
1 Introduction
Because of growing complexity of visual interfaces, system designers are increasingly
looking toward the auditory and/or tactile channels to provide an alternative or
supplementary means of information transfer (van Erp 2001; Spence and Driver 1997).
Effective multimodal interfaces require that stimulation from several sensory channels
be coordinated and made congruent informationally as well as temporally (Kolers and
Brewster 1985). In this experiment we investigated the uni-modal and cross-modal
perception of empty visual and tactile intervals.

1.1 Cross-modal bias
An interesting question is how empty interval length is internally represented. For
empty intervals it is tempting to assume that internal interval length is measured as
the time between a particular feature of the response function (eg its onset, point of
maximum curvature, or peak) to the first pulse and that same feature of the second
pulse (eg the onsets of both pulses). In this case, the internal representation of interval
length is independent of the shape of the response function or the particular feature
used, and therefore independent of the modality, as long as the first marker does not
affect the timing of the second. Such internal representation should not yield biases
between modalities.

However, an alternative assumption (see also Grondin's internal marker hypothesisö
Grondin 1993) is that the internal representation is the time between one feature of
the response function to the first pulse and another feature of the response function
to the second pulse (eg the end of the first pulse and the onset of the second). In this
case, internal interval length becomes dependent on the shape of the response func-
tions and thus the modality of stimulation. First of all, response functions may be
asymmetric in that the steepness of the response function at the onset of a pulse differs
from its steepness at the offset. Second, the width of the response functions may
differ for different modalities. This will result in a bias in cross-modal comparisons.
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The relationship between the auditory, visual, and tactile channels regarding temporal
duration has not been studied extensively. Only the perceived durations of visual and
auditory time intervals have been compared. For filled temporal intervals in the order
of 1 s, visual intervals had to be set longer than auditory intervals to be judged
as equal in duration (Behar and Bevan 1961; Goldstone et al 1959; Goldstone and
Goldfarb 1963; Goldstone and Lhamon 1972; Wearden et al 1998). The same cross-
modal bias is present for empty intervals. The intervals bounded by light flashes,
appear shorter than those bounded by brief auditory stimuli (Goldstone and Lhamon
1971; Sebel and Wilsoncroft 1983; Walker and Scott 1981).

Modality differences have also been reported for other time-related measures and
tasks, for example in duration discrimination (Lhamon and Goldstone 1974), temporal-
order judgment (Kanabus et al 2002), stimulus sequence identification (Garner and
Gottwald 1968; Handel and Buffardi 1969), in the perception of temporal rhythms
(Gault and Goodfellow 1938), and in a temporal-tracking and continuation-tapping
task (Kolers and Brewster 1985).

We know of only two studies that have addressed auditory ^ tactile interval-duration
comparisons. Both Ehrensing and Lhamon (1966), and Hawkes et al (1977) found
perceived tactile durations to equal auditory ones. To our knowledge, no data are
available for tactile ^ visual comparisons.

Based on the biased auditory ^ visual relation and the unbiased auditory ^ tactile
relation, we expected a bias in tactile ^ visual comparisons as well: visual intervals will
be set longer than tactile intervals to be judged as equal in duration. On the other hand,
as manual interactions with the environment are often controlled through visual feedback,
it may be expected that the perception of time intervals for the eye and for the fingertips
has evolved to be consistent. Evidence for this comes from the development of visual ^
haptic interactions in children (Birch and Lefford 1963, 1967; see also Freides 1974).

1.2 Cross-modal sensitivity
Uni-modal threshold studies have shown that the temporal resolution of the skin lies
between those of hearing and vision (Kirman 1973). This relation goes for numerous
time-related measures and tasks, including discrimination of duration (Goodfellow 1934);
synchronisation of fingertaps (Kolers and Brewster 1985) and adjusting empty intervals
to equal pulse duration (Craig 1973). However, in their classic temporal-order study, Hirsh
and Sherrick (1961) found that the thresholds (75% correct) for the visual, auditive, and
tactile modality were the same and in the order of 20 ms. Although the temporal
resolution of the skin has been investigated in several ways [eg with the fusion threshold
(Geldard and Sherrick 1971; Gescheider 1966, 1967, 1974) and the gap detection perfor-
mance (Van Doren et al 1990; Formby et al 1992)], tactile-interval discrimination has
not yet been systematically studied as a function of interval length. Only Goodfellow
(1934; see also Fraisse 1978, page 219) reported a difference threshold for interval dura-
tion of 9.5% (averaged across various methods used) for a standard interval of 1 s.

To be able to compare visual information to tactile information in a cross-modal
setting, there must be a common representation of the information from both senses.
Several mechanisms for cross-modal visual ^ haptic comparisons have been suggested,
based on two fundamentally different models (for an overview, see Summers and
Lederman 1990). The first is based on modality-specific representations that are used
for uni-modal comparisons (eg see Lederman et al 1990). These modality-specific
representations must be translated into a common representation for cross-modal
comparisons. This implies that cross-modal comparisons require an extra translation
as compared to uni-modal comparisons. On the basis of the assumption that this
extra translation increases the variability in the judgments, this model predicts a lower
sensitivity for cross-modal comparisons than for uni-modal comparisons.
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The second model (Ernst 2001, page 88; see also Ernst and Banks 2002) states that
information from the different modalities is directly processed and translated into a
common representation. This representation is used for both uni-modal and cross-modal
comparisons. In the latter model uni-modal and cross-modal comparisons are based
on the same representation and are therefore hypothesised to have the same sensitivity.

1.3 Objectives of our research
A first objective was to determine the consistency (ie the cross-modal bias) of the
perception of empty time intervals between the visual and tactile sensory modalities:
are tactile intervals judged longer than visual, as is the case with auditory intervals?
A second objective of this study was to determine the human sensitivity to discriminate
empty intervals as a function of interval length. Finally, we wanted to compare cross-
modal sensitivity to uni-modal sensitivity.

2 Method
2.1 Participants
Eight male, right-handed volunteers aged between 21 and 25 years, participated. They
all reported normal vision and normal sense of touch. They were paid the equivalent
of US $40 for their participation.

2.2 Stimulus and apparatus
An empty interval was defined as the time between the onsets of two pulses of equal
duration (33.3 ms). A visual pulse was a white square (subtending 5.1 deg65.1 deg of
visual angle) drawn on a monitor (Iiyama CRT with short persistence phosphor P22)
against a dark background (for comparable stimuli, see Wearden et al 1998). The tactile
pulse was presented by a Special Instruments Minivib 4 vibrator with a contact area
of 22 mm by 16 mm, which was attached to the skin with sticky tape and driven by a
250 Hz sine-wave signal (for comparable apparatus, see for example Mahar et al 1994).
The amplitude of the vibration was about 30 dB above absolute threshold. The intensi-
ties of the tactile and visual stimulus were matched by a simple procedure (method of
adjustment). Three observers adjusted the brightness of the visual stimulus (5 ascending
and 5 descending trials per observer) so that the intensities were judged to be equal
to the tactile stimulus. Since intensity of the markers does not affect cross-modal
interval discrimination (Grondin et al 1996), the intensity of the visual stimulus was
fixed at the mean value for these three observers.

A visual interval (V) was always presented foveally to both eyes. A tactile interval
(T) was presented to the tip of the left index finger. The participants wore headsets
with white noise that attenuated the sound of the vibrator to a subthreshold level during
all conditions.

On each trial, two intervals were presented: a standard interval (S) and a comparison
interval (C). Standard and comparison intervals were presented in random order. The
pause between the presentation of the two intervals was 2 s. Participants were asked
to indicate whether the second interval was shorter or longer than the first interval by
pushing the left or right mouse button. No feedback was given. The standard interval
was 100, 200, 400, or 800 ms. The range of comparison intervals was chosen on the
basis of pilot data, so that the percentage of trials to which the comparison interval
was judged `longer' than the standard ranged from 0% to 100%. For each standard
(except for the 100 ms standard), we chose to measure five longer comparison intervals
and five shorter intervals. Equal step sizes were used between the comparisons and
the 60 Hz refresh rate of the monitor was taken into account; this resulted in step sizes
of 16.7, 16.7, 33.3, and 66.7 ms for the 100, 200, 400, and 800 ms standard intervals,
respectively. The values of standard and comparison intervals are given in table 1.
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2.3 Marker-type conditions
We tested temporal interval discrimination for four marker-type conditions: uni-modal
discrimination (T ^T and V ^V) and cross-modal discrimination [T ^V (a standard
tactile interval with a varying visual interval) and V ^T (a standard visual interval with
a varying tactile interval)].

2.4 Data fitting
A method of constant stimuli was used testing 30 repetitions for each standard ^ com-
parison interval combination. We fitted a cumulative normal function to the fractions
of longer responses for the range of comparison intervals, by MATHEMATICAÕ 3.0.
The fit resulted in the point of subjective equality (PSE), and the threshold, defined as
the increment of the comparison value relative to the PSE, for which the percentage
of trials to which the comparison interval was judged longer than the standard was
75%. The difference between the PSE and the standard interval was called bias.

2.5 Design and statistical analyses
The experiment consisted of four sessions. Each session tested a single standard
interval. The four marker-type conditions were blocked within the session. The order of
the sessions and the order of the marker types within a session were semi-balanced
across participants. For each comparison interval, 30 repetitions were recorded.

Before analysis, the bias and threshold were standardised by dividing them by the
standard interval. For the threshold, this results in the Weber fraction (Fechner 1860;
Luce and Galanter 1963). The results were analysed with a repeated-measures analysis
of variance (ANOVA): marker-type condition (4)6standard interval (4). Significant effects
were further analysed by an a posteriori Tukey HSD test with a set at 0.05.

2.6 Procedure
The participants were seated 90 cm in front of a monitor in a dimly lit room with their
right hand on a computer mouse. They wore a sound-attenuating headset with white
noise during all sessions to prevent hearing the faint humming sound of the vibrator.

At each trial, participants were asked to compare the length of two empty intervals
and indicate whether the second interval was shorter or longer (forced choice) by
pressing the left or right mouse button, respectively. The participant started the next
trial by pressing the middle mouse button. There were four sessions, each one testing
a specific standard interval. There were pauses in between sessions. Each participant
completed the experiment on a single day.

3 Results
3.1 Standardised bias
The ANOVA on the standardised bias resulted in three significant effects: marker-type
condition (F3 21 � 14:59, p 5 0:001), standard interval (F3 21 � 3:17, p 5 0:05), and the
interaction between marker-type condition and standard interval (F9 63 � 4:82, p 5 0:001).

The interaction of marker-type condition and standard interval is depicted in figure 1
(aggregated over subjects). A positive bias is the result of observers judging the second
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Table 1. Range and step size of the comparison intervals as function of the standard interval
length.

Standard interval length=ms Range of the comparison intervals=ms Step size=ms

100.0 50.0 ± 150.0 16.7
200.0 116.7 ± 283.3 16.7
400.0 233.3 ± 566.7 33.3
800.0 466.7 ±1133.3 66.7
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marker-type condition as longer. The a posteriori test on the interaction can best be
summarised as follows. The standardised bias in the cross-modal conditions with the
smaller standard intervals (100 and 200 ms, ie 4 means in total) is significantly higher
than in the other conditions (12 means).

3.2 Weber fractions
The ANOVA on the Weber fraction resulted in one significant effect: the interaction
between marker-type condition and standard interval (F9 63 � 4:61, p 5 0:001). This
interaction is depicted in figure 2. The a posteriori analysis of this effect showed no
specific pattern of significant differences.
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Figure 1. The interaction between marker-type condition and standard interval length on the
standardised bias. Marker-type conditions indicate the modalities (tactile, T; and visual, V) of
the standard interval and the comparison interval, respectively. Positive values indicate that the
comparison interval is longer than the standard interval. Bars indicate 1 SE.
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Figure 2. The interaction between marker-type condition and standard interval length on the
Weber fraction. Marker-type conditions (tactile, T; and visual, V) indicate the modalities of
the standard interval and the comparison interval, respectively. Bars indicate 1 SE.
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4 Discussion
4.1 Bias
In principle, no bias is expected when the two intervals to be compared are of the
same type, that is, presented in the same modality (T ^T and V ^V). The two intervals
to be compared differ only in their interval length, not in any other stimulus dimen-
sion. Further, because the order of presentation was randomised, any preference for
judging the second interval as shorter or longer will have an effect on the threshold,
but not on the bias.

However, the data show a small bias for these same-type discriminations. In order
to perceive the comparison interval as equally long as the standard interval, the com-
parison interval has to be 2.3% longer on average (independently of interval length).
This is probably due to the fact that the stimulus dimension `interval length' is
not symmetric, but stretches from zero to infinity. In contrast, the cumulative normal
distribution that is fitted along this stimulus dimension stretches from ÿinfinity to
�infinity. When a symmetric curve is fitted to such asymmetric data, the PSEs will
be systematically raised relative to the standard value (a positive bias) as observed in
this experiment. We also fitted the data after a log transform of the time parameter.
Although this resulted in a smaller bias, the improvement was not statistically significant.

Of course, the same effect may bias the PSEs in a positive direction for marker-type
conditions where intervals of different type (presented in different modalities) have to
be discriminated. In fact, applying the 2.3% correction to the T ^V and V ^T data
results in a bias of 8.8% and 8.5%, respectively. This suggests that the length of a visual
interval is systematically underestimated compared to a tactile interval, and/or that the
length of a tactile interval is systematically overestimated compared to a visual interval,
which confirms our hypothesis, based on the biased auditory ^ visual relation and the
unbiased auditory ^ tactile relation. The interaction of marker-type condition and stan-
dard interval length shows that this bias is only present for short intervals. We will
discuss two hypotheses for this bias.

4.2 Internal-marker hypothesis
Grondin's internal-marker hypothesis (Grondin 1993) is that the internal representation
is the time between one feature of the response function to the first pulse and another
feature of the response function to the second pulse. Consequently, a comparison between
tactile and visual intervals may yield biases caused by the differences in response
functions. For example, tactile response functions in the fingertip may ascend more
steeply, and/or descend faster compared with visual-response functions. In that case,
the time between the internal representations of the offset of the first pulse and the
onset of the second is longer for a tactile interval than for a visual interval. Conse-
quently, tactile intervals will be overestimated in length. This hypothesis predicts that
a cross-modal bias is dependent on the response functions only and independent of
the interval length. To test this, we performed an ANOVA on the raw (not standard-
ised) bias. This analysis showed a highly significant effect of standard interval
(F3 21 � 11686:94, p 5 0:001). The means were 6.2, 12.1, 24.7, and 49.6 ms for a standard
interval of 100, 200, 400, and 800 ms, respectively. This result argues against the internal-
marker hypothesis that predicts a constant bias that is independent of the length of
the interval.

4.3 Directed-attention hypothesis
A second explanation for the cross-modal bias is based on the effect of directed attention
on time-related tasks. For instance, Stelmach and Herdman (1991), Carver and Brown
(1997), and Spence et al (2001) showed the effect of directed attention on the perception
of temporal order and simultaneity. The attended stimulus appears to occur before the
unattended stimulus when both are presented simultaneously. Recent data indicate

,
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that directed attention also has an effect on the perceived duration of a brief stimulus.
Mattes and Ulrich (1998) found that stimuli (stimulus durations between 70 and 270 ms)
in the attended modality (either visual or auditory) were rated as longer than stimuli in
the unattended modality. This effect of attention on brief stimuli was recently confirmed
by Chen and O'Neill (2001). If, in a cross-modal condition, there is an asymmetry in
the capture of attention or in the shifting of attention between the modalities, biases
in perceived duration may occur. The interval presented in the modality that captures or
holds attention will be judged as longer. Spence and McGlone (2001) recently showed
that tactile spatial attention can be reflexively directed toward peripheral tactile stimuli.
Comparisons between the costs involved (in terms of required time) when switching
attention between modalities (auditory, visual, and tactile) were made by Spence and
Driver (1997). They indeed found consistently higher costs of shifting from the tactile
to the visual modality than vice versa. These asymmetrical effects between the visual
and tactile channels combined with the effect of attention on duration perception
(especially for brief stimuli) may explain the cross-modal bias and the effect of an
increased bias for smaller interval lengths. However, both effects must be investigated
further, for example by using a directed-attention paradigm.

4.4 Sensitivities
The sensitivities (ie the 75% correct threshold of interval discrimination) are most easily
discussed in terms of Weber fractions since the results show that these are invariant
with standard interval. A Weber law (the sensitivity is a constant fraction of the inter-
val length) seems to hold for the range of standard intervals tested (100 ^ 800 ms).
Our Weber fractions (20%) seem to be in between the results reported by Grondin
(1993, page 386 on 250 ms empty visual-interval discrimination) (Dt75 � 23%) and
those of Grondin (1998), and McKee and Taylor (1984) who reported Weber fractions
around 10% for the visual modality.

4.5 Consistency of cross-modal sensitivities
Participants estimate only two types of intervals: visual presentation in the fovea and
tactile on the fingertip. The Weber fraction is 20.6% in the uni-modal marker-type
conditions, and 20.5% in the cross-modal marker-type conditions. This confirms the
predictions of a cross-modal comparison model in which the same (common) represen-
tation is used for both the uni-modal and cross-modal comparisons. This indicates
that empty interval length is an amodal invariant (Lewkowicz 2002) for the visual and
tactile sensory system.

5 Conclusions
The present experiment on tactile and visual discrimination of empty temporal intervals
can be summarised as follows. The length of tactile intervals is systematically overesti-
mated compared to visually presented intervals, and/or the length of visual intervals is
underestimated compared to tactile intervals. This bias decreases for larger interval
lengths.Within the range 100 ^ 800 ms,Weber fractions for empty interval discrimination
(tactile, visual, and cross-modal) are in the order of 20%. The Weber fractions are
constant over the interval range tested (ie the Weber law holds), and the Weber fractions
are consistent over the uni-modal and cross-modal marker-type conditions.
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