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Abstract Estimating time to contact (TTC) involves multiple
sensory systems, including vision and audition. Previous find-
ings suggested that the ratio of an object’s instantaneous opti-
cal size/sound intensity to its instantaneous rate of change in
optical size/sound intensity (τ) drives TTC judgments. Other
evidence has shown that heuristic-based cues are used, includ-
ing final optical size or final sound pressure level. Most pre-
vious studies have used decontextualized and unfamiliar stim-
uli (e.g., geometric shapes on a blank background). Here we
evaluated TTC estimates by using a traffic scene with an ap-
proaching vehicle to evaluate the weights of visual and audi-
tory TTC cues under more realistic conditions. Younger (18–
39 years) and older (65+ years) participants made TTC esti-
mates in three sensory conditions: visual-only, auditory-only,
and audio–visual. Stimuli were presented within an immersive
virtual-reality environment, and cue weights were calculated
for both visual cues (e.g., visual τ, final optical size) and au-
ditory cues (e.g., auditory τ, final sound pressure level). The
results demonstrated the use of visual τ as well as heuristic

cues in the visual-only condition. TTC estimates in the
auditory-only condition, however, were primarily based on
an auditory heuristic cue (final sound pressure level), rather
than on auditory τ. In the audio–visual condition, the visual
cues dominated overall, with the highest weight being
assigned to visual τ by younger adults, and a more equal
weighting of visual τ and heuristic cues in older adults.
Overall, better characterizing the effects of combined sensory
inputs, stimulus characteristics, and age on the cues used to
estimate TTC will provide important insights into how these
factors may affect everyday behavior.
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Virtual environments

To identify the potential for collision while moving through
the environment, various cues can be used both within and
among sensory modalities, such as vision and audition. Once
the possibility of a collision is recognized, it is important to
estimate the time remaining until the collision would occur
(time to contact or time to collision: TTC), so that effective
collision avoidance responses can be made. In the visual do-
main, accurate TTC information is reliably provided by the
optical invariant tau (τ) when certain assumptions are met
(e.g., objects are rigid and move at a constant velocity; see
Lee, 1976). τ is defined as the ratio of an object’s instanta-
neous optical size to its instantaneous rate of optical expansion
(Lee, 1976). Observers use or are sensitive to τ in a variety of
tasks such as absolute and relative TTC judgments (e.g., (e.g.,
Bootsma & Oudejans, 1993; Schiff & Oldak, 1990; Todd,
1981). τ does not require perceptual estimates of the incoming
object’s absolute size, distance, or velocity. However, some
work has demonstrated that even when τ is available, other
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visual characteristics of the object can influence TTC judg-
ments by providing heuristic cues. For instance, studies by
DeLucia and colleagues (DeLucia, 1991, 2004; DeLucia,
Preddy, & Oberfeld, 2016) showed that an approaching ob-
ject’s final optical size before it disappears (i.e., optical size on
the final frame in degrees of visual angle, θfinal) affects judg-
ments such that larger final optical sizes are associated with
earlier arrival estimates. This Bsize-arrival effect^ was report-
ed not only in experiments using laboratory-type stimuli (e.g.,
a disc increasing in size presented on a blank background), but
also in more naturalistic traffic-related settings (Caird &
Hancock, 1994; Horswill, Helman, Ardiles, & Wann, 2005;
Petzoldt, 2014; Schleinitz, Petzoldt, Krems, & Gehlert, 2016).
Relative size may be considered a heuristic that does not reli-
ably provide accurate TTC information (Braunstein, 1976;
Cutting & Wang, 2000; DeLucia, 2004; Hosking & Crassini,
2011). It does not guarantee the correct solution or define a
single event in 3-D space.

In natural scenes, apart from τ and final optical size, addi-
tional visual heuristic cues could potentially be used in TTC
judgments. These include the final rate of optical expan-

sion (
⋅
θfinal; Gray and Regan, 1998), the change in visual angle

across the presentation duration (Δθ = θfinal − θinitial; Gray &
Regan, 1998), and the final visual distance of the stimulus
(Dfinal v; Yan, Lorv, Li, & Sun, 2011). In the present study,
we measured the influence of each of these three visual heu-
ristic cues on TTC judgments. Specifically, we performed
analyses to determine the extents to which visual τ, θfinal,
⋅
θfinal, Δθ, and Dfinal v were used in such judgments.
It is known that individuals can use auditory information

alone to make TTC estimates and that blind individuals can
use acoustical TTC information with accuracy comparable to
sighted individuals’ abilities to use visual TTC information
(Schiff & Oldak, 1990). In the auditory domain, accurate
TTC information is reliably provided about objects travelling
on a straight path at a constant velocity by a τ-like ratio of the
objects’ instantaneous acoustic intensity to its instantaneous
rate of change in intensity (Jenison, 1997; Shaw, McGowan,
& Turvey, 1991). This is often referred to as auditory τ.
However, as in vision, other auditory heuristic cues could
potentially be used to estimate TTC in addition to auditory
τ. Our previous study (DeLucia et al., 2016) was the first to
show that auditory judgments of TTC are significantly influ-
enced by an auditory heuristic cue. Specifically, final sound
pressure level (SPLfinal), a heuristic cue analogous to the final
optical size in visual TTC estimation, was used to make TTC
judgments. In the present study, we measured the influence of
SPLfinal, the inal rate of change in sound pressure (

⋅pfinal ), and
the change in sound pressure level across the presentation
duration (ΔSPL = SPLfinal − SPLinitial). We performed analy-
ses to determine the extent to which auditory τ, SPLfinal,

⋅pfinal,
and ΔSPL were used in the TTC judgments.

The vast majority of previous TTC studies have examined
either visual inputs alone or auditory inputs alone without
considering how these cues are combinedwhen both are avail-
able. Importantly, experiencing combined visual and auditory
inputs is arguably most comparable to typical real-world con-
ditions. In our previous study (DeLucia et al., 2016), we mea-
sured TTC judgments of an approaching object presented with
visual inputs only (solid textured square on a blank back-
ground), auditory inputs only (1.0-kHz tone), or both concur-
rently. The relative weights of auditory and visual informa-
tion, and of different sources of information within each mo-
dality (i.e., auditory or visual τ vs. final optical size or final
sound pressure level), were determined using multiple regres-
sion techniques. Several results are noteworthy. First, TTC
estimates were shorter and closer to the veridical value in the
auditory-only than in the visual-only condition. Second, com-
bining auditory and visual inputs did not result in higher ac-
curacy (deviation of estimates from the veridical value) or
greater precision (variability of the estimates) than in the
unimodal conditions. This result is consistent with Schiff
and Oldak (1990; but see Zhou et al., 2007). However, the
regression analyses showed that both auditory and visual in-
formation was used (Prime & Harris, 2010), although visual
information was weighted more heavily than auditory infor-
mation. Third, the relative use of τ versus two heuristic-based
cues (i.e., final sound pressure level and final optical size)
differed between auditory and visual TTC judgments.
Specifically, the use of heuristics was greater in the auditory-
only condition than in the visual-only condition, demonstrat-
ing an auditory analog to the size-arrival effect.

In the present study, our experimental design allowed for
the analysis of weights for additional heuristic cues including
the final rate of optical expansion/sound level pressure and the
change in visual angle and sound pressure level across the
stimulus presentation. Some of these cues have been studied
using visual stimuli (Gray & Regan, 1998; Yan et al., 2011),
but not using auditory stimuli, or combined visual and audi-
tory stimuli. Further, prior studies have used relatively simple
stimuli and thus, it is not known whether the relative
weighting of visual and auditory cues in TTC judgments,
and the relative use of τ-based information and heuristics cues,
would be different under more naturalistic conditions. We will
return to this point later.

The age of an observer is another important consideration
when understanding the role of different sensory inputs in
TTC judgments. Healthy older adults often experience age-
related sensory, cognitive, and motor declines that may affect
TTC estimates and may result in relative weightings of visual
and auditory sensory inputs that differ from the relative
weightings in younger adults. Indeed, differences in visual
TTC judgments have been previously observed between
younger and older adults (e.g., DeLucia, Bleckley, Meyer, &
Bush, 2003; Hancock & Manser, 1997; Schiff, Oldak, &
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Shah, 1992). However, age differences have not been consid-
ered in TTC judgments when auditory or concurrent visual
and auditory information is presented.

When performing other simple auditory–visual detection
and discrimination tasks, healthy older adults have been
shown to exhibit heightened sensory integration demonstrated
by, for instance, proportionally faster response times in bi-
modal than in unimodal stimulus presentations than do youn-
ger adults (Diederich & Colonius, 2004; Laurienti, Burdette,
Maldjian, & Wallace, 2006; Mozolic, Hugenschmidt, Peiffer,
& Laurienti, 2012). These age-related differences in multisen-
sory integration may, however, depend on the nature and com-
plexity of the task and the types of sensory inputs available
(e.g., Freiherr, Lundström, Habel, & Reetz, 2013; McGovern,
Roudaia, Stapleton, McGinnity, & Newell, 2014).
Importantly, general functional implications are associated
with possible age-related changes in TTC judgments with re-
spect to navigation and collision avoidance during typical,
daily mobility-related tasks such as walking and driving. Of
particular note is that older pedestrians show less flexible
judgments when making realistic street crossing decisions
(e.g., Lobjois & Cavallo, 2009), and older drivers are overrep-
resented in serious collision statistics that occur due to driver
error when making left hand turns across traffic (Cicchino &
McCartt, 2015).

In prior research, quantitative estimates of the weighting of
different sources of visual information in TTC estimates were
obtained with only very basic visual stimuli (e.g., simple geo-
metric shapes) without contextual or depth cues to scale these
visual inputs. To address this issue in the present study, par-
ticipants visually estimated the TTC of a smaller or a larger
object (car vs. fire truck) that approached within a realistic
simulated street scene. Similarly, auditory TTC estimates
might be influenced by familiar acoustical properties of the
stimulus (Jenison, 1997; Kolarik, Moore, Zahorik, Cirstea, &
Pardhan, 2016), which were not varied in our previous TTC
study that presented a pure tone (DeLucia et al., 2016). In the
present study, we used familiar vehicle engine sounds to add
more realism and additional acoustical information. Due to
technical limitations, we varied acoustic intensity (but not
reflected sound, spatial audio, or contextual sounds like traffic
noise), which is probably the most important cue to TTC for
sound sources approaching at a constant velocity on a straight
path (Jenison, 1997).

The present study had two main objectives. First, we
wanted to determine whether the pattern of results in our ear-
lier study of auditory–visual integration in TTC judgments
(DeLucia et al., 2016) would be observed with more complex,
contextualized, and realistic stimuli. Toward this aim, wemea-
sured TTC estimates with visual, auditory, and combined au-
dio–visual conditions using simulations of a traffic scene in
downtown Toronto. We then used these TTC estimates to
quantify the relative weights of visual and auditory inputs,

and to quantify the use of auditory τ, visual τ and several
visual and auditory heuristic cues (e.g., final optical size/
sound pressure level), including heuristic cues not considered
in our earlier study (i.e., final rate of optical expansion/change
in sound pressure and change in visual angle/sound pressure
level across the presentation duration). Second, we examined
age-related effects on TTC judgments by determining whether
older adults demonstrate differences (as compared to younger
adults) in (a) overall TTC judgments (e.g., over- vs. underes-
timation of TTC) and (b) the use of particular TTC cues (τ vs.
different visual and auditory heuristic cues).

Method

Participants

Forty-two adult volunteers participated (26 female, 16 male).
Twenty-one participants were older (13 female, Mage =
70.31 years, SD = 4.40 years; eight male, Mage = 70.13, SD
= 2.53), and 21 participants were younger (13 female, Mage =
27.31, SD = 6.07; eight male, Mage = 26.36, SD = 2.83). All
were healthy (i.e., no self-reported vestibular disorders, recent
history of brain injury, musculoskeletal disorder, or acute psy-
chiatric disorders). Although all participants reported having
normal or corrected-to-normal vision, 10% of younger partic-
ipants and 23% of older participants still scored below average
on a Snellen test for visual acuity (lower than 20/25) while
wearing their corrective lenses. Despite poorer visual acuity in
some cases, all participants were able to detect the incoming
object at its farthest position. Overall, 90% of the older partic-
ipants and 57% of the younger participants wore glasses or
contact lenses.

Four of the older participants (19%) wore hearing aids, but
they were not excluded from the data analyses.1 A short audi-
tory detection task prior to the test session ensured that older
and younger participants could hear the sounds used in the
experiment at the lowest volumes and at the same frequencies
presented during the experiment. Specifically, during this de-
tection task, each of the two quietest sounds (70 and 75 dB
SPL) from the experiment was presented five times in a ran-
domized order, and participants were asked to press a button
as soon as they heard the sound. All of the participants suc-
cessfully did so, but the older adults (M = 0.43 s, SEM = 0.07)
showed significantly slower reaction times in general than did

1 All statistical analyses on estimated TTCs and regression weights were also
performed with participants with hearing aids excluded. The means were very
similar to the means when the four hearing-aid users were included. Also, the
analysis of variance results did not change considerably, except for a signifi-
cant interaction between age group and TTC level in the analysis of estimated
TTC that was present when hearing-aid users were excluded, but not when
they were included. We therefore decided to keep the participants with hearing
aids in the data analyses.
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the younger adults (M = 0.35 s, SEM = 0.08), F(1, 39) =
12.808, p = .001, ηp

2 = .407. The study protocol was approved
by University Health Network’s research ethics board and
participants gave written informed consent prior to the exper-
iment. Participants were compensated with $10 per hour.
Participants were naïve with respect to the purpose of the
study.

Apparatus and stimuli

The study was conducted in StreetLab, a virtual-reality dome-
shaped laboratory located at the Toronto Rehabilitation
Institute’s Challenging Environment and Assessment
Laboratory (see Fig. 1). Participants sat 100 cm in front of
StreetLabs’s large, immersive, curved projection screen.
Visual stimuli were created using OpenScene Graph and were
displayed using six calibrated projectors (Eyevis ESP-LED
series with LED technology), resulting in a field of view of
240° horizontally and 105° vertically. Picture resolution
accounted for 6.5 arcmin per optical line pair. Auditory stimuli
were presented from a speaker located at 0 deg azimuth
(Meyersound MP-4XP) located behind the projection screen.
The height of the chair was individually adjusted, resulting in
an eye height of approximately 140 cm above the floor, which
aligned the participant’s ear level with the height of the speak-
er and the eye level with the center of the image.

The virtual scene consisted of a simulation of a three-lane
road in downtown Toronto (see Fig. 1, right panel) without
environmental sounds (e.g., no other ambient traffic noise,
etc.). While the participant remained in a stationary position,
three different sensory conditions were used to simulate a

vehicle approaching at a constant speed on a collision course
toward the participant: a visually simulated vehicle (visual-
only), an auditory simulated vehicle (auditory-only), or a
vehicle that was simulated with both auditory and visual
inputs (audio–visual).

In the visual-only condition, the stimulus was either a
smaller vehicle (Audi A4) or a larger vehicle (fire truck).
The dimensions of the vehicles were 2.0 m × 1.3 m (Width
× Height) and 2.4 m × 2.9 m for the Audi and fire truck,
respectively. The optical size of the vehicle increased as it
approached, providing information about the vehicle’s TTC
through the optical invariant, tau (τ). Before the vehicle ar-
rived at the participant’s location (i.e., before it virtually
Bcollided^ with the participant), it disappeared from the dis-
play. The time between the vehicle’s disappearance and the
collision with the participant defined the actual time to contact
(TTC), which varied across trials. Given that TTCs in the
range of 0.5–3.5 s are typically encountered in real driving
situations (car following) at speeds slower than 40 mph
(Kusano, Chen, Montgomery, & Gabler, 2015), nine different
visual TTCs were tested here that covered that range (0.7, 1.0,
1.3, 1.6, 2.0, 2.4, 2.8, 3.2, and 3.6 s). Vehicle size and presen-
tation duration were varied in order to reduce the correlations
between such cues as final optical size and final rate of expan-
sion (cf. Gray & Regan, 1998; Oberfeld, Hecht, & Landwehr,
2011), so that the observer’s weightings of these cues could be
more easily estimated in the analyses. Consequently, the
starting distance of the vehicle varied across trials on the basis
of presentation duration, vehicle speed, and TTC level (see the
Study Design section for details). Other features of the virtual
scene (e.g., other cars or people) did not move.

Fig. 1 (A) Bird’s eye view of the laboratory. The thick yellow line
represents the screen. The center speaker behind the screen is circled.
The chair is positioned in front of the screen. (B) 3-D view of

StreetLab, with the chair in the center of the lab. (C) Screenshot of the
visual stimulus, showing the larger vehicle (fire truck) approaching the
observer on a collision course.
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In the auditory-only condition, the projector screens were
all blackened and participants kept their eyes closed. The au-
ditory stimulus was a monaural recording of a car’s engine
sound that increased in acoustic intensity upon approach, sim-
ulating a vehicle that approached the observer head-on at a
constant speed in the acoustic far field and in the absence of
reflected sound in the simulated scene. The sound pressure of
the auditory object as a function of its relative distance from
the listener followed an inverse law, with a loss of approxi-
mately 6 dB (20 log10 2) in sound pressure for each doubling
of distance (Zahorik, 2002). Thus, information about the TTC
of the auditory object was available in terms of the τ-like ratio

I tð Þ= ⋅
I tð Þ, where I(t) is the instantaneous acoustic intensity at

time t, and
⋅
I tð Þ is the derivative of I(t) with respect to time

(Shaw et al., 1991). As in the visual condition, the sound of the
car stopped before arriving at the participant’s location (i.e.,
before virtual collision). Again, two different engine sound
levels (quieter [70 dB SPL] vs. louder [85 dB SPL]) were
selected to reduce the correlation between the auditory TTC
and final SPL (analogous to the variations in vehicle size in
the visual-only condition). This resulted in engine sounds with
either 70 or 85 dB SPL (including ambient noise of approxi-
mately 45 dB SPL) at a virtual distance of 4 m from the
observer. There were nine different auditory TTCs (0.7, 1.0,
1.3, 1.6, 2.0, 2.4, 2.8, 3.2, and 3.6 s). Again, the starting
distances of the sound varied depending on presentation du-
ration, vehicle speed, and the different TTC levels.

In the audio–visual condition, the visual and auditory cues
described above were presented simultaneously and provided
combined information about the simulated vehicle. In some
trials the auditory and visual stimuli provided congruent in-
formation, whereas in other trials those stimuli were offset
from each other. Specifically, on some trials the visual stimu-
lus arrived ahead of the auditory stimulus, and on other trials
the visual stimulus arrived after the auditory stimulus (see the
details in the Study Design section). This allowed us to use
regression analyses to estimate the relative weights of the vi-
sual and auditory information during bimodal trials (DeLucia
et al., 2016).

Study design

In the visual-only condition, 72 unique visual stimuli were
created by factorially by crossing nine values of TTC (0.7,
1.0, 1.3, 1.6, 2.0, 2.4, 2.8, 3.2, and 3.6 s), two values of vehicle
speed (25 and 40 km/h [15 and 25 mph]), two vehicle sizes
(small and large), and two presentation durations (1.5 and
3.0 s). Each stimulus was presented two times, resulting in
144 trials for the visual-only condition.

In the auditory-only condition, 72 unique auditory stimuli
were created by factorially crossing nine values of TTC (0.7,
1.0, 1.3, 1.6, 2.0, 2.4, 2.8, 3.2, and 3.6 s), two values of vehicle

speed (25 and 40 km/h [15 and 25 mph]), two values of sound
source intensity (70 and 85 dB SPL presented 4 m from the
participant), and two presentation durations (1.5 and 3.0 s).
Each unique stimulus was presented two times, resulting in
144 trials for the auditory-only condition.

In the audio–visual condition, when the auditory (TTCa) and
the visual (TTCv) inputs were congruent, the same nine levels
of TTC were included (0.7, 1.0, 1.3, 1.6, 2.0, 2.4, 2.8, 3.2, and
3.6 s). For incongruent trials, TTCa and TTCv were varied
independently, resulting in the visual TTC being either shorter
than the auditory TTC (TTCv < TTCa) or longer than the audi-
tory TTC (TTCv > TTCa). In other words, across different trials
the visual stimulus either Barrived^ earlier or later than the
auditory stimulus. Three of the nine TTCs were combined to
three TTC levels (TTC level 1.0 s = TTCs 0.7, 1.0, and 1.3 s;
TTC level 2.0 s = TTCs 1.6, 2.0, and 2.4 s; TTC level 3.2 s =
TTCs 2.8, 3.2, and 3.6 s). Only the auditory and visual TTCs
from a single TTC level were combined, so that the auditory
and visual stimuli were perceived as belonging to a single ob-
ject rather than to two separate objects, which might occur at
large differences between auditory and visual TTC. Because the
sensitivity for discriminating TTCs is slightly lower at shorter
than at longer TTCs (Oberfeld & Hecht, 2008), a higher pro-
portional difference in visual versus auditory arrival times was
selected for the shorter than for the longer TTC levels (i.e., 30%
deviation at TTC level 1.0, 20% deviation at TTC level 2.0, and
12.5% deviation at TTC level 3.2).

Consequently, in the audio–visual condition, 432 unique
stimuli were created by factorially crossing three values of
TTC level (1.0, 2.0, and 3.2 s), nine combinations of TTCv

and TTCa within each TTC level (see Table 1), two values of
vehicle speed (25 and 40 km/h [15 and 25 mph]), two vehicle
sizes (small and large), two values of sound source intensity
(70 and 85 dB SPL presented 4 m from the participant), and
two presentation durations (1.5 and 3.0 s). Each unique stim-
ulus was presented once. Table 1 shows all combinations of
visual and auditory TTCs.

The trials were divided into ten blocks, each with 72
trials. Each block contained only trials from a single sen-
sory condition (i.e., visual-only, auditory-only, or audio–
visual). This resulted in two blocks for the visual-only
stimuli, two blocks for the auditory-only stimuli, and six
blocks for the audio–visual stimuli. Two fixed block orders
were chosen, and participants were randomly assigned to
one of the two block orders, with the same number of
participants in each age group assigned to the same block
order. Due to the large number of trials (720), participants
were tested across two different days with at least 24 h
between the test sessions, to prevent fatigue and carryover
effects. All participants completed a total of 720 trials
across all three sensory conditions (visual-only, auditory-
only, and audio–visual). Age Group was a between-
subjects factor (younger [18–39] and older [65+]).
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Procedure

Participants completed a prediction-motion task (Schiff &
Detwiler, 1979). Specifically, they pressed a joystick button
to indicate the point in time at which the virtually approaching
vehicle (visual or auditory) would Bcollide^ with them, had it
continued to approach them with a constant speed after it
disappeared. The TTC estimation was defined as the time
between the disappearance of the vehicle and the participant’s
button response. If the participant did not press the button, the
trial was terminated by the program after 10 s, and the trial was
excluded from the data analysis and not repeated.

At the beginning of the first test session, participants per-
formed the visual acuity test and the baseline auditory detec-
tion task. A practice block was used to familiarize participants
with the experimental procedure. The practice block contained
24 randomly selected trials from each of the visual-only, au-
ditory-only, and audio–visual conditions, resulting in a total of
72 practice trials. Feedback about participants’ TTC judg-
ments was not given during either the practice or the

experimental blocks. After practice, four of the ten experimen-
tal blocks were presented in Session 1. In the second test
session, participants finished the six experimental blocks that
had not been presented in the first session. Again, a brief
practice block, consisting of four trials from each sensory
condition (total of 12 trials), was presented prior to the begin-
ning of the second session block.

Results

Our analyses focused on the relative weightings of auditory
and visual τ and of each of the three auditory and four visual
heuristic cues. We will report regression analyses for the two
auditory and visual unimodal conditions and for the audio–
visual condition. However, in the first section of the Results,
we will present analysis-of-variance (ANOVA) results com-
paring the average TTC estimates in the unimodal (visual-
only, auditory-only) and the congruent audio–visual condi-
tions for younger and older adults. This allowed for

Table 1 Time-to-contact (TTC) differences between the visual TTC (TTCv) and the auditory TTC (TTCa) in the audio–visual condition (i.e.,ΔTTC =
TTCv − TTCa)

TTC level TTCv TTCa TTCv vs. TTCa ΔTTC (s)

1.0s

0.7s
0.7s TTCv = TTCa 0.0s
1.0s TTCv < TTCa −0.3s
1.3s TTCv < TTCa −0.6s

1.0s
0.7s TTCv > TTCa +0.3s
1.0s TTCv = TTCa 0.0s
1.3s TTCv < TTCa −0.3s

1.3s
0.7s TTCv > TTCa +0.6s
1.0s TTCv > TTCa +0.3s
1.3s TTCv = TTCa 0.0s

2.0s

1.6s
1.6s TTCv = TTCa 0.0s
2.0s TTCv < TTCa −0.4s
2.4s TTCv < TTCa −0.8s

2.0s
1.6s TTCv > TTCa +0.4s
2.0s TTCv = TTCa 0.0s
2.4s TTCv < TTCa −0.4s

2.4s
1.6s TTCv > TTCa +0.8s
2.0s TTCv > TTCa +0.4s
2.4s TTCv = TTCa 0.0s

3.2s

2.8s
2.8s TTCv = TTCa 0.0s
3.2s TTCv < TTCa −0.4s
3.6s TTCv < TTCa −0.8s

3.2s
2.8s TTCv > TTCa +0.4s
3.2s TTCv = TTCa 0.0s
3.6s TTCv < TTCa −0.4s

3.6s
2.8s TTCv > TTCa +0.8s
3.2s TTCv > TTCa +0.4s
3.6s TTCv = TTCa 0.0s
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comparisons of TTC judgment accuracy across age groups in
each sensory condition.

Average TTC estimates

Figure 2 shows the average TTC estimates (TTCest) for each
age group at each TTC level. TTC estimates were averaged
across visual vehicle sizes and sound intensities to allow for
direct comparisons among the three sensory conditions.Within
each TTC level (1.0, 2.0, and 3.2 s), the TTC estimates were
also averaged across the variations of each TTC level (e.g., 0.7,
1.0, and 1.3 s for the TTC level of 1.0 s; see Table 1). Only
those trials with congruent visual and auditory TTCs were
selected for the analysis of the audio–visual condition, so that
we could directly compare the TTC estimates among the three
sensory conditions. A repeated-measures ANOVAwith a uni-
variate approach was conducted, including the within-subjects
factors Sensory Condition (visual-only, auditory-only, and au-
dio–visual), TTC Level (1.0, 2.0, and 3.2 s), Presentation
Duration (1.5 and 3.0 s), and Speed (25 and 40 km/h). Age
Group (younger and older) was a between-subjects factor. The
degrees of freedomwere Huynh–Feldt corrected to account for
violations of sphericity (Huynh & Feldt, 1976; Lecoutre,
1991), and the correction factor ~ε is reported.

Sensory conditionWe found a significant effect of TTC level,
F(2, 80) = 168.73, ~ε = .530, p < .001, ηp

2 = .808, such that the
mean TTC estimates increased approximately linearly with
actual TTC level (see Fig. 2). The effect of age group was
not significant, F(1, 40) = 1.621, p = .210, ηp

2 = .039, but a
significant effect of sensory condition was observed, F(2, 80)
= 10.15, ~ε = .620, p = .001, ηp

2 = .202. Simple contrast com-
parisons revealed longer estimated TTCs for the auditory-only
condition than for the audio–visual condition, F(1, 40) =
7.396, p = .010, ηp

2 = .156, and the visual-only condition,

F(1, 40) = 13.489, p = .001, ηp
2 = .252. Mean TTC estimates

were significantly shorter for the visual-only than for the au-
dio–visual condition, F(1, 40) = 6.361, p = .016, ηp

2 = .137.
Additionally, the interaction between TTC level and sensory
condition was significant, F(4, 160) = 63.790, ~ε = .444, p <
.001, ηp

2 = .615. To further disentangle this interaction, repeat-
ed measures ANOVAs (rmANOVAs) with post-hoc single
comparisons (Bonferroni corrected) were calculated for each
TTC level separately (1.0, 2.0, and 3.2 s) to compare TTC
estimates between the sensory conditions (auditory-only vs.
visual-only vs. audio–visual). The results showed that for the
TTC level of 1.0 s, TTC estimates were larger in the auditory-
only condition than in either the visual-only condition (p <
.001) or the audio–visual condition (p < .001), but the differ-
ence between the visual-only and audio–visual conditions was
not significant (p = .709). For the TTC level of 2.0 s, TTC
estimates were larger in the auditory-only than in the visual-
only condition (p = .007), but differences were not significant
between the auditory-only and audio–visual conditions (p =
.090), or between the visual-only and audio–visual conditions
(p = .075). For the TTC level of 3.2 s, no significant differ-
ences were apparent among the sensory conditions, meaning
that TTC estimates were significantly larger in the auditory-
only condition than in the visual-only and audio–visual con-
ditions only for the TTC levels of 1.0 and 2.0 s, but not for the
TTC level of 3.2 s.

Speed A significant effect of speed emerged in the ANOVA,
F(1, 40) = 215.237, p < .001, ηp

2 = .843, indicating
shorter mean TTC estimates when the vehicles approached
the observer with slower speed. This finding is consistent with
previous studies (e.g., Oberfeld & Hecht, 2008; Petzoldt,
2014), and can be attributed to either a size-arrival effect
(DeLucia, 1991) or a distance bias (Law et al., 1993), because
the slower speed condition had a larger final optical vehicle

Fig. 2 Mean time-to-contact (TTC) estimates for each TTC level, separated by sensory condition for older (circles) and younger (boxes) adults. Error
bars indicate plus and minus one standard error of the mean (SEM).
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size and a closer final distance than did the faster condition. A
significant interaction between TTC level and speed, F(2, 80)
= 27.397, ~ε = 1.000, p < .001, ηp

2 = .407, indicated larger
differences in TTC estimates between the two speeds with
increasing actual TTC (see Fig. 3).

Presentation duration The interaction between sensory con-
dition and presentation duration was significant, F(2, 80) =
19.082, ~ε = .958, p < .001, ηp

2 = .323, demonstrating that a
longer presentation duration resulted in shorter TTC estimates
only in the auditory-only condition (see Fig. 4), and not in the
visual-only and audio–visual conditions (but see McLeod &
Ross, 1983). Finally, a significant four-way interaction among
sensory condition, TTC level, speed, and age group was
found, F(4, 160) = 2.668, ~ε = 1.000, p = .034, ηp

2 = .067,
for which we have no explanation. No other effects were sig-
nificant (p values ranging from .067 to .903). In particular,
there were no other significant interactions involving age
group.

Cue weights

In each of the three sensory conditions, the display contained
several different sources of information that may have been
used to make TTC judgments, including both accurate cues to
TTC (i.e., the τ variables) as well as other, heuristic cues (e.g.,
final optical size or final SPL). We estimated the degree to
which the different cues contributed to the TTC estimates by
means of multiple linear regression analyses conducted for
each of the three sensory conditions independently. The esti-
mated TTC was entered as the criterion (dependent variable).
The multiple linear regression model contained an intercept
term and the predictors TTCa and TTCv. Note that the

acoustic τ- variable (I tð Þ= ⋅
I tð Þ ) is proportional to TTCa

(i.e., perfectly correlated with TTCa) (Jenison, 1997). Also,

the optical τ - variable (θfinal=
⋅
θfinal ) was almost perfectly

correlated with TTCv for our stimuli. As additional visual
predictors, the regression model also contained the inverse
of the final optical size, θfinal

− 1 (i.e., optical size on the final
frame in degrees of visual angle) (e.g., DeLucia, 1991), the

inverse of the final rate of optical expansion,
⋅
θ−1final, and the

inverse of the change in visual angle across the presentation
duration, Δθ− 1 = 1/(θfinal − θinitial). Because the simulated
visual scene contained many monocular depth cues (e.g., oc-
clusion, relative height, and familiar size; see the lower right
panel of Fig. 1), the final visual distance of the stimulus
(Dfinal v) was also included as a predictor (Yan et al., 2011).
As additional auditory predictors, the model contained the
inverse of the final sound pressure level (SPLfinal

− 1 ; as was done
in DeLucia et al., 2016), the inverse of the final rate of change
in sound pressure, ⋅p−1final, and the inverse of the change in

sound pressure level across the presentation duration,
ΔSPL− 1 = 1/(SPLfinal − SPLinitial). The inverse values were
used for several cues because they are positively and more
linearly related to the actual TTCs. In the visual-only and
auditory-only conditions, only the predictors representing
the corresponding sensory modality were included, whereas
for the audio–visual condition, both auditory and visual pre-
dictors were included. All predictors were z-standardized and
entered simultaneously. Separate regression models were
fitted for each combination of participant and sensory condi-
tion. The individual estimates were then analyzed using
repeated-measures ANOVAs and related tests.

Visual-only condition

In the condition providing only visual information, the five
predictors included in the multiple regression model were

Fig. 3 Mean TTC estimates for each TTC level, shown separated by sensory condition and speed (squares: fast, circles: slow). Error bars indicate ±1
SEM.
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TTCv, Dfinal v, θfinal
− 1 ,

⋅
θ−1final, and Δθ− 1. Following the recom-

mendations by Belsley, Kuh, and Welsch (1980), we analyzed
the externally studentized residuals and the DFFITS index
proposed by Belsley et al. (1980) as a measure of the influence
of an observation. For each individual regression model, exter-
nally studentized residuals with an absolute value exceeding

1.96 orwith an absoluteDFFITS value exceeding 2
ffiffiffiffiffiffiffiffiffi

p=N
p

were
defined as outliers (Belsley et al., 1980), where N is the number
of trials collected in the visual condition and p = 5 is the number
of predictors. Across participants, this resulted in the exclusion
of between 6% and 18% of the trials (M = 12.9%, SD = 2.6%).
Q-Q plots of the residuals showed no systematic deviations from
normality, and plots of TTCest as a function of the predictors
showed no severe deviations from linearity. Thus, linear multi-
ple regression was an appropriate method to assess the influence
of the predictors on the TTC estimates. Across participants, the
regression models showed a good fit, with R2 ranging from .63
to .93 (M = .83, SD = .08) for the younger group and from .49 to
.94 (M = .81, SD = .13) for the older group.

Figure 5 shows the mean regression coefficients for the five
visual cues. As can be seen from the confidence intervals
(CIs), the average regression coefficients for all visual cues
except those for the change in visual angle across presentation
durations (older and younger groups) and final distance (older
group only) were significantly different from 0. Thus, as ex-
pected, both the accurate cue (TTCv) and heuristic cues such
as the final optical size were significantly associated with the
TTC estimates. This finding is compatible with data from
DeLucia et al. (2016), obtained in both an audio–visual and

a visual-only condition, whereas Gray and Regan (1998) re-
ported that the final optical size, final rate of optical expansion
and the change in visual angle across the presentation duration
showed no relation to TTC estimates in a visual-only condi-
tion. As expected, the TTC estimates increased with the actual
visual TTC, with the final visual distance (Law et al., 1993),
and with the inverse of the final optical size (DeLucia, 1991).

A surprising result was that, on average, a negative coeffi-
cient was estimated for the inverse final optical rate of expan-
sion. Thus, according to the regression model, fast final rates
of optical expansion were associated with longer TTC esti-
mates. We believe that this counterintuitive result is due to
the correlations among the predictors. In such a case, so-
called sign reversals can occur in a regression model (e.g.,
DeCarlo & Cross, 1990; Greene, 2008, p. 59). Because we
presented simulations of realistic traffic situations, there were
substantial correlations between some of the visual cues (see
Table 2). In contrast, in experiments using more abstract, lab-
oratory types of stimuli, these correlations can be reduced by
providing very limited monocular depth cues or scaling infor-
mation (Gray & Regan, 1998; Regan & Hamstra, 1993).

To gain insight into the conditions in which a negative
regression coefficient for the inverse final rate of optical ex-
pansion occurred, we fitted models containing all possible
subsets of the five predictors. In models containing only the
inverse final rate of optical expansion, the regression coeffi-
cient was not negative for any of the 42 participants. In fact,
the average bivariate correlation between inverse final rate of
optical expansion and estimated TTC was positive (M = .77,
SD = .10, p < .001). If the model contained only TTCv and the
inverse final rate of optical expansion, a negative coefficient
was found for only two of the 42 participants. Also, if TTCv

Fig. 4 Mean time-to-contact (TTC) estimates, shown separated by sen-
sory condition and presentation duration. The lines are shifted horizon-
tally to prevent overlap of the error bars, which show ±1 SEM. circles,
auditory only; squares, audiovisual; triangles, visual only

Fig. 5 Visual-only condition. Mean estimated regression coefficients for
the five visual cues. Error bars show 95% confidence intervals (CIs).
TTCv, visual TTC; Dfinal v, final distance; θfinal

− 1 , inverse of the final
optical size; Δθ− 1, inverse of the change in visual angle across the

presentation duration;
⋅
θ−1final , inverse of the final rate of expansion;

squares, younger adults; circles, older adults
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was not included in the model, a negative coefficient for in-
verse final rate of optical expansion was present in only 29 of
the 294 models (10%). In contrast, if the models contained the
inverse final rate of optical expansion, TTCv, and at least one
additional predictor, a negative sign for the inverse final rate of
optical expansion occurred in 83.3% of the cases. The nega-
tive sign occurred most frequently when the model contained
the inverse final rate of optical expansion and TTCv, plus
either the inverse final rate of optical expansion, or final visual
distance, or both. In conclusion, additional research using a
design with reduced correlations between final rate of optical
expansion and the other cues seems necessary to answer the
question of whether the negative relation between the inverse
final rate of optical expansion and the TTC estimate reflects a
systematic TTC estimation strategy rather than just a statistical
phenomenon.

What can be concluded about the extents to which partic-
ipants relied on the different visual cues when making their
TTC estimates? In the case of correlated predictors, it can be
misleading to gauge relative importance of the predictors by
considering the squared standardized regression coefficients
(cf. Tonidandel & LeBreton, 2011). For this reason, we used
the Bdominance analysis^ approach proposed by Budescu
(1993), which has been shown to be a useful measure of the
relative importances of predictors in a regression model, both
on theoretical grounds and in simulation studies (LeBreton,
Ployhart, & Ladd, 2004; Thomas, Zumbo, Kwan, &
Schweitzer, 2014; Tonidandel & LeBreton, 2011).
Dominance analysis provides a quantitative measure of rela-
tive importance through an examination of changes in the
variance accounted for (ΔR2) resulting from adding a predictor
to all possible regression models containing subsets of the
predictors. For example, if there are three predictors (A, B,
and C), then predictor C can be added to four possible subset
models (i.e., containing only the intercept term, intercept and
predictor A, intercept and predictor B, and intercept and pre-
dictors A and B, respectively). A predictor’s general domi-
nance weight (GDW; Azen & Budescu, 2003) is found by
averaging the squared semipartial correlations across all of

the possible subset models. This measure indexes a variable’s
contribution to the prediction of the dependent variable, by
itself and in combination with the other predictors. The sum
of the GDWs is the total proportion of variance explained by
the regression model, R2.

As is shown in Fig. 6, the GDW was highest for TTCv, as
expected. However, the heuristic cues also explained a signif-
icant portion of the variance, compatible with the dominance
analysis results by DeLucia et al. (2016). The change in visual
angle across the presentation duration was the least important
predictor. Because the total proportions of variance accounted
for (R2), and thus also the mean GDWs, differed slightly be-
tween the two age groups, the five GDWs were normalized to
a sum of 1.0 for each participant for the comparison of relative
importances. An rmANOVA with the within-subjects factor
Cue and the between-subjects factor Age Group showed a
significant effect of cue on the normalized GDWs, F(4, 156)
= 24.60, ~ε = .325, p < .001, ηp

2 = .387, but no significant
Group × Cue interaction, F(4, 156) = 0.70, p = .44. Thus,
the relative importances of the five visual cues for the TTC
estimates did not differ significantly between the two age
groups.

Auditory-only condition

In the auditory-only condition, the multiple regression model
contained the predictors TTCa, SPLfinal

− 1 , ⋅p−1final, and ΔSPL− 1.

Applying the same outlier criteria as described above resulted
in the exclusion of between 5% and 14% of the trials (M =
11%, SD = 2%). Across participants, the regression models
showed a somewhat inferior fit as compared to the visual-only
condition, with R2s ranging between .41 and .87 (M = .70, SD
= .14) for the younger group and between .24 and .90 (M =
.70, SD = .19) for the older group.

Table 2 Visual-only condition: Pairwise Pearson correlation
coefficients between the five predictors (z-standardized), across the 144
trials

Dfinal v θfinal
−

1
⋅
θ−1final

Δθ−
1

TTCv .781 .769 .859 .794

Dfinal

v

.984 .953 .924

θfinal
− 1 .961 .934

⋅
θ−1final

.946

All coefficients are significantly different from 0 (p < .001).

Fig. 6 Visual-only condition:Mean general dominance weights (GDWs)
for the five visual cues. Error bars show 95% confidence intervals (CIs).
squares, younger adults; circles, older adults
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Figure 7 shows the mean regression coefficients for the
four predictors. The data show a striking difference from the
visual-only condition, because the mean regression coefficient
for the exact cue, TTCa, was not significant. Instead, we ob-
served a high positive regression coefficient for the final
sound pressure level, compatible with the data from DeLucia
et al. (2016). The regression coefficient for change in sound
pressure level was small (although significantly different from
0 for the older group), and the final rate of change in sound
pressure received a comparably small but significant negative
weight, similar to what was found for the inverse final expan-
sion rate in the visual-only condition. The two age groups
showed very similar patterns of regression weights, as is
shown in Fig. 7.

The GDWs, displayed in Fig. 8, clearly demonstrate that
the participants relied primarily on the final sound pressure
level when making the TTC estimates for the auditory object.
The mean GDW for TTCa was close to 0, and the change in
SPL also played no important role in the TTC estimates. Only
the final rate of change in sound pressure explained an addi-
tional portion of the variance.

To compare the relative uses of the four cues between the
two age groups, the GDWs were again normalized as de-
scribed above. An rmANOVAwith the within-subjects factor
Cue and the between-subjects factor Age Group showed a
significant effect of cue on the normalized GDWs, F(3, 120)
= 687.7, ~ε = .745, p < .001, ηp

2 = .95, but no significant Age
Group × Cue interaction, F(3, 120) = 2.25, p = .105. Thus, the
relative importance of the four auditory cues for the TTC
estimates did not differ significantly between the two age
groups.

Audio–visual condition

How do older and younger adults integrate auditory and visual
cues when making TTC estimates in a realistic traffic scenar-
io? To answer this question, the regression analyses for the
audio–visual condition contained the five visual and four au-
ditory cues as predictors. Applying the same outlier criteria as
above resulted in the exclusion of between 2% and 14% of the
trials (M = 10%, SD = 2%). Across participants, the regression
models showed a good fit, with R2 ranging between .54 and
.93 (M = .81, SD = .09) for the younger group, and between
.53 and .92 (M = .78, SD = .12) for the older group.

Figure 9 shows the mean regression coefficients for the
nine predictors. As can be seen from the CIs, on average the

Fig. 7 Auditory-only condition: Mean regression coefficients for the
four auditory cues. Error bars show 95% confidence intervals (CIs).
TTCa, auditory TTC; SPLfinal

− 1 , inverse of the final sound pressure level;
ΔSPL− 1, inverse of the change in SPL across the presentation duration;
⋅p−1final , inverse of the final rate of change in sound pressure; squares,

younger adults; circles, older adults.

Fig. 8 Auditory-only condition: Mean general dominance weights
(GDWs) for the four auditory cues. Error bars show 95% confidence
intervals (CIs). squares, younger adults; circles, older adults

Fig. 9 Audio–visual condition: Mean estimated regression coefficients
for the five visual and four auditory predictors of the TTC estimates. Error
bars show 95% confidence intervals (CIs). squares, younger adults;
circles, older adults
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regression coefficients for all visual cues except the change in
visual angle were significantly different from 0 and showed a
pattern similar to the one in the visual-only condition. In con-
trast, the regression coefficients for the auditory cues were all
close to 0, although in the younger group the coefficients for
TTCa and the regression coefficients for final sound pressure
level and change in sound pressure level across the presenta-
tion duration were significant, whereas for the older group
none of the auditory predictors were significant. This pattern
differs markedly from the cue weights observed in the audio–
visual condition of our previous study (DeLucia et al., 2016),
in which the association between estimated TTC and final
sound pressure level was much stronger. As we will discuss
below, one likely explanation for these diverging results is that
in the present study we combined relatively sophisticated vi-
sual simulations with very basic auditory simulations contain-
ing no spatial audio, simulated reflected sound, or contextual
environmental sounds.

The GDWs, displayed in Fig. 10, confirm the conclusion
that the TTC estimates in the audio–visual condition were
dominated by visual cues. Upon visual inspection, among
the auditory cues, only the GDW for TTCa was comparable
in level to the GDWs of the visual cues, which is somewhat
surprising, given the higher reliance on final SPL than on
TTCa that we found in the auditory-only condition.

An rmANOVA showed a significant effect of cue on the
normalized GDWs, F(8, 320) = 170.6, ~ε = .357, p < .001, ηp

2

= .81. Unlike in the auditory-only and visual-only conditions,
the Age Group × Cue interaction was also significant, F(8,
320) = 5.20, p = .002, ηp

2 = .115. This was presumably due to
the GDWs for the accurate cues (TTCa and TTCv) appearing
to be smaller in the older than in the younger age group,
meaning that the older adults relied less on accurate cues
and more on heuristic-based cues than did the younger adults.

Discussion

The objectives of the present study were to quantify the rela-
tive use of different visual and auditory cues when estimating
TTC, including τ variables and heuristic cues. Here, we inves-
tigate this for the first time under more realistic, familiar, and
contextualized conditions than in previous studies. The
weights of each cue were estimated during both unimodal
conditions (visual-only and auditory-only) and a combined
cue condition (audio–visual). Age-related differences were
evaluated by comparing the average TTC estimates and esti-
mated cue weights of older adults and younger adults.

When comparing the average TTC estimates, it was shown
that, for both age groups, the average estimates were the lon-
gest during the auditory-only condition and shortest in the
visual-only condition, with estimates in the audio–visual con-
dition falling between the two unisensory estimates (when
considered across all TTC levels). This finding is somewhat
inconsistent with the results of our prior study that used less
realistic and decontextualized stimuli (DeLucia et al., 2016),
which showed no significant difference between visual-only
and audio–visual estimates. It is therefore possible, that the
auditory information provided through the more realistic
scene in the present study resulted in these inputs being used
to a greater extent during combined cue conditions than when
the auditory and visual inputs were less realistic or familiar
(i.e., DeLucia et al., 2016). It may be that the two sensory
inputs were interpreted as more likely to be causally related
in the familiar scene and thus they were more readily com-
bined than under conditions for which no a priori knowledge
about the known associations between the visual image and
sound cues were available. However, it should also be noted
that in the present study, just as in DeLucia et al. (2016), the
mean TTC estimates in the audio–visual condition were more
similar to the estimates in the visual-only condition than in the
auditory-only condition. This pattern is also consistent with
the weight analyses that showed a much stronger reliance on
visual than on auditory cues in the audio–visual condition. On
a more general level, Ashmead, Guth, Wa, Long, and
Ponchillia (2005) and Guth, Long, Emerson, Ponchillia, and
Ashmead (2013) reported that in a real traffic situation blind
individuals mademore frequent risky street crossing decisions
than sighted individuals. In principle, the overestimation of
the TTC of an approaching vehicle based only on the auditory,
as compared to both the auditory and visual, information
shown in our data might contribute to people accepting a
too-short gap when crossing a street. However, the approxi-
mate time needed to cross one lane is 4 s (Guth et al., 2013),
and our data showed that the relative TTC overestimation in
the auditory-only condition decreased with increases in actual
TTC (see Fig. 2).

Another interesting finding is that participants mostly
overestimated TTC, whereas many prior studies of TTC have

Fig. 10 Audio–visual condition: Mean GDWs for the five visual and
four auditory predictors of the TTC estimates. Error bars show 95%
confidence intervals (CIs). squares, younger adults; circles, older adults
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reported underestimations, particularly as actual TTC in-
creased above 1 s (e.g., Heuer, 1993; Oberfeld & Hecht,
2008; Schiff & Detwiler, 1979). In our earlier study
(DeLucia et al., 2016), we also observed overestimations.
We attributed them to our simple displays, in accordance with
accounts in other studies (Geri, Gray, & Grutzmacher, 2010;
Gray & Regan, 1998). For example, Geri et al. noted the
importance of context to whether participants overestimate
or underestimate TTC. The results of the present study do
not support the idea that overestimations occur only when
the displays are simple and lack context. The present visual
displays were highly complex, with substantial context, but
still resulted in overestimations, although the magnitude of
overestimation appeared smaller in the visual-only and au-
dio–visual conditions of the present study than in our prior
study. Further research will be needed to determine the factors
that underlie these observed TTC overestimations versus un-
derestimations. We also observed a significant effect of vehi-
cle speed on TTC estimates, indicating that estimates were
shorter when vehicle speed was slower. This finding is con-
sistent with previous studies (e.g., Oberfeld & Hecht, 2008;
Petzoldt, 2014) and can be attributed to a size-arrival effect
(DeLucia, 1991) or to a distance bias (Law et al., 1993).
Specifically, at slower speeds, when the screen goes blank,
the final optical vehicle size is larger, and the vehicle is closer
in terms of final distance, than in the faster condition.

In addition to comparing average estimates across groups
and sensory conditions, the design of this study allowed us to
estimate the relative cue weights within each of the unimodal
conditions and in the bimodal condition. These cues included
five visual cues (visual τ, final optical size, final rate of optical
expansion, change in visual angle across the presentation du-
ration, final visual distance) and four auditory cues (auditory
τ, final sound pressure level, final rate of change in sound
pressure, change in sound pressure level across the presenta-
tion duration).

The cue-weighting results were generally comparable with
those from our previous study (DeLucia et al., 2016).
Specifically, when only visual information was available, es-
timates were consistent with the use of visual τ, final optical
size, and final rate of optical expansion. Analyses of relative
importance supported the idea that visual τwas the most dom-
inant cue, with other heuristic cues explaining a significant
portion of the variance, and with the change in visual angle
across the presentation duration being the least important pre-
dictor. One of the few other studies that had examined the use
of heuristic visual cues reported no association between TTC
estimates and final optical size, final rate of optical expansion,
and the change in visual angle across the presentation duration
(Gray & Regan, 1998). This might be due to differences in the
experimental designs, such that, in the study by Gray and
Regan, the TTC and the final rate of optical expansion were
independent by varying the starting size about the mean by

40%. Although this was possible with the laboratory type of
stimuli they presented, our visual scene included realistic ve-
hicle types (car vs. fire truck) that varied in size, but much less
so than in Gray and Regan (1998). In another study, Yan et al.
(2011) examined the use of visual heuristic cues and found an
association between the TTC estimates and final visual dis-
tance, as is consistent with our results. Those authors also
reported a correlation between the velocity of the object and
the TTC estimates, but they did not analyze the final rates of
optical expansion.

When only auditory information was available, the
weightings of the cues were not the same as in the visual-
only condition. Instead, auditory τ was virtually ignored,
whereas the final sound pressure level was weighted highest
(a result also observed in DeLucia et al., 2016). Thus, the
visual and auditory versions of the size-arrival effect were
observed in the present study, as they were in our previous
study, even when other realistic contextual cues were
provided.

When both auditory and visual informationwere available,
the estimates appeared to be dominated by visual cues, with
visual τ being weighted the highest. The possibility should be
considered that the visual information was weighted more
than the auditory information due to differences in the reliabil-
ities of the visual and auditory information—for example,
from the perspective of optimal cue integration (e.g., Green,
1958; Landy, Maloney, Johnston, & Young, 1995). However,
our study was not designed to address this issue, which de-
serves further investigation. Among the auditory cues, only
the relative importance of auditory τ was somewhat compara-
ble to any of the visual cues. This is very interesting, given that
in the auditory-only condition, auditory τ was not used at all.
A speculative possibility is that the use of auditory τ was
enhanced by the processing of visual τ, because both cues
are measured on the same scale and can be averaged; when
presented alone, auditory τ cannot be averaged with the other
(heuristic) cues, which are measured on different scales. This
pattern differs markedly from the cue weights observed in the
audio–visual condition of our previous study (DeLucia et al.,
2016), in which the relative importance of the final sound
pressure level cue was much higher. We also found an inter-
esting age group by cue interaction in this condition, whereby
older adults were less likely to weight visual τ (and, to a lesser
extent, auditory τ) as highly as younger adults did, relative to
the heuristic-based cues.

The present study was the first to evaluate whether relative
visual and auditory cue weights differ between younger and
older adults. Overall, the results demonstrated very few differ-
ences with respect to age, apart from the stronger reliance on
heuristic cues by the older group in the audio–visual condi-
tion. These results are somewhat inconsistent with other stud-
ies of visual TTC, which have demonstrated more conserva-
tive estimates (i.e., underestimations of TTC) by older adults
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(e.g., DeLucia et al., 2003; Hancock & Manser, 1997; Schiff
et al., 1992).

The main difference between these previous studies and the
present study was the inclusion of familiar contextual infor-
mation in the stimuli used in the present study, as well as the
addition of sound cues. This could mean that older adults
benefit more from these added cues, thereby minimizing any
observable age differences. Because older adults often expe-
rience declines in sensory function, they may exploit the use
of contextual cues, when available, to a greater extent than do
younger adults (e.g., Pichora-Fuller, 2008), thereby leading to
performance that is more comparable to that of younger
adults.

A limitation of the present study is that the auditory repre-
sentation of the vehicle changed only in acoustic intensity
during approach. The combination of rather sophisticated vi-
sual simulations with very basic auditory simulations contain-
ing no spatial audio, simulated reflected sound, or contextual
environmental sounds very likely contributed to the near-zero
weights for auditory cues in the audio–visual condition and
these weights were lower than in our previous study. Future
studies should combine visual and auditory simulation with
comparable levels of fidelity. Furthermore, the frequency con-
tent of the auditory stimulusmay also be an important factor to
consider for auditory τ-based estimates (Gordon, Russo, &
MacDonald, 2013), particularly when evaluating age effects,
given that older adults often lose sensitivity at the higher fre-
quencies. It is also important to note that the older adults in the
present study were screened for sensory and cognitive impair-
ments. There was no evidence of visual or vestibular impair-
ments, and the few participants with known hearing loss were
hearing-aid users and were able to perform the baseline audi-
tory detection task. Therefore, this group (a) may not be rep-
resentative of the older adult populationmore generally speak-
ing, or (b) may have shown less evidence of age-related effects
than in past studies in which these factors may not have been
directly accounted for. To this point, Butler, Lord, and
Fitzpatrick (2016) have demonstrated that older adults with
reduced physical and cognitive function made more unsafe
traffic-crossing decisions under certain task constraints than
did those who were higher functioning. Future research
should better consider and account for the effects of these
age-related declines on the weighting and combination of dif-
ferent sensory cues when making TTC judgments.

Overall, the present study demonstrates that under realistic,
contextualized conditions, the TTC estimates of both older
and younger adults reflect the use of both visual and auditory
cues, and of both accurate τ-like cues and such heuristic cues
as final size or sound pressure level. Visual τ was the highest-
weighted cue across both the visual-only and audio–visual
conditions. These results are, in general, consistent with pre-
vious findings; however, there is evidence that the inclusion of
a more realistic scene and familiar visual and auditory stimuli

had some effects on the TTC estimates. Future research should
provide a more comprehensive evaluation of which aspects of
the more realistic scenarios contributed to these observed
differences.
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