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Abstract This study assessed possible cross-modal

transfer effects of training in a temporal discrimination task

from vision to audition as well as from audition to vision.

We employed a pretest–training–post-test design including

a control group that performed only the pretest and the

post-test. Trained participants showed better discrimination

performance with their trained interval than the control

group. This training effect transferred to the other modality

only for those participants who had been trained with

auditory stimuli. The present study thus demonstrates for

the first time that training on temporal discrimination

within the auditory modality can transfer to the visual

modality but not vice versa. This finding represents a novel

illustration of auditory dominance in temporal processing

and is consistent with the notion that time is primarily

encoded in the auditory system.
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Introduction

An outstanding question in time perception research is

whether training people on temporal discrimination tasks in

one sensory modality transfers to other sensory modalities.

Providing an answer to this question is of theoretical

importance because it helps discriminate between two

distinct theoretical frameworks of human timing—that is,

dedicated and intrinsic models (see Ivry and Schlerf 2008).

Dedicated models of time perception assume the existence

of either a single centralized timing mechanism, as, for

example, in the prominent scalar expectancy theory

(Gibbon et al. 1984; Wearden et al. 1998) which is rooted

in classic pacemaker-counter models (e.g. Creelman 1962;

Treisman et al. 1990), or multiple clocks each dedicated to

a specific interval (e.g. Buhusi and Meck 2009). According

to these models, the postulated timing mechanisms can

operate on different sensory inputs—that is, the same

neural circuit is involved in temporal discrimination, even

when it receives information from different modalities (e.g.

Ulrich et al. 2006). According to dedicated models, training

effects thus should generalize across different modalities.

In contrast, intrinsic models consider time an inherent

property of neural dynamics, as, for example, in the state-

dependent network model (Karmarkar and Buonomano

2007). These models imply that timing is modality-specific

(see Ivry and Schlerf 2008) and thus predict that training on

temporal discrimination in one modality should not transfer

to other modalities.

A few studies have provided evidence for generaliza-

tion of perceptual learning across modalities. In an early

study, Warm et al. (1975) reported symmetric cross-

modal transfer effects of training on temporal discrimi-

nation of supra-second intervals (6–18 s) from audition to

vision as well as from vision to audition. In the sub-

second range, cross-modal transfer effects have been

reported from the somatosensory to the auditory modality

(Nagarajan et al. 1998) and from the auditory modality to

motor timing (Meegan et al. 2000). In this time range,

however, attempts to demonstrate cross-modal transfer

from auditory training to visual stimuli have yet been

unsuccessful (Grondin and Ulrich 2011; Lapid et al.

2008).

D. Bratzke (&) � T. Seifried � R. Ulrich

Cognition and Perception, Department of Psychology,
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Concerning the interval specificity of perceptual learn-

ing, most studies using intervals in the sub-second range

could not find generalization across intervals (Banai et al.

2010; Karmarkar and Buonomano 2003; Meegan et al.

2000; Nagarajan et al. 1998; Wright et al. 1997). One

exception is the study of Lapid et al. (2009), who observed

a transfer of training effects with an auditory 100-ms

interval to an auditory 500-ms interval.

In summary, most studies on perceptual learning in

temporal discrimination conducted so far revealed interval-

specific cross-modal transfer of perceptual learning in

temporal discrimination of sub-second intervals. Previous

studies, however, failed to demonstrate such transfer

effects from the auditory to the visual modality (Grondin

and Ulrich 2011; Lapid et al. 2009). This appears some-

what surprising since temporal discrimination is usually

much better for auditory stimuli than for visual stimuli (e.g.

Grondin 1993; Penney et al. 2000; Wearden et al. 1998)

and auditory training of temporal discrimination can

improve motor timing (Meegan et al. 2000). Furthermore,

results of Guttman et al. (2005) and Kanai et al. (2011)

suggest that time information is primarily encoded in the

auditory system, and for temporal discrimination, visual

information is automatically transformed into an auditory

representation. One would therefore rather expect cross-

modal transfer effects of temporal discrimination training

from the auditory to other modalities than vice versa (see

also Grondin and Ulrich 2011).

The studies of Grondin and Ulrich (2011) and Lapid

et al. (2009) both appear to have provided less than optimal

conditions to reveal cross-modal transfer of perceptual

learning. In the study of Grondin and Ulrich, participants

conducted two sessions (pre- and post-test) of visual

interval discrimination. Between the test sessions, one

group of participants received a massive training of 1,800

trials of auditory interval discrimination in a single 2.5-h

session, whereas a control group waited for the same per-

iod. Visual discrimination performance improved in both

groups from the pretest to the post-test session. Although

the training group showed an improvement twice as large

as the one for the control group, there was no significant

difference between the two groups. The massive training

might have caused fatigue, which in turn might have

masked potential transfer effects (see also Grondin and

Ulrich 2011).

Lapid et al. (2009) employed 5 training sessions dis-

tributed across several days with a total of 3,000 trials of

training. Nevertheless, they found no evidence for a

transfer from training with an auditory 100-ms interval to a

visual 100-ms interval. In this study, participants con-

ducted two pretest sessions distributed across 2 days. That

is, after the two pretest sessions, the control group had

already received 400 trials of training in each test

condition. Possibly, this amount of training during the two

pretest sessions was already sufficient to induce perceptual

learning for the visual 100-ms test condition. Furthermore,

Lapid et al. as well as Grondin and Ulrich (2011) did not

provide performance feedback during the training sessions.

Although it is widely believed that perceptual learning does

not require feedback (e.g. Fahle and Edelman 1993; Shiu

and Pashler 1992), there is some evidence that perceptual

learning occurs faster with than without feedback (Fahle

and Edelman 1993).

As we have discussed, several factors may have pre-

vented Grondin and Ulrich (2011) and Lapid et al. (2009)

from observing transfer of perceptual learning in auditory

temporal discrimination to the visual modality. To over-

come these limitations, the presents study (a) employed

only one pretest session, (b) distributed the training ses-

sions across several days, (c) provided performance feed-

back during the training sessions, and (d) rigorously

controlled for possible order effects in the pre- and post-

test sessions.

Method

Participants

Seventy-two volunteers participated in the study. Partici-

pants reported normal hearing and normal or corrected-to-

normal vision. They were randomly assigned to one of

three groups (visual training, auditory training, no train-

ing). Seven participants of the original sample were

replaced by new participants because their performance

deviated from mean performance in at least one of the test

conditions in the pretest or post-test session by more than 3

SD. Finally, the visual training group consisted of 5 males

and 19 females (mean age, 25.5 years; SD = 5.8), the

auditory training group of 6 males and 18 females (mean

age, 24.8 years; SD = 4.5), and the no-training group of 3

males and 21 females (mean age, 24.1 years; SD = 6.4).

Apparatus and Stimuli

Participants were tested individually in a sound-attenuated,

dimly illuminated booth. They sat at a distance of

approximately 50 cm from a circular red LED with a

diameter of 0.57�, wore headphones, and responded with

two external response keys. The experiment was written in

Matlab (The MathWorks 2007), using the Psychophysics

Toolbox (Brainard 1997; Pelli 1997) version 3.0.8, and was

run on an Apple iMac with OS X. As in previous research

on transfer of temporal learning (e.g. Grondin and Ulrich

2011; Lapid et al. 2009; Nagarajan et al. 1998; Wright et al.

1997), empty intervals were used. Auditory intervals were
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marked by 15-ms beeps (1 kHz) with 5-ms sinusoidal onset

and offset ramps and were presented binaurally via head-

phones at an intensity of 70 dB SPL. The visual intervals

were marked by two 15-ms light pulses produced by the

LED. The length of the interval was defined as the time

interval from the offset of the first marker to the onset of

the second marker. The intervals were similar to the ones

used in a study by Grondin and Rammsayer (2003).

Procedure

A single stimulus protocol was used (see, e.g. Karmarkar

and Buonomano 2003). Each pre- and post-test as well as

the training sessions started with the presentation of one of

four possible standard intervals. The standard intervals

were auditory intervals of either 100 ms (A100) or 200 ms

(A200) and visual intervals of either 100 ms (V100) or

200 ms (V200). In each trial, participants were then pre-

sented with one of 8 possible comparison intervals that

were symmetrically distributed around the respective

standard interval (A100: 79, 85, 91, 97, 103, 109, 115,

121 ms; A200: 158, 170, 182, 194, 206, 218, 230, 242 ms;

V100: 65, 75, 85, 95, 105, 115, 125, 135 ms; V200: 130,

150, 170, 190, 210, 230, 250, 270 ms). A larger range of

comparison intervals was chosen for the visual than for the

auditory modality because discrimination performance is

generally better in the auditory than in the visual modality

(e.g. Penney et al. 2000; Wearden et al. 1998). Participants

were instructed to respond as accurately as possible with

their left (right) index finger when the comparison interval

was shorter (longer) than the initially presented standard

interval. Subsequent trials were separated by one of four

possible foreperiods (800, 900, 1,000, or 1,100 ms).

Feedback was only provided during training sessions. In

case of an erroneous response, participants received feed-

back by providing a tactile stimulation of their right lower

leg for 500 ms.

In each test session (pre- and post-test), participants

were tested in each of the four conditions (A100, A200,

V100, and V200). The order of the conditions within test

sessions was counterbalanced across participants and

groups according to a complete permutation of the four

conditions, that is, in each group all of the 24 possible

orders of test conditions were tested. Each test session (pre-

and post-test) consisted of 4 blocks (one for each testing

condition) of 160 trials. Training sessions also consisted of

4 blocks of 160 trials each, but in these sessions, partici-

pants were tested only in their respective training condi-

tion. Each session lasted about 30 min. For all groups, the

pretest and a post-test session took place on two consecu-

tive Fridays. The two training groups additionally partici-

pated in 4 training sessions from Monday to Thursday

between the two test sessions. The auditory training group

was trained with the A100 condition and the visual training

group with the V100 condition. The two training groups

received a total of 2,560 trials of training distributed across

4 days.

Data analysis

For each factorial combination of participant, test condi-

tion, and daily session, a psychometric function was traced,

plotting the eight comparison intervals on the x-axis and

the probability of responding ‘‘long’’ on the y-axis. A

logistic function was fitted to the resulting curves in order

to compute the maximum likelihood estimates of the

standard measure of discrimination performance, that is,

the difference limen (DL). The DL is estimated as being

half the interquartile range of this fitted function—that is,

DL = (x.75-x.25)/2, where x.25 and x.75 denote the values of

the comparison that yield 25 and 75 % ‘‘longer’’ responses,

respectively. The Weber fraction (DL/standard duration)

was then computed for each factorial combination of par-

ticipant, test condition, and daily session. Finally, in order

to test for differences in perceptual learning between

groups and conditions, we calculated difference scores

between the Weber fractions obtained in the pretest and

post-test sessions.

Results

Figure 1 depicts mean Weber fractions as a function of

session for the two training groups and the no-training

group. For the two training groups, performance in their

trained condition mainly improved from the pretest session

to session 2 (i.e. the first training session) and remained

rather unchanged from session 3 until the post-test session.

Nevertheless, an ANOVA including only the two training

groups and the training sessions (sessions 2–5) revealed

a significant effect of session on the Weber fraction,

F(3, 138) = 4.14, p = .008.

Figure 2 shows the difference scores of the Weber

fractions (pretest minus post-test) as a function of test

condition and group. An ANOVA with the factors group,

modality, and duration for the difference scores revealed

significant main effects of group, F(2, 69) = 3.29,

p = .043, modality, F(1, 69) = 4.95, p = .029, and dura-

tion, F(1, 69) = 15.60, p \ .001. As can be seen in Fig. 2,

the difference scores were larger for the two training

groups (visual training, 0.05; auditory training, 0.06) than

for the no-training group (0.01), indicating that perceptual

learning occurred in the two training groups. Difference

scores were also larger for the visual stimuli than for the

auditory stimuli (0.05 vs. 0.03), and they were also larger

for the 100-ms intervals than for the untrained 200-ms
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intervals (0.07 vs. 0.01). Both two-way interactions

including the factor group were marginally significant,

group 9 modality: F(2, 69) = 2.79, p = .069;

group 9 duration: F(2, 69) = 2.80, p = .068. Most

importantly, there was a significant three-way interaction

effect of group, modality, and duration on the difference

scores, F(2, 69) = 4.17, p = .020. In order to explore this

interaction effect in more detail, we calculated t tests (one-

tailed) between each training group and the no-training

group separately for each test condition. For the V100

condition, both the visual and the auditory training group

showed significantly larger difference scores than the no-

training group (visual training vs. no training, t(45) = 2.32,

p = .012; auditory training vs. no training, t(44) = 2.31,

p = .013). For the V200 condition, both comparisons were

not significant (visual training vs. no training, t(46) = 0.52,

p = .698; auditory training vs. no training, t(44) = 0.88,

p = .192). For the A100 condition, only the auditory

training group showed larger difference scores than the no-

training group (visual training vs. no training, t(45) = 0.24,

p = .406; auditory training vs. no training, t(45) = 1.87,

p = .034). Finally, for the A200 condition there was only a

marginally significant difference between the auditory

training group and the no-training group (auditory training

vs. no training, t(42) = 1.59, p = .059; visual training vs.

no training, t(44) = 0.14, p = .555). Taken together, per-

ceptual learning occurred in both training groups. A cross-

modal transfer of perceptual learning, however, was

observed only for auditory training. Additionally, there was

only little evidence for an intramodal transfer of perceptual

learning to intervals of other durations.

Discussion

The present study examined cross-modal transfer effects of

training on a temporal discrimination task with sub-second

intervals from vision to audition as well as from audition to

vision. In order to avoid limitations of previous studies

(Grondin and Ulrich 2011; Lapid et al. 2009), we employed

only one pretest session, distributed the training sessions

across several days, provided performance feedback during

the training sessions, and rigorously controlled for possible

order effects in the pre- and post-test sessions.

In line with the majority of previous studies, we found

that training improved discrimination performance for the

trained interval (e.g. Lapid et al. 2009; Wright et al. 1997;

but see Rammsayer 1994). Both the visual and the auditory

training group showed larger improvement in temporal

discrimination for their respective training condition than

the no-training group. The main question of the present

study was whether these training effects would generalize

Fig. 1 Weber fractions for the visual 100-ms interval (V100) and the auditory 100-ms interval (A100) as a function of session and training

group. Error bars represent ±1 SE

Fig. 2 Difference scores of the Weber fractions in the pretest and

post-test sessions (pretest minus post-test) as a function of test

condition and training group. Asterisks indicate significantly larger

difference scores for the training group than for the no-training group

(p \ .05). Error bars represent ±1 SE
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across modalities. The results revealed a clear cross-modal

transfer effect which, however, was asymmetric: auditory

training transferred to the visual domain, but visual training

did not transfer to the auditory domain. This finding con-

trasts with the results of previous studies (Grondin and

Ulrich 2011; Lapid et al. 2009) that perceptual learning in

temporal discrimination of auditory stimuli does not gen-

eralize to visual stimuli. As another result, perceptual

learning was rather interval-specific, that is, training with

100-ms intervals did not substantially improve discrimi-

nation of 200-ms intervals. This finding is in line with the

results of most previous results (Karmarkar and Buonomano

2003; Meegan et al. 2000; Nagarajan et al. 1998; Wright

et al. 1997; but see Lapid et al. 2009).

In contrast to previous studies (Grondin and Ulrich

2011; Lapid et al. 2009), the present design not only

allowed the assessment of transfer effects form audition to

vision but also from vision to audition. As mentioned

before, an asymmetric cross-modal transfer effect was

revealed with this design, that is, perceptual learning

transferred from audition to vision but not vice versa. This

rather complex result pattern cannot be interpreted

unequivocally in favour of one of the two opposing theo-

retical viewpoints, that is, dedicated and intrinsic models

(Ivry and Schlerf 2008). Our major finding of a transfer of

perceptual learning from the auditory to the visual modality

is clearly inconsistent with the modality specificity of

temporal processing implied in intrinsic models. The fact

that perceptual learning did not or only very little transfer

to intervals of other duration (see also Wright et al. 1997;

Karmarkar and Buonomano 2003), however, argues against

the existence of a centralized, interval-independent internal

clock (e.g. the pacemaker-accumulator model). This

interval specificity of perceptual learning is most consistent

with multiple clock accounts (e.g. Buhusi and Meck 2009).

Such models, however, cannot easily explain why per-

ceptual learning transferred from the auditory to the visual

modality but not vice versa.

This asymmetric transfer effect is consistent with the

notion that the auditory modality has a dominant status in

processing of temporal information. For example, it is a

common finding that audition is more precise than vision in

temporal perception (e.g. Penney et al. 2000; Wearden

et al. 1998). Furthermore, audition dominates vision in

many situations, for example, when visual and auditory

temporal information conflict (Welch et al. 1986) or in

sensorimotor coordination (Repp and Penel 2002). In a

study of Guttman et al. (2005), incongruent auditory

stimulation interfered with the ability to track a visual

rhythm, but visual stimulation did not interfere with audi-

tory tracking. Kanai et al. (2011) found that transcranial

magnetic stimulation of the auditory cortex impaired time

estimation of auditory and visual stimuli to the same

degree. Guttman et al. and Kanai et al. therefore suggested

that time is primarily encoded in the auditory system and in

temporal discrimination tasks, visual input is automatically

transformed into an auditory representation.

Our finding of an asymmetric transfer from auditory

training to the visual modality appears consistent with this

cross-modal encoding hypothesis. If timing of visual

stimuli, however, recruits the timing mechanism hosted by

the auditory modality, then one would expect that even

training within the visual modality improves the efficiency

of this mechanism. Hence, perceptual learning with visual

stimuli should also transfer to the auditory modality. Since

this was not the case, one must assume that the efficiency

of the timing mechanism can only be improved by training

with auditory material. As a consequence, training effects

with visual stimuli would mainly represent improvements

of the cross-modal encoding mechanism.

Alternatively, the asymmetric transfer effect could also

reflect memory-related processes. For example, within the

attentional gate model by Zakay and Block (1997), one

might assume that repeated presentations of a specific

auditory interval form an especially stable amodal internal

reference against each further interval in a given trial is

compared. Accordingly, training with auditory stimuli

improves not only auditory discrimination but also dis-

crimination of stimuli within other modalities. In contrast,

the amodal reference emerging from visual stimuli might—

even after extensive training—be rather noisy. If this post-

training reference is still noisier than the reference

emerging from auditory stimuli, auditory discrimination

does not benefit from visual training. An additional

implication of this explanation is that cross-modal transfer

should be interval-specific as is usually observed. There-

fore, asymmetric cross-modal transfer effects might reflect

differences in the formation of an internal standard (see

Lapid et al. 2008) in the reference memory component of

the attentional gate model.

In the present article, we investigated transfer effects

between the auditory and the visual modality. As mentioned

in the Introduction, previous research has shown such

transfer effects from the somatosensory to the auditory

modality (Nagarajan et al. 1998). One might consider this as

evidence against the notion of auditory dominance in tem-

poral processing. However, Nagarajan et al. did not examine

potential transfer effects from the auditory to the somato-

sensory modality. It is conceivable that this transfer effect

would be larger than the one from the somatosensory to the

auditory modality observed by these authors. If so, such a

finding would further strengthen the notion of auditory

dominance. Future research is needed to address this issue.

In conclusion, the present study demonstrates cross-

modal transfer of perceptual learning in temporal dis-

crimination of sub-second intervals. This transfer was
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asymmetric, that is, it occurred from vision to audition but

not from audition to vision. This finding represents a novel

illustration of auditory dominance in the processing of time

and is consistent with the notion that time is primarily

encoded in the auditory system.
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