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Abstract: We investigated the effect of voluntary movements on cross-modal simultaneous perception using auditory-
tactile Temporal Order Judgment (TOJ) task in which participants judged which stimuli had been presented first. In
experiment 1, we examined which voluntary movement or proprioceptive information affected TOJ. In experiment 2, we
examined the effects of the duration of the voluntary movement and the prediction of the timing of stimuli presentation.
When the prediction was available, not the proprioceptive information but the voluntary movements enhanced the tem-
poral resolution of TOJ. According to the increasing of the duration, the point of subjective simultaneity shifted from
auditory-first presentation to tactile-first presentation. This result could be attributed to decreasing of attention to the

tactile sensation by voluntary movement.
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1. INTRODUCTION

As manifested by musical ensembles and sports, we
interact with the environment using multi-sensory inputs
and act in real-time. Nevertheless, it remains unclear
what relations there are between voluntary movement and
cross-modal temporal perception.

Previous studies have considered cross-modal simul-
taneous perception in the context of pure sensory inte-
gration. For example, participants perceived pairs of vi-
sual and auditory stimuli and pairs of visual and tactile
stimuli as simultaneous when the visual stimuli were pre-
sented earlier; additionally, participants perceived pairs
of auditory and tactile stimuli as simultaneous when tac-
tile stimuli preceded auditory stimuli [1,2]. This asym-
metry in point of subjective simultaneity (PSS) is affected
by stimulus intensity, selective attention [3,4], and spa-
tial location [3, 5-8], and by a few minutes of exposure to
paired stimuli presented repeatedly with a fixed time lag
[9-12]. However, people do not always judge passively
the simultaneity of signals from the environment, but do
so in active involvement with the environment; that is,
while generating movement.

Recent studies investigated the effect of voluntary
movements on temporal perception [13, 14]. Shi et al. ex-
amined the effect of voluntary movement on visual-tactile
Temporal Order Judgment (TOJ) task in which partici-
pants judged the temporal order of the two stimuli. Un-
der voluntary movement condition, the PSS of TOJ was
altered and the resolution of TOJ (Just Noticeable Dif-
ference; JND) was higher than that under no movement
condition [13].

The result of the previous study seemed to demonstrate
that voluntary movement altered simultaneous perception
and that the perception with voluntary movement is not
only the matter of purely sensory integration but also the
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matter of sensory-motor integration. However, the study
had not divided the effects of voluntary movement and
proprioceptive information accompanied by the volun-
tary movement. If proprioceptive information alone af-
fected the TOJ, then the simultaneous perception accom-
panied by voluntary movement would be a purely sensory
phenomenon.

In this paper, the effects of voluntary movement and
proprioceptive information on the perception of simul-
taneity was examined in a differentiating manner (exper-
iment 1). Then, we investigated how voluntary move-
ment or/and proprioceptive information affect simultane-
ous perception (experiment 2). Correa et al. found that
the prediction of the presentation timing of target stim-
uli in TOJ tasks narrowed JNDs [15]. In experiment 2,
it was investigated whether the effect of voluntary move-
ment on TOJ was related to the prediction effect or not.
Furthermore, we examined whether the effect of volun-
tary movement on TOJ was also observed between other
modalities. We used auditory-tactile TOJ tasks in experi-
ment 1 and 2.

2. EXPERIMENT 1

2.1 Method

2.1.1 Participants

Written informed consent was obtained from 12 paid
participants (age range, 22-30 years: seven males and five
females). All participants had an appropriate auditory
threshold and normal touch and exhibited no problems
in moving their right arms. They all were right-handed.

2.1.2 Apparatus and stimuli

Auditory stimuli (50 dB, 15 ms, white noise) were pre-
sented via earphones (MHP-EPS5, JESTAX, Japan). Tac-
tile stimuli (3 N, 15 ms, rectangular pulse) were presented
and involuntary movements were made by a desktop hap-
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tic device (PHANTOM, SensAble Technologies, USA).
All signals were operated by computer programs installed
on PC (HP xw4600/CT, Hewlett-Packard, USA), which
were developed using the OpneHaptics software devel-
opment toolkit (SensAble Technologies, USA).

2.1.3 Task and Conditions

The tasks were auditory-tactile TOJs under three con-
ditions: voluntary condition with voluntary movement
and proprioceptive information, involuntary condition
without voluntary movement but with proprioceptive in-
formation and no-movement condition without voluntary
movement or proprioceptive information.

The experimental design was developed to allow
the following comparisons: 1) results of the NO-
MOVEMENT and INVOLUNTARY conditions, to ex-
amine the effect of the proprioceptive sensation, and 2)
results of the VOLUNTARY and INVOLUNTARY con-
ditions, to identify the effect of voluntary movement it-
self.

We prepared nine Stimulus Onset Asynchrony (SOA)
(-200, -90, -60, -30, 0, +30, +60, +90, and +200) between
auditory and tactile stimuli. The negative values indicate
that the tactile stimulus preceded the auditory stimulus.

2.1.4 Design
This experiment had three movement conditions (vol-

untary, involuntary and no-movement) X nine SOA con-
ditions (-200, -90, -60, -30, 0, +30, +60, +90 and +200).

2.1.5 Procedure
1. Voluntary condition

Tests were conducted in a sound-attenuated room
that was free from noises that could interfere with
the auditory stimulation. During the experiments,
participants wore sound-insulating earmuffs over
the earphones. In addition, their right index finger
and wrist were held in a brace, to control the move-
ment of their arms.

The participants were seated in front of the experi-
mental apparatus with the palmar side of their right
index finger touching the device. After an audi-
tory cue which announced that the recording was
ready, the participants started to make a voluntary
right-arm movement horizontally from right to left
at their own timing. A tactile stimulus was pre-
sented on the right index finger at 900 ms from the
onset of the arm movement, and an auditory stimu-
lus was presented one of SOAs after the tactile stim-
ulus. Then participants judged which stimuli pre-
sented first. 2,000 ms after the participant’s judging,
an auditory cue which announced the next trial was
presented.

To eliminated the effect of visual stimuli, the par-
ticipants were instructed to close their eyes during
the experiment. Additionally, they were also asked
to pay constant attention to the tactile stimuli dur-
ing the trials, to control for the prior entry effect [3,
4,16, 17] on the test results under different testing
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conditions; this facilitates the processing of a stimu-
lus to which one attends relative to one that one does
not.

2. Involuntary condition
Similar to the voluntary condition, an auditory tone
generated to indicate the beginning of the record-
ing. The device stared to move the participants’ right
arm 1,300 to 2,800 ms after the tone. This tempo-
ral gap between the presentation of the single tone
and the start of the device-controlled arm movement
was used to reproduce the variance in the onset of
the voluntary movementin a preliminary experiment
under voluntary condition. The speed of the invol-
untary arm movement chosen for each experimen-
tal run was 76, 88, 112 or 124 mm/s. The occur-
rence rates were calculated from the distribution of
the data collected in the preliminary experiment. A
tactile stimulus was presented 900 ms after the on-
set of the involuntary arm movement and an auditory
stimulus was presented one of SOAs after the tactile
stimulus. The other procedures were the same as
those used in the voluntary condition.

3. No-movement condition
A tactile stimulus was presented after a 2,200-3,700
(1,300+900 to 2, 8004900 ms) delay from the pre-
sentation of the tone which announced the beginning
of a trial. The auditory stimulus was presented one
of SOAs after the tactile stimulus. In this condition,
participants did not move their arm either voluntar-
ily or involuntarily. The other procedures were the
same as those used in the voluntary condition.

This experiment consisted of some blocks. In the
block, the movement condition remained the same and
each block consisted of 45 trials, i.e., five trials for each
SOA. The order of blocks (movement conditions) and the
order of trials (SOA conditions) in one block were ran-
domized. Ten participants completed five blocks and two
participants completed four blocks each for test condi-
tions.

To learn to move their arm at a speed that was as close
to 100 mm/s as possible, the participants underwent prac-
tice sessions for the voluntary condition before embark-
ing on the formal test trials. In addition, under the volun-
tary condition, they conducted practice runs of five to ten
trials immediately before each voluntary-condition block.
During these practice sessions, only the tactile stimulus
was presented; the auditory stimulus for temporal judg-
ment was not. To allow the participants to become fa-
miliar with the TOJ task before starting the formal data
collection trials, they were also provided with practice
sessions for all test conditions. The completion of one
block of trials required around 6 min. Participants were
given several minutes of rest between blocks.

2.1.6 Method for calculating PSS and IND

We conducted a logistic regression analysis using a
generalized linear model (eq. (1)) and the ratio data of
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Fig. 1 Averaged PSSs in experiment 1. Error bars mean
standard errors between participants.

auditory-first responses on each SOA [18].
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and [ relates to the JND (eq. (2)).
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X, represents the SOA with p percent of auditory-first
responses.

2.2 Results

Fig. 1 and 2 respectively show the results of PSSs and
JNDs under each condition. We determined the JND and
PSS values for each participant using regression analy-
ses (Egs (1) and (2)) and processed the data statistically
to obtain the mean and standard error values for each
condition. As shown in Fig. 1, the mean PSS values
had a negative (range: —16.3 to —29.2 ms) for the three
test conditions, which indicates that the auditory-tactile
stimulus pairs were perceived as simultaneous when the
tactile stimuli preceded the auditory stimuli by approxi-
mately 20 ms. In addition, the JND under the voluntary
condition was smaller than that observed under the other
conditions (Fig. 2).

The Friedman test showed no significant difference
in PSSs (p = .205) but a significant difference in JND
(p = .002). Scheffe’s paired comparison analysis showed
that the voluntary condition produced a smaller JND
value compared with the involuntary (p = .017) and no-
movement (p = .005) conditions.

3. EXPERIMENT 2

3.1 Method

3.1.1 Participants

Written informed consent was obtained from 12 paid
participants (average age, 23.2 years: ten males and two
females). All participants had an appropriate auditory
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Fig. 2 Averaged INDs in experiment 1. Error bars mean
standard errors between participants.

threshold and normal touch and exhibited no problems
in moving their right arms. They all were right-handed.

3.1.2 Apparatus and stimuli
The apparatus and stimuli were same as those in ex-
periment 1.

3.1.3 Task and Conditions

The tasks were auditory-tactile TOJs under two move-
ment conditions and three duration conditions. In this ex-
periment, we did not use no-movement condition because
in experiment 1, there were no differences of PSSs and
JNDs between involuntary and no-movement condition.
In experiment 1, the duration from the onset of arm move-
ment to the presentation of tactile stimulus was fixed at
900 ms. In this experiment, the duration was selected
from 600, 900 or 1,500 ms for each trial so that partici-
pants could not predict the timing of presentation of the
auditory and tactile stimuli. Eight SOAs (-200, -90, -60,
-30, +30, +60, +90 and +200) between auditory and tac-
tile stimuli were prepared. The negative values indicate
that the tactile stimulus preceded the auditory stimulus.

3.1.4 Design

This experiment had two movement conditions (vol-
untary and involuntary) x three duration conditions (600,
900 and 1,500 ms) x eight SOA conditions (-200, -90, -
60, -30, +30, +60, +90 and +200).

3.1.5 Procedure

The procedures were similar to those under voluntary
and involuntary conditions in experiment 1 except for the
durations from the beginning of the arm movement to the
tactile stimulus presentation.

This experiment consisted of some blocks. In the
block, the movement condition remained the same and
each block consisted of 120 trials, i.e., five trials for each
SOA and duration condition. The order of blocks (move-
ment conditions) and the order of trials (SOA and dura-
tion conditions) in one block were randomized.
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Fig. 4 Averaged JNDs in experiment 2. Error bars mean standard errors between participants.
3.2 Results movement and duration conditions in PSSs (p = .039)

Fig. 3 and 4 respectively show the results of PSSs
and JNDs under each movement and each duration condi-
tion. As shown in Fig. 3, both under voluntary condition
and under involuntary conditions, the means of PSSs de-
creased as the movement duration increased. As shown
in Fig. 4, the means of JNDs under involuntary condition
decreased as the movement duration increased. On the
other hand, under voluntary condition, the JND in 900
ms condition was narrower than that in the other two du-
ration conditions.

The two-way ANOVA showed the interaction between
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and the simple main effect of the voluntary condition
(p < .001). In the voluntary condition, significant dif-
ferences were found between 300 and 1,500 conditions
(p < .001), between 300 and 900 conditions (p = .014)
and between 900 and 1,500 conditions (p = .003). In
JNDs, we found no significant effect of movement con-
dition (p = .994) but the main effect of the duration
conditions (p = .025) The multiple comparison showed
the significant differences between 300 and 1,500 condi-
tions (p = .031) and between 300 and 1,500 conditions

(p = .011).



4. DISCUSSION

We have investigated the effect of voluntary movement
on an auditory-tactile TOJ. In experiment 1, to examine
separately the effect of voluntary movement and proprio-
ceptive information on simultaneous perception, we com-
pared with three TOJ tasks; TOJ with voluntary move-
ment, TOJ with involuntary movement and TOJ without
any movement. From the results, we found no significant
differences of PSSs and JNDs between the involuntary
and the no-movement conditions. These results mean that
proprioceptive information does not affect cross-modal
simultaneous perception. On the other hand, a smaller
JND value was observed in the voluntary condition com-
pared with the involuntary and no-movement conditions.
Thus, we conclude that in addition to visual-tactile TOJs
[13], the effect of voluntary movement on simultaneous
perception was observed in auditory-tactile TOJs and that
not proprioceptive information but voluntary movement
improves the temporal resolution of TOJ tasks.

Our results regarding the difference in IND between
the voluntary and no-movement conditions corroborate
the results of the preceding study on visual-tactile TOJ
performed by Shi et al. [13], despite our study yielding a
smaller difference. The quantitative discrepancy between
these studies could be attributed to two causes. First, the
difference in modality combination could lead to this dis-
crepancy. According to previous studies, however, TOJ
is less affected by modality combination [9]. Therefore,
the difference in modality combination is unlikely to ex-
plain the discrepancy. Second, the discrepancy could be
attributed to the different degrees of predictability under
the voluntary condition. In the study by Shi et al. [13],
participants were able to make precise predictions via the
combination of visual information, proprioceptive infor-
mation, and motor command signals such as the effer-
ence copy. Similarly, Tanaka et al. [19] showed that the
prediction of dynamic target positions was more accurate
under a condition of active tracking rather than one of
passive observation and that, even under the active con-
dition, lack of visual feedback caused larger errors. In
contrast, participants in our study predicted motion based
only on proprioceptive information and motor command
signals. Thus, the smaller JND difference between the
voluntary and no-movement conditions observed in ex-
periment 1 may be a consequence of the poorer predictive
performance in our experimental setting.

In experiment 2, the difference of JNDs between vol-
untary and involuntary conditions was not found. It is
known that selective temporal attention [15] or temporal
preparation [20] could increase under the voluntary con-
dition and could narrow JNDs compared with the other
conditions. Correa et al. [15] presented the words “early”
or “late” as a cue before the TOJ task of two visual stim-
uli, and found that when the cues corresponded to the ac-
tual cue—target interval, the IND was smaller than when
they did not. This result shows that if the temporal point
when the stimuli come is predictable, attending to a spe-
cific moment improves temporal resolution. Although the
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previous study used a unimodal TOJ task and thus differs
from ours, compared between the JND results of exper-
iment 1 and 2, the voluntary movement could increase
temporal attention to the time point of the target stim-
uli. That is, the voluntary movement could increase the
temporal predictability of the stimuli presentation, and at-
tending to the predicted timing could enhance temporal
resolution.

In experiment 1, the differences of PSSs between all
three movement conditions were not found but in exper-
iment 2, the difference of PSSs between voluntary and
involuntary condition were found. As shown in Fig. 3,
the value of voluntary-900 and that of involuntary-900
conditions were close and under voluntary condition, as
the duration increased, the PSS decreased. That is, near
the duration, 900 ms, which we used in experiment 1, the
PSS of voluntary condition was in agreement with that
of involuntary condition. Therefore, in experiment 1, we
did not found the differences of PSSs between movement
conditions.

The results of PSSs in experiment 2 could be attribute
to attention to tactile sensation. Previous studies re-
vealed an attentional bias known as prior entry ([3,4,
17]; see also [16], for a review), in timing judgment
tasks. Although we instructed participants to attend to
tactile sensation in all conditions of our experiment, par-
ticipants may have paid more attention to the tactile in-
formation under the voluntary-300 condition than under
the involuntary-300 condition. Therefore, the processing
speed of tactile information under the voluntary-300 con-
dition could be faster compared with the involuntary-300
condition, and the PSS of voluntary-300 condition could
shift to the point when auditory stimulus was presented
earlier compared with the involuntary-300 condition. On
the other hand, participants may have paid less attention
to tactile information in the voluntary-1,500 condition
more than in the involuntary-1,500 conditions. Therefore,
the processing speed of tactile information slowed down
under the voluntary-1,500 condition and the PSSs shift
to the point when the tactile stimulus was presented ear-
lier. Despite these hypotheses, the relation between the
attention to the stimuli and the movement duration is still
unclear. This is an interesting topic for future research.

5. CONCLUSION

Not proprioceptive information but voluntary move-
ment affects simultaneous perception. Voluntary move-
ments enhanced the temporal resolution of simultaneous
perception when the prediction of timing of stimuli pre-
sentation is available. PSS shifts from auditory-first pre-
sentation to tactile-first presentation according to increas-
ing of the voluntary movement duration. Our results of
PSSs suggest that the longer the duration of voluntary
movement, the less attention tactile signals are paid to.
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