver engagement in non-driving-related tasks

With an increasing amount of automation, drivers are more
likely to engage in non-driving-related tasks, such as reading an
email or watching a video (Carsten et al., 2012; Merat et al., 2014;
Saxby et al., 2013). While research on driver distraction clearly sug-
gest the detrimental effects of distraction on driving performance
(for a review, see Young and Regan, 2007), investigations of the
effect of engagement in non-driving-related activities during highly
automated driving remain sparse and existing findings have been
paradoxical.

Some evidence points to a detrimental effect of engagment
in non-driving-related tasks on driving performance with condi-
tional automation (Louw et al., 2015; Merat et al., 2012; Zeeb et al.,,
2016). For example, Merat et al. (2012) used a verbal task to sim-
ulate phone conversations during highly automated driving. The

researchers found the degradation on responding to a critical event
while the drivers were being engaged in the verbal task. In line with
this, Zeeb et al. (2016) found that although drivers can return their
hands to the steering wheel equally quickly, the quality of takeover
(e.g., vehicle lateral position control) is significantly poorer when
drivers engaged in non-driving-related activities such as writing an
email, reading the news, or watching a video.

However, other studies suggest the opposite. Neubauer et al.
(2012) examined the effect of cell phone use on manual and
automated driving. The researchers found that using a cell phone
impaired drivers’ braking response in manual driving. However,
the drivers were faster in braking when using a cell phone com-
pared with no secondary task during automated driving. This raises
an important notion that engagement in non-driving-related tasks
in highly automated driving may combat with the loss of alert-
ness due to the cognitive underload associated with high levels
of automation (Ma and Kaber, 2005; Young and Stanton, 2002).
Along this line, Miller et al. (2015) observed significant drowsi-
ness when drivers were asked to overseeing the vehicle system
during simulated automated driving. The level of drowsiness is
greatly alleviated when drivers engaged in a non-driving-related
activity such as reading a text or watching a movie. As a result,
engagement in these non-driving-related activities was not found
to impair driver performance on takeover of vehicle control (Miller
etal., 2015). Due to the intricate interplay among mental workload,
driver boredom, alertness, and driving performance, it is not yet
fully clear how non-driving-related activities impact driving with
conditional automation, or whether the impact differs between
younger and older drivers.

Some insights were provided by two recent studies investigat-
ing the effect of age on takeover performance when drivers were
engaged in various secondary tasks (Miller et al., 2016; Koérber
et al,, 2016). In Miller et al. (2016), both younger and older drivers
performed a secondary task (watch a movie, read a story, or over-
seeing the car’s driving) before taking over of vehicle control. The
researchers found no difference on takeover performance across
the three secondary task conditions; nor was there any age differ-
ence on takeover performance, although older drivers in general
drove more slowly than younger drivers. Similar compensatory
behaviors have been observed in Korber et al. (2016) which may
be employed by older drivers to offset the impacts of age-related
cognitive declines (e.g., slower reaction time) in driving.

Both Miller et al.(2016) and Korber et al. (2016) used mandatory
engagement in secondary tasks including both non-driving-related
and driving-related tasks. While mandatory engagement in sec-
ondary activities allow an accurate control of the tasks that drivers
involve in (thus factors such as mental workload and timing could
be precisely controlled), it is different from how drivers would typ-
ically engage in non-driving-related activities. In daily driving, a
driver would determine when to engage, what activity, and how
much involvement based on his or her assessment of the driving
situation. Therefore, it could be interesting to study how volun-
tary, rather than mandatory, engagement in non-driving-related
tasks impacts takeover performance (a similar proposal was noted
in Korber et al., 2016). Especially considering the fact that older
drivers tend to use more compensatory behaviors (e.g., Darstrup
etal.,2009; Korberetal., 2016), it is possible that older drivers exert
less non-driving-related activities in general, and their preferred
activities could be quite different from those of younger drivers
(e.g., younger drivers are more likely to use an electronic device,
whereas older drivers may tend to read a book or talk more). Given
that the impact of activity engagement is mediated by a driver’s
choices of timing, the task, and the level of engagement, there could
be much or no difference between the younger and older drivers on
the impacts from non-driving-related task engagement on takeover
performance. An experiment that allows voluntary, not mandatory,
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non-driving-related activities during highly automated driving is
necessary to answer the question.

1.4. Purpose of this study

Despite the recent emerging efforts (Korber et al., 2016; Miller
et al., 2016) to understand the effect of age on highly automated
driving, much remains to be understood about how older drivers
interact with automated vehicle technology, and whether their
interaction is comparable or substantially different from that of
younger drivers. It is necessary to not only focus on general age
differences in automated driving performance (e.g., the main effect
of age on driving outcome measures), but also the implications
of age in regards to automated vehicle design parameters (e.g.,
takeover notification interval), under various automated driving
situations (e.g., when a driver is performing secondary activities vs.
no activity). This study examines: 1) whether younger and older
drivers demonstrate differential levels of voluntary engagement
in non-driving-related activities during driving with conditional
automation, 2) if the differential levels of engagement in non-
driving-related activities impact younger and older drivers on their
takeover performance, and 3) if younger and older drivers with
high or low activity engagement benefit from either a short or
long takeover notification interval. In addition, the study will also
investigate the general effects of notification interval, age and
engagement in non-driving-related activities on takeover perfor-
mance during driving with conditional automation.

2. Material and methods
2.1. Participants

18 older participants (age range: 62-81 years, mean age: 70.4
years, 11 men, 7 women) and 17 younger participants (age range:
18-35 years, mean age: 19.9 years, 11 men, 6 women) completed
the experiment. All participants had normal or corrected-to-normal
vision, held a valid driver’s license, and were active in driving (e.g.,
drove at least once a week) at the time of experiment partici-
pation. Younger participants were recruited from undergraduate
introductory psychology courses at North Carolina State Univer-
sity, and were compensated with course credits. Older participants
were gathered from local communities including the Kiwanis club
of Raleigh (a volunteer organization) and the North Carolina State
University older adult research participant pool. Old participants
were compensated at a rate of $12/h. No participant in this study
reported experiencing simulator sickness, likely due to our pre-
experiment screening of prior motion sickness experience and our
design of the driving environment with minimal components (e.g.,
turning at intersections) that could increase the likelihood of sim-
ulator sickness. As a result, all recruited participants completed the
study and were included in the data analysis.

2.2. Apparatus

The experiment took place in a controlled laboratory setting.
The experiment room was dimly lit with black drapes covering the
walls behind the simulator. This is done to eliminate the perception
of static texture on the wall behind dynamic simulation which can
induce simulator sickness. Participants completed the experiment
using a console version of STISIM Drive 3, which is comprised of a
steering wheel, driving pedals, and a driver seat. Driving simula-
tion was displayed using three adjacent 42-inch television screens
which extended a 135° field of view (Fig. 1a). The graphics were
presented on each display at the resolution of 1920 x 1080 pixels,
and driving performance measures were recorded at a rate of 60 Hz.

2.3. Measures

2.3.1. Driving scenario

The driving simulation was designed to immerse participants
into a rural environment where they operated a level 3 automated
vehicle (i.e., conditional automation, Table 1; SAE International,
2014). Participants’ speed, brake input, throttle input, lane posi-
tion, and steering wheel angle during manual driving (i.e., when
the driver was in control of the vehicle dynamics) were recorded
by the simulator.

Three predefined driving sessions were presented in a ran-
domized order for every participant. Each session consisted of
four transitions from fully automated driving to manual driving
(i.e., takeovers), resulting in twelve total takeovers throughout
the entire experiment. Each drive lapsed a total of 10.50 km (6.53
miles), containing four manual zones which were designed as con-
struction zones, and four automated zones (Fig. 2a). The length of
each manual zone remained largely unchanged, while the length
of each automated zone was randomly selected between two dis-
tances: 1.80km (1.12 miles), 2.41 km (1.50 miles). Thus, driving
in each automated zone lasted either 1.5 or 2 min. We used two
different distances rather than a single fixed distance for the auto-
mated zones to reduce the predictability of when a takeover would
occur. The driving speed in the automated zones was 72.40 km/h
(45.00 mi/h), with speed limit signs of 72.40 km/h (45.00 mi/h), dis-
played in the unit of mi/h, and posted along the road in both manual
and automated zones. Participants were instructed to follow the
speed limit, although no penalty was given should a participant
exceeded this speed limit.

To notify participants about upcoming transitions of control,
two auditory notifications were used. The auditory notification for
an upcoming transition of control from the vehicle to the driver
consisted of two beeps, first 350 Hz and then 400 Hz. The auditory
notification of an upcoming release of control from the driver to the
vehicle was the opposite, consisting of two beeps, the first 400 Hz
and then 350 Hz. The configuration of the two notification sounds
was chosen based on our familiar auditory notifications (i.e., an
upward melody meaning the start of a system and a downward
melody meaning the turning off of a system, similar to those used
in personal computing devices). The notification interval (e.g., the
interval between the presentation of the notification and the point
of vehicle control returned to the driver, Fig. 2b) occurred at two
varying intervals, 0.15 km (500 feet; 7.5s), or 0.09 km (300 feet;
4.5s). These intervals were selected considering the choice of visual
notification interval in an earlier study on takeover (10s; Merat
etal.,2014) and general recommendations of auditory notifications
(3-5s; Gray, 2011; Scott and Gray, 2008). During the notification
interval, the vehicle remained in the automated mode until the
mandatory return of control took place (Fig. 2b). Therefore, vehi-
cle speed remained constant during this period. Once the return of
vehicle control occurred, the vehicle dynamics became fully con-
trolled by the driver. Similarly, each notification of release of control
from the driver to the vehicle occurred either 0.09 km or 0.15 km
(7.5s or 4.55) prior to the release of control. To ensure percep-
tion and understanding of the auditory notifications, participants
heard the notification sounds multiple times during the introduc-
tion and practice sessions prior to the experiment. All participants
self-reported being able to hear the sounds clearly and understood
their meanings.

After the return of vehicle control to the driver, there was
0.12km (400 feet) before a construction zone started. This por-
tion of the drive (i.e., from the point of return of vehicle control
to the start of construction zone) was defined as the takeover zone.
Our analyses of driver takeover performance including speed, lane
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Fig. 1. a) Setup of the STISIM Drive 3 Simulator used in this study. b) An example driving scene (entering construction zone) in the simulated scenario of driving with

conditional automation.
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Fig. 2. a) An example driving session with alternation between automated and manual zones displayed sequentially. The number presented inside each box notes the average
duration of the period in seconds (in the experiment, these durations were randomly selected values around the average). Note the length of each grey or green block in
the illustration is not proportional to its time duration. Each grey music note represents a notification to release control (i.e., transition of control from the driver to the
vehicle), and each green note stands for the notification to take over (i.e., transition of control from the vehicle to the driver). There was a notification interval of either 7.5 s
or 4.5s (indicated in the grey boxes) after each notification to take over. The green striped section within the manual driving section represents the takeover zone, which
started from the point that the vehicle control was returned to the driver to the start of the construction zone. A takeover attempt by the driver (e.g., put hands back on the
steering wheel) could take place at any time after the takeover notification was presented. b) A more detailed depiction of events in a takeover from a driver’s perspective.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

position, break and throttle inputs, and steering wheel angle, were
based on simulation data recorded in the takeover zone.

The simulated drive resembled a four lane highway in a rural
area. The three driving sessions were identical with the exception
of the appearance of the manual zones. Oncoming traffic was placed
throughout the simulated drive to create a more realistic driving
environment. During the automated driving portion, the computer
controls both the speed and lane position of the vehicle. By defi-
nition, these two features alone are representative of the level 2
automation (partial automation, Table 1; i.e., at least two primary
control functions in a vehicle are automated). However, given there
was no vehicle travelling the same direction as the driver’s and
no unexpected hazard occurred on the roadway during automated
driving, our simulation was able to mimic a level 3 automated driv-
ing scenario (conditional automation, Table 1; i.e., a vehicle with
limited self-driving capability).

To provide areasonable justification as to why the vehicle can no
longer drive itself in the environment, the manual driving portions
were designed as construction zones (Fig. 2). There were six differ-
ent construction zones that were uniquely designed, and duplicated
for the two auditory notification intervals. During manual driving,

participants were responsible to control all longitudinal and lateral
dynamics of the vehicle (i.e., speed, lane position).

2.3.2. Video recording and coding of non-driving-related
activities

Participants’ driving behaviors were video-recorded throughout
their experience in the driving simulator, using cameras with four
perspectives to show a participant’s facial expression, upper body
movements, hand position, feet position, and the driving scene
(Fig. 3). To observe participants’ normal driving behavior and vol-
untary engagement in non-driving-related activities, participants
were instructed to act as natural as possible, and engage in any
activity that they felt they would, should this be a normal road
environment. Coding of video data for driver behaviors followed a
coding scheme similar to the part for driver distraction that was
used in the 100-car naturalistic driving study (Dingus et al., 2006).
The number of occurrences and the total duration of each non-
driving-related activity was calculated. The coded activities include
reading, grooming, electronic device use, conversing with another
(this was measured by participants conversing with the experi-
menter; all conversations were initiated by participants and were
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Fig. 3. A screen capture of an example video recording of driver behavior during automated driving in our study. Synchronized videos were recorded from four perspectives,
including a view of the participant’s face and upper body (upper left panel), a view of the participant’s feet and simulator pedals (upper right panel), a view of the participant’s
hands and side control panel of the simulator (lower left panel), and a view of the simulated driving scene (lower right panel).

limited to ones that resembled a normal conversation with a vehi-
cle passenger), conversing with self, horseplay, and listening to
music. In addition, to gauge participant’s relaxation during auto-
mated driving zones, the time points that a participant’s eye gaze
shifted between on and off the road were also coded.

2.3.3. Experimental design and procedure

The experiment adopted a 2 x 2 x 2 between-within mixed fac-
tor design, with age (younger, older) and level of engagement in
non-driving-related activities (low activity, high activity) as the
between-subject factors, and takeover notification interval (4.5,
7.5s) as the within-subject factor.

Each participant first completed the informed consent, a demo-
graphics survey, and a questionnaire measuring their opinions of
automated vehicle technology (Schoettle and Sivak, 2014). Then
the participant was provided an introduction session of the driv-
ing experiment followed by a practice session of driving to gain
familiarity with the simulated driving environment. The practice
drive was designed to resemble the experimental drives, involving
four transitions between automated and manual driving (i.e., two
takeovers, and two releases of control). Additionally, in the prac-
tice drive, several intersections with stop signs were added in order
to force the participant to become familiar with the brake controls.
Participants were informed that while the practice drive resembled
the experimental drive, there would be no intersections throughout
the experiment. Participants were instructed that they could com-
plete the practice drive as many times as they felt necessary, and
only one among the thirty-five participants requested to practice
twice. Participants were instructed of the auditory notifications, as
well as to act as if they would imagine themselves interacting with
a real highly automated vehicle. Furthermore, participants were
instructed to follow the normal rules-of-the-road, including the
speed limit (45 mi/h, speed limit signs were placed throughout the
simulated drives). After the initial familiarization with simulator
and the experiment procedure, participant completed three exper-
imental driving sessions. Each driving session lasted about 12 min.
After each driving session, participants took a break of up to 5 min.
Following the completion of all three driving sessions, the partic-

ipant were asked to complete a post survey which was identical
to the one they completed before the drive and was then provided
with the appropriate compensation.

3. Results

3.1. Engagement in non-driving-related activities and eyes off the
road

Based on the total duration of engagement in all non-driving-
related activities, we performed a median split in the younger and
older driver groups. Among the 17 younger drivers, eight were in
the low activity group and nine were in the high activity group.
Among the 18 older drivers, there were nine in each of the low and
high activity groups. A brief description of demographics of the low
and high activity groups within the younger and older cohorts were
presented in Table 2.

The frequency and total duration of each non-driving-related
activity (i.e., reading, grooming, electronic device use, communica-
tion with others, communication with self, horseplay, and listening
to music) were analyzed using MANOVAs with age (younger, older)
and activity level (low activity, high activity) being the fixed factors.
Mean occurrences of non-driving-related activities, mean duration
per occurrence, and the total duration of all activities of younger
and older drivers with low or high levels of activity engagement
were listed in Table 2. In general, younger and older drivers did
not differ on the number of occurrences of all activities combined,
F(1,31)=2.60, p=0.120. However, younger drivers on average spent
a longer total amount of time on the non-driving-related activi-
ties, F(1,31)=12.56, p=0.001. Younger and older drivers were also
engaged in vastly different activities. Younger drivers showed more
occurrences of using an electronic device, F(1,31)=79.96, p<0.001,
and a longer duration for each use of the device, F(1,31)=19.94,
p<0.001. Older drivers initiated more conversations with the
experimenter (not related to the instruction of the driving task),
F(1,31)=12.29,p=0.001, and spent more time in each conversation,
F(1,31)=36.05, p<0.001. Younger drivers had more occurrences of
eyes being off the road, F(1,31)=5.19, p=0.030, although the mean
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Table 2

Participant demographics, mean number of occurrences, mean duration of each activity occurrence, and the total duration of all activities of younger and older drivers with

low or high levels of engagement in non-driving-related activities.

Younger Older
Low Activity High Activity Low Activity High Activity
Demographics
Mean age 18.8 20.9 69.9 70.9
% of men 75% 56% 67% 56%
Mean # of Occurrences (counts)
Reading 0.0 0.0 0.0 0.0
Reaching 0.0 0.7 0.1 0.6
Grooming 5.5 6.8 21 6.7
Electronic Device®8x8 2.3 10.0 0.0 0.7
Horseplay 0.0 0.0 0.0 0.0
Talking to others*&3>& 0.5 0.8 2.2 74
Talking to self 0.5 2.7 0.7 0.4
Music 0.0 0.0 0.1 0.0
Eyes off road 179 30.1 13.7 14.2
Mean Duration Per Occurrence (seconds)
Reading 0.0 0.0 0.0 0.0
Reaching 0.0 0.1 0.9 2.0
Grooming 6.1 5.5 1.5 8.6
Electronic Device®&3x& 12.7 47.6 0.0 10.9
Horseplay 1.4 0.0 0.0 0.0
Talking to others®&2x& 1.0 0.4 6.6 24.5
Talking to self 2.7 7.1 0.3 7.2
Music 0.0 0.0 5.1 0.0
Eyes off road 6.8 54 8.0 5.9
Total Duration of all activities (s)& 99.5 554.2 274 336.0

Note: a - significant age difference, g - significant activity group difference, axg - significant age by group interaction.

duration of each glance off the road did not differ between younger
and older drivers, F(1,31)=0.15, p=0.704.

3.2. Performance on vehicle control during takeover in simulated
driving with conditional automation

We analyzed performance on vehicle control based driving data
collected in the takeover zone. Data indicating vehicle control per-
formance includes speed, lateral lane position, brake input, throttle
input, steering wheel angle, and notification response time. These
measures were selected based on their use in previous studies (e.g.,
Merat et al., 2014) as well as being identified as being relevant
to assessing driving performance (SAE International, 2015). Anal-
yses of speed, lateral lane position, brake input, throttle input and
steering wheel angle were based on data recorded by the driving
simulator. Notification response time was defined as the amount
of time from the presentation of an auditory takeover notification
to the first relevant action of the driver (i.e., hands returned to the
steering wheel or foot returned to a pedal, whichever came first),
and was based on the time data coded from the video recordings
of participants’ driving. Multiple mixed between-within repeated-
measures ANOVAs were used to analyze the effect of age, level
of activity engagement and takeover notification interval on these
measures of vehicle control performance. The within-subject factor
was the takeover notification interval (7.5 s, 4.5 s). Between-subject
factors include age (younger, older) and level of engagement in
non-driving-related activities (low activity, high activity). In the
following section, we present results on each outcome measure of
driving performance, including speed, lane position, brake input,
throttle input, steering wheel angle and notification response time.

3.2.1. Speed

We analyzed each driver’s average speed (measured in km/h) in
the takeover zone which expanded a length of 121.9 m (400 feet)
starting from the point of transfering vehicle control back to the
driver. The average speed was significantly higher for the longer
warning interval (7.5s interval - 60.31, 4.5s interval - 56.04),

F(1,31)=15.33,p<0.001 (Fig. 4a), suggesting that driver takeover of
vehicle control is more seamless with a longer time to prepare (i.e.,
less change in speed on average as compared to the speed during
automated driving). Younger drivers also drove at a higher speed
after the takeover (younger — 64.97, older — 51.36), F(1,31)=39.20,
p<0.001. The average speed differed significantly between the low
and high activity groups within each age group, and the patterns
were different, F(1,31)=5.92, p=0.021. Among younger drivers,
the high activity group drove faster than the low activity group
(younger: low activity - 61.89, high activity - 68.06), F(1,15)=5.26,
p=0.037; while among older drivers, the difference on average
speed between the high activity group and the low activity group
did not reach significance (older: low activity — 53.57, high activity
-49.16), F (1,16)=1.71, p=0.210. None of the other two-way or
three-way interactions were significant.

3.2.2. Lane position

The driver’s lane position was analyzed based on the physi-
cal position of the vehicle on the road. The standard deviation
was then derived to determine the consistency at which drivers
maintained their position on the road. The lane position was more
deviated from the road centerline with the longer takeover notifi-
cation interval (Fig. 4b; 7.5s interval - 1.23, 4.5s interval - 1.01),
F(1,31)=19.05, p<0.001. Older drivers deviated less from the road
centerline (younger - 1.17, older - 1.06), F(1,31)=4.82, p=0.036.
Among older drivers, there was no difference on lane deviation
between the low activity and the high activity groups (older:
low activity - 1.06, high activity - 1.05), F(1,16)=0.001, p=0.979.
Among younger drivers, there was a trend of low activity group
showing more deviation (younger: low activity - 1.23, high activ-
ity - 1.12), F(1,15)=3.29, p=0.090. None of the other two-way or
three-way interactions were significant.

3.2.3. Brake input

Participants’ brake inputs in the takeover zone were analyzed,
and reported in meters per second squared, with negative values
indicating the distance lost due to brake inputs. Brake input was
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significantly less intense for the longer notification interval (Fig.
5a; 7.5s interval — —2.13, 4.5s interval - —2.76), F(1,31)=10.04,
p=0.003. This benefit of less intense braking from the longer noti-
fication interval was found much more sizable in the low activity
groups than the high activity groups (low activity: 7.5 s interval -
—1.73, 4.5s interval - —2.83; high activity: 7.5s interval - —2.53,
4.5s interval - —2.70), F(1,31)=5.45, p=0.026, in both younger
and older drivers (as indicated by a lack of age x interval x activity
group interaction), F(1,31)=0.03, p=0.860. Older drivers placed
significantly more pressure on the brake pedal (younger - —1.01,
older - —3.89), F(1,31)=55.89, p<0.001. The pattern of how the
low activity group compared to the high activity group on break
input differ between the two age groups, F(1,31)=4.30, p=0.047.
Among younger drivers, there was no difference between the low
activity group and the high activity group (younger: low activity
- —1.24, high activity - —0.77), F(1,15)=1.39, p=0.258. However,
among older drivers, there was a trend of the high activity group
having harder brakes (older: low activity - —3.32, high activity -
—4.46),F(1,16)=3.05, p=0.100. None of the other interactions were
significant.

3.2.4. Throttle input

There was no difference between the long and short notification
intervals on throttle input (Fig. 5b; 7.5 s interval - 1.64,4.5 s interval
- 1.51), F(1,31)=1.30, p=0.260. Older drivers placed significantly
higher pressures on the throttle (younger - 1.36, older - 1.79),
F(1,31)=6.22, p=0.018. In both the younger and older cohorts, the

low and high activity groups had non-differential throttle inputs.
No interaction was found significant.

3.2.5. Steering wheel angle

The steering wheel angle represents the standard deviation in
degree from the center position of the steering wheel. There was
no difference between warning intervals (Fig. 6a; 7.5s interval -
6.52, 4.5s interval - 9.52), F(1,31)=1.16, p=0.291, or between age
groups (younger — 9.18, older - 6.86), F(1,31)=0.71, p=0.407.

3.2.6. Notification response time

We calculated notification response time as the amount of time
from the presentation of a takeover notification to the first rele-
vant action of the driver. Relevant actions included hands returned
to the steering wheel, foot returned to a pedal, whichever came
first. Notification response time was measured in second and was
based on the time data coded from the video recordings of sim-
ulated driving. There were two older participants who had either
their hand(s) on the wheel and feet on the pedals throughout the
automated zone, or took relevant actions before the takeover notifi-
cation for all takeovers. Therefore, no data on notification response
time could be calculated for these two participants. As a result,
the analysis on notification response time included data from 17
younger participants and 16 older participants. In general, there
was no effect of interval (Fig. 6b; 7.5s interval - 1.91, 4.5s inter-
val - 2.07), F(1,29)=1.03, p=0.318, age (younger - 2.18, older
- 1.80), F(1,29)=1.74, p=0.197, or activity group (low activity —
2.03, high activity - 1.95), F(1,29)=0.07, p=0.793. However, there
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was a significant interval x age interaction, F(1,29)=7.38,=0.011,
and a trend of interaction between interval and activity group,
F(1,29)=3.20, p=0.084. Among the younger drivers, there was no
effect of interval (7.5s — 2.32,4.5s — 2.05),F(1,15)=1.15, p=0.301,
or interaction between interval and group (low activity: 7.5 s - 2.31,
4.5s - 2.02; high activity: 7.5s - 2.33,4.5s - 2.08), F(1,15)=0.007,
p=0.932. In contrast, among the older drivers, the longer notifica-
tion interval was associated with a shorter response time (7.5s -
1.50, 4.5s - 2.09), F(1,14)=10.00, p=0.007. There was also a sig-
nificant interaction between interval and group among the older
drivers (low activity: 7.5s - 1.87, 4.5s — 1.92; high activity: 7.5s
- 1.14, 4.5s - 2.27), suggesting the longer notification interval
particularly benefited older drivers who were more engaged in
non-driving-related activities.

4. Discussion

Our results indicate that both younger and older drivers tend
to engage in non-driving-related activities during the automated
portion of driving. However, each age group demonstrated distinct
preferences on what activities to engage in. Younger drivers fre-
quently used their electronic devices, much more than did older
drivers. In contrast, older drivers were more inclined to con-
verse with another individual. This observed difference between
younger and older drivers may reflect a potential age difference
in non-driving-related activity preference. It is also possible that
this observed age difference in activity choice may be partially
attributed to the availability of personal technology to younger
and older adults. Compared to younger adults, the proportion of
older adults carrying advanced personal technology such as smart
phones is much smaller. Even when an older adult does use a smart
phone, it is much less likely that the phone is filled with most up-to-
date apps for social networking and entertainment. This differential
availability of personal technology to the two age groups could
extend its effect to drivers’ choices of non-driving-related activi-
ties in a real vehicle with conditional automation. Therefore, it is
important to consider age differences in activity choice in addition
to the relatively well-studied age differences in cognitive capabil-
ities, when comparing younger and older drivers in their use of
automated vehicle technology.

Interestingly, our study found that some old drivers were highly
involved in non-driving-related activities. The older drivers in
the high activity-engagement group spent an average of 336.0s
(5.5 min out of about 20 min of automated driving) on non-driving-
related activities, more than three times the amount of the younger
low activity group (98.5s). In addition, the total number of occur-

rences of all non-driving-related activities was also comparable
between younger and older drivers. Given that engagement in non-
driving-related activities have been suggested to help maintain
a proper alertness level in drivers when the driving demand is
low (Neubauer et al., 2012; Miller et al., 2015), the younger and
older drivers - particularly those in the high activity groups - in
our study may be utilizing the non-driving-related activities to
combat boredom and drowsiness when the vehicle was driving
itself. Another possible contributor to this finding is the differences
between simulated and real driving. Given the driving environment
in our simulation is much simpler than what we typically encounter
on daily routes, our older participants may be much more relaxed
than in a real automated vehicle on road, and thus was more likely
to engage in the non-driving-related activities.

In the analyses of age differences in the performance on
takeover, we found that older drivers in general drove more slowly
with a smaller deviation from the road centerline after a takeover.
Consistent with findings in other studies (e.g, Miller et al., 2016;
Nishida, 1999), this could be an indication that older drivers tended
to exercise more caution in manual driving. Older drivers also
braked and accelerated harder in our study, as indicated by sig-
nificantly greater impacts on vehicle dynamics that older adults
made through brake and throttle inputs. Significant decreases in
the speed of one vehicle in a traffic flow could cause backup of
traffic thus increased congestion (i.e., the shockwave effect; May
1990). It is important to be prepared for the possible effects from
takeovers on traffic efficiency and examine potential mitigation
strategies for drivers who experience significant speed reduction
during a takeover.

The longer takeover notification interval (7.5s) was generally
preferred over the shorter one (4.5 s) by both the younger and older
drivers. When an auditory notification was given 7.5 s before the
takeover, drivers had softer brakes thus less speed change, indi-
cating a more smooth transition of vehicle control. We found that
older drivers, but not younger drivers, responded faster to noti-
fications of the longer interval than those of the shorter interval.
However, in general, there was no additional evidence from other
vehicle control measures suggesting that older drivers benefit more
from a longer takeover notification interval. Similar to what’s been
proposed in other studies showing better than expected perfor-
mance of older drivers in highly automated driving (e.g.,Korber
et al.,, 2016; Miller et al., 2016), we also speculate that it may be
due to the relatively high cognitive functioning of healthy older
research participants, their extensive expertise in driving, and com-
pensatory behaviors such as driving more slowly and keeping a
longer headway distance.
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Perhaps one of the most important investigations in our study
is on the effect of voluntary engagement in non-driving-related
activities on driver takeover performance. Among younger drivers,
the high activity group drove at a higher speed after a takeover.
This result may be viewed as an indication of more smooth tran-
sition of control in the high activity group (8 out of 9 younger
drivers in the high activity group compared to 3 out of 8 in the
low activity group maintained an average speed of within +10%
of the automated driving speed). Or, it could also possibly reflect
a connection between this group’s particular individual character-
istics and driving behavior. Sensation seeking has been associated
with higher driving speed (Jonah et al., 2001) and greater involve-
ment in non-driving-related tasks (Feng et al., 2014). Our current
study did not directly measure the construct of sensation seeking,
thus further research is necessary to distinguish the two specu-
lated causes. Compared to older drivers in the low activity group,
the high activity group of older drivers had a comparable speed,
standard deviation of lane position and notification reaction time,
but potentially harsher braking (p=0.10). Given we did not obtain
significance but just a trend, this result on brake input should
be interpreted with caution. It is possible that older drivers who
engage more in non-driving-related activities during automated
driving could show some degree of impairment on takeover per-
formance (e.g., harsher braking response). However, as our sample
size was small and we did not find the same effect on other vehi-
cle control measures, further examination is necessary. Our finding
on notification response time was consistent to Zeeb et al. (2016),
that drivers could return their hands to the steering wheel equally
quickly no matter whether they were engaged in a secondary activ-
ity or not.

Our study allowed drivers to freely decide whether and when to
engage in their chosen non-driving-related activities during auto-
mated driving. The younger and older drivers did exert a wide
range of non-driving-related activities. However, being engaged
in a greater amount of activity did not seem to have significant
impacts on driver performance during takeover. As we hypoth-
esized that drivers could exercise more compensatory strategies
in voluntary activity engagement compared to mandatory engage-
ment in pre-designed activities, comparisons between older drivers
who had low activity engagement and those who had high activity
engagement, little difference was found except a trend of harder
braking and a greater preference of the longer notification interval
(in terms of notification response time) among older drivers with
high activity-engagement.

While the study informs about our understanding of how older
drivers interact with highly automated vehicle technology, there
are several limitations of the current study that we would like to
discuss. First, our examination of how engagement in non-driving-
related activities impacts takeover performance is correlational.
Further experimentation and analyses are needed to contrast
takeover performance when a driver engages in secondary activ-
ities to that performance when the same driver does not engage
in any secondary activity. Second, due to technical restrictions, we
could not simulate lifelike driving with conditional automation. Our
scenarios were quite simple and the takeovers were not very chal-
lenging. The performance measures used in this study were also
basic. More advanced measures such as time-to-collision in driv-
ing scenarios containing driving hazards are necessary in future
investigations. Third, the notification to takeover was only pre-
sented auditorily in the present study. Given a multimodal display
(e.g., auditory message plus a visual presentation) could be more
effective than a unimodal display (Cohen et al., 2006) in notifying
the driver about the upcoming takeover, our results could be fur-
ther validated with improved notification interface. Fourth, healthy
older participants recruited to behavioral studies are in general
with more years of education, higher social economic status, better

cognitive functioning than the general older population. This may
lead to difficulty of generalization of our findings to the overall
older population. However, the group of older participants typ-
ically drawn to behavioral studies is also the subgroup of older
adults who are most likely to afford the advanced vehicle technol-
ogy, and they may indeed be the early adopters of the technology
among the general older population. Fifth, the present study was
based on a relatively small sample size (n=35). Some trends (e.g.,
older drivers engaged in a high level of non-driving-related activ-
ity tended to brake more strongly than those showed a low level
of activity) were identified, which should be further examined in
experiments with larger sample sizes. Our results provided a basis
for estimation of required sample size of future studies.

Future research should seek to validate current findings in
a higher fidelity driving simulator equipped with more lifelike
control functions in an automated vehicle and the capability to
simulate more realistic automated driving situations with a larger
sample size. Considering the recent advancements in research
surrounding these technologies (Delphi Automotive, 2015; Tesla
Motor Company, 2015) the inclusion of driver alertness and
engagementin non-driving-related activities is feasible, and a likely
next step. In addition, age differences in driving are phenomeno-
logical rather than essential. To understand the nature of age
differences in automated driving, research needs to look into how
various individual characteristics such as cognitive abilities (e.g.,
Korber et al., 2015), personality, and experience with technology
lead to observed age differences in driving. Such knowledge would
largely enhance our understanding of driving behavior at the indi-
vidual level, as significant individual variation exist within each age
group on almost any cognitive, psychological, or social construct.

Our findings imply several considerations on the design of in-
vehicle interface for automated driving technology. First, we used
two intervals of auditory notification, 4.5s and 7.5, both being
shorter than the 10s interval used for visual notifications in a pre-
vious study (Merat et al., 2014). This is consistent with the notion
that auditory notifications are more commonly used as warning
signals and emergency alarms (Walker and Kramer, 2006). Both
our younger and older participants performed takeover well under
the two notification conditions, although there was a general pref-
erence of the longer interval. Our results suggest possible use of
shorter than previously considered intervals for auditory notifica-
tions. Second, we found that a significant portion of older drivers
tend to engaged heavily in non-driving-related activities. Given
engagement in these activities could help a driver to maintain a
proper level of alertness when the driving task was not demanding
(Miller et al., 2015; Neubauer et al., 2012), the increased activity
engagement in older drivers may be an adaptive behavior that
could be beneficial. Our study also found significant age differ-
ence in activity preference (e.g., younger drivers prefer to use an
electronic device, while older drivers tend to engage in conver-
sations). This implies the importance of providing safe options for
non-driving-related activities in the vehicle during automated driv-
ing. Therefore, further investigations on the variety of activities that
younger and older drivers tend to engage in and determining the
safety implications are critical for future development of in-vehicle
interface for highly automated vehicles. Third, the average dura-
tions of eyes-off-road per activity occurrence among the younger
and older drivers was quite lengthy in both the low and high
activity groups (5-8s; Table 2). This has important implications of
designing in-vehicle displays that communicates information visu-
ally. During automated driving, presentation of visual information
may need to be accompanied by notifications using other sensory
modalities (e.g., auditory, tactile) which could alert the driver to
look at the visual display.



478 H. Clark, J. Feng / Accident Analysis and Prevention 106 (2017) 468-479

5. Conclusion

While the idea of highly automated vehicle technology is excit-
ing to many, including older drivers, there are a large number
of human factors issues that need to be addressed. In this study,
we observed how younger and older drivers voluntarily engaged
in non-driving-related activities during the automated portion of
simulated driving. We examined the effect of age, level of activ-
ity engagement, and notification-of-takeover interval on driving
performance during the takeover of vehicle control. We found
significant age differences in the type of activities that younger
and older drivers engaged in. We also observed effects of age,
level of activity-engagement, and takeover notification interval.
Older drivers benefited more than younger drivers from the longer
notification, particularly the group who engaged more in the non-
driving-related activities. Future research is needed to explore the
case of driver voluntary engagement in non-driving-related activi-
ties, which may reveal differential findings compared to mandatory
engagement in these activities.
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