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What You Don’t Notice Can Harm You:
Age-Related Differences in Detecting Concurrent
Visual, Auditory, and Tactile Cues

Brandon J. Pitts, Purdue University, West Lafayette, Indiana, and
Nadine Sarter, University of Michigan, Ann Arbor

Objective: This research sought to determine whether
people can perceive and process three nonredundant (and
unrelated) signals in vision, hearing, and touch at the same
time and how aging and concurrent task demands affect
this ability.

Background: Multimodal displays have been shown
to improve multitasking and attention management; how-
ever, their potential limitations are not well understood.
The majority of studies on multimodal information pre-
sentation have focused on the processing of only two
concurrent and, most often, redundant cues by younger
participants.

Method: Two experiments were conducted in which
younger and older adults detected and responded to
a series of singles, pairs, and triplets of visual, auditory,
and tactile cues in the absence (Experiment |) and pres-
ence (Experiment 2) of an ongoing simulated driving task.
Detection rates, response times, and driving task perfor-
mance were measured.

Results: Compared to younger participants, older
adults showed longer response times and higher error
rates in response to cues/cue combinations. Older partici-
pants often missed the tactile cue when three cues were
combined. They sometimes falsely reported the presence
of a visual cue when presented with a pair of auditory and
tactile signals. Driving performance suffered most in the
presence of cue triplets.

Conclusion: People are more likely to miss informa-
tion if more than two concurrent nonredundant signals
are presented to different sensory channels.

Application: The findings from this work help inform
the design of multimodal displays and ensure their useful-
ness across different age groups and in various application
domains.
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INTRODUCTION

Many highly demanding, safety-critical envi-
ronments, such as driving, aviation, and medi-
cine, require operators to divide their attentional
resources among increasing numbers of tasks and
sources of information. For example, the driver
of an automobile may receive driving directions
from a global positioning system (GPS) shown
on a visual navigation display. While reviewing
this information, the driver may be alerted by an
auditory signal warning that a leading vehicle has
suddenly applied brakes, and a vibration to the
steering wheel may indicate that the vehicle is
drifting out of the lane. In this particular situation,
the driver receives, simultaneously, information
about three different events in three sensory
modalities (vision, hearing, and touch) and needs
to notice, interpret, and respond quickly and
appropriately to each of them.

To support operator performance in such
data-rich domains, multimodal displays, which
present information via multiple sensory chan-
nels, have been introduced as a promising means
of improving multitasking and attention man-
agement (e.g., Calvert, Spence, & Stein, 2004;
Giang et al., 2010; Sarter, 2002, 2006, 2007;
Spence & Driver, 1997a; Wickens, 2008). How-
ever, the limitations of multimodal information
processing are not fully understood. One major
gap in the literature is the very limited number of
studies on the ability to timeshare more than two
simultaneous signals in separate sensory chan-
nels. Of the few studies that have examined this
question, nearly all employed redundant cues,
namely, cues that provided the same information
or referred to the same event (e.g., Hecht, Reiner,
& Halevy, 2006; Lees et al., 2012; Murata, Kan-
bayashi, & Hayami, 2013). These studies have
found that in general, response times to combined
cues (both pairs and triplets, referred to as bi- and
trimodal, respectively) are shorter than to single
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stimuli, with no significant difference between
bi- and trimodal cues. For example, in a generic
detection task, Hecht et al. (2006) presented par-
ticipants with redundant pairs and triplets of
visual, auditory, and haptic (force) cues.
Response times to trimodal cues were shorter
than for bimodal, which were responded to
quicker than unimodal cues. In a different study
(Politis, Brewster, & Pollick, 2014), drivers were
presented with warnings about braking events
from a lead vehicle, which appeared as singles,
doubles, and triplets of visual, auditory, and tac-
tile stimuli. Here, participants responded equally
faster to all multimodal combinations compared
to single stimuli without bias toward a particular
signal combination.

With the redundant cues employed in the
aforementioned studies, it is sufficient if at least
one of the signals is noticed. In contrast, in the
earlier prototypical example, the driver would
need to detect and process all three signals: the
driving directions, the collision warning, and the
lane departure warning. Anecdotal evidence and
the only empirical study (Hecht & Reiner, 2009)
examining this situation suggest that a person is
likely to miss one or more signals when pre-
sented with three nonredundant multimodal cues
at the same time. Hecht and Reiner (2009)
reported that when participants were presented
with multimodal stimulus pairs and asked to
respond separately to each modality signal, most
errors involved noticing only the visual cues
while missing the auditory or haptic signal.
Using the same response method for trimodal
cues, participants erred most often by respond-
ing to two rather than only one of the three cues
(5.5% compared to 1.3%, respectively), without
modality bias.

Another important yet unanswered question
regarding the use of multimodal displays relates
to the effect of aging on the ability to divide atten-
tion between multiple sensory channels. Older
adult individuals often suffer from declines in
sensory abilities, such as a reduction in the visual
field (e.g., Stuart-Hamilton, 2012), a reduced
ability to detect higher frequency sounds (e.g.,
He, Dubno, & Mills, 1998), and decreased sensi-
tivity to tactile signals (e.g., Thornbury & Mis-
tretta, 1981). They are also known to experience
difficulties with divided attention, resulting in

poor timesharing and delayed response times
(e.g., Birren & Schaie, 2005; McDowd, Vercruys-
sen, & Birren, 1991; Verhaeghen, Steitz, Sliwin-
ski, & Cerella, 2003). Still, the vast majority of
studies on multimodal displays have involved
younger participants only. It is therefore not clear
whether older adults can cope with and benefit
from multimodal displays. This is an important
question because adults aged 65 years and older
represent the fastest growing age group in the
United States. By the year 2030, they will make
up 21% of the total U.S. population (approxi-
mately 72 million people) and more than 25% of
the U.S. workforce (U.S. Census Bureau, 2010).
As a result, older adults will be more likely to
encounter multimodal displays in workplaces and
various environments (e.g., driving) that have no
enforced retirement age.

The two main goals of the present study are
therefore to (1) establish whether people can
perceive and process more than two nonredun-
dant cues that appear concurrently in visual,
auditory, and tactile form and (2) investigate
how aging and concurrent task demands modu-
late this multimodal information processing
ability. To this end, two experiments were con-
ducted that differed with respect to the presence
of an ongoing visual-manual task: driving
(absent in Experiment 1; present in Experiment
2). In this study, the cues/signals required both a
single manual response (used to capture response
times) and individual verbal responses. How-
ever, given that the research question was to
determine the extent to which people can per-
ceive three simultaneous but unrelated cues, we
focused our analysis more heavily on the nonre-
dundant aspects of the responses. The findings
from this work will help identify limitations of
multimodal information processing and may
suggest countermeasures to ensure the robust-
ness of multimodal displays.

EXPERIMENT 1

The purpose of Experiment 1 was to deter-
mine how well younger and older adults are able
to detect nonredundant simultaneous cues in
three different sensory channels in the absence
of a concurrent task. Based on the findings of
Hecht and Reiner (2009), performance (detec-
tion rate and response time) was expected to
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TABLE 1: Basic Demographic Factors for Each Age Group

Factor Younger Adults Older Adults (Working)  Older Adults (Retired)
Mean age (SD) 22.67 (2.71) 68.16 (3.76) 68.33 (2.20)
Range 19-27 65-78 65-72

Mean years worked (SD) — 34.06 (9.58) 34.86 (5.55)
Mean years retired (SD) — — 8.29 (4.55)
Male 8 6 5

Female 4 6 7

suffer significantly if a person is asked to notice
and report three (as compared to two) simul-
taneous multimodal signals. We also expected
that this performance decrement would be more
pronounced in older participants.

Methods

Participants. Thirty-six participants volun-
teered to take part in this experiment. They were
evenly divided into three age groups: 12 younger
adults, 12 older working adults, and 12 older
retired adults. Participants in the younger adult
category were students at the University of
Michigan (UM). Older adult participants in both
groups were healthy citizens of Ann Arbor and
surrounding areas recruited through the Claude
D. Pepper Older Americans Independence Cen-
ter control registry (managed by the UM Geriat-
rics Center and Institute of Gerontology) and
from UM at large. Half of these individuals cur-
rently work full-time in occupations imposing
considerable cognitive demands (e.g., business
owner, manager, professor, etc.). The remaining
half was retired from the same type of occupa-
tions and had no current employment. Older reg-
istry enrollees were prescreened by the Geriatrics
Center to confirm their eligibility. All partici-
pants reported normal to corrected-to-normal
vision, no significant hearing impairments, and
no compromised sense of touch. Table 1 sum-
marizes the demographic background for each
age group. All participants gave informed con-
sent and were compensated for their time in the
experiment. This study was approved by the UM
Health Sciences and Behavioral Sciences Insti-
tutional Review Board (ID No. HUM00099323).

Research suggests that chronological age
alone may not be a good indicator of perfor-
mance (e.g., Fisk, Czaja, Rogers, Charness, &

Sharit, 2009; Rogers, 1997) but rather age in
combination with various physical and psycho-
logical factors. Therefore, our goal in recruiting
participants from both working and retired older
populations was to examine whether continued
cognitive demands (as a result of occupation)
moderate detection performance on multimodal
divided attention tasks (e.g., Williams & Kem-
per, 2010). Prior to the experiment, all partici-
pants were administered a cognitive impairment
evaluation, the Montreal Cognitive Assessment
(MoCA), as well as two divided attention assess-
ments to ensure that they were, in principle, able
to perform the required tasks (results summa-
rized in Table 2). The MoCA detects early signs
of mild cognitive impairment—the transitional
state between normal aging and dementia
(Nasreddine et al., 2005). A score of 26 or greater
indicates normal or above normal performance.
The other two assessments focused on partici-
pants’ attentional capabilities. The first one, a
divided attention task developed by militant-
platypus.com (a gaming database), required par-
ticipants to track targets that moved around ran-
domly in all (inter)cardinal directions on a com-
puter monitor in the presence of several visual
distractors. The second divided attention assess-
ment is part of the Cognitive Psychology
Resource database developed by Xavier Univer-
sity of Louisiana (http://cat.xula.edu/thinker/
perception/attention/divided). Here, participants
were asked to perform two tasks in parallel: (1)
Follow a target as it moves around the screen in
a pattern that creates a shape (e.g., a star, cross,
or figure eight)—without leaving an outline—
and name the shape, and (2) determine whether
a series of words were spelled correctly. For
both assessments, participants’ best score out of
three attempts was recorded.
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TABLE 2: Scores for Cognitive Assessments for Each Age Group

Assessment Younger Adults Older Adults (Working) Older Adults (Retired)
1. MoCA (>26) (SD) 28.33 (1.07) 28.27 (1.49) 27.16 (1.34)
2. Tracking targets (%)
1/1 targets 12/12 (100) 12/12 (100) 12/12 (100)
2/2 targets 10/12 (83.33) 8/12 (66.67) 7/12 (58.33)
3. Shape/spelling, % (SD) 75.69 (3.62) 59.72 (5.01) 41.0 (6.90)

Note. Assesment 1: average Montreal Cognitive Assessment (MoCA) score. Assessment 2: total number of
participants in group who could successfully track the required number of targets. Assessment 3: average
weighted score for performing both tracking shape and spelling tasks.

As seen in Table 2, older participants experi-
enced more difficulty than the younger group in
performing the tracking and spelling tasks at the
same time (comparatively more complex than
tracking visual targets), which may be attributed
in part to age-related cognitive changes. Alterna-
tively, these cognitive assessments may closely
resemble academic exercises, and therefore,
time since attending formal schooling could be
an influence. Although this task required divided
visual attention, results were expected to infer
divided multimodal attention performance.

Apparatus. Participants were seated approxi-
mately 2.5 feet in front of a single 19” computer
monitor on which the experiment was con-
ducted. The visual stimulus (V) was a blue light-
emitting diode (LED; frequency roughly 450
Hz) located in the participant’s peripheral vision,
at an angle of approximately 35° (10.5 inches)
below the center of the computer monitor. Par-
ticipants were asked to fixate on an X located
directly in the center of the monitor (i.e., 5.9
inches vertically and 7.4 inches horizontally
from the top and side of monitor, respectively;
Figure 1). A standard-sized table tennis ball cov-
ered the LED light to increase its size and visi-
bility, with a luminance range of 0 to 126.77 cd/
m?. Auditory cues (A) were 350-Hz monotone
beeps transmitted via stereo headphones, with a
loudness range of 0 to 88 dB. Tactile cues (T)
were vibrations presented at 250 Hz (Jones &
Sarter, 2008) using C-2 “tactors” (commercially
available piezo-buzzers inside a 1”7 x 15” x 14”
plastic casting; by Engineering Acoustics, Inc.).
The tactile signal gain was on the range of 0 to
18 dB. Two adjacent tactors were attached to a

Auditory cue

Tactile cue

Figure 1. Experiment setup with multimodal stimulus
and apparatus for Experiment 1 generic task study.

Velcro belt fastened around participants’ waist
and positioned on the back (posterior)/center
region over clothing (i.e., Scott & Gray, 2008).
Prior to the experiment, each participant was
asked to perform cross-modal matching to
ensure that the visual, auditory, and tactile cues
were equal in terms of perceived stimulus inten-
sity (for a complete description of the matching
technique, see Pitts, Riggs, & Sarter, 2016). In
summary, for this task, participants repeated a
series of relative adjustments to a variable stim-
ulus to match the intensity of a reference (or
fixed) stimulus. These matches were then aver-
aged individually for each person. At separate
times during this procedure, each modality
served as both the reference and variable stimu-
lus. The off position, “zero,” was the lowest pos-
sible value for each stimulus to avoid biasing
minimum perceptual thresholds for each partici-
pant. Pink noise was played continuously over
the stereo headphones to eliminate any audible
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sounds associated with the tactor vibrations dur-
ing the matching task and experiment. Overhead
room lighting was turned off during this
experiment.

Design. This experiment used a 3 (age group:
younger, older working, and older retired) x 7
(cue/cue combination) full factorial design. The
factor levels for cue combination were: visual (V),
auditory (A), tactile (T), visual-auditory (VA),
visual-tactile (VT), auditory-tactile (AT), and
visual-auditory-tactile (VAT). Age was a between-
subject variable, and cue combination was a
within-subject variable.

Procedure. After signing the consent form
and being informed about the purpose of the
experiment, participants were asked about their
daily activities, such as gaming habits, regular
activities, and multitasking. Next, each partici-
pant was administered the three cognitive
assessments described previously. Participants
were then introduced to the full range of multi-
modal stimuli and asked to perform the cross-
modal matching procedure. The values they
selected for V, A, and T were used for the
remainder of the experiment.

Next, participants completed a training ses-
sion that emulated the actual experiment and
involved the detection of 49 cues (i.e., the 7 cue/
cue combinations repeated 7 times). They were
required to reach a 90% accuracy level on the
detection and response training tasks to proceed.
For the experiment, participants were presented
with 28 instances of each cue combination,
resulting in a total of 196 trials per person. Each
participant was exposed to the 49 cues in 4 sepa-
rate blocks that lasted about 5 minutes each. In
these blocks, cues/cue combinations were pre-
sented on average once every 6 seconds (range,
4-10 seconds). The order in which the cue com-
binations were presented was counterbalanced,
and the duration of each cue event was 1 second.
Throughout the experiment, participants were
asked to fixate on an X located in the center of
the screen to ensure that the visual cue appeared
in peripheral vision. They were instructed to
press the “spacebar” on the computer keyboard
as soon as they “saw and/or heard and/or felt” a
signal. They were asked to then verbally indi-
cate the modality of cue(s) that they detected
(using any phrasing of their choice, such as light,

sound/tone, vibration/touch/buzz/back; each par-
ticipant decided on one term for each modality
and consistently used the same three terms
throughout the experiment). The presentation of
the subsequent signal did not depend on the pre-
ceding spacebar response. Following the experi-
ment, participants completed a debriefing ses-
sion where they were asked to comment on their
experiences. The experiment lasted approxi-
mately 1 hour.

Dependent measures. The dependent mea-
sures were response time and accuracy of
responses to each cue/cue combination.
Response time (in milliseconds) was measured
as the time between the onset of a cue/cue com-
bination and the time at which the participant
pressed the spacebar for that cue/cue combina-
tion, regardless of whether the verbal response
was correct or not. This single response method
enabled comparisons to previous work that
examined redundant cues. Accuracy (% correct)
was a measure of the number of cue/cue combi-
nations the participant correctly (verbally) iden-
tified out of the total number of cue/cue
combinations.

Signal detection theory (SDT) analysis was
performed for each person and cue/cue combi-
nation (Macmillan & Creelman, 2005). For
example, if a person was presented with a visual-
auditory stimulus pair and reported VA, then
that was recorded as a correct response (“hit”).
However, if the participant reported only V or A
or gave no response at all, that was classified as
a missed signal (“miss”). In cases where the per-
son reported VT, we labeled this a substitution
because the tactile signal was being substituted
for A (“miss” and “false alarm”). Finally, a VAT
response was considered a false alarm since T
was not part of the original modality pair (“false
alarm”). Correct rejections were instances where
the participant did not substitute or add a signal
and did not report any signal during the time
intervals when no stimulus was presented at all.
The SDT analysis measures—sensitivity (d'; a
measure of the ability to discriminate a signal
from noise) and response bias (J3; the likelihood
of a person to identify a signal as a target)—
were calculated. For response bias, a value
greater than 1 is regarded as conservative (i.e.,
the observer is willing to declare a signal/target
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only in the presence of strong confirming evi-
dence).

Data analysis. A mixed-model repeated mea-
sures analysis of variance (ANOVA) was used to
identify main and interaction effects. In addition,
two-tailed Fisher’s least significant difference
(LSD) post hoc tests and paired comparisons were
performed to identify significant differences
between means. Bonferroni corrections were
applied for multiple statistical tests. Slgmﬁcance
was set at p < .05, and partial eta squared (N p)
was used as a measure of effect size. A standard
correction method was used to calculate SDT
parameters—sensitivity (d') and response bias
(B)—in cases where hit or false alarm rates were
0% or 100%. These values were converted to
1/(2N) (minimum) and 1 — 1/(2N) (maximum),
respectively, where N is the number of trials over
which each rate was calculated (Macmillan &
Creelman, 2005). The ANOVA results are reported
for statistically significant results, with some
descriptive values highlighting notable trends.

Results

Response time. There was no significant dif-
ference in response time (RT) between accurate
and inaccurate verbal responses. Therefore, the
following analysis combines both types of
responses. Overall, response time was signifi-
cantly affected by age, F(2, 33) = 10.142, p <
.001, ", » = 0.381, and cue combination, F(6,
198) =91.193, p <.001, T]p = 0.734. Response
times for the younger adult group (mean =
387.20 milliseconds, standard error of the mean:
SEM = 19.06) were significantly shorter than for
both older working adults (mean = 547.77 mil-
liseconds, SEM = 20.67; p = .002) and older
retired participants (mean = 553.40 millisec-
onds, SEM =21.29; p = .001), Figure 2. No sig-
nificant difference was found between the two
older adult groups (p =.990).

With respect to cue combination, response
times to bi- and trimodal cues were shorter com-
pared to single (unimodal) signals. Also, across
all age groups, response times to trimodal cues
(mean RT = 457.73 milliseconds, SEM = 18.07)
were significantly shorter than for bimodal cues
(mean RT = 475.34 milliseconds, SEM = 18.41),
followed by unimodal cues (mean RT = 529.69
milliseconds, SEM = 15.81; p <.002 in all cases).

(See Tables 4-6 for pairwise comparison trends
for each cue modality combination.) No Age x
Cue combination interaction was observed.

Hit rate. There was a significant mam effect
of age, F(2, 33) =4.090, p < .001, ﬂp =0.199,
and cue combination, F(6, 198) = 12.258, p <
.001, T]p = 0.271, on response accuracy. The
percentage of incorrect responses for the older
retired adult group was significantly higher
compared to both the younger and older work-
ing adult groups. Specifically, retired individu-
als responded incorrectly to 5.1% of all cases
(119/2,347 cues), compared to 1% (23/2,351
cues) for younger adults and 3.3% (77/2,352
cues) for older working adults.

For cue combinations overall, hit rate for the
VAT combination (hit rate = 92.8%, SEM =
1.7%) was significantly lower than for V (hit
rate = 99.6%, SEM = 0.19%, p = .004), A (hit
rate = 99.8%, SEM = 0.11%, p = .003), T (hit
rate = 99.8%, SEM = 0.20%, p = .003), and VT
(hit rate = 98.3%, SEM = 0.64%, p = .032). Sim-
ilarly, hit rate for the AT pair (hit rate = 97.9%,
SEM = 0.52%) was significantly lower than for
V, A, and T. A significant Age x Cue combina-
tlon interaction, F(12, 198) = 2.127, p = .017,
n » = 0.271, was found also such that for older
adults, accuracy significantly decreased as the
number of signals increased. The aforemen-
tioned effects were more pronounced for the
retired older adult group (i.e., correct response
rate for V. = 99.7%, A = 99.7%, T = 97.3%,
VA =96.1%, VT = 92.2%, AT = 91.6%, and
VAT = 87.8%; see Figure 3).

Correct rejection. Correct rejections were not
affected by age, F(2, 33) =2.501, p =.097, T]p =
0 132, or cue combination, F(12, 198) = 0.905,

=.547, T]p 0.158, and there was no Age x Cue
combmatlon interaction.

Sensitivity. Sensitivity was 51gn1ﬁcant1y
affected by age, F(2, 33) =4.740, p = .016, np
0.223, and cue combination, F(6, 198) =11.185,
p<.001, T]p =0.253. Younger adults (d' =4.142,
SEM = 0.062) were better able to distinguish
between signal and noise compared to the older
retired (d' = 3.876, SEM = 0.062) group only. In
terms of cue combinations, all participants were
better able to differentiate single stimuli com-
pared to doubles and triplets (see Tables 4—6 for
pairwise comparison summary).
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Figure 2. Response time as a function of age and cue/cue combination for Experiment 1
generic task (error bars represent standard error of the mean = SEM).

There was also a significant Age x Cue com-
blnatlon interaction, F(12, 198) = 1.941, p =
032, 7, » =0.105. Within the older retired group,
sensitivity was significantly lower for both the
VAT (d' = 3.536, SEM = 0.22) and AT (d' =
3.657, SEM = 0.19) cue combinations compared
to both V (d' =4.176, SEM = 0.025) and A (d' =
4.200; SEM =0, p < .05 in all cases). Within the
older working group, sensitivity was signifi-
cantly lower for the AT pair (d' = 3.633, SEM =
0.15) than for all other stimuli (p < .05) except
VAT and for the VAT triplet (d' = 3.676, SEM =
0.11) compared to V (d' = 4.151, SEM = 0.033,
p = .076, marginally different), A (d° = 4.245,
SEM=0.076, p=.004),and T (d' = 4.339, SEM =
0.093, p=.011).

Response bias. A significant main effect of cue
comblnatlon on response bias, F(6, 198) =12.500,
p<.001 n » =0.275, and a significant Age x Cue
cornblnatlon interaction, F(6, 198) = 2381, p =

017, n; » =0.114, were found. Age alone did not
significantly affect response bias. Overall, partici-
pants were more conservative in their responses to
bi- and trimodal cues compared to single cues.
In particular, in the VAT condition (f = 2.762,
SEM = 0.377), participants needed much more
evidence that all three stimuli were present before

responding compared to all other cue combina-
tions (mean B=1.172, SEM=0.942, p < .05 in all
cases). This effect was more pronounced for older
retired individuals (i.e., mean B for VAT = 3.74
compared to V =0.96, A =1.0, T = 0.88, VA =
1.98, VT = 1.52, and AT = 0.91).

Experiment 1 Summary

Response times and accuracy were affected
by both age and cue combination. On average,
both older adult groups’ response times were 1.4
times longer than the younger group. Generally,
across all groups, response times decreased as
the number of concurrent signals increased (spe-
cifically, 529.7, 475.3, and 457.7 milliseconds
for uni-, bi-, and trimodal cues, respectively).
Response times to auditory signals were longer
compared to the other unimodal stimuli.

For accuracy, no group achieved an overall
100% correct response rate. More incorrect
responses were given for combined signals as
opposed to single stimuli. This effect was more
pronounced in retired older adults who were
more than 5 times as likely to miss one cue (119
vs. 23 misses) and more than 1.5 times as likely
to miss more than one cue (77 vs. 23 misses)
compared to their older working and younger
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Figure 3. Hit rate (percentage of correct responses) as a function of age and cue/cue
combination for Experiment 1 generic task (error bars represent standard error of the

mean = SEM). Hit rate axis begins at 80%.

counterparts, respectively. In particular, more
than half of their errors for the VAT combination
involved the failure to report the tactile cue. For
AT pairs, approximately 25% to 30% of all
errors made by retired adults were the false
reporting of a light (V) even though none was
present.

Experiment 1 represents a critical first step
toward identifying limits of multisensory infor-
mation processing. However, most real-world
environments do not afford people the ability to
focus only on a single task as participants in this
study did. Therefore, Experiment 2 examined
the detection of multiple cues/cue combinations
while participants were performing a concurrent
task (i.e., driving a simulated vehicle).

EXPERIMENT 2

In recent years, multimodal displays have
been introduced to a variety of domains, includ-
ing the modern car cockpit. In-vehicle assistive
technologies, such as blind spot monitors, rever-
sal assistance, and collision warnings, each are
associated with different notifications and alerts.
Occasionally, drivers may be faced with two
or more of these alerts at the same time while
having to maintain control of the vehicle. In
addition to requiring multitasking, driving is an

activity that is being performed by a wide range
of age groups, including the elderly. Therefore,
Experiment 2 was conducted in the context of
a driving simulation. The hypotheses for this
study overlapped with those in Experiment 1:
(1) Performance (detection rate and response
time) will suffer significantly if a person is
asked to notice and report three (compared
to two) simultaneous multimodal signals, and
(2) this performance decrement will be more
pronounced in older participants than younger
adults. In addition, detection performance was
predicted to deteriorate further in the presence
of the driving task, especially for older adults.

Methods

Participants. The same 36 participants from
Experiment 1 also volunteered for this study,
which took place approximately 6 months later.
The requirements for participation were the
same in both experiments. In addition, all par-
ticipants were required to have a valid U.S. driv-
er’s license. They were asked for background
information regarding their driving experience
and features of their current vehicles that present
information in visual, auditory, and/or tactile
forms, most notably: GPS, rear/sideview cam-
eras, lane departure, blind spot notification, and
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collision avoidance. The number of in-vehicle
systems reported did not differ between age
groups (mean = 14; GPS and cameras were most
common). Older participants were asked to
report any perceptual and/or cognitive changes
they noticed in themselves over the years (espe-
cially driving-related) and how they try to over-
come these limitations. Seventy-one percent
(17/24) explained that increased sensitivity to
headlights of approaching traffic at night causes
them to limit nighttime driving. Participants
were compensated for their time in the experi-
ment. To ensure that participants assigned the
same priority to all tasks, a monetary bonus was
awarded for outstanding performance on both
the driving and signal detection tasks.

Apparatus. The stimuli were the same as
those used in Experiment 1: a blue LED (visual
stimulus), 350-Hz monotone beeps (auditory
cues), and 250-Hz vibrations presented via C-2
tactors (tactile cues).

Experiment 2 was conducted using a fixed-
based medium-fidelity desktop driving simula-
tion, STISIM Drive (Version 2) by Systems
Technology, Inc., equipped with a Logitech
force-feedback steering wheel and associated
floor-mounted throttle and brake pedals. The sim-
ulation ran on a standard Windows-based com-
puter and was displayed on a 30” monitor approx-
imately 3.5 feet in front of the participant (see
Figure 4). The driving environment consisted of a
standard roadway. No surrounding traffic, addi-
tional road scenery, sounds, or vibrations were
present to avoid interference with the stimulus
detection task required in this experiment.

Design. As in Experiment 1, the study
employed a 3 (age group) x 7 (cue/cue combina-
tion) full factorial design. Age was a between-
subject variable, and cue combination was a
within-subject variable.

Procedure. After signing the consent form,
participants were asked to complete a biographi-
cal data form that focused on their driving expe-
rience. Next, each participant was administered
the two divided attention assessments as in
Experiment 1. The full range of multimodal
stimuli was introduced, and participants were
asked to perform the same cross-modal matching
task as in Experiment 1. They then completed
three separate training sessions to become

‘ b1 Auditory cue

Visual cue

/

R e Tactile cue

Figure 4. Experiment setup with multimodal stimulus
and apparatus for Experiment 2 driving study.

familiar with the tasks and required responses
(approximately 15 minutes):

1. Detection task: Participants were presented with
a total of 28 cues (4 of each cue combination)
that appeared every 7 seconds. They were asked
to press a button on either side of the steering
wheel (facing the driver; see Figure 4) using their
thumbs and then verbalize the cue(s) detected. To
proceed, participants were required to achieve a
90% accuracy level on this task.

2. Driving task: For the driving task, participants
were first asked to position themselves similar to
the manner in which they drive normally. Next,
they were instructed to maintain a constant speed
of 40 mph (or 58.67 ft/s for analysis purposes)
and also remain in the center of the lane (6 feet
from both right and left lane boundaries) at all
times during the scenario. Before proceeding,
participants were required to demonstrate 90%
compliance with average speed and lane position
requirements.

3. Driving and detection task: The final part of the
training session combined the two tasks. Partici-
pants were explicitly told that they should not pri-
oritize one task over the other.

The experiment was nearly identical to the
driving and detection task training. While driv-
ing the simulated vehicle and being asked to
comply with lane keeping and speed require-
ments, participants were presented with 28
instances of each cue combination (a total of
196 trials per person; 49 cues in 4 separate
blocks that lasted about 5 minutes each). Cues/
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Figure 5. Illustration of driving performance measures used in Experiment 2.

cue combinations were presented on average
once every 7 seconds (range, 4-10 seconds).
Each cue duration was 1 second. Participants
were instructed to press either response button
on the steering wheel as soon as they “saw and/
or heard and/or felt” a signal. They were asked
to then verbally indicate the modality of cue(s)
that they detected. The order in which the cue
combinations were presented was counterbal-
anced. Following the experiment, participants
completed a debriefing session where they were
asked to comment on their experiences, includ-
ing any strategies they used for driving the
vehicle and detecting the stimuli, and provide
feedback about the experiment. The experiment
lasted approximately a total of 2 hours.

Dependent measures. The dependent mea-
sures for the detection task were the response
time and accuracy of responses to each cue/cue
combination (as described in Experiment 1).
Also, signal detection theory analysis was per-
formed. For the driving task, the following com-
monly used driving performance measures were
recorded (see Figure 5):

1. forward (longitudinal) velocity (FV): the forward
speed of the vehicle (feet/second);

2. lateral velocity (LV): the horizontal component of
speed of the vehicle with respect to the center of
the lane (feet per second; positive to the right);

3. lateral lane position (LP): a measure of the vehi-
cle’s displacement from the center of the lane with
respect to the roadway driving line (feet; 6 feet is
center of lane, 0—6 feet = right of center, 612 feet =
left of center; total width of lane = 12 feet).

For each of the aforementioned measures,
absolute maximum deviations (magnitude of

deviation in either direction) were calculated. To
do this, the mean (average) for each driving mea-
sure was calculated over a time period of 3 sec-
onds immediately before and 3 seconds immedi-
ately after the initiation of cue/cue combination.
Then, the difference between “after”” and “before”
was recorded. A resulting value other than zero
suggested that the cue(s) affected driving perfor-
mance. No cue was presented while participants
were entering or driving inside of curves.

Data analysis. As in Experiment 1, data were
analyzed using a mixed-model repeated mea-
sures ANOVA as well as two-tailed Fisher’s
LSD post hoc tests and paired comparisons.
Bonferroni corrections were applied for multiple
statistical tests. Significance was set at p < .05,
and partial eta squared (nf, ) was used as a mea-
sure of effect size. Also similar to Experiment 1,
for signal detection analysis, a standard correc-
tion method was used when needed.

Results

Response time. No significant difference in
response time between accurate and inaccurate
verbal responses was found. Response time was
significantly affected by age, F(2, 33) = 4.982,
p=.013, nfj =0.232, and cue combination, F(6,
198) = 15.742, p < .001, 1, = 0.323 (see Fig-
ure 6). The average response time for the
younger adult group (mean = 520.89 millisec-
onds, SEM = 27.03) was significantly shorter
than for the older retired group only (mean =
773.24 milliseconds, SEM = 52.47, p = .012).
Also, across all age groups, response times to
trimodal cues (mean RT = 620.04 milliseconds,
SEM = 38.34) were significantly shorter than for
bimodal cues (mean RT = 647.84 milliseconds,
SEM = 36.14), followed by unimodal cues
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Figure 6. Response time as a function of age and cue/cue combination for Experiment
2 driving task (error bars represent standard error of the mean = SEM).

(mean RT = 690.83 milliseconds, SEM =30.195;
p <.03 in all cases). (See Tables 4—6 for pairwise
comparison summary.)

Hit rate. There was a significant main effect
of cue combinatlon F(6, 198) = 12.258, p =
001, m, » = 0.107, and a marginally 51gn1ﬁcant
effect of age, F(2, 33) =2.794, p = .076, T],, =
0.145, on hit rate.

For cue combination, hit rate was significantly
lower for VAT (hit rate = 92.8%, SEM = 1.6%)
than for V (hit rate = 99.7%, SEM = 0.2%, p =
.002), T (hitrate =99.2%, SEM = 0.4%, p = .007),
and VT (hit rate = 97.4%, SEM = 0.8%, p = .30).
This was true also for AT (hit rate = 96.7%,
SEM = 0.7%) compared to V (p = .007) and T
(p =.011) (see Figure 7).

For age, the percentage of incorrect responses
given by the older retired adult group was higher
compared to both the younger and older work-
ing adult groups. In particular, retired partici-
pants responded incorrectly in 5.2% of all cases
(122/2,346 cues) compared to 1.2% (28/2,352
cues) for younger adults and 2.8% (66/2,351
cues) for older working adults.

Correct rejection. Correct rejections were
not affected by age, F(2, 33) = 0.949, p = .398,

p = 0.054, or cue combination, F(6, 198) =
1.214, p= 275, np 0.069.

Sensitivity. Sensitivity was s1gn1ﬁcant1y
affected by age, F(2, 33)=3.707, p=.035, ﬂp =
0.183, and cue combination, F(6, 198) = 9. 915
p <.001, ﬂp 0.231. Younger adults (d" =
SEM = 0.073) were better able to distinguish
between signal and noise compared to both older
working (d" = 3.971, SEM = 0.073) and older
retired (d" = 3.819, SEM = 0.073) groups across
all trials. For cue combinations, all participants
were better able to differentiate single stimuli
compared to doubles and triplets (see Tables 4—6
for pairwise comparison trends).

Response bias. Significant main effects of
cue combination, F(6, 198) = 12.850, p <.001,
ﬂp =0.280, and age, F(2, 33) =4.210, p = .024,
n » =0.203, on response bias were found. Over-
all, participants were more conservative in their
responses to triplets and doubles compared to
singles. In the VAT condition, compared to all
other cue combinations (p < .05 in all cases),
participants needed more evidence that all three
stimuli were present before responding. Older
retired adults displayed a significantly higher
response bias (B = 1.993, SEM = 0.199)
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Figure 7. Hit rate (percentage of correct responses) as a function of age and cue/cue
combination for Experiment 2 driving task (error bars represent standard error of the
mean = SEM). Hit rate axis begins at 80%.

TABLE 3: Average Speed and Lane Position During Driving Simulation When No Cue Was Present for

Each Age Group

Age Group Speed (Feet per Second) Lateral Lane Position (Feet)
Younger 54.63 (0.43) 6.11 (0.08)
Older (working) adult 55.03 (0.81) 6.11 (0.14)
Older (retired) adult 55.98 (0.89) 6.16 (0.10)

Note. Requirements: speed = 58.67 ft/s; lateral lane position = 6 ft. Standard error of mean in parentheses.

compared to the younger (B = 1.230, SEM =
0.199, p = .032) participants.

Driving performance. No significant differ-
ence was found between age groups for the
average forward velocity (speed) and lateral
lane position for the accumulation of driving
periods during which no cue was present
(Table 3).

Forward (longitudinal) velocity. The aver-
age change in forward velocity was significantly
affected by cue combmatlon only, F(6, 198) =
8.026, p <.001, 11,, =0.196 (see Figure 8). Par-
ticipants changed their speed the most after
being presented with VAT (by 1.07 ft/s, SEM =
0.41) compared to V (0.919 ft/s, SEM = 0.41,
p =.002), A (0.849 ft/s, SEM = 0.44, p <.001),
T (0.9 ft/s, SEM = 0.05, p = .007), and VA (0.78
ft/s, SEM = 0.46, p <.001).

Lateral velocity. The magnitude of changes
in lateral velocity was affected by age, F(2, 33) =
5.975, p = .006, np = 0.266, but not cue combi-
nation. Changes in lateral velocity were signifi-
cantly higher for the two older adult groups
(0.347 ft/s and 0.330 ft/s, respectively, for the
older retired and working participants) com-
pared to the younger population (0.234 ft/s; p <
.05 in both cases). Changes in lateral velocity
did not differ between the two older adult groups.

Lateral lane position. Similar to lateral veloc-
ity, deviations in lane position 3 seconds after
the initiation of a cue were significantly affected
by age only, F(2, 33) = 11.432, p <.001, 11,, =
0.429. Deviations (in either direction) in lateral
lane position were significantly higher for the
two older adult groups (0.661 ft. and 0.618 ft.,
respectively, for the older retired and working
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Figure 9. Average change in lateral lane position as a function of age and cue/cue
combination (error bars represent standard error of the mean = SEM).

participants) compared to the younger group  Experiment 2 Summary

(0.383 ft.; p < .003 in both cases, see Figure 9). Similar to Experiment 1, response times and
Lane position deviations did not differ between accuracy were affected by age and cue combina-
the two older adult groups. tion. During the driving task (Experiment 2), both
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TABLE 4: Summary of Main Effect Trends of Age on Response Time and Signal Detection Analysis
Measures for Experiments 1 and 2

Metric Experiment 1 Experiment 2
Response time Younger < older working, retired Younger < older working, retired
Hit rate Older retired < younger, older working ~ Older retired (marginally)

< younger, older working
Correct rejection rate — —
Sensitivity (d') Younger > older retired Younger > older working, retired
Response bias (B) — Older retired > younger

TABLE 5: Summary of Main Effect Trends of Cue/Cue Combination on Response Time and Signal
Detection Analysis Measures for Experiments 1 and 2

Metric Experiment 1 Experiment 2
Response time A > all combinations A > all combinations
VT <V, T, VA AT VT < T, VT, VAT < AT
VAT <V, T, VA, AT
Hit rate AT<V,A T, VI<A AT<V, T
VAT<V,A T, VT VAT <V, T, VT
Correct rejection rate - -
Sensitivity (d) VT<A T AT<V, AT VA VAT < all combinations; AT <V, T, VA;
VAT <V, A T, VA VT <V
Response bias () VAT > all combinations VAT > all combinations

Note. V = visual; A = auditory; T = tactile.

TABLE 6: Summary of Interaction Effect Trends of Age and Cue/Cue Combination on Response Time
and Signal Detection Analysis Measures for Experiments 1 and 2

Metric Experiment 1 Experiment 2

Response time — —
Hit rate Older retired only: —
VT <V, A
VAT <V, A T, AT
Correct rejection rate — —
Sensitivity (d) AT: older retired < younger —
Older retired only: VT, AT, VAT <V, A
Older working only: AT <V, A, T, VA, VT;
VAT <V (marginally), A, T
Response bias (B) Older retired only: VAT > all combinations —

Note. V = visual; A = auditory; T = tactile.

older adult groups responded 1.5 times slower  which in turn were responded to shorter than
than the younger group. Across all age groups,  single cues (691 milliseconds). Again, audi-
response times to triplets (620 milliseconds)  tory signals resulted in the longest unimodal
were faster than for pairs (648 milliseconds),  response times.
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Also as in Experiment 1, no group achieved a
100% hit rate. There was larger variability in
responses within the older retired group
(reflected in error bars in Figure 7), resulting in
only marginally significant main effects. Yet by
count, the highest number of errors among
groups for all bi- and trimodal combinations
were made by older retired participants, and the
same general trends were observed in both
experiments. In particular, this group falsely
reported the presence of V in 53% of all errors in
the AT condition and also failed to notice T in
68% of errors for the VAT combination. A new
observation during the driving task, however,
was that for stimulus pairs involving V (i.e.,
both VA and VT), 86% of errors for retired indi-
viduals consisted of reporting only V.

Comparison Between Experiments
1and 2

Overall, response times to cues were signifi-
cantly shorter in Experiment 1 (496.11 millisec-
onds) than in Experiment 2 (662.29 milliseconds),
representing a 33% difference (p < .001). How-
ever, no difference in hit rate was found. Tables
4 through 6 summarize the main and interaction
effects and trends of age and cue combination on
detection performance for the generic (Experi-
ment 1) and driving (Experiment 2) task studies.

GENERAL DISCUSSION

The goal of this study was twofold. First, we
sought to establish how reliably people notice
and process more than two nonredundant cues
that appear concurrently in the visual, auditory,
and tactile modalities. Our second goal was
to investigate how aging and concurrent task
demands modulate this ability. Two experiments
were conducted, one requiring cue detection
only, while the second added a driving task. In
both experiments, response times and accuracy
were affected by age and cue modality/modality
combination. Also, performance on the driving
task suffered when participants were asked to
detect multimodal stimuli.

Response Time

As expected, response times of the two older
adult groups were longer (1.44 times longer on

average) than that of the younger participants to
all cues/cue combinations. Similar time differ-
ences have been reported in previous research
that investigated age-related differences in
responses to combined (bimodal) cues (e.g.,
Laurienti, Burdette, Maldjian, & Wallace, 2006;
Mahoney, Li, Oh-Park, Verghese, & Holtzer,
2011; Mahoney, Verghese, Dumas, Wang, &
Holtzer, 2012) and speeds of information pro-
cessing in general (e.g., Birren & Schaie, 2005;
Craik & Salthouse, 2011; Fisk et al., 2009).

Across all age groups in both experiments,
response times to triplets tended to be shorter
than to stimulus pairs, followed by single cues.
The performance gains observed for multiple
signals are one of the reasons why researchers
have employed redundant cue combinations in
the past (e.g., Hecht, Reiner, & Karni, 2008b;
Miller, 1982; Van Erp & Van Veen, 2004). Even
though the signals employed in the current study
were not completely redundant, the observed
benefits were the same as redundant cues. This
suggests that presenting participants with two or
more concurrent inputs generally increases vigi-
lance/alertness and attention to signals (Bertel-
son & Tisseyre, 1969; Hecht et al., 2008b; Sand-
ers, 1980). Some researchers attribute this effect
to the simultaneous activation of multiple sen-
sory receptors (e.g., Hecht et al., 2006). How-
ever, the results of our study highlight an alter-
native explanation for these multisensory per-
formance gains, that is, response time to
combined cues is being dominated by the sen-
sory stimulus with the fastest conduction veloc-
ity. For example, a visual-tactile stimulus pair is
responded to faster than a visual signal alone
because the tactile signal (with shorter stimula-
tion rate) is noticed first and immediately
responded to.

In both experiments, response times to audi-
tory signals were longer compared to the two
other unimodal stimuli, even though they are
traditionally responded to faster than visual
stimuli (e.g., Hecht et al., 2008a, 2008b; Scott &
Gray, 2008). This apparent contradiction may be
explained by a bias due to the pink noise, and its
associated low-frequency tone, that was played
over the stereo headphones. It may have caused
a slight processing delay as participants tried to
distinguish the auditory signal from the back-
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ground noise. Also, response times to visual
cues in this experiment may not have been
longer compared to other stimuli (as tradition-
ally observed) because these cues were per-
ceived in peripheral vision. Thus, according to
multiple resource theory (MRT; Wickens, 1980,
2008), these signals did not interfere with the
processing of the focal visual information
required for the driving task.

Response times to cues in Experiment 2
(driving task) were significantly longer than in
Experiment 1, likely due to the additional atten-
tional demands associated with the driving task.
In Experiment 1, participants’ only task was to
monitor for and respond to each signal. In con-
trast, in Experiment 2, attentional resources
were now consumed by the continuous visuo-
spatial task of driving the vehicle, which, also
according to MRT, may have resulted in resource
competition in terms of modality (vision),
processing stage (perception, cognition, and
response), and response type (manual responses
both for driving and reporting cue detection).

Accuracy

One important distinction between our
approach and previous work is that the current
study employed cross-modal matching prior
to each experiment. This was done to avoid
confounding modality with signal salience and
maximize signal perceptibility for all partici-
pants. Yet overall, older retired adults reported
more incorrect responses to all bi- and trimodal
combinations than the other two groups in
both experiments. However, this difference was
less pronounced in Experiment 2 due to larger
variation within this group. Across both studies,
roughly 70% of errors for this group involved
the failure to report a tactile cue in the visual-
auditory-tactile condition. One reason for this
performance breakdown could be their very lim-
ited exposure to signals in this modality. In con-
trast, younger participants are more frequently
exposed to touch technology in everyday life,
such as video games or cellular phones. How-
ever, the relative novelty of tactile signals should
have also led to a higher detection rate in older
adults, but this effect was not observed. It is
also plausible that older individuals were aware

of the presence of multiple signals but might
have struggled to recall the exact modality and
instead reported more conventional (visual and
auditory) stimuli only. The higher prevalence of
this phenomenon in older participants further
implies their difficulty with divided attention
in general (Craik & Salthouse, 2011; McDowd
& Craik, 1988). Another possible reason for
this failure to report the tactile cue, particularly
for Experiment 2, may be cross-modal spatial
links in attention (e.g., Ferris & Sarter, 2008;
Spence & Driver, 1997a). In other words, in
this study, visual cues and the driving task were
presented on/below the monitor in front of the
participants, while vibrations were applied to
their back. The tactile signal might have been
noticed and reported more often if stimuli had
been presented to frontal areas of the body with
lower perceptual thresholds, and thus higher
sensitivity, such as the fingers, hands, or face
(Sherrick & Cholewiak, 1986).

Across both experiments, an unexpected
finding for AT pairs in older retired adults was
that 37% of all errors involved falsely reporting
a V. In 93% of these cases, the preceding cue/
cue combination included a visual stimulus (V,
VT, VA, and VAT), which may have led to a
modality expectation for a second visual stimu-
lus (e.g., Langner et al., 2011; Spence, Nicholls,
& Driver, 2001). Nearly all of the false reports
were made when the timing between two cues
was less than 7 seconds. Given this timing, the
brightness of the light with respect to the dark-
ness of the environment, and the slower process-
ing speed of visual information witnessed in
older adults, a persistence effect (Coltheart,
1980; Di Lollo, Arnett, & Kruk, 1982; Haw-
thorn, 2000), might have also occurred in which
the sensation of a previously presented visual
stimulus is still present. This combination of fac-
tors may have triggered an automatic response
or recency effect (Hawthorn, 2000; Logie, 1995)
in the visual modality, which has been most
prevalent in elderly participants. One other pos-
sible interpretation for this finding is that older
individuals might have simply erred on the side
of caution and deemed the slightest sensation
(e.g., an eye blink) to be a signal.

In the driving study, for stimulus pairs involv-
ing V (both VA and VT), 86% of errors in the
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older retired group consisted of reporting only
the V. This result is similar to Hecht and Reiner
(2009), who found that 88% and 78% of errors
for VA and VH(aptic), respectively, involved
missing the auditory or haptic signal. These
findings may be explained by visual dominance
(Colavita, 1974), the tendency of a person to
report only the visual component of a bimodal
visual-auditory or visual-tactile stimulus (Sin-
nett, Spence, & Soto-Faraco, 2007; Ward, 1994)
or a trimodal visual-auditory-tactile cue (Hecht
& Reiner, 2009). Another possible reason may
be modality priming, a top-down influence on
attention. Since the driving task was primarily
visual, 9 of 12 individuals in both older groups
explained that they focused their attention
mainly on the visual scenery to ensure they were
correctly performing the driving task. This may
have led them to expect, and be more prepared
for, signals in the visual channel (Buchner,
Zabal, & Mayr, 2003; Driver & Baylis, 1993;
Spence & Driver, 1997b).

With respect to detection rates, one could
speculate that the modest performance differ-
ence between the two older populations may
relate to activity after retirement. Although 11 of
12 retired adults reported involvement in weekly
exercise and community/volunteer work, the
level of engagement in these activities may not
provide equivalent occupational cognitive
demands to sustain pre-retirement functioning.
However, more investigation is needed to con-
firm this hypothesis.

Finally, hit rates did not differ between the
two experiments. One likely explanation for this
finding is a ceiling effect due to the level of dif-
ficulty of the driving task. It did not involve sur-
rounding traffic, additional road scenery, or
additional sounds/vibrations.

Driving Performance

Lane position and lateral velocity. For all cue
combinations, changes in lane deviations and lat-
eral velocity were significantly greater for the
two older adult groups compared to the younger
group. These findings can be explained by the
fact that older individuals, in addition to display-
ing longer response times to cues, also engaged
in mental processing for a longer period of time
after each cue presentation. They explained that

this was necessary for them to determine the cor-
rect assignment of each signal they were pre-
sented with before verbally responding. In turn,
the additional processing time interfered with
their monitoring and adjusting of lane position—
leading to a greater lane deviation. Also, poorer
perceptual feedback and increased noise in motor
pathways have been shown to lead to slower
movement speeds and less precision in the con-
trol of movements in older adults (e.g., Birren &
Schaie, 2005; Craik & Salthouse, 2011; Fisk
etal., 2009; Seidler et al., 2010; Smith, Sharit, &
Czaja, 1999). These issues could have resulted in
delayed correction (recovery) times after senior
participants had been presented with a cue/cue
combination. In this particular case, once they
had deviated from their original lane position, it
took them even longer to get back to their start-
ing point. A similar effect was observed in earlier
work where, compared to younger participants,
older adults were 17% less accurate in maintain-
ing proper lateral lane after being presented a
choice-reaction time task (Ponds, Brouwer, &
van Wolffelaar, 1988).

Forward velocity. In terms of forward veloc-
ity (speed), participants most often either sped
up or slowed down after being presented with
the VAT combination (more so than for the other
cues/cue combinations). One explanation for
this finding is that a trimodal cue presentation
requires a higher level of mental processing and
thus interferes more with speed maintenance.
Presenting information to all three sensory
modalities at the same time while engaged in a
driving task may simply exceed the resources
supplied/available (Wickens, 2008; Wickens &
Hollands, 2000). Here, task performance suf-
fered as a result of an upper processing limit in
attentional resources.

Limitations

Given the considerable variability in cogni-
tive and physical capabilities reported in older
adults of the same age group (Hultsch, Mac-
Donald, & Dixon, 2002; Oakley, 2009; Rogers,
1997), a larger sample size would have been
more desirable.

Second, the simulated task in Experiment 2
was not fully representative of real challenges
faced by drivers on a daily basis. The intent of
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this experiment was to provide baseline perfor-
mance data for the detection and driving tasks in
the absence of other stimuli. However, future
research should explore more realistic driving
scenarios that increase overall workload and
divided attention demands. Similarly, the multi-
modal signals in this research did not have any
driving-related meaning, which may have
affected response times, hit rates, and driving
performance. Manipulating task relevance, sig-
nal semantics, and response type may result in
different strategies employed by participants.
Another potential shortcoming of the study
relates to the stability of the tactile cue. Even
though the belt was fastened tightly around par-
ticipants’ waist, involuntary movements made
while seated could have altered the perceived
magnitude of vibrations. Note, however, that no
major movements or sudden drops in detection
performance were observed by the experimenter.

Lastly, this study did not collect eye-tracking
data, which can highlight participants’ visual
behavior and help explain attention allocation.
For example, these data can confirm the com-
ments made by older participants who explained
that they focused mainly on the forward visual
scenery during the driving task.

CONCLUSION

In summary, both experiments confirm that
people are more likely to miss information if
multiple unrelated signals are presented in par-
allel in different sensory channels. As expected,
this effect was most pronounced for triplets and
in older adults. Overall, detection performance
in this study was rather good (the lowest detec-
tion rate was approximately 88%) as a result of
the relative frequency of signals to be detected.
However, in terms of operational significance,
missing even just one infrequent signal in the
context of real-life situations could result in a
near crash or an accident.

Additional research is needed prior to adopting
these results, which, given the noted limitations of
this study, should be interpreted with caution. Still,
the observed performance decrements point to
potential limits in increasing the quantity of unre-
lated information presented to (older) operators
at the same time. In data-driven, demanding
environments for which this approach is not

feasible, the development of context-sensitive
adaptive displays that can automatically adjust the
timing, salience, amount, modality, location, or
frequency information by monitoring attentional
states and performance (Hameed & Sarter, 2009;
Li, Wickens, Sarter, & Sebok, 2014; Parasuraman,
Sheridan, & Wickens, 2000) may serve as a coun-
termeasure. Finally, this research can be used to
inform the design of vehicles with varying levels
of autonomy and improve overall operator and
public safety, which can in turn support greater
independence and quality of life for a wide range
of age groups.
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KEY POINTS

e Response times to combined multimodal cues
were shorter than for single cues, but accuracy
suffered.

e Older retired adults most often missed tactile cues
when they were presented with visual and audi-
tory cues and also falsely reported the presence of
a visual signal when presented with auditory and
tactile cues.

e Performance on the continuous driving task suf-
fered the most for older adults when presented
with any modality combination and for all partici-
pants when presented with the combined visual-
auditory-tactile stimulation.

o Signal detection rates were not reduced when par-
ticipants had to perform the driving task, possibly
due to the relatively low attentional demands asso-
ciated with the driving scenario.
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e Adaptive displays that adjust signal timing and/or
salience, via adaptive displays, may be beneficial
in supporting attention management, especially
for older adults.

REFERENCES

Bertelson, P., & Tisseyre, F. (1969). The time-course of prepara-
tion: Confirmatory results with visual and auditory warning
signals. Acta Psychologica, 30, 145-154.

Birren, J. E., & Schaie, K. W. (2005). Handbook of the psychology
of aging (6th ed.). New York, NY: Academic Press.

Buchner, A., Zabal, A., & Mayr, S. (2003). Auditory, visual,
and cross-modal negative priming. Psychonomic Bulletin &
Review, 10(4), 917-923.

Calvert, G. A., Spence, C., & Stein, B. E. (Eds.). (2004). The hand-
book of multisensory processes. Cambridge, MA: MIT Press.

Colavita, F. B. (1974). Human sensory dominance. Perception &
Psychophysics, 16(2), 409—412.

Coltheart, M. (1980). Iconic memory and visible persistence. Per-
ception & Psychophysics, 27(3), 183-228.

Craik, F. I., & Salthouse, T. A. (2011). The handbook of aging and
cognition. New York, NY: Psychology Press.

Di Lollo, V., Arnett, J. L., & Kruk, R. V. (1982). Age-related
changes in rate of visual information processing. Journal of
Experimental Psychology: Human Perception and Perfor-
mance, 8(2), 225-237.

Driver, J., & Baylis, G. C. (1993). Cross-modal negative priming
and interference in selective attention. Bulletin of the Psycho-
nomic Society, 31(1), 45-48.

Ferris, T. K., & Sarter, N. B. (2008). Cross-modal links among
vision, audition, and touch in complex environments. Human
Factors, 50(1), 17-26.

Fisk, A. D., Czaja, S. J., Rogers, W. A., Charness, N., & Sharit,
J. (2009). Designing for older adults: Principles and creative
human factors approaches (2nd ed.). Washington, DC: CRC
Press.

Giang, W., Santhakumaran, S., Masnavi, E., Glussich, D., Kline, J.,
Chui, F., . .. Zelek, J. (2010). Multimodal interfaces: Literature
review of ecological interface design, multimodal perception
and attention, and intelligent adaptive multimodal interfaces
(No. DRDC-TORONTO-CR-2010-051). Retrieved from
http://www.dtic.mil/dtic/tr/fulltext/u2/a544885.pdf

Hameed, S., & Sarter, N. (2009). Context-sensitive information
presentation: Integrating adaptive and adaptable approaches
to display design. Proceedings of the 53th Annual Meeting of
the Human Factors and Ergonomics Society (pp. 1694-1698).
Santa Monica, CA: Human Factors and Ergonomics Society.

Hawthorn, D. (2000). Possible implications of aging for interface
designers. Interacting with Computers, 12(5), 507-528.

He, N. J., Dubno, J. R., & Mills, J. H. (1998). Frequency and
intensity discrimination measured in a maximum-likelihood
procedure from young and aged normal-hearing subjects. The
Journal of the Acoustical Society of America, 103(1), 553-565.

Hecht, D., & Reiner, M. (2009). Sensory dominance in combina-
tions of audio, visual and haptic stimuli. Experimental Brain
Research, 193(2), 307-314.

Hecht, D., Reiner, M., & Halevy, G. (2006). Multimodal virtual
environments: Response times, attention, and presence. Pres-
ence, 15(5), 515-523.

Hecht, D., Reiner, M., & Karni, A. (2008a). Enhancement of
response times to bi- and tri-modal sensory stimuli during

active movements. Experimental Brain Research, 185(4),
655-665.

Hecht, D., Reiner, M., & Karni, A. (2008b). Multisensory enhance-
ment: Gains in choice and in simple response times. Experi-
mental Brain Research, 189(2), 133—143.

Hultsch, D. F., MacDonald, S. W., & Dixon, R. A. (2002). Variabil-
ity in reaction time performance of younger and older adults.
The Journals of Gerontology Series B: Psychological Sciences
and Social Sciences, 57(2), 101-115.

Jones, L. A., & Sarter, N. B. (2008). Tactile displays: Guidance for
their design and application. Human Factors, 50(1), 90-111.

Langner, R., Kellermann, T., Boers, F., Sturm, W., Willmes, K.,
& Eickhoff, S. B. (2011). Modality-specific perceptual expec-
tations selectively modulate baseline activity in auditory,
somatosensory, and visual cortices. Cerebral Cortex, 21(12),
2850-2862.

Laurienti, P. J., Burdette, J. H., Maldjian, J. A., & Wallace, M. T.
(2006). Enhanced multisensory integration in older adults.
Neurobiology of Aging, 27(8), 1155-1163.

Lees, M. N., Cosman, J., Lee, J. D., Vecera, S. P., Dawson, J. D.,
& Rizzo, M. (2012). Cross-modal warnings for orienting atten-
tion in older drivers with and without attention impairments.
Applied Ergonomics, 43(4), 768-776.

Li, H., Wickens, C. D., Sarter, N., & Sebok, A. (2014). Stages and
levels of automation in support of space teleoperations. Human
Factors, 56, 1050-1061.

Logie, R. H. (1995). Visuo-spatial working memory. Hove, UK:
Lawrence Erlbaum Associates.

Macmillan, N. A., & Creelman, C. D. (2005). Detection theory: A
user s guide (2nd ed.). Mahwah, NJ: Lawrence Erlbaum.

Mahoney, J. R., Li, P. C. C., Oh-Park, M., Verghese, J., & Holtzer,
R. (2011). Multisensory integration across the senses in young
and old adults. Brain Research, 1426, 43-53.

Mahoney, J. R., Verghese, J., Dumas, K., Wang, C., & Holtzer, R.
(2012). The effect of multisensory cues on attention in aging.
Brain Research, 1472, 63-73.

McDowd, J., & Craik, F. I. (1988). Effects of aging and task diffi-
culty on divided attention performance. Journal of Experimen-
tal Psychology: Human Perception and Performance, 14(2),
267-280.

McDowd, J., Vercruyssen, M., & Birren, J. E. (1991). Aging,
divided attention, and dual-task performance. In D. Damos
(Ed.), Multiple-task performance (pp. 387—414). London: Tay-
lor & Francis.

Miller, J. (1982). Divided attention: Evidence for coactivation with
redundant signals. Cognitive Psychology, 14(2), 247-279.
Murata, A., Kanbayashi, M., & Hayami, T. (2013). Effectiveness
of automotive warning system presented with multiple sensory
modalities. In Digital Human Modeling and Applications in
Health, Safety, Ergonomics, and Risk Management. Health-
care and Safety of the Environment and Transport (pp. 88-97).

Berlin: Springer Berlin Heidelberg.

Nasreddine, Z. S., Phillips, N. A., Bédirian, V., Charbonneau, S.,
Whitehead, V., Collin, 1., . . . Chertkow, H. (2005). The Mon-
treal Cognitive Assessment, MoCA: A brief screening tool for
mild cognitive impairment. Journal of the American Geriatrics
Society, 53(4), 695-699.

Oakley, B. (2009). The effects of multimodal feedback and age on a
mouse pointing task (Doctoral dissertation). University of Cen-
tral Florida, Orlando, FL.

Parasuraman, R., Sheridan, T. B., & Wickens, C. D. (2000). A
model for types and levels of human interaction with automa-
tion. [EEE Transactions on Systems, Man, and Cybernetics-
Part A: Systems and Humans, 30(3), 286-297.



464

June 2018 - Human Factors

Pitts, B., Riggs, S. L., & Sarter, N. (2016). Crossmodal match-
ing: A critical but neglected step in multimodal research.
IEEE Transactions on Human-Machine Systems, 46(3),
445-450.

Politis, 1., Brewster, S. A., & Pollick, F. (2014). Evaluating mul-
timodal driver displays under varying situational urgency. In
Proceedings of the SIGCHI Conference on Human Factors in
Computing Systems (pp. 4067-4076).

Ponds, R. W., Brouwer, W. H., & Van Wolffelaar, P. C. (1988). Age
differences in divided attention in a simulated driving task.
Journal of Gerontology, 43(6), P151-P156.

Rogers, W. A. (1997). Individual differences, aging, and human
factors: An overview. In A. D. Fisk & W. A. Rogers (Eds.),
Handbook of human factors and the older adult (pp. 151-170).
San Diego, CA: Academic Press.

Sanders, A. F. (1980). 20 stage analysis of reaction processes.
Advances in Psychology, 1,331-354.

Sarter, N. B. (2002). Multimodal information presentation in sup-
port of human-automation communication and coordination. In
E. Salas (Ed.), Advances in human performance and cognitive
engineering research (pp. 13-36). New York, NY: JAI Press.

Sarter, N. B. (2006). Multimodal information presentation: Design
guidance and research challenges. International Journal of
Industrial Ergonomics, 36(5), 439-445.

Sarter, N. B. (2007). Multiple resource theory as a basis for mul-
timodal interface design: Success stories and qualifications,
and research needs. In A. Kramer, D. Wiegmann, & A. Kirlik
(Eds.), Attention: From theory to practice (pp. 187-195). New
York, NY: Oxford University Press.

Scott, J. J., & Gray, R. (2008). A comparison of tactile, visual, and
auditory warnings for rear-end collision prevention in simu-
lated driving. Human Factors, 50, 264-275.

Seidler, R. D., Bernard, J. A., Burutolu, T. B., Fling, B. W., Gor-
don, M. T., Gwin, J. T., . .. Lipps, D. B. (2010). Motor control
and aging: Links to age-related brain structural, functional, and
biochemical effects. Neuroscience & Biobehavioral Reviews,
34(5), 721-733.

Sherrick, C. E., & Cholewiak, R. W. (1986). Handbook of percep-
tion and human performance. New York, NY: Wiley.

Sinnett, S., Spence, C., & Soto-Faraco, S. (2007). Visual domi-
nance and attention: The Colavita effect revisited. Perception
& Psychophysics, 69(5), 673-686.

Smith, M. W., Sharit, J., & Czaja, S. J. (1999). Aging, motor con-
trol, and the performance of computer mouse tasks. Human
Factors, 41(3), 389-396.

Spence, C., & Driver, J. (1997a). Cross-modal links in attention
between audition, vision, and touch: Implications for interface
design. International Journal of Cognitive Ergonomics, 1(4),
351-373.

Spence, C., & Driver, J. (1997b). On measuring selective attention
to an expected sensory modality. Perception & Psychophysics,
59(3), 389-403.

Spence, C., Nicholls, M. E., & Driver, J. (2001). The cost of
expecting events in the wrong sensory modality. Perception &
Psychophysics, 63(2), 330-336.

Stuart-Hamilton, 1. (2012). The psychology of ageing: An introduc-
tion. London: Jessica Kingsley Publishers.

Thornbury, J. M., & Mistretta, C. M. (1981). Tactile sensitivity as a
function of age. Journal of Gerontology, 36(1), 34-39.

U.S. Census Bureau. (2010). 65+ in the United States: 2010.
Retrieved from https://www.commongroundhealth.org/Media/
Default/documents/Senior%20Health/2010%20Census%20
Report_%2065-lowest_Part1.pdf

Van Erp, J. B., & Van Veen, H. A. (2004). Vibrotactile in-vehicle
navigation system. Transportation Research Part F: Traffic
Psychology and Behaviour, 7(4), 247-256.

Verhaeghen, P., Steitz, D. W., Sliwinski, M. J., & Cerella, J. (2003).
Aging and dual-task performance: A meta-analysis. Psychol-
ogy and Aging, 18(3), 443-460.

Ward, L. M. (1994). Supramodal and modality-specific mechanisms
for stimulus-driven shifts of auditory and visual attention. Cana-
dian Journal of Experimental Psychology, 48(2), 242-259.

Wickens, C. D. (1980). The structure of attentional resources. In
R. Nickerson (Ed.), Attention and performance VIII (pp. 239—
257). Hillsdale, NJ: Lawrence Erlbaum.

Wickens, C. D. (2008). Multiple resources and mental workload.
Human Factors, 50, 449-455.

Wickens, C. D., & Hollands, J. G. (2000). Engineering psychol-
ogy and human performance (4th ed.). Englewood Cliffs, NJ:
Prentice-Hall, Inc.

Williams, K., & Kemper, S. (2010). Exploring interventions to
reduce cognitive decline in aging. Journal of Psychosocial
Nursing and Mental Health Services, 48(5), 42-51.

Brandon J. Pitts is an assistant professor in the
School of Industrial Engineering and a faculty asso-
ciate with the Center on Aging and the Life Course
at Purdue University. He earned his PhD in industrial
and operations engineering from the University of
Michigan in 2016.

Nadine Sarter is a professor in the Department of
Industrial and Operations Engineering and director of
the Center for Ergonomics at the University of Michi-
gan. She received her PhD in industrial and systems
engineering from Ohio State University in 1994.

Date received: May 25, 2017
Date accepted: January 17, 2018



