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training. however, the benefits were absent for implicit 
interval training protocols. this finding suggests that the 
timing ability in one modality can be rapidly acquired and 
used to improve timing-related performance in another 
modality and that there may exist a central clock for sub-
second temporal processing, although modality-specific 
perceptual properties may constrain the functioning of this 
clock.

Keywords crossmodal transfer · Perceptual training · 
time interval · apparent motion · ternus display

Introduction

crossmodal transfer is the ability to convey information 
acquired in one sensory modality to another. For example, 
in infants, the identification of shape by touch can facilitate 
the gaze response to similar shapes presented in the visual 
modality (Gottfried et al. 1977; hermelin and O’connor 
1964). the ability to form high-order crossmodal associa-
tions provides the basis for human cognitive development 
(Rosenblum et al. 2007; Rudell and teuber 1964). cross-
modal transfer has also been explored in the temporal pro-
cessing domain (Block et al. 2010; Grondin 2010; Grondin 
and Rousseau 1991; Ivry and schlerf 2008; Killeen and 
Fetterman 1988; lewis and Miall 2003; Rammsayer and 
Ulrich 2001; Zakay and tsal 1989). the transferability 
of temporal processing addresses an outstanding question 
in sensory neuroscience: Whether the perceived timing of 
events is mediated by a central, supramodal timing mech-
anism or whether there exist multiple modality-specific 
systems (Buhusi and Meck 2005; Ivry and schlerf 2008; 
lewis and Miall 2003; Merchant et al. 2008; shih et al. 
2009; Zakay and tsal 1989). a central timing mechanism 

Abstract sub-second time perception is essential for 
many important sensory and perceptual tasks including 
speech perception, motion perception, motor coordination, 
and crossmodal interaction. this study investigates to what 
extent the ability to discriminate sub-second time inter-
vals acquired in one sensory modality can be transferred to 
another modality. to this end, we used perceptual classifi-
cation of visual ternus display (ternus in Psychol Forsch 
7:81–136, 1926) to implicitly measure participants’ interval 
perception in pre- and posttests and implemented an intra- 
or crossmodal sub-second interval discrimination training 
protocol in between the tests. the ternus display elicited 
either an “element motion” or a “group motion” percept, 
depending on the inter-stimulus interval between the two 
visual frames. the training protocol required participants 
to explicitly compare the interval length between a pair of 
visual, auditory, or tactile stimuli with a standard interval 
or to implicitly perceive the length of visual, auditory, or 
tactile intervals by completing a non-temporal task (dis-
crimination of auditory pitch or tactile intensity). Results 
showed that after fast explicit training of interval discrimi-
nation (about 15 min), participants improved their ability 
to categorize the visual apparent motion in ternus displays, 
although the training benefits were mild for visual timing 
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would predict that the timing ability acquired from one sen-
sory modality can be generalized to the processes of timing 
in other modalities. In contrast, the modality-specific sys-
tems or multiple clocks would allow only limited transfer 
of the timing ability between different sensory modalities.

along the time scale, the range of sub-second is essential 
for many important sensory and perceptual tasks including 
speech perception, motion perception, and motor coor-
dination. It is also essential for coordinating crossmodal 
interaction and multisensory integration (alais et al. 2010; 
Edwards et al. 2002; Michon 1985; schirmer 2004; stein 
and stanford 2008). there have been increasing amounts 
of studies investigating the underlying mechanisms of sub-
second crossmodal integration or transfer. these studies 
employed essentially two paradigms: sensory adaptation 
and perceptual learning.

crossmodal adaptation to time intervals has been imple-
mented with the presentation of the adaptation stimuli from 
one modality first and the test stimuli in another modality 
later. the adaptation stimuli are generally paired with the 
test stimuli with no explicit processing requirement on the 
adaptation stimuli. the adaptation takes a variety of para-
digms: cross-sensory lag adaptation (harrar and harris 
2008; Di luca et al. 2009), action-event causality (heron 
et al. 2009; sugano et al. 2010, 2012), and temporal ven-
triloquist effect (alais and Burr 2004; Bruns and Getz-
mann 2008; chen and Zhou 2011; Freeman and Driver 
2008; Getzmann 2007; Kafaligonul and stoner 2010; shi 
et al. 2010; Vroomen and de Gelder 2000, 2003; see chen 
and Vroomen 2013 for a review). Results of these studies, 
however, are largely contradictory: While some studies 
suggested a high-level supramodal recalibration mecha-
nism (heron et al. 2009), other studies showed asymmetric 
transfer between modalities (harrar and harris 2008; sug-
ano et al. 2010, 2012); in addition, other studies indicated a 
general transfer effect that is dependent on the relative tem-
poral precision associated with the individual modality (Di 
luca et al. 2009; Freeman and Driver 2008; Zhang et al. 
2012). For example, Freeman and Driver (2008) repeat-
edly presented visual bars at two different visual fields, 
with fixed time lags between them. When only visual bars 
were presented, the equal inter-intervals between the con-
secutively presented bars elicited bistable visual apparent 
motion, without dominant perception of a specific direc-
tion (from left to right or from right to left). these bars can 
also be coupled with auditory tones with a variable time 
lag between the tone and the bar; this type of manipulation 
led to the perception that the bars were presented with a 
dominant direction (e.g., from the left to the right). after 
adapting to this presentation, participants were presented 
with the bars only. however, participants reported a biased 
direction for the bars, opposite to the perceived direction in 
the adaptation phase. Importantly, presenting only auditory 

tones in the adaptation phase also led to the perception of 
biased direction for the subsequent visual stimuli.

Perceptual learning is a relatively permanent improve-
ment (e.g., over weeks or months) in perceptual acuity as a 
result of consistent practice (Fahle and Poggio 2002). Many 
studies have investigated whether the ability of interval per-
ception acquired in perceptual learning in one modality 
can be transferred to tasks in another modality. three dif-
ferent types of training were used: (1) participants explic-
itly discriminated two intervals or two rhythms by decid-
ing which interval was longer/shorter or which rhythm 
was faster/slower (Becker and Rasmussen 2007; Grondin 
and Ulrich 2011; lapid et al. 2009; Nagarajan et al. 1998; 
Wright et al. 1997); (2) participants produced an interval 
equal to the preceding (standard) interval (Meegan et al. 
2000); (3) participants made temporal order judgments 
for two events from either the same or different modalities 
(alais and cass 2010). In the post-training test, partici-
pants carried out essentially the same tasks but in a differ-
ent modality. Results generally demonstrate the crossmodal 
transfer of interval timing. For example, Nagarajan et al. 
(1998) trained participants to discriminate the intervals 
between two pairs of vibratory pulses for 10–15 days, with 
one standard/base interval of either 75 or 125 ms and the 
other intervals of longer duration than the standard inter-
val (determined by an adaptive psychophysics procedure). 
they found the training benefits of somatosensory interval 
discrimination generalized to auditory stimuli presented at 
comparable base intervals.

the two sets of previous studies, one using implicit tim-
ing tests and the other using explicit timing tasks, obtained 
support for the supramodal sub-second time interval pro-
cessing mechanism. however, the two set of studies dif-
fered on how fast the interval information could be trans-
ferred crossmodally. In the adaptation paradigm with paired 
adaptation test stimuli, the crossmodal transfer was very 
fast; in the perceptual learning paradigm, the training phase 
lasted several hours or several days. It is not clear whether 
in the latter paradigm, crossmodal transfer can take place 
rapidly. a fast learning mechanism, if it exists, would pro-
vide a means for overcoming inevitable multisensory (such 
as audiovisual) timing variation, serve to maximize the per-
ceptual benefits of multisensory interaction, and therefore 
contribute to the flexibility needed for imminent perceptual 
decisions.

the aim of the present study was to provide evidence 
for the rapid transfer of the time interval processing abil-
ity, which was acquired through perceptual learning and 
transferred from auditory and tactile modality to vision. 
to this end, we conducted seven experiments in which the 
ternus display was used to implicitly test participants’ time 
perception ability before training and after training. ter-
nus apparent motion is a useful tool to examine implicit 
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temporal processing (chen et al. 2010; shi et al. 2010; 
Wang et al. 2014). a typical ternus display consists of two 
visual frames. Each frame has two disks, with the second 
disk of the first frame and the first disk of the second frame 
being presented at the same location. Observers typically 
report two distinct percepts depending on the inter-stimulus 
interval (IsI) between the two frames. these are known 
as “element motion” (EM) and “group motion” (GM) 
(Fig. 1). short IsIs usually give rise to the perception of 
EM. In other words, the outer dots are perceived as moving 
from left to right (or from right to left) while the center dot 
appears to remain static or flashing at the same location. In 
contrast, long IsIs give rise to the perception of GM. that 
is, the two dots are perceived moving together as a group 
(chen et al. 2010; Kramer and Yantis 1997; Pantle and 
Petersik 1980; Pantle and Picciano 1976; shi et al. 2010; 
Wang et al. 2014). In this task, the perception of EM or GM 
depends purely on the time interval between the two visual 
frames, and the variation in the percentage of GM reports 
for different IsIs would allow us to implicitly measure the 
participants’ perception of timing.

Importantly, we tested participants twice (pretest and 
posttest) with the ternus task. During the actual experi-
ments, participants completed one of the two potential 
tasks: (1) an explicit time interval comparison task in either 
the visual, auditory, or tactile modality for about 15 min 
(Experiments 1, 2, and 3); (2) an implicit time interval 
perception task in which participants discriminated the 
pitch frequencies or tactile intensities of auditory or tactile 
stimuli with different time intervals (Experiments 6 and 7). 
control experiments (Experiments 4 and 5) were conducted 
to rule out the possibility that training benefits could be 
attributed to simple practice- or fatigue-based factors.

the empirical question was whether the time inter-
val perceptual learning in a different modality affects the 
PsE (point of subjective equality at which the participant 
was equally likely to report the two percepts of apparent 
motion) and JND (just noticeable difference, indicating the 
resolution of apparent motion discrimination) for perceiv-
ing GM and EM in the ternus display. If a particular train-
ing protocol in a modality can improve participants’ per-
ception of time interval and this ability can be transferred 
to the visual modality, we should observe a reduced PsE 
(with a shorter IsI between the two visual frames) as well 
as a reduced JND for the perception of GM in the ternus 
posttest relative to the pretest. that is, the two visual frames 
in the ternus display should be more easily “separated,” 
and the sensitivity of discrimination should be elevated 
in the posttest as compared with the pretest. Moreover, if 
the training benefit is dependent upon the efficacy of the 
interval training protocol, we should observe larger transfer 
benefits for explicit timing training protocols (Experiments 
1, 2, and 3) than for the implicit timing training protocols 

(Experiments 6 and 7); this is because in the former pro-
tocols, timing was task relevant and the focus of attention.

Methods

Participants

to avoid potential contamination of tasks, we adopted a 
between-participants design for training protocols. Eighty-
five undergraduate and graduate students (23 females, aged 
between 20 and 34 years, average age 24.5 years) partici-
pated in the seven experiments. twelve participants were 
tested for Experiment 1 (auditory interval training), 12 for 
Experiment 2 (tactile interval training), 13 for Experiment 
3 (visual interval comparison), 12 for Experiment 4 (ter-
nus task—three repetitions), 13 for Experiment 5 (ternus 
task—two repetitions), 11 for Experiment 6 (auditory pitch 
discrimination), and 12 for Experiment 7 (tactile intensity 
discrimination).

all the participants reported normal hearing and soma-
tosensory perception and were naïve to the purpose of the 
study. the experiment was performed in compliance with 
the institutional guidelines set by the Ethics committee, 
Department of Psychology at Peking University.

Pre- and posttests

the ternus display was used to measure the implicit percep-
tion of time interval for pre- and posttests. Each ternus dis-
play was composed of two frames, with each frame of two 
black disks (12.71 cd/m2 in luminance) presented horizon-
tally for 30 ms on a gray background (16.11 cd/m2 in lumi-
nance). the two frames shared one disk location at the center 
of the screen and contained the other two disks on the hori-
zontally opposite side of the center (ternus 1926; shi et al. 
2010). the diameter of each black disk was 1.6° in visual 
angle, and the distance between the centers of the two adja-
cent disks was 3.1°. the duration of each frame was 30 ms.

Fig. 1   the ternus display. two possible motion percepts: a Element 
motion (EM) for short IsIs with the middle disk being perceived as 
static and the outer disk being perceived as moving from one side 
to the other. b Group motion (GM) for long IsIs with the two disks 
being perceived moving together as a group
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For a given trial, the IsI between the two visual frames 
of the ternus display was randomly selected from one of 
the following seven durations: 50, 80, 110, 140, 170, 200, 
or 230 ms. there were 40 trials for each level of IsI, with 
20 trials for the leftward or rightward directions of apparent 
motion. the presentation order of the 280 trials was rand-
omized for each participant. these trials were divided into 
4 blocks, with 70 trials for each block. Participants took 
short breaks between blocks.

training protocols

For crossmodal explicit interval training, the interim train-
ing phase task was to judge which of the two intervals was 
longer, with each of the intervals marked either by two 
sound beeps (Experiment 1) or by two tactile taps (Experi-
ment 2). a standard interval of 140 ms between the two 
beeps or between two tactile taps was included in each trial, 
and the comparison interval varied from 50 to 230 ms, with 
30 ms as the step size. the presentation order of the stand-
ard interval and the comparison intervals was randomized. 
Each auditory beep was 65 dB, lasting 30 ms, and its fre-
quency was 1,000 hz. the beeps were conveyed through 
binaural headphones. the tactile stimuli were produced 
using solenoid actuators with embedded cylinder metal tips 
taped to the tip of the left middle finger (heijo Box, heijo 
Research Electronics, UK). the maximum contact area 
was about 4 mm2 and the maximum output is 3.06 W. the 
intensity of tactile tap was calibrated for each participant 
and was set at a medium intensity level before the formal 
experiment.

For intra-modal training, the task was to judge which 
of the two visual intervals was longer, with each interval 
marked by two consecutive visual dots at the fixation posi-
tion (Experiment 3). a standard interval of 140 ms between 
the two visual dots was included in each trial, and the com-
parison interval varied from 50 to 230 ms, with 30 ms as 
the step size.

Experiments 4 and 5 were conducted as controls. Dif-
ferent from the above training protocols, the interim train-
ing phase required participants to either perform the ternus 
task, as in the pre- and posttests, or simply to rest.

For the training protocol of Experiment 6, two pairs of 
pure tones were presented in each trial, with one pair hav-
ing a standard pitch frequency (1,000 hz) and another pair 
having a frequency varying from 850 to 1,150 hz, with 
50 hz as the step size. Participants were asked to decide 
which tone pair had a higher frequency. For the training 
protocols of Experiment 7, two pairs of tactile stimulation 
were administered as taps to the tip of the left middle finger, 
with one pair of taps of standard intensity and another pair 
of variable intensities. the tactile intensity was varied from 
level 1 (the weakest) to level 7 (the strongest stimulation). 

level 4 was the standard intensity. Importantly, in both pro-
tocols, the standard pair of stimuli had a fixed time inter-
val of 140 ms, while the comparison stimuli had a variable 
interval selected randomly from a range between 50 and 
230 ms. Each stimulus lasted 30 ms. therefore, the pres-
entation of the training stimuli was essentially the same as 
in Experiments 1 and 2, but the time intervals between the 
paired stimuli were task irrelevant.

training in each experiment (except Experiment 5) was 
composed of 168 trials, divided into 6 blocks. Participants 
could take a break between blocks. the whole training ses-
sion for an experiment lasted about 15 min. the rest time 
between pre- and posttest in Experiment 5 was also about 
15 min.

Procedure

Prior to the formal experiment, participants practiced 
to get familiar with the ternus displays of either typical 
“EM” (with IsI = 50 ms) or typical “GM” (IsI = 260 ms). 
they were asked to discriminate the two types of motions 
by pressing the left or right mouse button. the mapping 
between response button and the type of motion was coun-
terbalanced across participants. During practice, an incor-
rect response was resulted in immediate feedback on the 
screen revealing the correct response (EM or GM). the 
practice session continued until the participant’s accuracy 
of report was close to 100 %. all the participants could 
achieve an accuracy of 95 % within 120 trials.

For the ternus motion discrimination task in all the 
experiments, each trial began with a fixation cross-pre-
sented at the center of the screen for 300 ms. a blank dis-
play (with a gray background) was then shown for a ran-
dom duration of 300–500 ms, followed by a ternus display 
with a variable IsI (50, 80, 110, 140, 170, 200, or 230 ms) 
between the two frames. after a blank screen of 300 ms, a 
question mark appeared to prompt participants to make a 
two-alternative forced-choice response, indicating whether 
they had perceived EM or GM. the next trial began 500 ms 
after the participant pressed the button.

For auditory interval training (Experiment 1), a trial 
began with the presentation of a fixation cross at the center 
of the screen for a random duration of 300–500 ms. a 
blank display (with a gray background) was then shown for 
300–500 ms. then, the participant was presented with the 
standard auditory time interval (i.e., the interval between 
two sound beeps was 140 ms) and a comparison inter-
val (marked by two sound beeps with a random interval 
between 50 and 230 ms). the order of the two intervals 
was randomly determined, and the time interval between 
the sound beeps was 800–1,000 ms and was randomly 
determined. after another blank screen of 500–700 ms, a 
text appeared on the screen, asking “Which time interval is 
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longer, the first or the second?” the next trial began 500–
700 ms after button press.

For tactile interval training (Experiment 2) and visual 
interval training (Experiment 3), as well as the task-irrel-
evant training of tone pitch discrimination (Experiment 
6) and tactile intensity discrimination (Experiment 7), the 
procedures and the timing parameters were essentially the 
same as the auditory interval training in Experiment 1.

the test room was dimly lit with an average ambient 
luminance of 0.12 cd/m2. Visual stimuli were presented on 
a 22-in. cRt monitor (1,024 × 768 pixels; 100 hz) posi-
tioned at eye level. Viewing distance was set to 57 cm, 
maintained with a chin rest. a headset (Philips, shM 1900) 
was used to emit sound stimuli as well as to prevent the 
faint noise produced by tactile taps in Experiment 2. stim-
ulus presentation and data collection were implemented 
with computer programs developed with MatlaB 7.1 
(MathWorks Inc., Natick, Ma) and Psychophysics toolbox 
(Brainard 1997; Pelli 1997).

Results

Pretests

For each level of IsI between the two frames, the per-
centage of “GM” reports was collapsed over two motion 
directions. the seven data points (one for each IsI) were 
fitted into the psychometric curve using a logistic func-
tion (treutwein and strasburger 1999). the transitional IsI 
(PsE) was calculated by estimating the 50 % of reporting 
GE on the fitted curve. the JND was calculated as half of 
the difference between the lower (25 %) and upper (75 %) 
bound of the thresholds in the psychometric curve.

comparisons were conducted for the PsEs derived for 
the seven groups of participants. there were no signifi-
cant differences between PsEs in the seven experiments, 
F(6,78) < 1. the PsEs were 138.8 ± 3.9 ms for Experi-
ment 1, 142.5 ± 4.7 ms for Experiment 2, 131.9 ± 5.9 ms 
for Experiment 3, 136.5 ± 6.1 ms for Experiment 4, 
132.5 ± 4.1 ms for Experiment 5, 137.2 ± 3.4 ms for 
Experiment 6, and 129.4 ± 6.5 ms for Experiment 7.

comparisons were also made for the JNDs, which 
measured the task difficulty and participants’ sensitiv-
ity in discriminating the two possible percepts of visual 
ternus display. again, there were no differences between 
the seven experiments, F(6,78) < 1. the JNDs were 
36.2 ± 4.9 ms for Experiment 1, 30.4 ± 4.1 ms for Experi-
ment 2, 32.2 ± 4.6 ms for Experiment 3, and 29.7 ± 4.1 ms 
for Experiment 4, 24.5 ± 2.5 ms for Experiment 5, 
26.4 ± 3.1 ms for Experiment 6, and 31.5 ± 3.7 ms for 
Experiment 7. these null results suggested that the partici-
pants in the seven experiments were generally well matched 

in their ability to discriminate visual apparent motion and 
to implicitly process time intervals between visual frames.

Interval training

Figure 2 depicts participants’ performance on the inter-
val training tasks in Experiments 1–3. clearly, accuracy 
of responses to the interval question varied as a func-
tion of the difference between the comparison interval 
and the standard interval (140 ms). Repeated measures 
aNOVa with the comparison interval (seven levels) as 
a within-participant factor showed a significant main 
effect of interval, F(6,66) = 292.74, p < 0.001 for Experi-
ment 1, F(6,66) = 94.68, p < 0.001 for Experiment 2, and 
F(6,72) = 282.99, p < 0.001 for Experiment 3.

similar observations also apply to Experiments 6 and 
7. there was a significant main effect of pitch frequency, 
F(6,60) = 46.88, p < 0.001, and a significant main effect of 
tactile intensity level, F(6,60) = 60.44, p < 0.001. It is clear 
from Fig. 3 that performance was worse when the pitch fre-
quency or intensity level was close to that of the standard 
stimuli.

Pretests vs. posttests

Figure 4 illustrates the mean psychometric estimates (with 
standard errors) across participants in each of the seven 
experiments. Figure 5 illustrates the PsEs and JNDs for the 
pre- and posttests of ternus motion in each experiment.

We first conducted a mixed-model aNOVa for Experi-
ments 1–5, with the difference between pretests and post-
tests as a within-participant factor and the experiment 
as a between-participant factor. For PsEs, there were no 

Fig. 2  the correct response percentages of interval discrimination 
as a function of the comparison intervals (50, 80,110,170, 200, and 
230 ms) versus standard interval (140 ms). the dashed line with dia-
monds depicts the correct percentages in sound interval discrimina-
tion (Experiment 1), the dotted line with circles depicts the correct 
percentages in tactile interval discrimination (Experiment 2), and the 
solid line with squares depicts visual interval discrimination (Experi-
ment 3)
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significant main effect of test, F(1,57) = 2.05, p > 0.1, 
and no main effect of experiment, F(4,57) < 1. however, 
the interaction between test and experiment was signifi-
cant, F(4,57) = 2.72, p < 0.05, indicating that the differ-
ence between the pre- and posttests had different patterns 

in different experiments. For the JNDs, there was a signifi-
cant main effect of test, F(1,57) = 8.51, p < 0.01, but no 
main effect of experiment, F(4,57) < 1. Importantly, the 
interaction between test and experiment was marginally 
significant, F(4,57) = 2.28, p = 0.07. aNOVas including 
all the seven experiments obtained essentially the same pat-
terns of results. We therefore test the effects separately for 
each experiment.

Experiment 1

the mean PsEs were 138.8 ± 3.9 and 129.6 ± 5.3 ms 
for the pretest and posttest, respectively. the difference 
between them was significant, t(11) = 3.58, p < 0.01. 
the difference between the mean JNDs for the pretest 
(36.2 ± 4.9 ms) and posttest (30.5 ± 4.2 ms) was also 
significant, t(11) = 2.86, p < 0.05. thus, auditory interval 
training seemed to improve the participants’ ability to dis-
criminate the apparent motion in the ternus display.

Experiment 2

the mean PsEs were 142.5 ± 4.7 and 132.8 ± 5.5 ms and 
the mean JNDs were 30.4 ± 4.1 and 25.8 ± 3.6 ms for 

Fig. 3  the correct response percentages for pitch/intensity discrimi-
nations as a function of the pitch frequency (850, 900, 950, 1,050, 
1,100, and 1,150 hz) versus standard pitch (1,000 hz) or as a func-
tion of tactile intensity levels (from l1 to l7 except l4) versus stand-
ard intensity (level 4). the dashed line with diamonds depicts the 
correct percentages in pitch discrimination (Experiment 6), and the 
dotted line with circles depicts the correct percentages in tactile inten-
sity discrimination (Experiment 7)

Fig. 4  Psychometric curves for mean percentages for reports of 
group motion (GM) in the seven experiments (pre- and posttest of the 
ternus apparent motion).the solid curve (circles) represents the pro-
portion of GM response as a function of the IsI between the two ter-

nus frames in the pretest, and the dotted curve (with triangles) repre-
sents GM responses in the posttest. the error bars represent standard 
errors (In Experiment 4, the ternus motion tasks were repeated in the 
three sessions)
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the pretest and the posttest, respectively. T tests showed 
significant differences between the pre- and posttests, 
t(11) = 2.78, p < 0.05 for PsE and t(11) = 2.42, p < 0.05 
for JND. again, tactile interval training appeared to have 
improved the ability to discriminate visual apparent motion 
for the ternus display.

Experiment 3

the PsEs showed no significant difference between the 
pretest (131.8 ± 5.9 ms) and the posttest (129.9 ± 4.7 ms), 
t(12) < 1, although the JNDs did have an effect (32.2 ± 4.6 
vs. 27.6 ± 4.4 ms), t(12) = 2.55, p < 0.05. thus, unlike 
auditory and tactile interval training, the intra-modal train-
ing had only partial effects on the perception of visual 
apparent motion.

Experiment 4

We obtained the PsEs and JNDs for the three sessions of 
ternus apparent motion discrimination. the PsEs were 
136.5 ± 6.1, 134.4 ± 6.7, and 137.5 ± 6.4 ms for the 
pre-, interim-, and posttest, F(2,22) < 1. the JNDs were 
29.7 ± 4.1, 31.2 ± 6.3, and 31.3 ± 5.1 ms, respectively, 
for the three sessions, F(2,22) < 1. clearly, repeatedly per-
forming the apparent motion discrimination for the ternus 
display did not lead to performance improvement.

Experiment 5

the PsEs were 132.4 ± 4.1 and 138.9 ± 3.5 ms for the 
pretest and posttest, respectively, with a slight increase in 

PsE in the post-test, t(12) = −1.95, p = 0.08; the JNDs 
were 24.5 ± 2.5 and 24.1 ± 2.0 ms for the pre- and post-
test, t(12) < 1. therefore, Experiment 5 replicated the null 
effect of simple repetition from Experiment 4.

Experiment 6

the PsEs showed no significant difference between the 
pretest (137.2 ± 3.4 ms) and the posttest (136.6 ± 4.9 ms), 
t(10) < 1; the JNDs also showed no differences between 
pre- and posttest (26.4 ± 3.1 vs. 26.5 ± 3.8 ms), t(10) < 1.

Experiment 7

there was no significant difference between the 
pre- and posttests in either the PsE (129.4 ± 6.5 vs. 
133.6 ± 8.1 ms), t(11) = −1.28, p > 0.1, or the JND 
(31.5 ± 3.7 vs. 27.4 ± 3.7 ms), t(11) = −1.81, p = 0.10.

Discussion

the empirical question for this study was whether percep-
tual discrimination of visual apparent motion in the ternus 
display could be influenced by fast training of time interval 
discrimination in the same or different modalities. Given 
that the discrimination of “EM” versus. “GM” depends 
upon the implicitly perceived time interval between the two 
visual frames of the ternus display, any changes in sensi-
tivity (corresponding to JND) and threshold (correspond-
ing to PsE) in perceptual discrimination across the pre- and 
posttests could be attributed to the impact of crossmodal/

Fig. 5  PsEs and JNDs for pre- 
and posttests of discriminating 
the ternus apparent motion 
in the seven experiments. the 
black bars indicate values of 
PsEs or JNDs in the pretests, 
and the white bars indicate 
values of PsEs and JNDs in the 
posttests. the error bars repre-
sent the standard errors
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intra-modal interval training in between the tests. Results 
showed that fast, explicit training (about 15 min) on cross-
modal (auditory or tactile) temporal interval discrimination 
improved the performance on the posttest, with significantly 
diminished PsEs and JNDs in the posttests (Experiments 
1 and 2). the training benefit was limited for intra-modal 
(visual) interval training (Experiment 3), where the JNDs 
decreased (i.e., with enhanced sensitivity) but the PsEs 
were unaffected. this enhancement of sensitivity was most 
likely due to the increased precision in visual temporal pro-
cessing that translates into the implicit interval discrimi-
nation in the visual ternus task (stevenson et al. 2013). 
Repeatedly performing the ternus motion discrimination 
task, however, did not change the PsEs or JNDs across 
sessions (Experiments 4 and 5), thus ruling out any simple 
practice- or fatigue-based accounts for the transfer effects in 
Experiments 1–3. When timing between auditory and tactile 
stimulation was task irrelevant, but was varied in the same 
way as in the explicit training protocols (Experiments 6 and 
7), no implicit learning occurred and no improvement was 
observed on the performance in the subsequent ternus task.

For temporal processing across different sensory modal-
ities, two distinct theoretical frameworks—dedicated and 
intrinsic models—have recently been summarized for 
human timing (see Ivry and schlerf 2008). Dedicated mod-
els assume the existence of a single, centralized timing 
mechanism (i.e., a “central clock”). any training benefit of 
temporal processing in one modality can be automatically 
transferred or generalized to the processing in other modal-
ities. In contrast, the intrinsic models assume that time is an 
inherent property of task-related neural activity in a partic-
ular modality (allman et al. 2014; Ivry and schlerf 2008). 
accordingly, training on temporal ability in one modality 
should not transfer to other modalities. In the current study, 
the transfer of the auditory/tactile explicit interval training 
to the visual events gives support for a common supramodal 
timing process, which is consistent with most of the previ-
ous studies reviewed in Introduction (Meegan et al. 2000; 
Nagarajan et al. 1998; Wright et al. 1997; see also alais 
and cass 2010 for partial transfer). however, in contrast to 
the lengthy training of hours or days (e.g., stevenson et al. 
2013), the benefits of the current trainings were achieved 
rapidly, suggesting that the ability of timing is more flex-
ible than the most literature that has demonstrated (alais 
and cass 2010; Grondin and Ulrich 2011; Meegan et al. 
2000; Nagarajan et al. 1998; Wright et al. 1997).

however, for the exposure to task-irrelevant interval 
variations, there were no transfer benefits in discriminat-
ing visual apparent motion, suggesting that, at least for the 
given short training protocols, exposure to implicit timing 
cannot recalibrate the sensory processing in another modal-
ity. the contrasting findings for different training proto-
cols (explicit vs. implicit) demonstrate that the crossmodal 

transfer effect in sub-second timing is task dependent and 
is an attention-guided process (ahissar and hochstein 
1993, 1997, 2004; huang et al. 2007; huyck and Johnsrude 
2012; li et al. 2004).

the effects of fast interval training reflect the malle-
ability of multisensory temporal processes. crossmodal 
interval training changed the precision in perceiving the 
temporal window or time interval between the two events 
enclosing the time interval. Previous modeling of percep-
tual learning in the spatial task of orientation discrimina-
tion has indicated that the tuning curve of trained cortical 
neurons either amplifies or sharpens the firing rates of tar-
get neurons responsible for encoding the orientation dis-
crimination (Bejjanki et al. 2011). By analogy, we suggest 
that interval training may elicit both types of changes that 
lead to improved performance in subsequent probe tasks 
of temporal processing. In this way, the explicitly acquired 
timing ability was subsequently used to better separate the 
two visual frames in the ternus display, leading to more 
reports of GM. Indeed, there is evidence showing that there 
are partially overlapping neural circuits (particularly in 
the parietal cortex) for explicit timing and implicit timing 
across different sensory modalities (coull and Nobre 2008; 
Wiener et al. 2010). It is possible that the firing of neurons 
after training for explicit timing is more precise when these 
neurons are also used for tasks involving implicit timing.

For the explicit interval discrimination protocols, partici-
pants were required to make perceptual decision to the two 
pairs of consecutively presented stimuli (intervals), both of 
which should be retained in memory. the discrimination of 
intervals is intrinsically task demanding, while discrimina-
tion of temporal order and perceptual decision of implicit 
timing may require less attentional resource and hence 
are less task demanding. this explains why there was no 
significant transfer effect for the temporal order judgment 
task (alais and cass 2010) and no effect for the implicit 
exposure to timing properties in Experiments 6 and 7. 
the training efficacy may obey the inverse effectiveness 
law. this law states that multisensory integration is more 
likely to occur when the constituent sensory stimuli pre-
sented in isolation evoke relatively weak responses (stein 
and stanford 2008). We suggest that the training benefits 
are inversely proportional to the task demand for unisen-
sory interval training. When the training task is highly 
demanding, the transfer effect/benefit is observed (Di luca 
et al. 2009; stein and stanford 2008). still, one might won-
der why there was no robust transfer of temporal process-
ing for intra-modality (the visual modality) training. after 
all, the training protocol for the visual modality was struc-
tured in the same way as training protocol for the auditory 
and tactile modality and had essentially the same level of 
task requirements. We argue that the failure to achieve full 
benefit of intra-modal training was probably due to the 
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relatively short training protocol, which would not allow 
the participant to acquire the full ability to discriminate 
time intervals in the visual modality. Previous studies have 
shown that visual interval timing, when compared with 
auditory and tactile modalities, is associated with larger 
internal noise, making its estimation less accurate (Burr 
et al. 2009; Glenberg et al. 1989; Glenberg and Jona 1991; 
Grondin and Rousseau 1991; Grondin et al. 2005; Recan-
zone 2003; Welch and Warren 1980). It is possible that 
within a 15-min training session for the visual modality, 
the “noisy” nature has not been ameliorated and the sys-
tem only partially benefits from the training protocol. In 
other words, although there may exist a central clock which 
functions universally in different modalities and which sub-
serves the transfer of training effects across modalities, the 
way this central system functions in a particular modality 
may be partially modulated or constrained by the sensory 
and perceptual properties of this modality.

Note that in the current study, vision was the target 
modality for testing the transfer effect in all the experi-
ments. Earlier studies reported crossmodal transfer effects 
from the somatosensory to the auditory modality (Nagara-
jan et al. 1998) and from the auditory modality to motor 
timing (Meegan et al. 2000). But attempts to demonstrate 
crossmodal transfer from the auditory modality to vision 
were generally unsuccessful (Grondin and Ulrich 2011; 
lapid et al. 2009). Only in a recent perceptual learning 
study did researchers observe the transfer of temporal dis-
crimination training from the auditory modality to the vis-
ual modality (but not vice versa; Bratzke et al. 2012). It is 
for further research whether a fast transfer can be observed 
for other target modalities with explicit time interval train-
ing but with implicit testing of the timing ability in the tar-
get modality.

In conclusion, with fast crossmodal interval training, we 
provided evidence that the implicit processing of sub-sec-
ond visual interval could be improved after explicit train-
ing with crossmodal interval information. We also showed 
that there may exist a central clock for sub-second temporal 
processing, although modality-specific perceptual proper-
ties may constrain the functioning of this clock.
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