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Abstract

Several studies have explored how the duration of stimuli delimiting time intervals influences interval judgments and
perceived duration. Most focus on nonneighboring intervals and rely on two-alternative forced choice methods, while the
method of adjustment and multimodal conditions are rarely used. This study investigated the ability to discriminate two
neighboring intervals using an equisection and adjustment method, with variations in the duration of the stimuli marking
the intervals, under multimodal conditions. In two experiments, participants adjusted the second of three brief successive
signals (10 or 100 ms) marking two empty intervals until they were perceived as equal. In Experiment 1, only the second
signal was lengthened to 100 ms. In Experiment 2, the first, third, or both the first and third signals were lengthened. Results
from Experiment 1 show that interval judgments are more variable only when the second marker is lengthened within the
same modality. Moreover, in intermodal conditions, the interval following the lengthened marker is perceived as longer
than the preceding one. Experiment 2 reveals no overall difference in variability across marker-lengthening conditions but
consistently shows that the interval following a lengthened marker is perceived as longer, regardless of modality. These
findings clarify how stimulus duration and modality influence equisection judgments of short time intervals, shedding light

on when and how timing mechanisms operate.
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Introduction

Interacting with the environment involves the ability to per-
ceive temporally organized stimuli that represent distinct,
coherent events. The integration of these events, character-
ized by both temporal (e.g., the duration of a stimulus or
that of an interval between two stimuli) and nontemporal
(e.g., the nature of a stimulus, such as a sound, a visual, or
a tactile stimulus) factors, is an essential aspect to consider
in the timing of short intervals.

Indeed, several studies report that temporal processing
is affected by the sensory modality of signals marking the
intervals (Azari et al., 2020; Demers & Grondin, 2025;
Grondin & McAuley, 2009; Villalonga & Sekuler, 2023)
and by the duration of these signals (Grondin et al., 2005;
Hasuo et al., 2011, 2012; Kuroda et al., 2014, 2016).
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Knowing how people can discriminate the duration of
two subsequent intervals from one another is central to
understanding how the temporal processing of short empty
intervals works. The objective of this study is to investigate
how interval duration is perceived depending on the sensory
modalities of signals marking the beginning and the end of
an interval, as well as on the lengthening of the duration of
these signals (the latter has received less research attention).

A large body of literature has focused on the temporal
processing of short empty intervals delimited by two brief
markers, especially in a context where two nonneighboring
intervals are to be judged (i.e., two intervals presented in
succession that do not share a common marker). Research-
ers are generally interested in the ability to discriminate
these intervals when their signals come from the same sen-
sory modality (intramodality) or from different modalities
(intermodality). It is well known that the sensitivity to small
differences between time intervals is higher when these
intervals are delimited by two auditory (AA) signals rather
than by two visual (VV) (Azari et al., 2020; Fraisse, 1952;
Grondin & McAuley, 2009) or tactile (TT) signals (Azari
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et al., 2023; Mayer et al., 2014; Villalonga et al., 2021).
Indeed, the variance observed in temporal processing when
intervals are delimited by auditory signals is lower than that
observed when visual or tactile signals are used. Moreover,
some studies indicate that discrimination is better in TT than
in VV conditions (Azari et al., 2020; Bresciani et al., 2008;
Tomassini et al., 2011; Villalonga et al., 2021; Villalonga
& Sekuler, 2023; Williams et al., 2019), although some
observe the opposite (Grondin, 2003; Grondin & Rousseau,
1991). Finally, it is also well known that intramodal inter-
vals provide better discrimination than intermodal intervals
(Azari et al., 2020, 2023; Demers & Grondin, 2025; Gontier
et al., 2013; Grondin et al., 2005). However, the ability to
discriminate intervals in intermodal conditions is greater
for very short intervals (around 300 ms) than for relatively
longer intervals (around 900 ms), and remains stable in
intramodal conditions (Azari et al., 2020, 2023).

Given a context where the two intervals to be judged are
neighbors (i.e., when two intervals presented in succession
share a common marker), the effects of modalities are not
entirely the same as with nonneighboring intervals. Some
studies have used neighboring intervals to observe the influ-
ence of interval characteristics (i.e., modality and duration
of interval) on interval discrimination ability (Burr et al.,
2009; Demers & Grondin, 2025; Fraisse, 1952; Gori et al.,
2012; Kuroda et al., 2014). For instance, in tasks where
participants either adjust the moment of appearance of the
second marker so that the two intervals were equal (Demers
& Grondin, 2025) or judged whether the second interval was
shorter or longer than the first (Kuroda et al., 2014), results
showed comparable interval discrimination abilities across
intramodal auditory and visual (Demers & Grondin, 2025;
Kuroda et al., 2014), as well as tactile (Demers & Grondin,
2025), conditions. When more than one sensory modality is
involved in the three-marker sequence, some studies show
that the variability of judgments depends on the structure
of the sensory sequence delimiting the two intervals. More
specifically, the inclusion of the auditory modality in the
sequence appears to enhance interval discrimination perfor-
mance compared with the visual or tactile modalities (Burr
et al., 2009; Demers & Grondin, 2025; Gori et al., 2012;
Kuroda et al., 2014).

Just like the temporal discrimination ability varies
according to the sensory modality employed to mark inter-
vals, the perceived duration of an interval can also be influ-
enced by the modality of the markers. Several studies show
that nonneighboring intervals delimited by auditory sig-
nals are perceived as longer than those delimited by visual
signals (Grondin et al., 1996; Ulrich et al., 2006; Wearden
et al., 1998, 2006), and that intervals delimited in the tactile
modality are perceived as longer than those delimited in the
visual modality (van Erp & Werkhoven, 2004). However,
with neighboring intervals, there is no difference between

@ Springer

auditory, visual, and tactile intramodality conditions (Dem-
ers & Grondin, 2025; Hocherman & Ben-Dov, 1979). As
for intermodality, the perceived duration of intervals will
be affected to a greater extent by the modality of the signal
that marks the beginning of the interval than that of the sig-
nal that marks the end of the interval as with nonneighbor-
ing intervals (Azari et al., 2020; Demers & Grondin, 2025;
Grondin et al., 1996; Kuroda et al., 2014).

Overall, studies investigating the effect of sensory modal-
ity on discrimination ability and perceived interval dura-
tion highlight the influence of auditory, visual, and tactile
modalities, suggesting that these modalities may be pro-
cessed within a certain hierarchy. Several studies support the
existence of hierarchical processing based on signal detec-
tion speed. For instance, auditory signals are detected faster
than visual (Burr et al., 2009; Shams et al., 2000; Song et al.,
2017) and tactile signals (Bolognini et al., 2010; Kayser
et al., 2005), while tactile signals are detected more quickly
than visual signals (Spence et al., 2001). Temporal process-
ing of short intervals may also be influenced by the interac-
tion between sensory modalities, depending on how signals
are structured to delineate intervals. Several studies have
shown interactions between specific-modality brain areas
when processing simultaneous or successive signals from
different modalities (Bolognini et al., 2010; Fort et al., 2002;
Lloyd et al., 2003; Maravita et al., 2002; Parise & Spence,
2008; Raijj et al., 2000; Shams et al., 2000).

Discrimination and marker length

The influence of the characteristic of the first or second
marker delimiting an interval is not limited to the sensory
modality; it is also reflected when the duration of these
markers varies. When two nonneighboring intervals are to
be judged, several studies show an effect of marker lengthen-
ing on discrimination ability and on the perceived duration
of these intervals.

Lengthening the duration of the markers delimiting an
intramodal interval results in poorer discrimination (Grondin
et al., 2005; Kuroda et al., 2013; Rammsayer & Leutner,
1996), even if only one of these two markers is lengthened
(Grondin et al., 2005; Kuroda et al., 2013). Discrimina-
tion is impaired to an even greater extent when it is the first
rather than the second marker that is lengthened (Grondin
et al., 2005; Kuroda et al., 2013; Penner, 1976). For the dis-
crimination of short (e.g., in the 200-ms to 1,400-ms range)
intermodal intervals (AV or VA), the effect of the mark-
ers’ length depends on specific conditions. Grondin et al.
(1996) observed no difference between the 5-ms versus 100-
ms marker length conditions on the ability to discriminate
AV or VA intervals. However, Grondin et al. (2005, second
experiment) observed a reduction in discrimination ability
when one of the two markers was lengthened from 10 ms
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to 500 ms, regardless of the sensory modality of the mark-
ers (AA, VV, AV, VA). Indeed, Rammsayer and Leutner
(1996) observed a variation in the ability to discriminate
AA intervals as a function of a critical duration of marker
lengthening: below a critical point—namely, 200 ms—there
is no effect of marker lengthening, but values beyond it will
impair discrimination.

In a situation where the two intervals to be judged are
neighbors, few studies have looked at the effect of marker
lengthening on interval discrimination ability. However,
Kuroda et al. (2014) looked at the effect of the variation in
duration of the second marker, in a sequence of three suc-
cessively presented markers, on discrimination ability. The
three markers were either equal (20-20-20 ms) or unequal
(20-100-20 ms), and they delimited intervals lasting around
500 ms. Intervals were presented in intra- and intermodality
conditions, and delimited by auditory and visual markers
(AAA, VVV, AVA, VAV). Participants were asked to dis-
criminate the durations by indicating whether the second
interval was shorter or longer than the first. Results show
that it is more difficult to discriminate intervals when the
second marker is lengthened, but only in conditions where
this marker is a sound (Kuroda et al., 2014). In other words,
the 80-ms lengthening of an auditory marker is enough to
influence judgments, but this is not the case when the marker
is visual. This 80-ms difference is small compared with the
differences reported to impair discrimination in Rammsayer
and Leutner (1996) and in Grondin et al. (2005), but in these
latter cases, the intervals to-be discriminated did not share a
common marker (they were nonneighbors).

Unlike the presentation of two distinct and isolated events
(i.e., nonneighboring intervals), presenting two consecutive
events (i.e., neighboring intervals) introduces additional
complexity to temporal processing, as the second stimulus
serves as both the offset of the first interval and the onset of
the second. The stimuli delimiting these two intervals are
therefore arranged in a way that can induce a rhythm-like
percept. Given the use of short intervals and the absence of
a pause between them, it is reasonable to assume that par-
ticipants focus more on the stimuli themselves than on the
intervals’ duration. Consequently, even a slight lengthening
of the second marker’s duration (compared with nonneigh-
boring intervals) may have a greater impact on discrimina-
tion ability.

Perceived duration and marker length

Several studies indicate that the subjective duration of short
intervals does not always correspond to the objective dura-
tion. An interval may be perceived as shorter or longer
depending on the physical characteristics of the sensory
signals marking this interval, including the duration of the
signals (Grondin et al., 1996; Hasuo et al., 2007, 2011, 2012,

2015; Woodrow, 1928). In studies where two nonneighbor-
ing intervals are compared, lengthening one of the two mark-
ers delimiting the comparison interval makes this interval
subjectively longer than the standard interval; this effect
applies either when the first marker is lengthened (Woodrow,
1928) or when the second marker is lengthened (Grondin
et al., 1996; Hasuo et al., 2007, 2012, 2015).

Hasuo et al. (2011) addressed the marker-length issue
with a different task. Their task involved the presentation of
two neighboring intervals, delimited by three brief markers
(20 or 60 ms). One of these intervals served as the standard,
followed by a comparison interval delimited by two mark-
ers of 20 ms. With judgments of comparison intervals, they
observed that lengthening the second or the third marker
delimiting neighboring intervals influences the perceived
duration of the preceding interval, suggesting that timing
does not stop as soon as the longer stimulus appears.

Although many studies on the effect of markers’ length
in nonneighboring intervals show a greater effect on the
interval preceding the lengthened marker, the opposite is
observed when neighboring intervals are used, for both audi-
tory (Hasuo et al., 2011; Kuroda et al., 2014) and visual
intervals (Kuroda et al., 2014). Hasuo et al. (2011) note that
lengthening the first marker from 20 ms to 60 ms increases
the perceived duration of the interval that follows it, whereas
lengthening the second or third marker increases the per-
ceived duration of the interval that precedes it, although this
effect is smaller than that of the first marker. They argue that
the observed effect of lengthening the first marker, which is
absent in nonneighboring interval conditions, could be spe-
cific to neighboring intervals. Furthermore, they observe no
effect of the lengthening of the second marker and explain
this result by the fact that the lengthening of this marker
could influence the first as well as on the second interval.

In contrast, Kuroda et al. (2014) were only interested in
the lengthening of the central marker, from 20 ms to 100 ms,
in a sequence of three successive signals. They observe that
lengthening this marker makes the perception of the second
interval longer, regardless of the sensory modalities used to
mark intervals (auditory and visual, in intra- and intermodal-
ity conditions). Essentially, they explain their results by the
fact that the timekeeping period of the second interval would
occur before the offset of the lengthened marker, making the
second interval subjectively longer.

The present study

Most studies on time interval discrimination focused on
decision-making processes in the comparison of non-
neighboring intervals, using a classical discrimination
method of two-alternative forced choice (2AFC), where a
comparison interval has to be judged as shorter or longer
than a standard interval previously presented and stored
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in memory. However, when the discrimination method
involves judging the relative duration between two neigh-
boring intervals, the conclusions of various studies are
not the same regarding the effect of markers’ length on
discrimination ability and perceived duration of intervals.
Using another method in a task involving the discrimina-
tion of two neighboring intervals is therefore relevant for
further investigating synchronization processes.

Two important models have been established to explain
variance in temporal judgments and interval processing:
Gibbon et al.’s (1984) Scalar Expectancy Theory (SET)
and Zakay and Block’s (1995) attentional gate model
(AGM). These closely related models describe temporal
processing at three levels. A pacemaker sends pulses at a
certain frequency to an accumulator where the pulses are
stored (clock stage). A switch allows the pulses to pass
to the accumulator and may allow more or less pulses to
pass depending on the level of attention paid to timing.
Accumulated pulses are transferred to working memory
(memory stage), where a comparison is made by compar-
ing the two pulse accumulations to make decision (deci-
sion stage). According to this model, processes present at
all three levels that may constitute a source of error in tim-
ing, thus helping explain variations in temporal judgments.

What is proposed in the present study is to use a less
common method (i.e., an adjustment method), in conjunc-
tion with equisection, as used previously in Demers and
Grondin (2025). This method involves judging the rela-
tive duration of two neighboring intervals, then adjusting
the moment of appearance of the second marker between
the first and third markers so that the two intervals are
perceived as equal. The temporal position of the second
marker when the two intervals are perceived as equal cor-
responds to the bisection point (BP). The BP value (i.e.,
the mean BP of several trials in the same condition) will
be used to determine the variability of interval judgments
and the perceived duration of intervals. Thus, with this
value, it will be possible to determine the effect of marker
lengthening on variability and perceived duration, in
which auditory, visual, and tactile modalities will form
the intra- and intermodal conditions. This method ena-
bles participants to approximate the timing of the second
marker’s appearance—thereby estimating the duration of
the intervals—based on the adjustments made in preced-
ing trials. By doing so, it reduces uncertainty about the
intervals being compared, allowing for a more accurate
identification of the potential influence of the markers’
characteristics. Moreover, it helps minimize chances of
random responses, providing a more accurate assessment
of the participants’ temporal judgment abilities. In other
words, it allows participants to have greater confidence in
their responses compared with other approaches, such as
the 2AFC or bisection methods.
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Four hypotheses are tested in the present experiment, the
first three being related to the effect on variability. Firstly,
assuming that participants’ attention will be more focused
on the rhythmic aspect created by the second marker at
the moment of its appearance, rather than on the duration
of the two intervals only, we hypothesize that variability
will be greater if only one of the three markers is length-
ened. Indeed, participants may allocate greater attentional
resources to the stimuli, particularly to the second one. This
stimulus constitutes the main focus of the active task—that
is, adjusting the timing of its appearance so that it occurs
midway between the first and the third stimulus. Also, if
participants rely on the rhythmic structure generated by the
stimulus sequence, lengthening one of the three stimuli is
likely to increase judgment variability because a sequence of
only three stimuli does not establish a fully stable and repeti-
tive rhythm. In this case, it is likely that lengthening one of
the markers disrupts the rhythmic pattern of the sequence,
which could impair the temporal judgment of the intervals—
unlike when all stimuli have the same duration. Secondly,
based on the findings of Kuroda et al. (2014), variability
is expected to be greater in conditions where the second
marker is auditory than in those where it is visual or tactile.
However, based on several previous studies examining the
difference between intra- and intermodal with nonneighbor-
ing intervals, it can also be assumed that the effect of length-
ening will be greater in intramodal than in intermodal condi-
tions. Indeed, the effect of marker lengthening is more likely
to be detected within the same sensory modality, as it is not
overshadowed by the greater variability typically observed
in intermodality conditions, which could otherwise mask the
impact of marker lengthening. Thirdly, it is expected that
lengthening at least one marker will have a stronger effect
on the variability of interval judgments—though likely also
on perceived duration—for 500 ms intervals than for 1000
ms intervals (Azari et al., 2020, 2023; Demers & Grondin,
2025). Finally, we also expect that lengthening a marker
may lead to a longer perceived duration of the interval fol-
lowing that lengthened marker, as well as a longer perceived
duration of the interval preceding it, as has been observed
in previous studies (Hasuo et al., 2011; Kuroda et al., 2014;
Woodrow, 1928).

Examining the effects of marker lengthening in both
intra- and intermodal neighboring intervals is therefore
crucial for advancing our understanding of how the per-
ceptual system integrates temporal information when suc-
cessive intervals share a common event boundary. In such
contexts, the second marker serves as both the offset of the
first interval and the onset of the second, creating condi-
tions in which the interplay between sensory and temporal
mechanisms becomes particularly salient. Investigating these
effects with neighboring intervals thus provides a way to
identify how sensory-specific and cross-modal interactions
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influence the precision and subjective perception of short
durations—mechanisms that may remain hidden when inter-
vals are presented independently. Moreover, by combining
the adjustment method with an equisection procedure, this
study extends classical timing models such as the SET and
the AGM to situations involving dynamic multisensory
integration. This methodological approach allows for a
more direct assessment of how variations in marker dura-
tion modulate attention allocation and pulse accumulation
processes, thereby affecting both timing variability and per-
ceived duration.

Overall, this novel perspective offers new insights into
how sensory and temporal information are integrated within
and across modalities, contributing to a more comprehensive
understanding of the mechanisms underlying human time
perception in ecologically relevant, dynamically structured
contexts.

General method
Material and stimuli

The experiments were programmed using E-Prime 3.0 soft-
ware. An Alienware screen with a diagonal of 25 inches
was used, with a resolution of 1,080 x 1,920 pixels (120 Hz
refresh rate). Participants were seated approximately 70 cm
from the screen and responded to the task using “1,” “3,” and
“Enter” on the keyboard.

The auditory stimuli (A) were 1-kHz sound tone emit-
ted by Logitech loudspeakers (Model Z200 Stereo) on both
sides of the screen, approximately 70 cm from the partici-
pant. Sound intensity was 65 dB SPL. Visual stimuli (V)
came from a 5 mm diameter red light-emitting diode (LED)
located approximately 70 cm in front of the participant. The
LED was attached to the lower frame of the screen. Tactile
stimuli (T) came from two skin electrodes placed on the
nondominant hand between the index and the thumb, trans-
mitting a pulse at a stable frequency of 50 Hz. The intensity
of the tactile stimulation was adjusted by the participant to
perceive it clearly and comfortably.

Three successive markers (A, V, or T stimuli) were pre-
sented in each sequence to define two empty time intervals.
Intervals began at the offset of the first or second marker and
ended at the onset of the following marker. The markers had
durations of either 10 ms or 100 ms. Across all sequences,
the markers were either from the same sensory modality
(intramodality) or from two different modalities (intermo-
dality). In intermodal conditions, the first and third markers
always belonged to the same modality.

Procedure

The experiments consisted of multiple sessions, each last-
ing around 30 minutes, in which sequences of intra- and
intermodal intervals were presented. Sessions could be com-
pleted on different days and a break of at least ten minutes
was required between sessions. Each session began with an
intramodal condition, followed by intermodal conditions.
For each condition, two standard intervals were used: 500
and 1,000 ms. The standard interval was defined as the mean
of the two intervals delimited by the three markers. The
order of presentation of sessions, standard durations, and
marker durations was counterbalanced using a Latin square.

The equisection method, in conjunction with the adjust-
ment method, was used for this experiment. In other words,
participants were first exposed to a sequence of two unequal
intervals and then had to adjust the moment of appearance
of the second marker between the first and third, until they
perceived the two intervals as equal (see Fig. 1). The “1” key
on the keyboard was used to decrease the duration of the first
interval, and thus increase the duration of the second, by +
8% compared with the standard duration (see Table 1). The
“3” key was used to make the opposite adjustment. Equal
step sizes were used between the adjustments. However, the
adjustments were +4% when the participants were close
to the standard (i.e., a two-interval sequence [+4% of the
standard] could be perceived just before the presentation
of the standard interval sequence). For example, if the first
interval of the sequence presented is 620 ms, and the par-
ticipant wants to decrease the duration of this interval until
the two intervals are equal (500-500 ms), they will have to
go through the sequences of three stimuli where the first
interval is 580 ms (—8%), 540 ms (—8%), 520 ms (—4%),
then 500 ms (—4%).

After each adjustment, the adjusted sequence was pre-
sented to the participant. When participants perceived the
intervals as equal, they pressed the “ENTER” key, which
recorded the duration value of the first interval and com-
pleted a trial. Before the beginning of trials in each session,
participants completed a training phase with three practice
trials in the AAA condition! to familiarize with the task,
where the standard interval was 600 ms. After the practice
phase, they had eight trials in each level of standard duration
in each condition. On each new trial, sequences of three brief
markers delimiting only unequal intervals were presented
(i.e., the second marker appeared x ms after the offset of
the first marker). The value of x ranged randomly from 68%
to 132% of the standard duration (the 100% value; i.e., the

! The auditory modality—known to provide better temporal discrim-
ination—was used during the practice trials to ensure that participants
had the best possible understanding of the task.
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Fig. 1 Example of a trial in the AAA condition with a standard duration of 500 ms

Table 1 Range and step size of the first interval as a function of the
standard interval length

Standard interval ~ Step size of the 8% and ~ Range of the 8% and

length (ms) 4% adjustments (ms) 4% intervals (ms)
500 40; 20 340-660; 480-520
1,000 80; 40 680-1,320; 960-1,040

standard duration itself, was not presented at the beginning
of the trials). These successive unequal intervals were pre-
sented randomly and without replacement. Participants were
not informed that intervals are always unequal at the begin-
ning of a trial. Standard duration changed when the eight
trials were completed.

Data analyses
For each experimental condition, the mean bisection point
(BP) and standard deviation (SD) were computed for each

participant. The BP represents the average duration of the
first interval in a sequence that is judged to be equal to the
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second interval. If the analyses had been performed on the
second interval, the results would have remained the same
but in the opposite direction. A BP smaller than the standard
interval indicates that the second interval must be longer to
be perceived as equal to the first, suggesting that the first
interval is perceived as longer than the second. For each
participant, the SD was calculated from the eight trials cor-
responding to each standard duration in each experimental
condition.

Two dependent variables are of interest in both Experi-
ments 1 and 2: the Weber fraction and the relative constant
error (rCE). The Weber fraction corresponds to the SD
divided by the standard duration value (500 and 1,000 ms).
A high fraction corresponds to higher variability in temporal
judgments (i.e., lower precision) while a low fraction cor-
responds to lower variability (i.e., greater precision). The
constant error (CE) represents the difference between the
BP and the standard duration value (CE = BP — standard
duration); if the BP is shorter than the standard duration,
the CE has a negative value, whereas if it is longer than the
standard duration, the CE has a positive value. The rCE is
obtained by dividing the CE by the value of the standard
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duration (rCE = CE/standard duration). However, when the
CE has a negative value, this negative sign must be applied
to the quotient obtained from the division. Otherwise, the
rCE values would always be positive and therefore not com-
parable. Negative rCE indicates the first interval is perceived
as longer, while positive rCE suggests it is shorter. An rCE
of zero signifies no influence on perceived duration. Values
closer to zero indicate greater accuracy in judgments. Using
rCE instead of BP as the dependent variable allows for direct
comparisons of perceived durations across different standard
conditions. In order to compare rCE differences according
to the marker length, it is important to analyze together the
conditions where the markers come from the same modality.

For each condition, factorial design analyses of variance
(ANOVAs) with repeated measures and paired-samples
t tests were performed on Weber fraction and on rCE. A
Tukey correction for multiple comparisons was applied for
each of the post hoc tests. An alpha level of 0.05 was used
in all analyses.

Experiment 1: Second marker lengthening
Method
Participants

Twenty-four participants from Laval University were
recruited. Ten men and 14 women aged between 19 and 27
years (M = 22.63 years) took part in the experiment. The
participants had no known neurological disorders and had
normal or corrected vision. They consented to their partici-
pation by signing a form approved by the institutional ethics
committee and received compensation of $20 CAD at the
end of the experiment.

Procedure

Experiment 1 consists of three sessions of three modality
conditions. There was a session where AAA, AVA, and ATA
markers were presented; one where VVV, VAV, and VTV
markers were presented; one where TTT, TAT, and TVT
markers were presented. In each modality condition, there
were two conditions of marker length: one where each mark-
ers lasted 10 ms (xxx); one where the first and third markers
lasted 10 ms and the second lasted 100 ms (xXX).

Results

All inferential statistics in Experiment 1 are based on 2
(standard interval) X 2 (marker length) repeated-measures
ANOVAs. Paired-samples 7 tests for post hoc comparisons
were performed where necessary. Also, note that in figures

involving the Weber fraction, it is the standard interval that
is on the x axis, but with the relative constant error, it is the
maker length.

Weber fraction

First and third marker: Auditory Figure 2 shows the mean
Weber fraction in the AAA, AVA, and ATA conditions, at
500 and 1,000 ms, when the length of the second marker
was 10 ms or 100 ms.

In the AAA condition, there was a significant main effect
for standard interval, F(1, 23) = 16.26, p <.001, np2 =0.414,
and marker length, F(1, 23) = 18.16, p <.001, np2 =0.441.
The interaction between factors was also significant, F(1,
23)=5.15, p =.033, np2 = 0.183. Post hoc analyses between
standard intervals revealed that Weber fraction in the aaa
condition was not significantly different between 500 and
1,000 ms (p =.352) but was significantly higher at 500 ms
than at 1,000 ms in the aAa condition (p =.003). Post hoc
analyses between each marker length revealed that Weber
fraction was significantly higher in the aAa condition than
in the aaa condition (p =.001) at 500 ms. At 1,000 ms, the
difference between the aaa and aAa conditions was not sig-
nificant (p =.067).

In the AVA condition, there was a significant main effect
for standard interval, F(1,23) =57.78, p <.001, npz =0.715.
Weber fraction was significantly higher at 500 ms than at
1,000 ms (p <.001). The marker length effect, F(1, 23) =
0.04, p =.839, np2 = 0.002, and the interaction between
factors, F(1, 23) = 0.69, p =.413, 1,> = 0.029, were not
significant.

In the ATA condition, there was a significant main effect
for standard interval, F(1, 23) = 60.90, p <.001, np2 =0.726.
Weber fraction was significantly higher at 500 ms than at
1,000 ms (p <.001). The marker length effect, F(1, 23) =
1.49, p =.234, np2 = 0.061, and the interaction between
factors, F(1, 23) = 1.07, p =.311, np2 = 0.045, were not
significant.

First and third marker: Visual Figure 3 shows the mean
Weber fraction in the VVV, VAV, and VTV conditions, at
500 and 1000 ms, when the length of the second marker was
10 ms or 100 ms.

In the VVV condition, there was a significant main effect
for standard interval, F(1, 23) = 45.28, p <.001, np2 =0.663,
and marker length, F(1, 23) = 8.59, p =.007, np2 = 0.272.
The interaction between factors was also significant, F(1,
23)=5.83, p =.024, npz = 0.202. Post hoc analyses between
standard intervals revealed that Weber fraction in the vvv
condition was significantly higher at 500 ms than at 1,000
ms (p =.031), and was significantly higher at 500 ms than at
1,000 ms in the vVv condition (p <.001). Post hoc analyses
between each marker length revealed that Weber fraction
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Fig.2 Weber fraction, for each standard interval and marker length,
in the AAA (upper-left panel), AVA (upper-right panel), and ATA
(lower panel) conditions. Note that uppercase (100-ms) and lowercase

was significantly higher in the vVv condition than in the vvv
condition (p =.017) at 500 ms. At 1,000 ms, the difference
between the vvv and vVv conditions was not significant (p
=.992).

In the VAV condition, there was a significant main effect
for standard interval, F(1, 23) =45.54, p <.001, np2 =0.664.
Weber fraction was significantly higher in the 500-ms condi-
tion than in the 1,000-ms condition (p <.001). The marker
length effect, F(1,23) =3.87, p =.061, np2 =0.144, and the
interaction between factors, F(1, 23) = 0.25, p =.617, npz =
0.011, were not significant.

In the VTV condition, there was a significant main effect
for standard interval, F(1,23) = 36.06, p <.001, np2 =0.611.
Weber fraction was significantly higher in the 500-ms condi-
tion than in the 1,000-ms condition (p <.001). The marker
length effect, F(1, 23) = 0.36, p =.553, np2 =0.016, and the
interaction between factors, F(1, 23) = 0.33, p =.563, np2 =
0.015, were not significant.

@ Springer

(10 ms) letters in the legend are used to represent marker duration.
Bars represent standard error

First and third marker: Tactile Figure 4 shows the mean
Weber fraction in the TTT, TAT, and TVT conditions, at
500 and 1,000 ms, when the length of the second marker
was 10 ms or 100 ms.

In the TTT condition, there was a significant main effect
for marker length, F(1, 23) = 9.02, p =.006, np2 =(0.282.
Weber fraction was significantly higher in the tTt condition
than in the ttt condition (p =.006). The standard interval
effect, F(1,23)=2.32,p =.141, np2 =0.092, and the interac-
tion between factors, F(1, 23) =0.52, p =.475, np2 =0.022,
were not significant.

In the TAT condition, there was a significant main effect
for standard interval, F(1, 23) = 35.45, p <.001, npz =0.607.
Weber fraction was significantly higher in the 500-ms condi-
tion than in the 1,000-ms condition (p <.001). The marker
length effect, F(1,23) = 0.38, p =.543, np2 =0.016, and the
interaction between factors, F(1, 23) = 0.51, p =.481, np2 =
0.022, were not significant.
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Fig.3 Weber fraction, for each standard interval and marker length, in the VVV (upper-left panel), VAV (upper-right panel), and VTV (lower

panel) conditions. Bars represent standard error

In the TVT condition, there was a significant main effect
for standard interval, F(1,23) = 33.29, p <.001, np2 =0.591,
and marker length, F(1, 23) = 5.60, p =.027, np2 =0.196.
Weber fraction was significantly higher in the 500-ms con-
dition than in the 1000-ms condition (p <.001), and was
significantly lower in the tVt condition than in the tvt (p
=.027). The interaction between factors was not significant,
F(1,23) =0.10, p =.750, n,* = 0.005.

Relative constant error

First and third marker: Auditory Figure 5 shows the mean
rCE in the AAA, AVA, and ATA conditions, at 500 and
1,000 ms, when the length of the second marker was 10 ms
or 100 ms.

In the AAA condition, there was a significant main effect
for marker length, F(1, 23) = 8.29, p =.008, np2 = 0.265.
The rCE was significantly higher in the aAa condition than
in the aaa condition (p =.008). The standard interval effect,
F(1,23) =1.66, p =.210, np2 = 0.067, and the interaction

between factors, F(1,23)=1.97,p =.174, np2 =0.079, were
not significant.

In the AVA condition, there was a significant main effect
for marker length, F(1, 23) = 11.66, p =.002, np2 = 0.336,
and for the interaction between factors, F(1, 23) = 4.76,
p =.040, np2 = 0.172. Post hoc analyses between standard
intervals revealed that rCe between the 500-ms and the
1,000-ms conditions was not significant in both ava condi-
tion (p =.998) and aVa condition (p =.061). Post hoc analy-
ses between each marker length revealed that rCe was signif-
icantly higher in the aVa condition than in the ava condition
(p =.002) at 1,000 ms. At 500 ms, the difference between
the ava and aVa conditions was not significant (p =.978).
The effect of standard interval was not significant, F(1, 23)
= 1.46, p =239, n,> = 0.060.

In the ATA condition, there was no significant main effect
for standard interval, F(1, 23) = 1.36, p =.256, np2 =0.056,
and marker length, F(1, 23) = 3.08, p =.093, np2 =0.118.
The interaction between factors was not significant, F(1, 23)
= 1.43, p =244, 1,> = 0.059.
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Fig.4 Weber fraction, for each standard interval and marker length, in the TTT (upper-left panel), TAT (upper-right panel), and TVT (lower

panel) conditions. Bars represent standard error

First and third marker: Visual Figure 6 shows the mean rCE
in the VVV, VAV, and VTV conditions, at 500 and 1,000 ms,
when the length of the second marker was 10 ms or 100 ms.

In the VVV condition, there was no significant main
effect for standard interval, F(1, 23) = 3.55, p =.072, np2 =
0.134, and marker length, F(1, 23) = 2.21, p =.150, npz =
0.088. The interaction between factors was not significant,
F(1,23) =284, p =.106,n,> = 0.110.

In the VAV condition, there was a significant main effect
for marker length, F(1, 23) = 8.64, p =.007, np2 =0.273.
The rCE was significantly higher in the vAv condition than
in the vav condition (p =.007). The standard interval effect,
F(1,23) =2.60, p =.120, np2 = 0.102, and the interaction
between factors, F(1, 23) =3.13, p =.090, np2 =0.120, were
not significant.

In the VTV condition, there was a significant main effect
for standard interval, F(1,23) = 10.87, p =.003, np2 =0.321,
and marker length, F(1, 23) = 10.61, p =.003, np2 =0.316.
The rCE was significantly higher at 1000 ms than at 500 ms
(p =.003), and was significantly higher in the vTv condition
than in the vtv condition (p =.003). The interaction between
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factors was not significant, F(1, 23) = 1.43, p =.243, np2 =
0.059.

First and third marker: Tactile Figure 7 shows the mean rCE
in the TTT, TAT, and TVT conditions, at 500 and 1,000 ms,
when the length of the second marker was 10 ms or 100 ms.

In the TTT condition, the ANOVA revealed no significant
main effect for standard interval, F(1, 23) = 1.32, p =.262,
np2 = (0.054, and marker length, F(1,23) =2.01, p =.169, np2
= 0.080. The interaction between factors was not significant,
F(1,23) = 0.65, p =427, n,> = 0.028.

In the TAT condition, there was a significant main effect
for marker length, F(1, 23) = 6.46, p =.018, np2 =0.219.
The rCE was significantly higher in the tAt condition than
in the tat condition (p =.018). The standard interval effect,
F(1,23) = 0.60, p =.445, np2 = 0.026, and the interaction
between factors, F(1,23)=0.31, p =.579, np2 =0.014, were
not significant.

In the TVT condition, there was a significant main effect
for marker length, F(1, 23) = 5.50, p =.028, np2 =0.193.
The rCE was significantly higher in the tVt condition than
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in the tvt condition (p =.028). The standard interval effect,
F(1,23)=1.96, p =.175, npz = 0.079, and the interaction
between factors, F(1,23) =0.00, p =.983, np2 =0.000, were
not significant.

Discussion of Experiment 1

The aim of this experiment was to investigate the impact
of lengthening the second marker—presented within a
series of three markers delimiting two intervals—on both
the variability and perceived duration of the intervals. We
hypothesized that judgment variability would be greater
when the second marker lasted 100 ms instead of 10 ms,
both in intramodal conditions and in conditions where
the second marker was auditory. Additionally, in both
intra- and intermodal conditions, the interval preceding
or following the lengthened marker was expected to be
perceived as longer than if the marker had not been length-
ened. Finally, the effect of lengthening on variability and
on perceived duration was expected to be greater for 500-
ms intervals compared with 1,000-ms intervals.

Variability (Weber fraction)

Overall, in intermodality conditions, results show a decrease
in the variability of temporal judgments with increasing
standard interval duration. Furthermore, no effect of length-
ening the second marker was observed in auditory and visual
intermodal conditions. While lengthening the second marker
would normally have resulted in greater variability if it came
from auditory modality (Kuroda et al., 2014), we did not
observe a similar effect in all these intermodality conditions
in this current study. One possibility is that a masking effect
involving the marker lengthening could have occurred due
to the initial difficulty of discriminating intervals delimited
by different sensory modalities. If this holds true, it implies
that the factors influencing temporal judgments are not addi-
tive. If they were additive, a further increase in difficulty
would have been observed when the second marker was
lengthened, leading to an even greater increase in variabil-
ity of temporal judgments. However, when the first and third
marker was tactile, lengthening the second marker results in
significantly lower variability only when the second marker
is visual, i.e., the TVT condition. This is quite surprising, as
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Fig.6 Relative constant error, for each standard interval and marker length, in the VVV (upper-left panel), VAV (upper-right panel), and VTV

(lower panel) conditions. Bars represent standard error

the lengthened condition was expected to reduce the ability
for temporal discrimination. On the other hand, it is impor-
tant to note that the means for the lengthened and nonlength-
ened marker conditions are very similar, but significantly
different.

In intramodal conditions without a lengthened marker,
i.e., when markers lasted 10 ms, there is a slight but signifi-
cant decrease in variability between 500 and 1,000 ms in
the visual condition, while variability in the auditory and
tactile conditions remains stable. This partially replicates
previous findings by Demers and Grondin (2025). When the
second marker was lengthened, variability was significantly
higher at 500 than at 1,000 ms in the auditory and visual
conditions. The tactile condition remains stable between
these two standard intervals. Moreover, variability was sig-
nificantly higher when the second marker was lengthened
at 500 ms in the auditory, visual, and tactile conditions, and
significantly higher at 1000 ms in the tactile condition, than
the variability observed in the condition where no marker
is lengthened. There was no effect of marker lengthening at
1000 ms in the visual and auditory conditions, although the
effect was nearly significant in the latter. The intramodal
results show an additional difficulty in judging the intervals
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when the second marker is lengthened to 100 ms, mainly in
the 500-ms standard intervals.

In short, these results show that lengthening the sec-
ond marker impairs the ability to discriminate very short
intervals, but this ability improves as the standard interval
increases in the auditory and visual conditions. In the tactile
condition, a 1,000-ms interval does not seem long enough
for the lengthening effect to disappear.

Perceived Duration (rCE)

In this study, when the second marker was lengthened in
the visual and tactile intermodal conditions (VAV, VTV,
TAT, TVT), participants likely adjusted the timing of its
appearance to shorten the duration of the second interval,
regardless of its sensory modality. In other words, they per-
ceived the second interval as longer when the second marker
was lengthened. This effect was not observed in the inter-
modal auditory conditions, except at 1,000 ms in the AVA
condition.

One possible explanation for these results is an ampli-
fication of the modality effect previously reported in the
literature. Specifically, intervals beginning with A tend
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Fig. 7 Relative constant error, for each standard interval and marker length, in the TTT (upper-left panel), TAT (upper-right panel), and TVT

(lower panel) conditions. Bars represent standard error

to be perceived as longer than those beginning with V or
T, and those beginning with T appear longer than those
beginning with V (Azari et al., 2020; Demers & Grondin,
2025). This modality effect was amplified when the second
marker was lengthened in the VAV, VTV, and TAT condi-
tions, but attenuated in the TVT, AVA, and ATA condi-
tions. Consequently, AV, TV, and AT intervals were per-
ceived as even longer, whereas VT, VA, and TA intervals
appeared shorter than they would have been if the second
marker had not been lengthened. Overall, the presence of
an effect in the AVA condition at 1,000 ms remains some-
what puzzling.

If we do not take into account the sensory modality of
the markers, how can we explain the effect of lengthening
the second marker on perceived intervals duration? One
relevant explanation, according to Kuroda et al. (2014), is
that participants begin timing the second interval before the
offset of the central marker, which implies that part of this
interval is filled by the stimulus. Given that a filled interval
is perceived as longer than an empty one (Grondin, 1993;
Hasuo et al., 2012; Wearden et al., 2006), this partial filling
of the interval would contribute to an increased likelihood
of perceiving it as longer. Kuroda et al. (2014) had difficulty

explaining why and when participants start timing earlier.
However, it is conceivable that they may have initiated the
timing of the second interval before the end of the second
marker due to the tendency to perceive Markers 1 and 3 as
shorter, as observed in the present study.

A part of the explanation for the marker length effect
lies in the rhythm of pulse emission by the pacemaker, as
described in scalar expectation theory (SET; Gibbon et al.,
1984) and in the AGM (Zakay & Block, 1995). Since the
long marker lasts longer, and the majority of markers to be
perceived are shorter, it is likely that the participant has
more time to direct his attention towards the lengthened
marker, which would accelerate the pacemaker's rhythm.
Consequently, the pacemaker’s thythm at the offset of the
second marker would correspond to its rhythm at the onset
of the second interval. Since the interval itself is empty,
meaning that no external stimulation occurs, the pacemak-
er’s rhythm would gradually return to its baseline, similar
to how a neuronal action potential dissipates over time. In
other words, the presence of the long signal in contrast to
the short signals accelerates the pulse emission rate. Indeed,
some studies have shown that the influence of stimulus
characteristics on perceived duration tends to diminish as
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the interval between markers increases (Azari et al., 2020,
2023; Demers & Grondin, 2025). However, it appears that
a 1,000-ms interval is still not long enough, compared with
a 500-ms interval, for the lengthening effect to completely
disappear. Moreover, according to this hypothesis, a length-
ening effect should have been observed in the visual and
tactile intramodal conditions, which was not the case, while
it was in the auditory intramodal condition.

To understand the surprising lack of lengthening effect
in visual and tactile intramodal conditions, it makes sense
to consider the variability in the level of attention paid to
the second marker between conditions with and without
lengthening. In intermodality, it is likely that the effect of
lengthening is due to a greater level of attention paid to the
second marker. Indeed, when the second marker is length-
ened, participants have more time to shift their attention to
the new sensory modality before switching again to the third
marker. This contrasts with the condition where the second
marker is not lengthened. According to the AGM (Zakay
& Block, 1995), the higher the level of attention paid to
duration, the higher the number of pulses accumulated. Two
hypotheses can be put forward here. Firstly, if the participant
starts timing the second interval earlier (i.e., during the sec-
ond marker) and that the marker of another modality benefits
from a higher level of attention since it is different from the
other two markers, then more pulses will be accumulated
at the offset of the second interval. Secondly, considering
that a large difference in intensity between a stimulus and
its background accelerates the pacemaker (Matthews et al.,
2011), and if that, in the present study, participants focus
more on the presentation of the three successive markers
than on empty intervals, it is conceivable that the lengthen-
ing of the second marker creates a contrast with the first
and third markers. Indeed, a contrast in terms of marker
duration may occur, but it is also possible that a contrast
in terms of sound intensity arose between the two marker
durations (Scharf, 1978; see also Hasuo et al., 2012). In both
cases, the pacemaker rhythm would be faster at the onset
of the interval following the lengthened marker, which is
in line with the hypothesis initially proposed. The differ-
ence with intra- and intermodal visual and tactile condi-
tions is that the lengthened marker does not benefit from as
high a level of attention in intramodality as in intermodal-
ity. Now, why is there an effect of the marker length in the
auditory intramodal condition? It could be that, since audi-
tory modality is known to be more accurate than visual and
tactile modality in interval judgments, the level of attention
given to the lengthened marker is as high as in intermodality
(i.e., the level of attention achieved in intermodality is more
readily attainable in the auditory condition). Some authors
have found a significant effect when the second marker is
lengthened in auditory intramodal conditions (Hasuo et al.,
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2011; Kuroda et al., 2014; Woodrow, 1928), as well as in
visual intramodal conditions (Kuroda et al., 2014). However,
we did not observe a similar effect in the latter case.

Overall, the results of this experiment support the hypoth-
esis that the comparison of the two intervals is primarily
based on the sequential organization of the three stimuli
described by Woodrow (1928) where the attention is directed
more toward the relative temporal position of the markers
(the second one in this experiment) rather than on the dura-
tion of intervals. According to the hypotheses outlined in
this section, a similar effect should be observable if only
the first marker is lengthened. However, the expected effect
of lengthening the first marker should be attenuated or even
absent if the third marker is also lengthened, as the duration
of most markers on which participants rely would then be
increased, that is, the sequence of markers delimiting the
intervals would be symmetrical. Furthermore, if only the
third marker is lengthened, no effect should be observed,
or at most, a smaller effect compared with when the first or
both the first and third markers are lengthened. The effects
of lengthening the first, third, and both the first and third
markers will be tested in Experiment 2, which should help
clarify the findings of this experiment.

Experiment 2: First and third marker
lengthening

Because we increased the number of marker conditions in
this experiment, the investigation is restricted to the use of
intervals marked with auditory and visual stimuli.

Method
Participants

Twenty-four participants from Laval University were
recruited. Eleven men and 13 women aged between 20 and
38 years (M = 23.83 years) took part in the experiment. The
participants had no known neurological disorders and had
normal or corrected vision. They consented to their partici-
pation by signing a form approved by the institutional ethics
committee and received compensation of $15 CAD at the
end of the experiment.

Procedure

Experiment 2 consists of two sessions of two modality con-
ditions. There was a session where AAA and AVA mark-
ers were presented, and one where VVV and VAV markers
were presented. In each modality condition, there were three
conditions of marker length: one where the first and third
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markers lasted 100 ms and the second lasted 10 ms (AaA,
AvVA, VvV, and VaV); one where the first marker lasted 100
ms and the others 10 ms (Aaa, Ava, Vvv, and Vav); one
where the third marker lasted 100 ms and the others 10 ms
(aaA, avA, vvV, and vaV).

Results

All inferential statistics in Experiment 2 are based on 2
(standard interval) X 3 (marker length) repeated-measures
ANOVAs. Paired-samples ¢ tests for post hoc comparisons
were performed where necessary. Also, note that in figures
involving the Weber fraction, the standard interval that is on
the x axis, but with the relative constant error, the marker
length is.

Weber fraction

First and third marker: Auditory Figure 8 (left panel) shows
the mean Weber fraction in AAA, at 500 and 1,000 ms, in
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the AaA, Aaa, and aaA conditions. The ANOVA revealed
that there was a significant main effect for standard inter-
val, F(1, 23) = 22.22, p <.001, np2 = 0.491, and marker
length, F(2, 46) = 6.09, p =.004, np2 = 0.210. Weber frac-
tion was significantly higher in the 500-ms condition than in
the 1,000-ms condition (p <.001). When marker length was
varied, Weber fraction was significantly lower in the aaA
condition than in the AaA (p =.002) and Aaa conditions (p
<.013). The difference between AaA and Aaa was not sig-
nificant (p =.994). The interaction between factors was not
significant, F(2, 46) = 0.99, p =.378,1,” = 0.041.

Figure 8 (right panel) shows the mean Weber fraction in
AVA, at 500 and 1,000 ms, in the AvA, Ava and avA con-
ditions. The ANOVA revealed that there was a significant
main effect for standard interval, F(1, 23) = 41.88, p <.001,
np2 = 0.646. Weber fraction was significantly higher in the
500-ms condition than in the 1000-ms condition (p <.001).
The marker length effect, F(2, 46) = 0.93, p =.399, np2 =
0.039, and the interaction between factors, F(2, 46) = 1.76,
p=.182, np2 = (0.071, were not significant.
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Fig.8 Weber fraction, for each standard interval and marker length, in the AAA (left panel) and AVA (right panel) conditions. Note that upper-
case (100 ms) and lowercase (10 ms) letters in the legend are used to represent marker duration. Bars represent standard error
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standard error
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First and third marker: Visual Figure 9 (left panel) shows
the mean Weber fraction in VVV, at 500 and 1,000 ms, in
the VvV, Vvy, and vvV conditions. The ANOVA revealed
that there was a significant main effect for standard inter-
val, F(1, 23) =26.25, p <.001, np2 = 0.533. Weber fraction
was significantly higher in the 500-ms condition than in the
1,000-ms condition (p <.001). The marker length effect,
F(2,46) =3.12, p =.054, np2 = 0.119, and the interaction
between factors, F(2, 46) = 0.57, p =.569, np2 =0.024, were
not significant.

Figure 9 (right panel) shows the mean Weber fraction in
VAV, at 500 and 1,000 ms, in the VaV, Vav, and vaV con-
ditions. The ANOVA revealed that there was a significant
main effect for standard interval, F(1, 23) = 45.52, p <.001,
np2 = 0.649. The interaction between factors was also signifi-
cant, F(2,46) = 5.87, p =.005, np2 = (.204. Post hoc analy-
ses between standard intervals revealed that Weber fraction
was significantly higher at 500 ms than at 1000 ms in the
VaV (p =.004) and vaV (p <.001) conditions. The difference
between the two standard intervals in the Vav condition was
not significant (p =.524). Post hoc analyses between each
marker length condition at 500 and 1,000 ms revealed no
significant difference (p; >.100). The marker length effect
was not significant, F(2, 46) = 0.03, p =.961, np2 =0.002.

Relative constant error

First and third marker: Auditory Figure 10 (left panel) shows
the mean rCE in AAA, at 500 and 1,000 ms, in the AaA,
Aaa, and aaA conditions. The ANOVA revealed that there
was a significant main effect for marker length, F(2, 46)
=16.71, p <.001, n,* = 0.421. The rCE was significantly
lower in the aaA condition than in the AaA (p <.001) and
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in the Aaa conditions (p <.001). The difference between the
AaA and the Aaa conditions was not significant (p =.093).
The standard interval effect, F(1, 23) = 0.46, p =.504, np2 =
0.020, and the interaction between factors, F(2, 46) = 1.79,
p =177, np2 = 0.073, were not significant.

Figure 10 (right panel) shows the mean rCE in AVA, at
500 and 1,000 ms, in the AvA, Ava, and avA conditions. The
ANOVA revealed that there was a significant main effect
for standard interval, F(1,23) =4.41, p =.047, np2 =0.161,
and marker length, F(2, 46) = 5.99, p =.005, np2 = 0.207.
The rCE was significantly higher in the 500-ms condition
than in the 1,000-ms condition (p =.047). The rCE was also
significantly lower in the avA condition than in the AvA (p
=.003) and in the Ava conditions (p =.038). The difference
between the AvA and the Ava conditions was not significant
(p =.990). The interaction between factors was not signifi-
cant, F(2,46) = 3.15, p =.052,n,> = 0.121.

First and third marker: Visual Figure 11 (left panel) shows
the mean rCE in VVV, at 500 and 1000 ms, in the VvV,
Vvv, and vvV conditions. The ANOVA revealed that there
was a significant main effect for standard interval, F(1, 23)
=9.68, p =.005, > = 0.296, and marker length, F(2, 46) =
15.17, p <.001, n,” = 0.397. The interaction between factors
was also significant, F(2, 46) = 5.64, p =.006, np2 =0.197.
Post-hoc analyses between standard intervals revealed that
rCE was significantly higher at 500 ms than at 1,000 ms in
the Vvv condition (p =.003). The differences between the
two standard intervals in the VvV condition (p =.367) and
in the vvV condition (p = 1.000) were not significant. Post
hoc analyses between each marker length at 500 ms revealed
that the rCE was significantly higher in the Vvv condition
than in the vvV condition (p =.003), and significantly higher
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Fig. 10 Relative constant error, for each standard interval and marker length, in the AAA (left panel) and AVA (right panel) conditions. Bars

represent standard error
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Fig. 11 Relative constant error, for each standard interval and marker length, in the VVV (left panel) and VAV (right panel) conditions. Bars

represent standard error

in the vvV than in the VvV condition (p =.032). The differ-
ence between Vvv and VvV (p =.170) was not significant.
At 1,000 ms, rCE was significantly lower in the Vvv than in
the vvV (p =.008). The differences between VvV and Vvv
(p =.509) and between VvV and vvV (p =.372) were not
significant.

Figure 11 (right panel) shows the mean rCE in VAV, at
500 and 1,000 ms, in the VaV, Vav, and vaV conditions. The
ANOVA revealed that there was a significant main effect for
marker length, F(2, 46) = 8.54, p <.001, n,?> = 0.271. The
interaction between factors was also significant, F(2, 46) =
5.62, p =.007, np2 = 0.196. Post-hoc analyses between stand-
ard intervals revealed that rCE was significantly higher at
500 ms than at 1,000 ms in the Vav condition (p =.030). The
differences between the two standard intervals in the VaV
condition (p = 1.000) and in the vaV condition (p =.952)
were not significant. Post-hoc analyses between each marker
length at 500 ms revealed that the rCE was significantly
higher in the Vav condition than in the VaV condition (p
=.044) and the vaV condition (p =.002). The difference
between VaV and vaV was not significant (p =.671). At
1000 ms, rCe was not significantly different between each of
the three conditions (p >.500). The standard interval effect
was not significant, F(1, 23) = 1,26, p =.274, np2 =0.052.

Discussion of Experiment 2

With the method used in Experiment 1, this experiment
aimed to assess how lengthening the duration of the first,
third, or both the first and third markers delimiting two brief
intervals affected the variability of judgments and the per-
ceived duration of these intervals. It was hypothesized that
judgment variability would be higher when only one marker
lasted 100 ms rather than 10 ms, and that this effect would

be greater if the first marker was lengthened compared with
the third or both the first and third markers. Additionally, in
both intra- and intermodal conditions, the interval preced-
ing or following the lengthened stimulus was expected to
be perceived as longer than if the stimulus had not been
lengthened. Finally, the effect of lengthening on variability
and perceived duration was expected to be greater for 500-
ms intervals compared with 1,000-ms intervals.

Variability (Weber fraction)

Overall, the results indicate greater variability in temporal
judgments for the 500-ms intervals condition compared with
the 1 000-ms intervals condition, which is consistent with the
findings of Experiment 1. Moreover, although no direct sta-
tistical comparisons were conducted between intra- and inter-
modal conditions, variability appears greater in the intermodal
condition, which is in line with previous findings (Azari et al.,
2020; Demers & Grondin, 2025; Grondin et al., 2005).

When comparing marker length conditions within each
sensory modality, there is practically no effect on the vari-
ability of temporal judgments, except in the AAA condi-
tions, where judgments are significantly less variable in the
aaA condition than in the Aaa and AaA conditions. This
result is consistent with previous findings (Grondin et al.,
2005; Kuroda et al., 2013; Penner, 1976), which suggest that
variability increases when the marker preceding the interval
to be timed is lengthened. According to SET (Gibbon et al.,
1984), the greater variability observed in the Aaa and AaA
conditions could stem from a difficulty in integrating two
different pacemaker rhythms during interval timing: a faster
rhythm when timing the first interval at the offset of the
lengthened marker, and a slower rhythm during the second
interval at the offset of the nonlengthened marker.
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On the other hand, results observed in the auditory
intramodal condition should have been observed in the audi-
tory intermodal as well as in the visual intra- and intermodal
conditions. Therefore, the lack of effect of marker lengthen-
ing on variability in conditions involving the visual modal-
ity could be explained by the fact that, when we consider
that visual modality provides a poorer capacity for interval
discrimination compared with the auditory modality (Azari
et al., 2020; Fraisse, 1952; Grondin, 1993; see Grondin
2003, 2020; Kuroda et al., 2014), the presence of visual
information may have masked the effect of marker length-
ening. In other words, even if increasing the duration of the
marker had reduced temporal judgment ability, this effect
might not be detectable, as the visual modality is also known
to impair such judgments. Specifically, the impact of marker
duration lengthening on judgment variability depends on the
sensory modality of these markers.

Moreover, Kuroda et al. (2013) suggest that the repetition
of short and long markers leads to a decrease in judgment
variability. Thus, the near absence of an effect on judgments
variability in the present results might be partly due to the
multiple adjustments participants were able to make to
achieve a perception of subjective equality between the two
intervals. However, when the visual modality is involved,
repeated presentations of these stimuli do not seem to have
a sufficient impact to significantly enhance temporal judg-
ment, making it difficult to observe an effect of marker dura-
tion lengthening, as seen in auditory intramodal conditions.

Perceived Duration (rCE)

Similar to the results reported by Kuroda et al. (2014), in all
four modality conditions (AAA, VVV, AVA, VAV), length-
ening only the first marker leads to a significantly longer
perception of the first interval compared with lengthening
only the third marker, except at 1,000 ms in the VAV condi-
tion, where these two lengthened marker conditions (Vav vs.
vaV) do not differ significantly. However, it is not possible to
determine which marker duration condition has the greatest
effect on perceived interval duration, as no reference con-
dition (i.e., with no lengthened marker) was presented for
comparison. Nevertheless, based on the results of Experi-
ment 1 in the present study and those of Hasuo et al. (2011,
Experiment 1), as well as on the assumption that the rCE
should be null in the absence of marker lengthening—at
least in intramodal conditions—it is reasonable to conclude
that lengthening the first marker has a greater impact on the
perceived duration of the subsequent interval than lengthen-
ing the third marker. Indeed, lengthening the third marker
alone results in a null or nearly null rCE in the AAA, AVA,
and VAV conditions.

When the first and third markers are lengthened in the
AAA and AVA conditions, the perceived interval duration
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does not differ significantly from the conditions in which
only the first marker is lengthened. However, it does differ
significantly from the conditions in which only the third
marker is lengthened. The mean perceived duration for the
conditions with two lengthened markers (AaA and AvA
conditions) tends to lie between the means of the condi-
tions with a single lengthened marker (Aaa, aaA, Ava,
and avA conditions). This suggests that the symmetrical
structure of the sequence, when two markers are length-
ened, may allow a more accurate perception of the interval
duration compared with the asymmetrical structures. In
both intra- and intermodal visual conditions, the pattern is
quite similar across the different marker conditions. How-
ever, the first interval tends to be perceived as shorter than
the second, compared with intra- and intermodal auditory
conditions. One conclusion remains clear: when the first
marker is lengthened, whether in intra- or intermodal audi-
tory and visual conditions, the first interval is perceived
as longer than when only the third marker is lengthened.

Based on the findings from Experiment 1, the effect
of lengthening the first marker could stem from partici-
pants starting to count before the offset of the marker, as
proposed by Kuroda et al. (2014). Alternatively, it might
result from a contrast effect in the structure delimiting
Interval 1 and Interval 2 (Hasuo et al., 2011; Indraccolo
et al., 2015; Matthews et al., 2011), which could corre-
spond to a higher pacemaker rhythm at the offset of the
first marker, leading to more pulses being accumulated at
the end of the first interval.

Comparisons between the two standard durations pro-
vide some insight into the effect of marker lengthening.
A significant difference is observed between the 500- and
1,000-ms intervals duration in AVA conditions, and in the
Vvv and Vav conditions: the first interval is perceived as
longer when the standard duration is 500 ms than when
it is 1,000 ms. The difference between standard dura-
tions in AVA conditions, compared with AAA conditions
where no effect is observed, could be due to the presence
of visual modality in AVA. Indeed, considering that the
effect of factors influencing temporal perception, such
as intermodality, tends to decrease as interval duration
increases (Azari et al., 2020; Demers & Grondin, 2025),
this observation makes sense. According to this hypoth-
esis, similar results would have been expected in VAV
conditions. However, it remains difficult to explain why a
significant difference is observed only in the Vav condition
and observed in Vvv condition. One possible explanation
is that if the effect of lengthening is more pronounced
for shorter intervals, and little to no effect is found in the
VvV, vvV, VaV, and vaV conditions, then it is logical to
observe a difference between standard durations only in
the conditions where the lengthening effect is strongest
(i.e., Vvv and Vav).
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General discussion

The aim of this study was to examine the effect of length-
ening one or two of the three markers delimiting two short
successive empty intervals. The markers, presented in
auditory, visual, and tactile modalities, had durations of
either 10 or 100 ms. The main variable considered was the
bisection point (BP), used to assess both the variability of
judgments and the perceived duration of the intervals. The
BP represented the subjective midpoint between the offset
of the first marker and the onset of the third marker. It was
determined by adjusting the onset of the second marker
so that the two intervals were perceived as equal. Overall,
these two experiments provide interesting results (for a
summary of the results, see Tables Al to A4 in the Appen-
dix) that complement and clarify existing literature on the
influence of marker lengthening in interval discrimination.
Moreover, many of these findings were replicated despite
the use of a relatively uncommon method—adjustment
combined with equisection.

Variability of judgments

Experiments 1 and 2 show that the ability to discrimi-
nate intervals is lower (i.e., judgments are more varia-
ble) for short intervals (500 ms) than for long intervals
(1,000 ms). This finding may relate to previous studies
reporting a decreased influence of marker characteristics
as the duration of the standard interval increases (Azari
et al., 2020, 2023; Demers & Grondin, 2025). Regard-
ing the variability of judgments, both experiments reveal
a nonnegligible effect in several conditions when one or
two of the three markers are lengthened, though not in all
conditions. In Experiment 1, the most striking result is
the difference between intra- and intermodal conditions.
In intramodal conditions, lengthening the second marker
increases judgment variability for very short durations,
regardless of the sensory modality used to delimit the two
intervals. In intermodal conditions, however, the effect
of lengthening the second marker is absent or negligible,
but the variability remains high. Lengthening the second
marker does not add to the general difficulty observed in
intermodal conditions. However, since a lengthening effect
is observed in intramodal conditions but not in intermodal
ones, it seems that processing multiple sensory modalities
has a greater impact on variability than the lengthening
of the second marker. The results of Experiment 2 can
hardly be compared with those of Experiment 1, as there
were no conditions in which no lengthened markers were
presented. However, these results provide insights into
judgment variability by showing differences in discrimi-
nation ability depending on the lengthened marker. First,

variability is higher in conditions where the first marker
is lengthened within the conditions of modality known
to promote better accuracy in interval judgments. This
indicates that markers used to initiate interval timing are
more influential than those marking the end of the marker
sequence, which aligns with previous studies (Azari et al.,
2020; Demers & Grondin, 2025; Grondin et al., 1996,
2005; Kuroda et al., 2013, 2014; Penner, 1976). Second,
judgment variability remains similar between conditions
when the visual modality is involved, which seems to have
masked the effect of the different lengthening conditions.
The absence of differences between the visual intermodal
conditions could result from the difficulty of processing
multiple modalities simultaneously, as observed in Experi-
ment 1. Conversely, the lack of an effect within the visual
intramodal conditions might be due to the modality influ-
encing judgment ability more than marker duration. Given
that the visual modality is known to have a lower discrimi-
nation capacity compared with the auditory modality, it
may have introduced too much variability to detect a dif-
ference between the three marker-lengthening conditions.

Perceived duration of intervals

When participants judge the two intervals as equal by adjust-
ing the onset of the second marker, Experiments 1 and 2 con-
vey the same message: lengthening either the first or second
marker leads to the perception that the interval following
the lengthened marker is longer than if the marker had not
been lengthened. More specifically, lengthening the second
marker (Experiment 1) increases the subjective perception
of the second interval compared with a condition in which
all markers have the same duration, regardless of the sensory
modality of the markers. However, sensory modality has
also the expected effect on the subjective duration of inter-
vals: intervals following an auditory marker are perceived
as longer than those following a tactile or visual marker, and
intervals following a tactile marker are perceived as longer
than those following a visual marker. It is worth consider-
ing whether the extension of the second marker induces a
masking effect on the first interval. However, in line with
the findings from Experiment 1, the results of Experiment 2
support the conclusion that the interval following the length-
ened marker is primarily affected. Indeed, Experiment 2
demonstrates this effect when the first marker is lengthened
but shows almost no effect when only the third marker is
lengthened. Finally, this experiment also provides insights
into how the structure of the marker sequence influences
interval perception. Although lengthening the third marker
has little to no effect on the perceived duration of intervals,
while lengthening the first marker does, a long-short-long
marker structure reduces the effect of the first marker’s
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lengthening, allowing for judgments closer to the objective
equality of intervals. As discussed in the results of Experi-
ments 1 and 2, the effect of marker lengthening on perceived
interval duration could be explained by a variable pacemaker
rate, modulated by the contrast between a short and a long
marker, as well as by the level of attention allocated to dif-
ferent markers.

Conclusion

The two experiments presented in this study demonstrate
that the duration of markers delimiting successive intervals
influences both the variability of temporal judgments and
the subjective perception of interval duration. The results
confirm that temporal processing is sensitive to the position
of the lengthened marker in the sequence, with a greater
impact when the first or second marker is involved. More-
over, the observed effects vary depending on the sensory
modality and whether the conditions are intra- or intermodal.
The fact that most of these effects were replicated using an
adjustment method combined with an equisection task—a
relatively uncommon approach—strengthens the robustness
of the conclusions. Beyond the specific effects of modalities
and marker length, this study highlights the importance of
the structure of stimulus sequences and their potential role
in the internal timing of intervals. Finally, these findings
open new avenues for investigating the differentiated roles
of attention and multisensory processing in time perception.
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