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A B S T R A C T   

The present study examined whether the non-chronological age factor, engagement in physical exercise, affected 
responses to multimodal (combinations of visual, auditory, and/or tactile) signals differently between younger 
and older adults in complex environments. Forty-eight younger and older adults were divided into exercise and 
non-exercise groups, and rode in a simulated Level 3 autonomous vehicle under four different task conditions 
(baseline, video watching, headway estimation, and video-headway combination), while being asked to respond 
to various multimodal warning signals. Overall, bi- and trimodal warnings had faster response times for both age 
groups across driving conditions, but was more pronounced for older adults. Engagement in physical exercise 
was associated with smaller maximum braking force for younger participants only, and also corresponded to 
longer average fixation durations, compared to the non-exercise group. Findings from this research can help to 
guide decisions about the design of warning and information systems for semi-autonomous vehicles.   

1. Introduction 

The development of vehicles with increasing levels of automation 
has become a major topic of interest in recent years. One particular 
demographic expected to benefit from this technology is the worldwide 
rapidly-growing older adult population, or adults aged 65 years and 
older, many of whom desire to remain independent throughout later 
stages of life (Czaja et al., 2019; Erber, 2012). In the United States alone, 
the number of older adults is predicted to almost double to 95 million by 
2060, compared to 49 million in 2016 (Vespa et al., 2018). Self-driving 
vehicles can promote autonomy and safeguard against the potential for 
health-related challenges in older adults, most notably social isolation 
and depression caused by a loss of mobility (Hassan et al., 2015; Molnar 
et al., 2007). 

Fully autonomous vehicles (i.e., SAE Level 5) are not expected to 
penetrate the market for at least the next 20–30 years (Litman, 2017; 
Niles, 2019). In the interim, most vehicles will consist of intermediate 
autonomous functionalities, also known as SAE Levels 1–3, or driver 
assistance, partial automation, and conditional automation, respectively 
(SAE International, 2018), where only portions of the driving tasks will 
be handled by automation, such as speed control and/or lane keeping 
assistance. In these cases, drivers will need to occasionally take control 

from the automation and resume manual driving due to unpredictable 
malfunctioning of the vehicle systems (e.g., resulting from poor visibility 
or hidden or missing lane markings) (e.g., Eriksson and Stanton, 2017; 
Körber et al., 2018; Llaneras et al., 2013; Molnar et al., 2017; Zhang 
et al., 2019). 

This takeover process consists of the following steps: (a) perceive and 
process a vehicle takeover request and prepare for transitioning (i.e., 
(re)position hands properly on the steering wheel and place feet on 
brake or accelerator pedals as appropriate), (b) (re)gain environment 
awareness and select the appropriate course(s) of action, and (c) control 
the dynamics of the vehicle (e.g., McDonald et al., 2019; Petermeijer 
et al., 2016; Zeeb et al., 2015). Performance in step (a), the signal 
response phase (shown in Fig. 1), will primarily dictate the trajectory of 
the entire takeover process. This step utilizes perceptual, cognitive, and 
motor resources, and may be challenging for older adults given the 
increased potential for (any combination of) perceptual, cognitive, and 
physical difficulties often observed in older age (Anstey et al., 2005; He 
et al., 1998; Körber et al., 2016; Lemke, 2009; Marottoli et al., 1998; Ni 
et al., 2010). These changes may result in longer signal perception and 
response times, as well as slower movement speeds. Given that the signal 
response phase resembles a reaction time task, it is important to un
derstand age-related differences in responses to stimuli. 
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A large body of literature has shown age to be a significant predictor 
of response time in simple tasks and environments (e.g., Deary and Der, 
2005; Der and Deary, 2006; Era et al., 1986; Fozard et al., 1994; 
Kosinski, 2008; Luchies et al., 2002; Panek et al., 1977; Salthouse, 1998, 
2000). These particular studies involve physical responses to abstract 
signals, comparable to the activities that might be observed in step (a) of 
the takeover process. For example, Era et al. (1986) compared response 
times (i.e., reaction time to perceive and process signals + movement 
time to make responses) to three different auditory frequencies between 
three age groups, 31–35 years, 51–55 years, and 71–75 years of age. 
They found response times to significantly increase with each age group. 
Similarly, Fozard et al. (1994) investigated a large sample of partici
pants whose ages ranged between 17 and 96 years and found that re
action time to auditory tones (measured by button presses) increased by 
a rate of 5–16 ms (msec) per decade, starting at the age of 20 years. 
Deary and Der (2005) measured response times to visual cues and found 
the range of response times to be 373.5–375.1 msec for older adults 
(approximately 63 years) compared to 294.7–306.0 msec for younger 
adults (approximately 24 years). 

These consistent age-difference findings in response time may not be 
as robust in more complex settings (such as driving), given the 
complexity of environmental elements that need to be processed. For 
example, Stinchcombe and Gagnon (2013) compared age differences in 
response times during a peripheral detection task under driving condi
tions with varying levels of complexity (e.g., traffic density and road 
environment) and found no main effect of age on response time. But 
with respect to step (a) of the semi-autonomous driving takeover pro
cess, to date, very few studies have compared performance in the 
takeover signal response phase between older and younger drivers, and 
the results are somewhat conflicting (Clark and Feng, 2017; Körber 
et al., 2016; Li, Blythe, Guo, & Namdeo, 2018, 2019; Miller et al., 2016; 
Molnar et al., 2017). For instance, Clark and Feng (2017) and Körber 
et al. (2016) found no age differences in hands-on/feet-on/takeover 
times, which is equivelant to signal response time, while Li et al. 
(2018, 2019) found that older adults took longer to move their hands to 
the steering wheel and put their feet on pedals compared to the younger 
group. A few possible explanations exist for the lack of consensus across 
these studies. 

First, all of these studies used different types of sensory signals. 
Takeover warning signals are generally presented in single visual, 
auditory, or tactile, or in any combination of these three (see reviews in 
Eriksson and Stanton, 2017; McDonald et al., 2019). Specifically, Clark 
and Feng (2017) and Körber et al. (2016) used a single auditory alert, 
while Li et al. (2018) used a combined visual-auditory signal and Molnar 
et al. (2017) employed combined visual-verbal-haptic cues. However, 
research on multimodal signal detection has reported that compared to 
single visual (V), auditory (A), or tactile (T) signals, multimodal signals 
(i.e., redundant bi- or trimodal combinations of V, A, and T: VA, VT, AT, 
and VAT) are often associated with faster response times, and higher 
detection and response accuracies in simple and complex environments, 
such as psychology experiments and manual driving tasks, respectively, 
regardless of age (Gottlob, 2007; Laurienti et al., 2006; Liu, 2001; Pitts 
and Sarter, 2018). 

With respect to age, older adults generally have longer response 
times compared to younger adults, but the difference is relatively small 
(e.g., 130–270 msec in Gottlob (2007); 42–91 msec in Laurienti et al. 

(2006); and 200 msec in Lundqvist and Eriksson (2019)). In some cases, 
multimodal (compared to unimodal) signals resulted in larger response 
time reductions for older adults than for their younger counterparts (e. 
g., Laurienti et al., 2006). To date, no study has directly compared the 
effects of age and the seven multimodal signal types on response times in 
the (semi)autonomous driving context to determine whether these re
sults hold true across tasks and environments. This knowledge will be 
especially important given that in the automated driving environment, 
the attention allocation of the driver will be different as he/she becomes 
disengaged from the driving task (Choi et al., 2020; Politis et al., 2017; 
Yoon et al., 2019, 2021). For instance, in SAE Level 3, drivers may shift 
their attention away from the driving task and engage in 
non-driving-related tasks (NDRTs; such as texting, watching a movie, or 
eating) (Naujoks et al., 2018), and differences may exist in how younger 
and older drivers allocate their attention. A recent study that focused on 
age differences in NDRTs selection and takeover (Clark and Feng, 2017) 
found that younger adults preferred engaging with electronic devices, 
while older adults enjoyed conversing with others during Level 3 
automated driving. Engaging in NDRTs may negatively affect signal 
response performance. For example, Yoon et al. (2019) varied NDRT 
type (i.e., phone conversation, phone interaction, and video watching) 
and occasionally asked participants to takeover after receiving all seven 
types of multimodal warning signals. They found that response times to 
takeover alerts varied based on the type of engagement and the sensory 
modalities occupied by the NDRT. But age was not a factor in their study 
and, thus, it is unclear how age and attention allocation interact to affect 
response times to the seven signals. 

A second reason for the inconsistent findings among the few studies 
that measured age differences in responses within the takeover signal 
response could be that even though the mean age of older adult par
ticipants was between 65 and 75 years, which is often referred to as 
“young old” (Binstock, 1985), the age ranges in these previous studies 
were different (e.g., 60–81 years of age in Li et al., 2018; 70–81 years of 
age in Miller et al., 2016). While there are basic biological changes that 
occur with age, in general, aging is a heterogeneous process in that 
perceptual, cognitive, and physical abilities deteriorate at varying rates 
for different people (e.g., Baldock et al., 2007; Czaja et al., 2019). Thus, 
the findings from these studies may be influenced by co-variates and/or 
non-chronological age factors (such as physical and cognitive abilities or 
lifestyle) that might have not been accounted for (e.g., Adrian et al., 
2011; Lemke, 2009; National Research Council, 2004; Vipperla et al., 
2010). Particularly, physical and cognitive factors may be more pre
dictive of signal response performance in older drivers, and several 
decades of research has shown that engagement in physical exercise can 
slow down the rate of age-related perceptual, cognitive, and physical 
changes (e.g., Ballesteros et al., 2013; Barnes et al., 2003; Gauchard 
et al., 2003; Marmeleira et al., 2009; Müller et al., 2017; Voss et al., 
2010; Zettel-Watson et al., 2017). In fact, a recent review synthesized 
this literature and reported that physical activity, especially aerobic 
exercise, e.g., jogging, intense walking, endurance running, swimming, 
tennis, and basketball, can lessen the negative impacts on perceptual 
and processing speed, attention, executive control, reaction time, and 
memory in older adults (Muiños and Ballesteros, 2018). These effects are 
often assessed using cognitive tests such as the mini-mental state exam 
(Folstein et al., 1975) or the Trail Making Test (Reitan, 1958). However, 
currently, no empirical data exists on whether and how aerobic exercise 

Fig. 1. A vehicle takeover process (adapted from Petermeijer et al. (2016) and Zeeb et al. (2015)).  
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for older adults can benefit performance in complex environments, such 
as responses to takeover requests during semi-autonomous vehicles, 
where attention may be divided. 

The goal of this study was to fill the above research gaps in the aging 
literature by examining whether the non-chronological age factor, 
engagement in physical exercise, is associated with performance dif
ferences in multimodal signal responses (under different attention 
allocation conditions) between younger and older drivers. Physical ex
ercise and multimodal warning signals (compared to unimodal) were 
expected to be correlated with shorter response times for all ages, but 
with a larger reduction in response time for older adults. Given the 
nature of the task, which more closely resembled a response time task, 
we also expected any age- and/or exercise-related differences to be 
relatively small (Ballesteros et al., 2013; Huang et al., 2019; Laurienti 
et al., 2006; Muiños and Ballesteros, 2018; Petermeijer et al. 2017; Yoon 
et al., 2019). In this paper, we focus on the first stage of the takeover 
process, i.e., the signal response phase, because given the complexity of 
a takeover event, it is necessary to delineate performance at different 
stages along the takeover continuum. Still, the findings of this study are 
expected to contribute to the development of theories regarding 
age-related differencces in performance and may have implications for 
the design of takeover requests in Level 3 automated vehicles for the 
signal response phase. 

2. Methods 

2.1. Participants 

Forty-eight participants took part in this study. All participants were 
evenly recruited into four groups: 12 in a younger exercise group, 12 in a 
younger non-exercise group, 12 in an older exercise group, and 12 in an 
older non-exercise group. Younger participants were recruited from 
Purdue University, while all older participants were healthy residents 
recruited through Purdue’s Center on Aging and the Life Course (CALC), 
and independent-living communities and senior activity centers in the 
Lafayette/West Lafayette, Indiana area. For the physical exercise 
groups, volunteers were required to perform aerobic exercise at least 3 
times per week and 45 min per time during the past five years, based on 
criteria used in previous research on related topics (e.g., Ballesteros 
et al., 2013; Gauchard et al., 2003; Marmeleira et al., 2009; Voelck
er-Rehage et al., 2011; Voss et al., 2010). Participants were assigned to 
the exercise and non-exercise groups based on self-reported exercising 
frequency. As shown in Table 1, walking/jogging was the most common 
aerobic exercise type for both age groups. Both non-exercise groups 
were individuals who had not exercised regularly during the past 5 
years. All participants were required to possess a valid driver’s license, 
have normal or corrected-to-normal vision, and have no impairments to 
hearing nor the sense of touch. All volunteers were paid $25 for their 
time. This study was approved by the Purdue University Institutional 
Review Board (IRB Protocol ID: 1802020214). Demographic 

information for each group is presented in Table 2. 

2.2. Apparatus/stimulus 

2.2.1. Driving simulator 
A medium-fidelity fixed-base National Advanced Driving Simulator 

(NADS), miniSim™ (uiowa.edu), with 138-degree horizontal field-of- 
view was used for this experiment. This system consists of three 48- 
inch TV monitors, one 18.5-inch LED monitor as the dashboard, con
trol panel, life-size seat, steering wheel, and foot pedals (Fig. 2). All 
driving-related metrics were collected at 60 Hz. 

2.2.2. Eye tracker 
The experiment used an EyeTracking, Inc. FOVIO – FX3 system. This 

desktop-mounted, contact-free device was located behind the steering 
wheel, below the main center monitor. Gaze data was collected using the 
Eye Works Suite (EyeTracking, Inc., USA) and collects data at 60 Hz. 

2.2.3. Warning signals 
The visual signal was a red circle (200 × 200 pixels) displayed on the 

center main monitor (presented in Fig. 2). Auditory signals were 6-burst, 
400 Hz beeps with a loudness range from 0 to 100 dB. Tactile signals 
were presented by two 1’’ × 0.5’’ × 0.25′′ piezo-buzzers (called C-2 
Tactors developed by Engineering Acoustics, Inc.) at a frequency of 250 
Hz with an intensity range of 1–255 gain units. Both Tactors were 
attached to the lower back center region (e.g., Eriksson et al., 2019; Pitts 
and Sarter, 2018). The duration of all signals was 1 s. Given the range of 
ages represented in this study, the intensities of the auditory and tactile 
signals were chosen by participants through the use of a crossmodal 
matching procedure (see details in Pitts et al., 2016) conducted prior to 
the experiment. 

2.3. Experimental design 

This study employed a 2 (age group: younger and older) × 2 (exer
cise type: exercise and non-exercise) × 7 (takeover request signal type: 
V, A, T, VA, VT, AT, and VAT) × 4 (task condition) full factorial design. 
For signal type, V = visual, A = auditory, and T = tactile. For task 
condition, participants completed four separate driving sessions/tasks: 
1) no task, 2) a video watching task, 3) a headway estimation task, and 
4) a video watching and headway estimation (combination) task. Each 
session consisted of 28 warning signals (i.e., each of the 7 signal types 
repeated four times in four similar blocks) that were presented randomly 
throughout each drive. The driving task was designed to represent Level 
3 automated driving, where speed and lane position were both 
controlled by the automation, on a four-lane highway (two adjacent 
lanes in each traveling direction) with random, and occasional traffic 
appearing in the two opposite lanes. The average time between warning 
signals was 25 s, range 15–35 s (e.g., Lundqvist and Eriksson, 2019; Pitts 
and Sarter, 2018; Politis et al., 2017), and the order of the four 

Table 1 
Distribution of aerobic exercises performed by type and age group.   

Walking/ 
Jogging 

Ball 
sports 

Swimming Biking Other 

Younger 
adults 

9 (75%) 5 (42%) 1 (8%) 2 
(17%) 

4 
(33%) 

Older adults 7 (58%) 2 (17%) 5 (42%) 3 
(25%) 

5 
(42%) 

Note: the number outside of the parenthesis represents the number of partici
pants who reported performing that activity (out of a total of 12); the percentage 
inside of the parenthesis is the proportion of people in each group who con
ducted the respective activity. Also, some participants performed more than one 
type of exercise. The ‘Other’ category includes, but is not limited to, exercises 
such as dancing, high-intensity interval training (HIIT), and trampoline 
jumping. 

Table 2 
Demographic information for each age group.  

Factor Younger adults Older adults 

Exercise Non-exercise Exercise Non-exercise 

Mean age in 
years (SD) 

21.25 (0.62) 22.58 (1.73) 72.50 (5.71) 70.83 (4.26) 

Age range 20–22 20–26 66–84 66–77 
Male 8 5 4 4 

Female 4 7 8 8 
Mean years of 

driving (SD) 
5.33 (1.07) 5.08 (3.12) 54.17 (5.31) 54.09 (4.64) 

Mean years of 
exercise (SD) 

5.42 (3.13) – 18.67 
(15.66) 

– 

Miles driven 
per year (SD) 

8115.86 
(7221.66) 

7301.00 
(7206.90) 

6860.91 
(4280.07) 

7046.36 
(5225.77)  
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conditions and signals was counterbalanced. 
In the 1) no task (or baseline) condition, participants responded to 

the seven takeover request (TOR) warning signals by pressing the brake 
pedal (with their right foot) as soon as they saw/heard/felt any of the 
multimodal signals (e.g, Dogan et al., 2017). In the 2) video watching 
task condition (a non-driving-related secondary task that has been used 
in previous studies (e.g., Carsten et al., 2012; Clark and Feng, 2017; Mok 
et al., 2015; Yoon et al., 2019), participants were asked to watch a TED 
talk video related to intelligent technologies, and also respond to the 
seven TORs as soon as they appeared. This video played on the wind
shield in the lower right-hand corner of the main display. Here, partic
ipants were informed that a video knowledge assessment (or quiz), that 
contained questions that required recalling of facts spoken by the 
speaker in the video, would be administered after the driving session. 
This assessment was used to encourage drivers to focus on the video and 
disengage from the driving task. In the 3) headway estimation task 
condition (a driving-related secondary task), the experimenter randomly 
asked the driver, 12 separate times, “how many seconds to a collision are 
you behind the car in front of you?” Here, headway was defined as the 
timing between the leading vehicle and the current/subject vehicle 
(Yanko and Spalek, 2014). These queries were made in-between, and 
least 5 s before or after, the presentation of the warning signals to avoid 
interference with the signal detection task. Participants’ options were: 3, 
5, or 7 s (i.e., the time to collision), corresponding to a close, medium, 
and far distance, respectively (see Fig. 3). This condition was created to 
emulate drivers attending to the forward roadway as they would if 
automated functions – most notably, Adaptive Cruise Control (ACC) – 
are deactivated during real-world situations that require takeover. 
Finally, in the 4) video watching and headway estimation (combination) 
task condition, participants watched a similar type of video (as in con
dition 2) while, at the same time, were asked to make headway judg
ments (as in condition 3) and respond to all TOR signals. The goal was to 
simulate a more complex situation that could occur in real-life and that 
requires greater cognitive demands (i.e., video watching, headway 

judgments, and signal perception) than those in task conditions 2) and 
3). 

2.4. Procedure 

The experiment lasted 90 min. Participants first signed the experi
mental consent form and then completed a pre-experiment question
naire that asked about demographic information, driving experiences, 
and physical exercises. Then, the Montreal Cognitive Assessment 
(MoCA) was administered to assess capabilities for participating in our 
study (e.g., Nasreddine et al., 2005). Next, participants were introduced 
to the experimental setup and asked to perform crossmodal matching. 
After, a 10-min training session, similar to actual experiment, was 
conducted. During the actual experiment, since Level 3 automation does 
not require constant manual control of the vehicle, participants were 
asked to place their hands in their laps and their feet on the floor (base) 
of the driving simulator. They were informed that the vehicle could fail 
due to operational limits and that the study was designed to mimic the 
moment when such failure occurs. The seven types of TOR warning 
signals would be presented to signify when the system was failing. They 
were instructed to respond to the warning signals as quickly as possible 
after receiving an alert by pressing the brake pedal to deactivate the 
autonomous driving mode (e.g, Dogan et al., 2017). Since a takeover 
event was not required, no actual collision would occur if participants 
missed a signal. This approach was employed to avoid inducing anxiety 
(especially in older participants) from a vehicle collision. Immediately 
afterwards, participants needed to reactivate the automation by pressing 
a button on the steering wheel and then prepare for the next signal(s). A 
5-min break was given between each of the four driving conditions. 
After the experiment, participants filled out a post-experiment ques
tionnaire that asked about their performance and strategies they 
employed throughout the experiment. 

Fig. 2. Experimental setup and devices (featured: NADS driving simulator, Fovio eye tracker, and C-2 Tactors).  

Fig. 3. Sample scenes for headway estimation and combination (of video watching and headway estimation) task conditions: (a) 3-s, (b) 5-s, and (c) 7-s headway.  
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2.5. Dependent measures 

Dependent measures were classified into three categories: a) driving- 
related, b) eye movements, and c) secondary task performance. 

2.5.1. Driving-related measures 
Driving-related measures included brake response time and 

maximum brake force (Winkler et al., 2018). Brake response time (in 
milliseconds (msec)) was defined in SAE J2944 as the time between the 
presentation of any warning signal and the initial contact of the brake 
pedal (Society of Automotive Engineers, 2015). Maximum brake force 
(Newtons; N) was defined as the maximum force applied to the brake 
pedal within the time period between the presentation of a takeover 
warning signal and the releasing of brake pedal (Winkler et al., 2018), 
with range of 0–180 N. For maximum brake force, a smaller value in
dicates better control (Roche and Brandenburg, 2020). 

2.5.2. Eye movement measures 
Eye tracking metrics included gaze proportion (%) and average fix

ation duration (seconds) with respect to area of interests (AOIs). We 
defined one AOI – the video region (size: 10’’ × 10′′), located in the 
lower right-hand corner of the main display. Gaze proportion was 
defined as the percentage of gaze within the AOI. A fixation was defined 
with a minimum duration of 100 ms in any one location (as used in Caird 
et al., 2008). Average fixation duration was calculated by dividing the 
total fixation duration by the total number of fixations (e.g., McPhee 
et al., 2004). 

2.5.3. Secondary task performance 
For the video watching (condition 2) and combination (condition 4) 

task conditions, the video knowledge accuracy was calculated as the 
percentage of correct answers out of the total number of questions asked 
after the video. In total, six questions (after each of the two task con
ditions) were evaluated based on the length of the video and the infor
mation extracted from the video. For the headway estimation (condition 
3) and combination task conditions, headway estimation accuracy was 
defined as the percentage of correct responses to the total number of 
inquiries made during the experiment. 

2.6. Data analysis 

For driving-related measures, Pearson correlation did not reveal a 
significant correlation between the brake response time and maximum 
brake force (r = − .099) and thus, two separate 4-way mixed-model 
Analysis of Variance (ANOVA) tests were conducted for the measures, 
where age and exercise type were between-subject (quasi-independent) 
factors, and signal type and task condition were both within-subject 
factors. 

For eye movement measures and secondary task performance, a 3- 
way mixed-model ANOVA was performed. Signal type was not 
included in the model because for non-visual signals (i.e., A, T, and AT), 
participants were not motivated to look at the screen and eye movement 
data may not be available/accurate in these situations. Likewise, for 
secondary tasks, performance was not necessarily assessed near a signal 
presentation. Thus, age and exercise type were between-subject factors, 
and task condition was a within-subject factor. 

For all statistical tests, post-hoc comparisons with Bonferroni cor
rections were performed to identify significant differences and in
teractions between means. Also, Greenhouse-Geisser corrections were 
applied for violations of the assumption of sphericity. All data analysis 
was completed using SPSS v.26. Significance level was set at p < 0.05. 

3. Results 

3.1. Driving-related measures 

There was a significant main effect of age (F(1, 44) = 4.503, p = .

040, η2
p = .093), signal type(F(4.0, 177.7) = 517.384, p < .001, η2

p =

.922), and task condition (F(2.5, 109.8) = 21.267,p < .001,η2
p = .326) 

on brake response time. For age, post-hoc comparisons revealed that 
older adults (mean = 1014 msec, standard error of the mean (SEM) =
30) had longer brake response times compared to the younger group 
(mean = 923 msec, SEM = 30). For signal type, the VAT (mean = 834 
msec, SEM = 24) and VT (mean = 837 msec, SEM = 23) signals had the 
shortest brake response time, followed by AT (mean = 883 msec, SEM =
23) and T (mean = 877 msec, SEM = 26) (see Fig. 4). Finally, for task 
condition, the headway estimation (mean = 1008 msec, SEM = 24) and 
combination (mean = 986 msec, SEM = 21) tasks had longer brake 
response times than the baseline (mean = 926 msec, SEM = 23) and the 
video watching (mean = 955 msec, SEM = 21) conditions. No main 
effect of exercise was found (0F(1, 44) = 0.854,p = .360, η2

p = .019). 
There was a significant age × signal type interaction 

(F (4.0, 177.7) = 7.260, p < .001, η2
p = .142) on brake response 

time. Specifically, for single V and A signals, younger adults had shorter 
response times (for V: mean = 1003 msec, SEM = 28; for A: mean =
1186 msec, SEM = 31) than older adults (for V: mean = 1092 msec, SEM 
= 28; for A: mean = 1354 msec, SEM = 31). However, no age differences 
were found between multimodal signals (see Table 3 for summary 
statistics). 

Maximum brake force was significantly affected by age (F(1, 36) =

4.121, p = .050, η2
p = .103) and exercise type (F(1, 36) = 4.316, p = .

045, η2
p = .107). Older adults (mean = 19.359 N, SEM = 1.443) had a 

larger maximum brake force compared to younger adults (mean =

15.217 N, SEM = 1.443). Also, the non-exercise group (mean = 19.407 
N, SEM = 1.443) had a larger maximum brake force compared to the 
exercise group (mean = 15.168 N, SEM = 1.443). In addition, there was 
a significant age × exercise type interaction (F(1, 36) = 6.535,p = .015,

η2
p = .154) such that for younger adults, the maximum brake force in the 

exercise group (mean = 10.489 N, SEM = 2.040) was significantly less 
than the non-exercise group (mean = 19.944 N, SEM = 2.040), see 
Fig. 5. 

Maximum brake force was not affected by signal type (F(4.5,161.7)

= 1.385,p = .237, η2
p = .037) nor task condition (F(3, 108) = 1.781,p =

.155,η2
p = .047), and there were no interaction effects between the two 

factors. 

3.2. Eye movement measures 

Gaze proportion in the video region (AOI) was only analyzed for the 
video watching and combination task conditions because the video was 
only played during these two conditions. Age had a significant main 
effect on gaze proportion in the AOI 
(F(1, 40) = 8.436, p = .006, η2

p = .174). Here, older adults (mean =

24.6%, SEM = 3.062) had a smaller percentage of gaze proportions in 
the AOI compared to the younger participants (mean = 37.1%, SEM =
3.049) (see an example in Fig. 6). Also, there was a significant main 
effect of task condition (F(1, 40) = 27.044,p < .001,η2

p = .403) on gaze 
proportion. Post-hoc comparisons indicated that there was a larger 
percentage of gaze proportions in the video watching task condition 
(mean = 36.0%, SEM = 2.688) compared to the combination task 
condition (mean = 25.8%, SEM = 2.007). 

Average fixation duration in the video region (AOI) was affected by 
exercise type (F(1, 35) = 9.204, p = .005, η2

p = .208) and only margin
ally affected by age (F(1, 35) = 3.576, p = .067, η2

p = .093). Specif
ically, the exercise group (mean = 368 msec, SEM = 18) had a longer 
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average fixation duration in the AOI region compared to the non- 
exercise group (mean = 288 msec, SEM = 19). Also, younger adults 
(mean = 353 s, SEM = 18) had a marginally longer average fixation 
duration in the AOI compared to older adults (mean = 303 msec, SEM =
19). See Fig. 7 for details. 

3.3. Secondary task performance 

For headway estimation accuracy, there was a significant main effect 
of age(F(1, 44) = 8.167, p = .006, η2

p = .157) on headway judgements. 
Specifically, older adults (mean = 72.7%, SEM = 3.2) had a significantly 
lower headway estimation accuracy than younger drivers (mean =

85.5%, SEM = 3.2). 
For performance on the video knowledge assessment, a significant 

age × task condition interaction (F(1, 44) = 4.474, p = .040, η2
p = .092)

was observed. In particular, in the video watching task condition, the 
difference in accuracy percentage (difference = 0.0%, p = 1.000) be
tween the older (mean = 61.8%, SEM = 3.1) and younger groups (mean 
= 61.8%, SEM = 3.1) was smaller than in the combined (video watching 
and headway estimation) task condition (difference = 15.3%, p = .027) 
between older (mean = 52.8%, SEM = 4.7) and younger adults (mean =
68.1%, SEM = 4.7). 

4. Discussion 

The goal of this study was to investigate the effects of age and 
physical exercise on performance differences in multimodal signal re
sponses under different attention allocation conditions. Overall, bi- and 
trimodal signals were associated with faster brake response times for 
both age groups, but older adults responded more slowly and also had a 
higher brake force compared to younger adults. Additionally, engage
ment in physical exercise was associated with a smaller maximum 
braking force for younger drivers only, and a longer average fixation 
duration for everyone. 

4.1. Driving-related measures 

4.1.1. Brake response time 
Somewhat contrary to our expectations, aerobic exercise did not 

produce a significant main effect on brake response time. Since the 
response time difference between the younger and older groups is 
already relatively small (i.e., 91 ms), the effects of physical exercise may 
not be apparent for our response time measure. The time differences 
reported in previous studies that found physical exercise to be associated 
with faster response speeds in older adults were also very small (e.g., 

65–78 ms between exercise and non-exercise group in Ballesteros et al. 
(2013); and 12–69 ms in Marmeleira et al. (2009)) and these effects may 
be masked by the age effects. However, these studies did not generate 
data on the gains associated with exercise for younger adults, thus it is 
difficult to know whether the results are attributable only to exercise. 
Also, in our study, the signal response phase of a takeover process only 
included perception, processing, and movement (i.e., contact with the 
brake pedal). It did not contain significant decision-making components, 
such as planning for how to deactivate the automation, regaining 
environment and situation awareness, selecting courses of action (i.e., 
deciding the dynamic state of the vehicle after resuming control), nor 
executing actions (deciding how to maneuver). Thus, the benefits of 
physical exercise might reveal themselves in later, more involved, 
phases of the vehicle takeover process, such as decision-making 
regarding space availability in adjacent lanes and/or manual control 
of longitudinal and lateral accelerations and positions during 
post-takeover. 

With respect to chronological age, older adults had longer brake 
response times to takeover request (TOR) warning signals than younger 
adults across the four driving conditions. This finding is consistent with 
previous studies mostly in manual driving (e.g., Lundqvist and Eriksson, 
2019; Pitts and Sarter, 2018) and only a few in autonomous driving (Li 
et al., 2018, 2019), and potentially points to biological changes in 
perception, cognition, and physical abilities observed with age (Anstey 
et al., 2005). We also found both age groups to respond faster to 
multimodal TORs, compared to single modality signals (Biondi et al., 
2017; Huang et al., 2019; Petermeijer et al., 2017; Politis et al., 2017; 
Yoon et al., 2019). In addition, any signal type that included a tactile 
component (i.e., T, AT, VT, and VAT) was associated with shorter brake 
response times for all ages (compared to those that did not; V, A, and VA, 
as shown in Fig. 4). Lundqvist and Eriksson (2019) explained that the 
benefits of trimodal warning signals are still debated, but Pitts and 
Sarter (2018) proposed that the inclusion of the tactile modality (with 
fastest conduction velocity) is what ultimately dictates the response time 
to multimodal signals. An additional, and alternative, explanation for 
why the signals that included the tactile modality had a faster response 
time compared to signals without a tactile cue may relate to the driving 
environment. It consisted of constant auditory input (i.e., sounds of the 
tires-on-the-road, the vehicle engine, and the video) as well as contin
uous visual information (i.e., monitoring the road elements in baseline 
condition, video watching and headway estimation in other conditions). 
Here, the tactile channel was most available (free) for detecting vibra
tion information compared to the already occupied visual and auditory 
channels (Meng and Spence, 2015; Wickens, 2008). 

The advantages of tactile signaling was also found for both age 
group. Specifically, older adults were only slower than younger adults in 

Fig. 4. Brake response time as a function of age and takeover request (TOR) signal type.  
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Table 3 
Summary statistics of the dependent measures for all independent variables.   

Age Exercise Signal Type Task Condition Interactions 

YA OA E NE V A T VA VT AT VAT T1 T2 T3 T4  

BRT (msec) 923 (30) 1014 
(30) 

949 (30) 988 (30) 1047 
(20) 

1270 
(22) 

877 
(26) 

1033 
(19) 

837 (23) 883 (23) 834 (24) 926 (23) 955 (21) 1008 
(24) 

986 (21) Age × Signal: 
F (4.0, 177.7) =
7.260 p < .001* 

η2
p = .142  

F (1, 44) = 4.503 p ¼
.040* 

η2
p = .093  

F (1, 44) = 0.854 p =
.360 

η2
p = .019  

F (4.0, 177.7) = 517.384 p < .001* 
η2

p = .922  
F (2.5, 109.8) = 21.267 p < .001* 

η2
p = .326  

MBF (N) 15.22 
(1.443) 

19.36 
(1.44) 

15.17 
(1.44) 

19.41 
(1.44) 

17.03 
(1.05) 

17.80 
(1.14) 

17.25 
(.96) 

17.04 
(1.09) 

17.49 
(1.01) 

16.85 
(1.05) 

17.56 
(1.08) 

16.28 
(1.04) 

18.08 
(1.16) 

17.20 
(1.26) 

17.59 
(1.07) 

Age × Exercise: 
F (1, 36) = 6.535 p 

¼ .015* 
η2

p = .154  
F (1, 36) = 4.121 p ¼

.050 
η2

p = .103  

F (1, 36) = 4.316 p ¼
.045 

η2
p = .107  

F (4.5, 161.7) = 1.385 p = .237 
η2

p = .037  
F (3, 108) = 1.781 p = .155 

η2
p = .047  

Gaze (%) 37.4 
(3.05) 

24.6 
(3.06) 

32.2 
(3.13) 

29.6 
(2.99) 

– – 36.0 
(2.69) 

– 25.8 
(2.01) 

– 

F (1, 40) = 8.436 p ¼
.006* 

η2
p = .174  

F (1, 40) = .363 p =
.550 

η2
p = .009  

– F (1, 40) = 27.044 p < .001* 
η2

p = .403  

AFD (msec) 353 (18) 303 (19) 368 (18) 288 (19) – – 332 (16) – 324 (13) – 
F (1, 35) = 3.576 p =

.067 
η2

p = .093  

F (1, 35) = 9.204 p ¼
.005* 

η2
p = .208  

– F (1, 35) = .366 p = .549 
η2

p = .010  

HEA (%) 85.5 (3.2) 72.7 
(3.2) 

82.2 
(3.2) 

76.0 
(3.2) 

– – 79.6 
(2.4) 

– 78.6 
(2.6) 

– 

F (1, 44) = 8.167 p ¼
.006* 

η2
p = .157  

F (1, 44) = 1.903 p =
.175 

η2
p = .041  

– F (1, 44) = .189 p = .666 
η2

p = .004  

VKA (%) 64.9 (3.1) 57.3 
(3.1) 

64.2 
(3.1) 

58.0 
(3.1) 

– – 61.8 
(2.2) 

– 60.4 
(3.3) 

Age × Task: 
F (1, 44) = 4.474 p 

¼ .040* 
η2

p = .092  
F (1, 44) = 3.113 p =

.085 
η2

p = .066  

F (1, 44) = 2.084 p =
.156 

η2
p = .045  

– F (1, 44) = .148 p = .702 
η2

p = .003  

Note: YA = younger adults; OA = older adults; T1 = baseline task condition; T2 = video watching task condition; T3 = headway estimation task condition; T4 = combination task condition; BRT = brake response time; 
MBF = maximum brake force (N = Newtons); GP = gaze proportion; AFD = average fixation duration; HEA = headway estimation accuracy; and VKA = video knowledge accuracy. 
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responding to single visual and auditory signals, but no differences were 
found between the two age groups for all other signals. This implies that 
older adults may benefit from multimodal signals, especially if the signal 
combination includes tactile information. In other words, age-related 
declines, resulting in delayed responses to warning signals, may be 
mitigated by multisensory integration (Laurienti et al., 2006; Peiffer 
et al., 2007). 

For task condition, response times in the headway estimation and 
combination (of video watching and headway estimation) task condi
tions were longer compared to the baseline and video watching condi
tions. One possible explanation for this finding is that a higher level of 
precision was needed to accurately estimate headway in these condi
tions. Here, participants might have been performing a complex spatial 
mental calculation, and when the signals were presented, it took them 
slightly longer to task switch and recognize the warning signals. 

4.1.2. Maximum brake force 
Maximum brake force has been used as an indicator of collision risk 

(Aries, 2019; Dziuk, 2015). In our study, physical exercise and age both 
affected maximum brake force. Participants who did not perform aero
bic exercises had a higher maximum brake force. This finding may be 
attributed to the fact that aerobic exercise makes use of repetitive leg 
movement and muscle activation. In this case, those who engage activity 
of their legs more frequently may benefit from better motor control. This 
hypothesis may be confirmed by comparing this result to data collected 
from tasks that utilize arm movements, such as steering while driving, 
since aerobic exercise also makes use of upper body movements. How
ever, steering metrics were not collected as part of this study. 

For age, there was a tendency for older drivers to brake harder than 
younger adults. This replicates a similar finding in Clark and Feng 
(2017) and could highlight the uncertain feelings that older adults ex
press about autonomous driving (Abraham et al., 2017). For example, to 
date, many older adults have not yet had the chance to experience 

intermediate levels of vehicle automation, and thus their trust in this 
technology may not be built. Research has found that older adults may 
be more willing to use automated vehicles once the capabilities of these 
vehicles are demonstrated to them (Haghzare et al., 2021; Rahman et al., 
2019). Therefore, it may take some time to build their trust and for older 
adults to become comfortable being able to divert their attention from 
forward driving, to some extent, and perform secondary tasks while in 
the vehicle. Another possible explanation might be that older partici
pants recognize changes in their cognitive and physical abilities, which 
may hinder their ability to quickly respond to TOR alerts, and thus may 
cause them to adopt strategies to compensate for these age-related 
changes while driving (e.g., Molnar et al., 2015). For example, 
Marchese (2019) showed that older adults brake harder during manual 
driving while performing NDRTs to slow down in order to compensate 
for their slower responses and their attention lost due to the secondary 
tasks. This behavior may simply be carrying over to semi-autonomous 
driving. 

Finally, there was an interaction effect between age and exercise on 
maximum brake force. Here, younger participants in the exercise group 
had a lower maximum brake force compared to older adults in the ex
ercise group, while no difference was found between the two age groups 
in the non-exercise category. One possibility for this phenomenon is that 
the benefits of physical exercise, in terms of braking control, may not be 
determined only by aerobic exercise. In other words, in addition to 
aerobic exercises, many younger participants in this study also likely 
regularly performed anaerobic exercises (such as weightlifting), as well 
as other high intensity workouts that make use of leg and overall body 
strength. 

Fig. 5. Maximum brake force as a function of age and exercise type.  

Fig. 6. Example gaze distributions for: (a) younger adults and (b) older adults. Video region (AOI) located in lower right-hand corner of the main display.  

Fig. 7. Average fixation duration in the video region (AOI) as a function of age 
and exercise type. 
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4.2. Eye movement measures 

With respect to attention allocation, older participants had a lower 
percentage of gaze proportion on the video compared to younger adults. 
This suggests that older drivers focused their attention more on the 
driving environment than the video, even though they did not have to 
control the vehicle and knew that they would be asked a series of 
questions after the driving session. One likely reason for this observation 
could be self-regulatory practices enacted by older adults, which results 
in them being more conservative in manual driving and prioritizing 
safety over entertainment. Driving self-regulation, i.e., the changing of 
one’s driving behavior in response to the acknowledgment of declines in 
abilities critical for driving (Charlton et al., 2006; Gwyther and Holland, 
2012; Meng and Siren, 2012), usually includes actions such as driving at 
slower speeds, avoiding night time driving, and limiting in-vehicle dis
tractions (Charlton et al., 2006; Molnar et al., 2015). Similar to the brake 
force effects discussed previously, this self-regulatory behavior may be 
being transferred to the semi-autonomous driving context. 

Another possible explanation is that older adults could have lower 
trust level in automated vehicles (especially lower levels, such as SAE 
Levels 2–3) (Abraham et al., 2017; Rovira et al., 2019; Schoettle and 
Sivak, 2016). For example, a survey of 618 respondents showed that 
when asked if semi-autonomous vehicles were the only available option, 
roughly 62% of older adults were moderately or very concerned about 
riding in these vehicles, compared to only 36% of younger adults 
(Schoettle and Sivak, 2016). However, the authors did not provide ex
planations for this finding. Abraham et al. (2017) proposed that older 
adults’ lifetime of driving experiences may make them uncomfortable in 
relinquishing control to the vehicle. This lack of trust may drive them to 
pay more attention to the road. 

In addition, participants in the physical exercise group had a longer 
average fixation duration in the video region compared to those in the 
non-exercise group. This finding may infer that exercise helps with 
concentration, which is one aspect of inhibitory cognitive control in 
executive function (Ballesteros et al., 2013; Kao et al., 2017; Levin and 
Netz, 2015). 

4.3. Secondary task performance 

Older adults had worse performance on the headway estimation task, 
which is consistent with previous work (DeLucia et al., 2003) that re
ports lower accuracy in estimating time-to-collision in older adults. 
Boot, Stothart, and Charness (2014) and Czaja et al. (2019) explained 
that older drivers, in general, have difficulty judging headway distances, 
such as when turning across opposing traffic to make a left-hand turn. 
They explain that headway estimations require use of visual resources, 
spatial processing, and working memory, and that age-related decre
ments in any of these abilities will limit such judgment abilities (Boot 
et al., 2014; Czaja et al., 2019; DeLucia et al., 2003; Scialfa et al., 1991; 
Sekuler et al., 1980). 

For the video knowledge assessment, as expected, older adults 
recalled fewer facts about the video (compared to younger adults) when 
they had to watch the video and estimate headway at the same time 
(combination task condition). Also, consistent with previous studies, 
while no age-related performance difference was found in the video 
watching condition alone, this observation may further highlight the 
relative difficulty older adults experience when divided attention is 
required to complete multiple unrelated tasks – a phenomenon high
lighted by several decades of research (e.g., Erber, 2012; Horberry et al., 
2006; Kemper et al., 2011; McDowd and Craik, 1988; McKnight and 
McKnight, 1993; Somberg and Salthouse, 1982; Son et al., 2011). In our 
study, older drivers performed worse on both the video knowledge 
assessment and the headway estimation task (in the combination task 
condition) when multiple tasks needed to be conducted simultaneously. 
Here, older participants seemed to prioritize tasks related to safety, i.e., 
focusing more attention on the road and the warning signals (as 

indicated by eye tracking data), which is in accordance with previous 
studies in terms of a safety prioritization strategy (e.g., Horberry et al., 
2006; Son et al., 2011). 

4.4. Limitations 

One potential limitation of this study is the manner in which par
ticipants who exercise were recruited. Participants were grouped based 
on their self-reported exercising frequency. However, there was no 
upper limit (so some participants might have exercised daily) and 
engagement in particular types of physical activities (per person) might 
have changed within the past 5 or more years. These factors could have 
caused variability even within the exercise groups. Future research 
should explore ways to collect more precise data on exercise frequency 
and type, and/or conduct longitudinal studies over a specific timeframe 
to compare performance before and after an intervention of physical 
exercise (Marottoli et al., 2007). For instance, a longitudinal study with 
interventions of physical exercise could help to determine whether ex
ercise leads to improvements in task performance (compared to only 
correlation effects). Similarly, some participants performed different 
types of aerobic exercises, and previous work (Diamond, 2015; Peruyero 
et al., 2017) suggests that enhancements to cognition are a function of 
exercise type, intensity, and duration. Thus, future work may attempt to 
control these variables. 

In our experiment, we did not measure baseline maximum brake 
force, which could have helped to support explanations of our findings 
regarding muscle control and braking intensity. Similarly, steering 
wheel-related measures were not collected, which may reflect benefits of 
physical activities with respect to upper body functionality. Instead, we 
focused on brake pedal behavior because deciphering when the signal 
response phase stops and the post-takeover phase starts can be difficult 
when using steering wheel activity. Finally, this study focused on the 
signal response phase of the takeover process as a starting point. How
ever, given the complexity of the task, follow-up work should examine 
the effects of physical exercise on the entire takeover process using 
timing between signals that is more representative of an actual takeover. 

5. Conclusion 

The non-chronological age factor, engagement in physical activity, 
was associated with better brake pedal control for younger adults, but 
did not help older adults as originally expected. However, chronological 
age differences were observed in that, compared to younger individuals, 
older adults had longer response times to warnings, larger maximum 
brake force, more gaze proportions on the driving environment, and 
poorer secondary task performance. 

This research fills gaps in the aging and (vehicle) automation liter
ature by taking first steps to generate empirical data on the effects that 
signaling modality and physical activity have on performance in the 
signal response phase of the takeover process. Results may contribute to 
the development of frameworks in this area. In terms of application, the 
findings may be beneficial to designers of next-generation (in-vehicle) 
warning systems. 
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