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Abstract

A common experimental task used to study the accuracy of estimating when a moving object arrives at a designated location
is the time-to-contact (TTC) task. The previous studies have shown evidence that sound motion cues influence TTC estimates
of a visual moving object. However, the extent to which sound can influence TTC of visual targets still remains unclear.
Some studies on the crossmodal correspondence between pitch and speed suggest that descending pitch sounds are associ-
ated with faster speeds compared to ascending pitch sounds due to an internal model of gravity. Other studies have shown
an opposite pitch-speed mapping (i.e., ascending pitch associated with faster speeds) and no influence of gravity heuristics.
Here, we explored whether auditory pitch glides, a continuous pure tone sound either ascending or descending in pitch,
influence TTC estimates of a vertically moving visual target and if any observed effects are consistent with a gravity-centered
or gravity-unrelated pitch-speed mapping. Subjects estimated when a disc moving either upward or downward at a constant
speed reached a visual landmark after the disc disappeared behind an occluder under three conditions: with an accompanying
ascending pitch glide, with a descending pitch glide, or with no sound. Overall, subjects underestimated TTC with ascending
pitch glides and overestimated TTC with descending pitch glides, compared to the no-sound condition. These biases in TTC
were consistent in both disc motion directions. These results suggest that subjects adopted a gravity-unrelated pitch-speed

mapping where ascending pitch is associated with faster speeds and descending pitch associated with slower speeds.
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Introduction

Predicting the movements of objects is important for many
everyday activities such as crossing a busy street, driving in
traffic, or catching a ball. This task of predicting the future
location of moving objects is commonly called a prediction
motion (PM) task (DeLucia and Liddell 1998; Gottsdanker
1955; Tresilian 1995). One specific type of PM task that is
often used in the laboratory to study how accurate observers
are in making such predictions is the time-to-contact (TTC)
task. In a typical TTC task, subjects estimate when a moving
object reaches a designated target location some time after
the object disappeared (e.g., moving behind an occluding
bar). Subjects are usually required to make a button press
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response coinciding with the exact time they judge the object
has reached the target.

To perform the TTC task accurately, subjects must base
their TTC estimates on a variety of motion cues (DeLucia
et al. 2003). Most real-world moving objects provide both
visual and auditory motion cues. The majority of TTC stud-
ies have used only unimodal motion stimuli, either only
visual motion stimuli (e.g., Alderson and Whiting 1974;
DeLucia et al. 2003; Huber and Krist 2004; Peterken et al.
1991) or auditory motion stimuli (e.g., Gray 2011; Gordon
et al. 2013, Rosenblum et al. 1993). A few studies have
included combined audiovisual stimuli to investigate the
effectiveness of integrating auditory and visual motion infor-
mation in TTC judgements. In general, TTC judgements of
audiovisual motion stimuli have been shown to be more
accurate than of unimodal auditory stimuli and as accurate
(or nearly so) as that of unimodal visual stimuli (Hofbauer
et al. 2004; Keshavarz et al. 2017; Schiff and Oldak 1990;
Zhou et al. 2007). This failure to find an advantage for audio-
visual conditions over unimodal visual conditions does not
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necessarily indicate that audiovisual TTC judgements are
driven solely by visual information, while auditory infor-
mation is completely ignored. Indeed, more recent studies
have shown that auditory and visual information is optimally
integrated in audiovisual TTC judgements (Wuerger et al.
2010) with visual motion cues weighted more than auditory
motion cues (DeLucia et al. 2016; Keshavarz et al. 2017,
Zhou et al. 2007). Moreover, other findings demonstrate that
auditory information can modulate audiovisual PM perfor-
mance. Estimating the future position of audiovisual motion
stimuli is significantly less accurate when auditory cues are
uncorrelated or incongruent with visual cues (Gordon and
Rosenblum 2005; Prime and Harris 2010).

The types of sound stimuli used to produce auditory
motion cues in audiovisual PM studies have been limited.
Of the previously cited audiovisual PM studies, some have
used either looming (approaching) stimuli of increasing
visual image size and sound intensity (DeLucia et al. 2016;
Gordon and Rosenblum 2005; Keshavarz et al. 2017; Schiff
and Oldak 1990; Zhou et al. 2007) or translating stimuli of
a visual target and a clicking or continuous pure tone sound
moving together laterally in front of the subject (Hofbauer
et al. 2004; Prime and Harris 2010; Wuerger et al. 2010). In
a recent audiovisual PM study, Chotsrisuparat et al. (2017)
used novel auditory stimuli where they varied the rhythm of
auditory beeps. They found that slower rhythms resulted in
longer TTC overestimations of the visual object as though
subjects judged the object as moving slower. In addition to
providing further evidence that TTC judgements of visual
objects can be influenced by auditory stimuli, the researchers
postulated that their subjects’ TTC judgements were influ-
enced by a learned crossmodal association between audi-
tory rhythm and movement speed. The extent to which TTC
judgements might be influenced by other crossmodal asso-
ciations with other auditory features has yet to be explored.

Here, we sought to extend this previous research by
examining the crossmodal effects of continuous pure tones
ascending or descending in pitch (i.e., pitch glide) on TTC
judgements of visual objects. Several studies have demon-
strated crossmodal correspondences between auditory pitch
and a variety of visual features, such as spatial location,
spatial frequency, size, brightness, and shape (Bernstein
and Edelstein 1971; Evans and Treisman 2011; Gallace and
Spence 2006; Jamal et al. 2017; Marks 1987; Melara 1989;
for review see Spence 2011). More relevant to the present
study are the crossmodal correspondences between pitch
and both motion direction and speed. The previous studies
have shown that ambiguous visual motion stimuli are per-
ceived as moving either upward or downward when paired
with ascending or descending pitch glides, respectively
(Carnevale and Harris 2016; Jain et al. 2008; Maeda et al.
2004; Sadaghiani et al. 2009). These findings demonstrate
an up—down mapping of pitch where observers associate
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ascending pitch with upward moving objects and descend-
ing pitch with falling objects (for a similar conclusion see
Trimble 1934; Walker 1981, 1985). Moreover, the percep-
tion of ascending and descending pitch sounds appears to
be differentially influenced by an internal model of gravity.
Specifically, compared to ascending pitch tones, subjects are
more likely to misjudge the pitch of a target tone embed-
ded in a sequence of descending pitch tones as shifted in
the direction of the pitch change (i.e., lower than its true
pitch), suggesting that descending pitch sequences are per-
ceived as traveling faster through pitch space (Henry et al.
2009; Hubbard 1995; Hubbard and Ruppel 2013). Indeed,
in explaining this asymmetrical bias, the researchers of
the previously cited studies postulated that, in addition to
the mapping of descending (ascending) pitch sounds with
downward (upward) motion, subjects applied their implicit
knowledge of gravity, and thus, they likely heard descending
pitch tones as an object accelerating as it falls and ascend-
ing pitch tones as an object decelerating as it rises. This is
consistent with Godgy’s (2001) argument that sounds evoke
a mental image of the object that produced those sounds,
including a visual image. In fact, a similar gravity-congruent
bias has been demonstrated with spatial judgements of the
last seen location of moving visual targets; downward mov-
ing visual targets tend to be judged as having been moved
farther (more downward) than upward moving visual targets
(Hubbard 1995).

However, other studies show that observers do not always
adopt gravity-centered heuristics when interpreting sounds
ascending or descending in pitch. These other studies have
instead shown that when subjects were asked to catego-
rize these sounds with respect to perceived direction or
speed, ascending pitch sounds were associated with mov-
ing upward and fast or speeding up, while descending pitch
sounds were associated with moving downward and slow or
slowing down (Collier and Hubbard 2001; Eitan and Granot
2006). These crossmodal associations appear to be acquired
through experience with sounds produced by objects mov-
ing at different speeds and accelerations either in the real
world or on television and in film (e.g., the high-pitch whine
of a motorcycle at high speed or the low-pitch rumble of
train slowing to a stop). To our knowledge, no study has
directly examined whether either of these gravity-centered
or gravity-unrelated relationships between pitch and motion
direction and speed has a crossmodal influence on visual
TTC judgements.

In the present study, subjects estimated the TTC of a
visual disc moving at a constant speed either upward or
downward along the vertical plane and disappearing behind
an occluder (a black bar). Subjects were required to press a
button at the exact time they judged the moving disc would
have reached a marked target location on the occluder. Sub-
jects performed this task under two audiovisual conditions,
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both consisting of a concurrent auditory signal of either an
ascending or descending pitch glide. TTC estimations from
these audiovisual conditions were compared to a similar
no-sound control condition. Our goal was to determine if
ascending and descending pitch glides influence visual TTC
estimations and if such effects are consistent with either the
gravity-centered or gravity-unrelated pitch-speed corre-
spondences described earlier. Based on the findings of these
studies, we propose that two different possible hypotheses
can be made.

First, if a pitch effect on visual TTC judgements is con-
sistent with the gravity-centered pitch-speed mapping as
reported by some of the previously cited studies (Henry
et al. 2009; Hubbard 1995; Hubbard and Ruppel 2013), then
descending pitch glides would activate its association with
an accelerating object as it falls and ascending pitch glides
would activate its association with a decelerating object as it
rises. We would then predict that, compared to the no-sound
condition, descending pitch glides paired with downward
moving discs will result in smaller TTC estimations (i.e., the
disc will be judged as arriving at the target location sooner
than it actually did), whereas ascending pitch paired with
upward moving discs will result in larger TTC estimations
(i.e., the disc will be judged as arriving later than it actually
did). Regarding the other two audiovisual conditions that
involve incongruent directions with respect to pitch glide
and disc motion (ascending pitch with downward motion and
vice versa), predictions under the gravity-centered hypoth-
esis are less clear. Under conditions of incongruency, we
think that it is reasonable to hypothesize that subjects will
either (1) rely more on the visual motion information, and
thus, TTC estimations in these conditions will more resem-
ble the no-sound condition, or (2) be similarly influenced by
auditory signals as hypothesized for the congruent condi-
tions as evidenced by a similar bias for shorter TTC estima-
tions with descending pitch glides and longer TTC estima-
tions with ascending pitch glides compared to the no-sound
condition.

The second possible hypothesis, on the other hand, is
that, if a pitch effect is consistent with the gravity-unrelated
pitch-speed mapping as shown by other studies (Collier and
Hubbard 2001; Eitan and Granot 2006), then ascending pitch
glides would activate its association with fast or accelerat-
ing speeds and descending pitch glides would activate its
association with slow or decelerating speeds. We would
then predict that ascending pitch glides will be associated
with smaller TTC estimations and descending pitch glides
with larger TTC estimations, compared to the no-sound con-
dition. Since subjects in Collier and Hubbard (2001) and
Eitan and Granot (2006) are also associated ascending pitch
with upward motion and descending pitch with downward
motion, it is possible that such predicted effects of pitch
will be strongest when the direction of the pitch glide and

the disc motion are congruent (e.g., ascending pitch glide
with upward moving disc). On the other hand, it is possible
that this gravity-unrelated pitch-speed correspondence of
faster speeds with ascending pitch and slower speeds with
descending pitch is independent of perceived direction. In
which case, we would predict that we would find these TTC
biases regardless of disc motion direction.

Methods
Subjects

Thirty-seven subjects (15 males, mean age 23.8 years) par-
ticipated in this study. All subjects had normal or corrected-
to-normal vision and normal, uncorrected hearing according
to self-report. All procedures were approved by the Univer-
sity of Saskatchewan’s Behavioural Research Ethics Board.
Informed consent was obtained from all individual research
participants included in the study.

Apparatus

Stimulus presentation and data recordings were controlled
by a specialized experiment software package, PsychoPy
v1.83 (Pierce 2007), on a personal computer (3.2 GHz and
8 GB RAM). Subjects recorded their responses on the com-
puter keyboard. Visual stimuli were presented on a 144 Hz
26-inch Benq LCD monitor. Auditory stimuli were presented
from a pair of speakers (Logitech Z130) mounted behind and
on opposite sides of the monitor. A chin rest used to align
subjects eyes to the center of the screen. The distance from
the eye to the computer screen was approximately 60 cm.
The subjects were tested in a dimly lit room.

Stimuli

The moving visual object was a white disc (subtending
0.5 cm). The disc moved at a constant speed (5.5 cm/s)
toward and eventually behind an occluder. The occluder
was a black bar 1 cm in width and 19 cm in length. On the
occluder was a thin white line drawn across the occluder’s
width that specified the arrival location. The line was pre-
sented at one of three different distances relative to the end
of the occluder where the disc disappeared, either at 8.5, 11,
or 13.5 cm. The TTC for these different distances was 1545,
2000, and 2455 ms, respectively, relative to the time the disc
disappeared behind the occluder.

The auditory pitch glide in the Ascending Pitch condi-
tion was a continuous tone whose frequency swept linearly
upward from 500 to 825 Hz over a duration of 5.5 s. The
pitch glide in the Descending Pitch condition was similar
except it swept linearly downward from 450 to 125 Hz over
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the same duration. These frequency ranges used to create
our pitch glides were chosen, because they were similar
to pitch-changing sound stimuli used in the other stud-
ies (Collier and Hubbard 2001; Henry et al. 2009; Hub-
bard and Ruppel 2013; Maeda et al. 2004; Mossbridge
et al. 2011; Walker 1987), and they were judged to be
the most comfortable to listen to, while still being well
perceived. Sound immediately stopped regardless of what
point it was in the pitch glide when subjects made their
TTC response. The rationale for the sound presentation to
continue after the disc was occluded was to approximate
a typical real-world prediction motion scenario where
observers might only see a moving object briefly before
looking away or the object is obscured, but they can often
still hear the object after it is no longer visually avail-
able. Unlike visual information, which can be interrupted
by looking away, blinking, or the object being obscured,
real-world auditory information is often continuously
available. For example, crossing a street with traffic. A
pedestrian might see a car approaching from one direction
and then turn to see if there are cars coming from the other
direction. Although the pedestrian has no view of the car
anymore, the pedestrian can still hear it and supposedly
use sound information. Our paradigm where the auditory
presentation continues after occlusion is similar to one of
the author’s previous studies (Prime and Harris 2010) and
other studies (e.g., Chotsrisuparat et al. 2017). Auditory
stimuli were presented at~68 dB SPL, measured at the
subjects’ head position.

(A) Upward trials

Fig. 1 General experimental paradigm of the time-to-contact (TTC)
task. Subjects had to judge when a moving disc arrived at the white
line on the black occluder. Upon the subject pressing a computer key,
the disc moved either upward from the bottom (a) or downward from
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(B) Downward trials

Procedure

Figure 1 shows the general experimental design of our TTC
task. Each trial began with the presentation of the disc, the
occluder, and the line marking the arrival point. In half of
the trials, the disc was presented stationary at the bottom of
the display (Fig. 1a), and in the other half of the trials, the
disc was presented at the top of the display (Fig. 1b). The
occluder was always presented as vertically oriented on the
opposite side of the display to the disc. The distance between
the disc’s starting locations and the center of the screen were
13 cm and to the nearest edge of the occluder was 9.5 cm.
Stimulus layout (disc starting from the top vs. bottom) and
arrival line position were randomly interleaved.

Subjects pressed the spacebar to start the disc’s motion.
The disc moved vertically, either downward from the top or
upward from the bottom of the display, toward and eventu-
ally behind the occluder. Subjects were told that the disc
would continue to move when behind the occluder. Subjects
were instructed to estimate TTC as accurately as possible
by pressing the spacebar as soon as they thought the disc
would have reached the line. In the Ascending and Descend-
ing Pitch trials, the onset of the sound stimulus began simul-
taneously with the motion onset of the disc. In the No-Sound
trials, the disc moved by itself with no-sound stimulus. The
No-Sound condition acted as the control condition, because
we wanted to compare the sound conditions to baseline
task performance when relying strictly on visual informa-
tion, and, thus, be able to assess the extent to which the
pitch glides influence TTC estimates relative to visual-only

Stimulus presentation

Subject presses button to start trial

Disc moves toward and
then behind occluder

Disc moves alone or with either
ascending or descending pitch glide

Disc continues to move
behind occluder

Subjects press button when
they estimate disc arrives at landmark

the top of the screen (b). The disc moved toward and then behind the
occluder (illustrated by the dashed circle and arrow). Subjects esti-
mated the TTC between the disc and the line by pressing a computer
key as soon as they judged the disc reached the line
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conditions. The order of the Ascending Pitch, Descending
Pitch, and No-Sound trials were randomly interleaved. Upon
subjects pressing the spacebar to record their TTC estima-
tion, all visual stimuli disappeared, and in the case of the
Ascending Pitch and Descending Pitch conditions, the sound
stimulus stopped. The subjects were not given any instruc-
tions about how to follow the disc or how to interpret the
sound stimuli. No response feedback was given. Subjects
performed 12 practice trials before performing the experi-
ment. The experiment consisted of five blocks of 54 trials
for a total of 270 trials. After each block was a self-timed
rest break.

Data analysis

Consistent with the previous TTC studies (e.g., Baures
et al. 2018; Bennett et al. 2010; Rosenblum 1993; Zheng
and Maraj 2018), we analysed two common measurements
of TTC performance: constant error and variable error. Con-
stant error (CE) is a measure of the accuracy and bias of the
estimated TTC. CE was calculated as the difference between
the subjects’ estimation of the time the disc arrived at the
line and the actual time of arrival (i.e., TTC yinaeqa — TTC
actua)- Negative CE means that subjects responded before
the disc arrived at the line, and therefore, the TTC was
underestimated. Positive CE means that subjects responded
after the disc arrived at the line, and therefore, the TTC
was overestimated. Variable error (VE) is a measure of TTC
consistency and is the standard deviation of the estimated

200+ (A) Downward

Constant Error (ms)

-350- near middle far

TTC responses. We analysed CE and VE using repeated-
measures ANOVAs with movement direction (upward and
downward), sound condition (Descending Pitch, Ascending
Pitch, and No-Sound), and line distance (near, middle, and
far) as factors.

Results

The main goal of this study was to compare the TTC esti-
mations between the three sound conditions: Ascending
Pitch, Descending Pitch, and No-Sound. Before conducting
our analyses, we excluded trials where the subjects pressed
the response button before the disc disappeared behind the
occluder (anytime before 1.73 s of total travel time) or after
the disc remerged from behind the occluder (anytime after
5.18 s of total travel time). These excluded trials accounted
for only 1.5% of all trials. For all analyses, a p value of
0.05 was adopted for significance. Post hoc comparisons
were analysed using the Hochberg step-up method (Hoch-
berg 1988; Keselman 1994). All reported within-subject
95% confidence intervals were calculated using the Cous-
ineau—Morey method (Cousineau 2005; Morey 2008).

Constant error (CE) analyses

Figure 2 shows the mean CE results for all three sound con-
ditions as a function of line distance in the downward disc
condition (Fig. 2a) and upward disc condition (Fig. 2b).

-+ Descending Pitch

-e- No Sound
-+ Ascending Pitch

1 (B) Upward

middle far

near

Line Distance

Fig.2 TTC constant error (CE) shown separately for each sound con-
dition, line location, and direction. Negative and positive CE indi-
cates under- and overestimations, respectively. Zero CE indicated
perfect TTC accuracy. Data curves are slightly jittered to aid visibil-
ity of the data points and error bars. Overall, subjects overestimated

TTC in the Descending Pitch condition and underestimated TTC in
the Ascending Pitch condition relative to the No-Sound condition in
both downward (a) and upward (b) disc motion directions. Error bars
represent 95% Cousineau—Morey confidence intervals for within-sub-
jects designs (Cousineau 2005; Morey 2008)
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Analysing the CE allowed us make a simple assessment of
the overall accuracy of the TTC estimations among the three
sound conditions for both disc motion directions. Our main
interest here was to compare and assess the direction of any
potential differences between both the Ascending and
Descending Pitch conditions and the No-Sound condition
(i.e., overestimations or underestimations), and characterize
these patterns of differences for each disc direction. A visual
inspection of these CE data in Fig. 2 shows that, in general,
TTC was more underestimated in the Ascending Pitch condi-
tion and overestimated in the Descending Pitch condition
relative to the No-Sound condition, regardless of disc direc-
tion. In addition, TTC estimates overall decreased with
increasing line distance (i.e., time disc is occluded), which
is a typical finding in TTC experiments (e.g., Hancock and
Manser 1997; Schiff and Oldak 1990). These observations
were confirmed by an initial three-way repeated-measures
ANOVA (Direction X Sound Condition X Line Distance),
which revealed significant results for the main effects of
Sound Condition [F(2,72) =58.38, p<0.001, nﬁ: 0.62] and
Line Distance [F ;5= 13.5, p <0.001, 11;=0.27], but not
for Direction [F| (1.36)= 1.45, p=0.24]. However, the Sound
Condition X Direction interaction was significant
[Fo7)= 4.62, p=0.013, ;15 =0.11] and the Direction X
Sound Condition X Line Distance interaction approached
significance [F 4 j44)=2.07, p=0.08, ’73 =0.05].

To further explore the nature of these effects more closely,
we conducted separate two-way repeated-measures ANO-
VAs (Sound Condition X Line Distance) for each disc direc-
tion. For the downward condition (Fig. 2a), significant
results were found for both main effects of Sound Condition
[F(272)=54.23, p<0.001, 11; =0.6] and Line Distance
[F(272)=12.02, p<0.001, ’15, =0.25], while the Sound Condi-
tion X Line Distance interaction approached significance
[Fi4,144y=2.34, p=0.058, 115 =0.06]. Hochberg post hoc
analyses of the Sound Condition main effect showed signifi-
cant differences between the No-Sound condition
(M=-65ms; 95% CI — 90 to — 41) and both the Ascending
Pitch (M=— 196 ms; 95% CI — 228 to — 165) and Descend-
ing Pitch (M =52 ms; 95% CI 17-86) conditions, as well as
a significant difference between Ascending Pitch and
Descending Pitch (all comparisons p <0.01). These results
are consistent with our main observation that TTC was more
underestimated in trials with an ascending pitch compared
to no-sound trials and overestimated in trials with a descend-
ing pitch, indicating that subjects judged the disc as faster to
arrive at the line with ascending pitch and slower with
descending pitch. Post hoc analyses of the Line Distance
main effect showed significant differences between the far
distance (M =— 126 ms; 95% CI — 158 to — 94) and both
the near (M =— 23 ms; 95% CI — 54 to 8) and middle
(M=-62ms; 95% CI — 75 to — 48) distances (comparisons
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p<0.01), but not between the near and middle distances
(p=0.07). These results show that overall greater line dis-
tances resulted in larger underestimations of TTC when col-
lapsing across sound conditions.

The two-way ANOVA in the upward condition (Fig. 2b)
yielded significant results for both main effects of Sound
Condition [F|, 7,)=52.27, p<0.001, 715 =0.6] and Line Dis-
tance [F(2,72) =12.72, p<0.001, 115 =0.26], and significance
for the Sound Condition X Line Distance interaction
[F4,144)=4.56, p<0.01, 72 =0.11]. Post hoc analyses of the
Sound Condition main effect showed significant differences
between the No-Sound condition (M =— 20 ms; 95% CI — 45
to 4) and both the Ascending Pitch (M =— 187 ms; 95% CI
— 217 to — 157) and Descending Pitch (M =55 ms; 95% CI
18-92) conditions, as well as a significant difference
between Ascending Pitch and Descending Pitch (all com-
parisons p <0.01). As in the downward condition, TTC was
more underestimated in trials with an ascending pitch and
overestimated in trials with a descending pitch compared to
no-sound trials, and like before, indicates that subjects
judged the disc as faster to arrive at the line with ascending
pitch and slower with descending pitch. Post hoc analyses of
the Line Distance main effect showed significant differences
between the far distance (M =— 108 ms; 95% CI — 141 to
— 74) and both the near (M =13 ms; 95% CI — 17 to 44) and
middle (M =— 46 ms; 95% CI — 61 to — 32) distances (com-
parisons p <0.01), and between the near and middle dis-
tances (p =0.032). Again, as before, these results show that
overall greater line distances resulted in larger underestima-
tions of TTC when collapsing across sound conditions.
Finally, the interaction effect of Sound Condition and Line
Distance was due to significant comparisons between all the
different sound conditions at each line distance (all compari-
sons: p <0.01), but not between Descending Pitch and No-
Sound at the far line (p=0.5).

Variability error (VE) analyses

Figure 3 shows the mean VE results for all three sound con-
ditions as a function of line distance in the downward disc
condition (Fig. 3a) and upward disc condition (Fig. 3b). As
with the CE analyses, we conducted an initial three-way
repeated-measures ANOVA (Direction X Sound Condition
% Line Distance), which revealed a significant result for the
main effect of Line Distance [F, 75,=31.28, p<0.001,
n§= 0.47], but not for the main effects of Sound Condition
[F(2,72)=2.62, p<0.08] or Direction [F{; 35, =0.52, p=0.47].
The Sound Condition X Direction interaction was also sig-
nificant [Fp 75, =4.44, p=0.015, 1 =0.11].

As before, we studied more closely the nature of these
effects by conducting separate two-way repeated-measures
ANOVAs (Sound Condition X Line Distance) for each disc
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200 1
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Line Distance

Fig.3 TTC variable error (VE) shown for each sound condition,
line location, and distance. Overall, VE increased with line distance
across all sound condition in both the downward (a) and upward (b)
disc motion directions. Data curves are slightly jittered to aid visibil-

direction. For the downward condition (Fig. 3a), the main
effect of Line Distance was significant [F, ;,)=19.21,
p<0.001, ;1[2, =0.35], indicating that variability of TTC esti-
mates increased progressively with line distance, which is
consistent with the TTC research literature (e.g., Rosenblum
1993; Schiff and Oldak 1990; Tresilian 1995). Post hoc tests
confirmed this observation, showing that VE was signifi-
cantly greater for both the far (M =329; 95% CI 313-346)
and middle (M =302; 95% CI 289-315) line distances com-
pared to the near (M =255; 95% CI 243-266) line distance
(all comparisons p <0.001) and for the comparison between
the middle and far line distances (p =0.027). No significance
was found for the main effect of Sound Condition
[F272)=0.99, p<0.38] and the Sound Condition X Line
Distance interaction [Fy j44)=0.56, p=0.69].

For the upward condition (Fig. 3b), the main effect of
Line Distance was significant [F, ;,,=19.4, p<0.001,
’15, =0.35], similar to the VE results in the downward condi-
tion. Post hoc comparisons showed significant results
between the near (M =257; 95% CI 247-268) and both the
middle (M =293; 95% CI 283-303) and far (M =318; 95%
CI 306-331) line distances (both comparisons p <0.01) and
between the middle and far line distances (p =0.01). The
Sound Condition X Line Distance interaction also was not
significant [F(4 144)=1.27, p=0.28]. The main effect of
Sound Condition was significant [F; 75)=5.99, p=0.004,
n§=0.14]. Post hoc analyses of the Sound Condition main
effect showed that this significant result was driven by the

ity of the data points and error bars. Error bars represent 95% Cous-
ineau—Morey confidence intervals for within-subjects designs (Cous-
ineau 2005; Morey 2008)

greater VE in the Ascending Pitch condition (M =315;95%
CI 302-329) compared to both the Descending Pitch
(M=276; 95% CI 265-289) and No-Sound (M =277; 95%
CI 259-294) conditions (both comparisons p <0.01), while
the comparison between Descending Pitch and No-Sound
was not significant (p =0.99). To further investigate the sig-
nificant difference between the Ascending Pitch and No-
Sound conditions, we conducted additional post hoc com-
parisons between these two sound conditions separately at
each line distance. These comparisons yielded only one
significant difference at the near line distance (p <0.01); the
non-significant comparisons between the Ascending and No-
Sound conditions at the middle and far line distances were
p=0.33 and p=0.14, respectively.

Discussion

The aim of the present study was to explore whether, and
if so how, ascending and descending auditory pitch glides
influence TTC estimates of a visual stimulus. Our investiga-
tion focused on whether any such influence would be more
consistent with a gravity-centered or a gravity-unrelated
pitch-speed correspondence. According to the gravity-cen-
tered pitch-speed mapping hypothesis, observers employ
gravity heuristics when making perceptual judgements of the
pitch glides, whereby descending pitch glides are perceived
as an object falling and moving faster or accelerating and
ascending pitch glides are perceived as an object rising and
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possibly decelerating. A prediction based on this hypothesis
is that TTC would be underestimated (i.e., subjects judge the
disc as arriving sooner) when the disc was moving down-
ward and paired with a descending pitch glide. Moreover,
we might predict that TTC would be overestimated (i.e.,
subjects judge the disc as arriving later) when the disc was
moving upward and paired with an ascending pitch glide.
Conversely, according to the gravity-unrelated pitch-speed
mapping hypothesis, descending pitch glides are associated
with slower or decelerating motion, whereas ascending pitch
glides are associated with faster or accelerating motion. A
prediction based on this hypothesis is that, in general, TTC
would be underestimated with ascending pitch glides and
overestimated with descending pitch glides.

Our main results show that auditory pitch glides influ-
enced TTC judgments consistent with the gravity-unrelated
pitch-speed mapping hypothesis. Specifically, subjects
showed a greater underestimation of the TTC with ascend-
ing pitch glides and a greater overestimation of the TTC with
descending pitch glides compared to the no-sound condition.
These biases in TTC judgments were consistent across both
upward and downward dot motion directions. Furthermore,
in general, presenting visual and auditory stimuli simulta-
neously did not affect the variability of the TTC estimates.
Overall, variable errors of the TTC estimates were not statis-
tically different across the three conditions. Altogether, these
findings provide further evidence that sound can influence
prediction motion judgments under audiovisual stimulus
conditions, consistent with the previous crossmodal predic-
tion motion studies (Chotsrisuparat et al. 2017; Gordon and
Rosenblum 2005; Prime and Harris 2010; Wuerger et al.
2010). Moreover, we extend this previous research with
novel results that demonstrate that ascending and descending
pitch glides systematically bias TTC judgments of a visual
target in a manner that suggest an influence on the perceived
speed of the target unrelated to motion direction and without
adopting gravity heuristics.

Our results suggest that our subjects attributed a faster
speed to the ascending pitch glides and a slower speed to
the descending pitch glides, which is consistent with the
pitch-speed mapping reported in Collier and Hubbard (2001)
and Eitan and Granot (2006). However, our results do not
challenge the findings of those previously cited studies that
show an up—down mapping of ascending and descending
pitch sounds (Carnevale and Harris 2016; Jain et al. 2008;
Maeda et al. 2004; Sadaghiani et al. 2009) and evidence
that acceleration is attributed to descending pitch consistent
with an internal representation of gravity (Henry et al. 2009;
Hubbard 1995; Hubbard and Ruppel 2013). Indeed, taken
together with these previous findings, our results suggest
that observers use different mapping strategies in a context-
dependent manner based on the nature of the task and the
availability and reliability of other information (e.g., from
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vision). In the studies showing gravity-congruent effects
(Henry et al. 2009; Hubbard 1995; Hubbard and Ruppel
2013), subjects had to judge the pitch height of a target tone
embedded in rising or falling pitch tone sequences in the
absence of other stimuli. In the studies showing the up—down
mapping of pitch (Carnevale and Harris 2016; Jain et al.
2008; Maeda et al. 2004; Sadaghiani et al. 2009), subjects
were required to judge the direction of ambiguous visual
motion stimuli paired with pitch glides. In both of these sets
of studies, subjects were not presented with any additional
reliable information about motion direction or speed beyond
the auditory pitch-changing stimulus itself. In these cases,
it appears as though the ascending and descending pitch
sounds alone led subjects to adopt up—down and gravity-
centered mapping strategies. However, in the case of the
present study, additional unambiguous motion information
was provided; the disc was clearly seen moving either up or
down before it disappeared behind the occluder. Moreover,
our subjects were able to see that the direction of the pitch
glides was uncorrelated with the direction of the disc in that
congruent and incongruent pitch and disc directions were
equally probable. Thus, subjects could see that overall the
ascending and descending pitch glides did not imply rising
or falling objects, respectively. This context appears to have
guided the subjects’ mapping strategy in a way that preferred
the gravity-unrelated mapping of pitch and speed as per Col-
lier and Hubbard (2001) and Eitan and Granot (2006).

Although we find that this explanation of adopting differ-
ent mapping strategies based on the availability and nature
of additional motion information is appealing, it is not
entirely satisfactory. In both Collier and Hubbard (2001) and
Eitan and Granot (2006), the sound stimuli were also pre-
sented alone. Why, then, did the subjects in these studies not
perceive these sounds also according to a gravity-centered
mapping of pitch and speed (e.g., subjects ascribing faster
speeds or acceleration to descending pitch sounds compared
to ascending pitch sounds)?

The tasks in those studies that show up—down or gravity-
centered mapping were specifically designed to test vertical
judgements of either the direction of the coinciding ambigu-
ous visual motion stimulus (Carnevale and Harris 2016; Jain
et al. 2008; Maeda et al. 2004; Sadaghiani et al. 2009) or
position of the target tone in pitch space (Henry et al. 2009;
Hubbard 1995; Hubbard and Ruppel 2013), respectively. In
all of these studies, subjects responded by making a two-
alternative forced choice (2AFC) keypress, e.g., up/down
or same/different. Moreover, the durations of the sounds in
these studies were relatively very short (the sound duration
in most of these studies were as brief as a couple hundred
milliseconds). Thus, in these tasks where subjects had a
short time to process and make ascriptions of the mean-
ing of the sounds and their responses were limited to two
discrete choices about vertical direction/position, it appears
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up—down and gravity-centered mappings were activated rap-
idly and preferentially. Conversely, in Collier and Hubbard
(2001) and Eitan and Granot (2006), subjects were presented
with pitch glides of substantially longer durations (e.g., as
much as 6 s in Collier and Hubbard 2001) and completed
questionnaires where they rated and categorized the sounds
with respect to several perceptual dimensions, including
speed, direction, tempo, and brightness. Thus, we speculate
that the longer time subjects had to process and ascribe dif-
ferent meanings to the pitch glides with the task of judg-
ing the sounds among multiple dimensions among multiple
response alternatives (e.g., selecting its rate of speed and
acceleration along a Likert scale) activated additional cross-
modal mappings. This idea is consistent with the previous
arguments that the nature of the response options themselves
affects response choice (Einhorn and Hogarth 1981; Payne,
Bettman, and Johnson 1988; Tversky and Sattath 1979).
Under these conditions, the crossmodal mapping between
the pitch glide direction and both speed and acceleration
became dissociated with an internal gravity representation;
although subjects in Collier and Hubbard (2001) and Eitan
and Granot (2006) judged ascending pitch glides as faster
or accelerating and descending pitch glides as slower or
decelerating, they also judged the ascending pitch glides as
upward motion and descending pitch glides as downward
motion. Similarly, in the present study, subjects’ responses
were not limited to two discrete choices about vertical direc-
tion/position and they also had more time to process the
sounds compared to studies showing up—down and gravity-
centered mappings (the sounds in the present study played
throughout the entire trial in the audiovisual conditions until
the subjects made a keypress). This, coupled with the fact
that, as mentioned before, the disc provided unambiguous
motion information uncorrelated with pitch glide direction
suggests that, in addition to taking into account the contex-
tual information of the visual motion, subjects also take into
account the task demands as a guide to which mapping of
pitch and speed to adopt.

Whether subjects adopt a gravity-centered mapping could
also depend on the nature of the visual scene. Miller et al.
(2008) showed that subjects take gravity-congruent accel-
eration into account to make arrival timing judgements of
a falling object when the object was presented within a pic-
torial scene (i.e., a ball falling along the side of a build-
ing’s exterior wall), but not when the moving object was
presented in a non-pictorial scene (i.e., against a uniform
coloured background). These findings suggest that sub-
jects used an internal gravity model when the visual scene
provides pictorial references to gravity (e.g., an object fall-
ing toward the ground in a real-world scene vs. an object
simply moving downward toward another object in an
otherwise empty scene). It is possible that, in the present
study, our subjects failed to show evidence of adopting a

gravity-centered mapping, because we also used a simple
visual display similar to the non-pictorial scene presentation
in Miller et al. (2008).

Of course, we acknowledge that these different explana-
tions are highly speculative, but we assert that it provides
new interpretations that can be tested in future studies. We
also acknowledge that our findings might not generalize
well to other sound presentations (e.g., using constant-
pitch tones or the sound ending when the disc is occluded).
Future research can elucidate the potential effects of dif-
ferent stimulus durations, background scenes, pitch stimuli
(e.g., constant vs. gliding pitch), perceptual judgement tasks,
and response types (e.g., 2AFC vs. ratings) might have on
evoking different mappings between pitch and either direc-
tion or speed and whether they are gravity-centered or not.

An alternative interpretation suggested by an anony-
mous reviewer is that our results are due to demand char-
acteristics (for a discussion of how demand characteristics
can impact perception research, see Firestone and Scholl
2016). According to this view, subjects responded ear-
lier with ascending pitch and later with descending pitch
sounds consistent with the association between these pitch
glides and speed, because they believed it was expected
of them. Thus, subjects would not be making their button
responses to record their actual estimation of when the
disc arrived at the line (i.e., estimating TTC). We acknowl-
edge that we cannot completely discount this possibility.
However, we argue that this interpretation is unlikely to
account fully for our results. First, we only instructed
subjects to estimate the disc’s TTC by giving them clear
instructions to press the computer button at the moment
they thought the disc arrived at the line, which they prac-
ticed in a block of practice trials under our guidance, and
they were not given any instruction about how to interpret
the sounds. Second, if subjects were responding according
to demand characteristics, we believe that it is reasonable
to expect that subjects would have different ideas about
how early or late to respond. In ascending pitch trials, for
example, some subjects might press the computer button
shortly after the disc is occluded, other subjects are just as
likely to wait longer and press it when the occluded disc is
somewhere in the middle of the time it takes to reach the
line, while some others are also likely to wait even longer
until the disc is closer to the line. Even if subjects were
to still estimate the TTC but adjust their response to be
earlier or later, because they think they are expected to,
some subjects might make small adjustments (just a little
earlier/later), while others are just as likely to make bigger
adjustments (moderately or a lot earlier/later). It logically
follows, then, that response times in the sound conditions
would be highly variable and show greater variability
relative to the no-sound condition. Instead, we found no
significant differences in the variable errors between the
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sound conditions and the no-sound condition. Third, TTC
estimations in the no-sound condition were fairly accurate
and showed two distinct systematic trends as a function of
line distance that are consistent with other TTC studies—
specifically, variable error increases and overall response
times relative to the actual TTC decrease with increasing
line distance. Both of these systematic trends are typical
findings in TTC studies (e.g., Hancock and Manser 1997,
Rosenblum 1993; Schiff and Oldak 1990; Tresilian 1995).
The overall accuracy and these systematic trends consist-
ent with the previous TTC studies clearly indicate that
subjects understood the task and were complying with our
instructions in the no-sound condition. Finally, although
the TTC estimations in the sound conditions were biased,
they were still relatively accurate, and, more importantly,
show the same two systematic trends in variability and
overall response times as the no-sound condition. Again,
these trends are also consistent with the previously cited
TTC studies. These results suggest to us that task perfor-
mance in the sound conditions was still driven by estimat-
ing TTC, albeit biased by the sound stimuli. Although we
cannot entirely discount the possibility that some subjects
might have performed according to demand characteris-
tics, if there were any, it appears that they had a minimal
impact on the overall results.

To summarize, we have shown that estimating when
a moving visual target arrives at a designated location
can be influenced by auditory stimuli of ascending and
descending pitch glides. When the visual target was paired
with an ascending pitch glide, TTC was underestimated.
Conversely, when the visual target was paired with a
descending pitch glide, TTC was overestimated. These
biases in the audiovisual conditions were relative to the
baseline no-sound condition and, in general, relative to the
actual TTC. Moreover, these biases were consistent in both
upward and downward disc directions. These findings sug-
gest that observers interpreted the pitch glides in accord-
ance to a specific mapping strategy of pitch and speed
whereby ascending pitch corresponded to faster speed or
acceleration and descending pitch corresponded to slower
speed or deceleration.
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