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In this work we investigate how judgments of perceived duration are influenced by the
properties of the signals that define the intervals. Participants compared two auditory
intervals that could be any combination of the following four types: intervals filled
with continuous tones (filled intervals), intervals filled with regularly-timed short tones
(isochronous intervals), intervals filled with irregularly-timed short tones (anisochronous
intervals), and intervals demarcated by two short tones (empty intervals). Results indicate
that the type of intervals to be compared affects discrimination performance and induces
distortions in perceived duration. In particular, we find that duration judgments are
most precise when comparing two isochronous and two continuous intervals, while the
comparison of two anisochronous intervals leads to the worst performance. Moreover, we
determined that the magnitude of the distortions in perceived duration (an effect akin to
the filled duration illusion) is higher for tone sequences (no matter whether isochronous
or anisochronous) than for continuous tones. Further analysis of how duration distortions
depend on the type of filling suggests that distortions are not only due to the perceived
duration of the two individual intervals, but they may also be due to the comparison of
two different filling types.
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illusion, interval filling

INTRODUCTION
Many factors other than the physical duration of an interval
influence perceived duration (see Allan, 1979 for a classic and
Grondin, 2010 for a recent overview). For example, perceived
duration is influenced by the filling of the interval to be judged as
highlighted by the well-known filled duration illusion, whereby
filled intervals are perceived as longer than their empty counter-
parts. This effect has been observed in a wide range of experi-
mental conditions, with the definition of “filling” varying across
studies. Several studies used continuous signals as filled intervals
(e.g., Goldfarb and Goldstone, 1963; Steiner, 1968; Craig, 1973;
Wearden et al., 2007; Hasuo et al., 2014) and compared those to
empty intervals, which are typically consisting solely of a short
beginning and end marker or a gap in a continuous signal (see
Wearden et al., 2007 for a comparison of those two variations).
Another type of filled interval leading to the filled duration illu-
sion is a sequence of short filler signals that is compared to an
empty interval lacking such fillers (e.g., Buffardi, 1971; Thomas
and Brown, 1974; Adams, 1977). The magnitude of the overes-
timation for the latter type of filled intervals has been shown to
increase with the number of fillers (Buffardi, 1971; Schiffman and
Bobko, 1977). This overestimation has been termed “Illusion of a
Divided Time Interval” by ten Hoopen et al. (2008).

Duration judgments with filled intervals are mostly investi-
gated with regularly-timed tones—that is, isochronous rhythms.

However, it has recently been reported that the temporal structure
of fillers influences perceived duration. For example, Matthews
(2013) showed that isochronous intervals are perceived to last
longer than accelerating or decelerating ones. Horr and Di Luca
(2014) found that isochronous intervals are perceived to last
longer than anisochronous ones and that this effect increases not
only with the amount of anisochrony but also, like the filled dura-
tion illusion, with the number of fillers (this is in accordance with
tendencies found in earlier studies, see Grimm, 1934; Thomas and
Brown, 1974).

Overall, this line of research indicates that the type and struc-
ture of interval filling influences perceived duration. To gain
further insight into the mechanisms underlying short inter-
val duration perception also discrimination performance has
to be investigated experimentally. Rammsayer and Lima (1991)
reported that filled intervals made up of a continuous signal are
discriminated better than empty intervals. It remains to be deter-
mined, whether this superior discrimination of filled as compared
to empty intervals is only true for one type of filled intervals,
namely intervals filled with a continuous signal (e.g., a contin-
uous sound) or can as well be generalized over intervals filled
with sequences of short filler signals (e.g., short tones). I further
remains to be investigated how discrimination performance dif-
fers between such continuous and short filler intervals of different
temporal structure.
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In the present article we investigate how the type of interval
filling affects perceived duration and discrimination performance
using four types of auditory intervals: continuous, isochronous,
anisochronous, and empty intervals. In Experiment 1 we investi-
gate duration discrimination performance by having participants
compare two intervals of the same type. In Experiment 2 we aim
at quantifying the perceptual distortions for each interval type. To
our knowledge, this is the first attempt to quantify how the type
of filling influences the magnitude of the “filled duration illusion.”
Such discrimination is important to understand the mechanisms
involved in short-interval duration perception as it constraints
the type of cognitive mechanisms employed in prospective time
judgments.

GENERAL METHODS
PARTICIPANTS
A total of 35 healthy volunteers with normal auditory sensitivity
participated in the experiments for course credits or a payment of
7 GBP/h. All participants were naive to the purpose of the study,
reported normal auditory sensitivity and took part in only one
of the experiments. The experimental data collection and stor-
age followed the ethical guidelines of the Declaration of Helsinki
and was approved by the Science, Technology, Engineering, and
Mathematics Ethical Review Committee of the University of
Birmingham.

EXPERIMENTAL DESIGN
Participants performed a two-interval forced-choice task, decid-
ing via button pressing which of two intervals had been the
one of longer duration. A trial consisted of a 1000 ms stan-
dard interval and a comparison interval of 500, 700, 850, 1000,
1150, 1300, or 1500 ms duration spaced by a random interval
between 2000 and 2300 ms. The order of standard and com-
parison intervals was random and counterbalanced across tri-
als. Experimental stimuli constituting an interval were 1000 Hz
70 dB tones with 2.5 ms ramped onset and offset. Each inter-
val consisted either of (a) a beginning and end tone lasting
for 10 ms each (empty interval), (b) five 10 ms regularly-timed
filler tones (isochronous interval), (c) five 10 ms irregularly-
timed filler tones (anisochronous interval) or of (d) a tone
lasting for the entire interval duration (continuous interval).
For the anisochronous intervals, temporal irregularity was cre-
ated by randomly moving the onset of individual filler tones
inside a range of plus or minus half of the interstimulus inter-
val (i.e., 250 ms in the standard interval). Stimuli were presented
via headphones. Participants’ individual response proportions
were assessed in relation to the physical duration difference
between interval types. The point of subjective equality (PSE)
and the just noticeable difference (JND) were estimated using
the Spearman-Kärber-Method as the first and second moment
of the data obtained from each participant (Ulrich and Miller,
2004).

EXPERIMENT 1: DURATION DISCRIMINATION
PERFORMANCE
To investigate differences in duration discrimination performance
across interval types, we asked participants to compare

two intervals of the same type (continuous, isochronous,
anisochronous and empty).

MATERIALS AND METHODS
Seventeen healthy volunteers (15 female, 21.7 ± 2.8 years) partic-
ipated in Experiment 1. In each experimental trial, participants
reported which of two intervals was longer. According to the
different interval types, four conditions were defined: continu-
ous, isochronous, anisochronous, and empty. Each of the four
conditions was presented in a block. The sequences of blocks
(conditions) were randomized for each participant. Every block
contained eight repetitions of all seven possible durations of the
comparison interval (Mayer et al., 2014). In every block the eight
repetitions of each comparison duration were counterbalanced
and pseudo-randomized according to which interval (standard or
comparison) was presented first. In total participants made 224
duration comparisons in 4 blocks of 56 trials each. The entire
experiment lasted about 40 min.

RESULTS
In Figure 1A response proportions and Figure 1B PSE and JND
values are displayed. Each participant’s average JND is lower than
600 ms, which means that all of them were reasonably capa-
ble of performing the task. As participants were comparing two
identical intervals, there should be no difference between PSE
values across conditions [F(3, 67) = 1.6, n.s]. More interestingly,
there is a significant difference of JND values between conditions
[F(3, 67) = 15.4, p < 0.001, η2

p = 0.49].
Post-hoc tests indicate that the following differences are sta-

tistically significant: Duration discrimination is better for con-
tinuous than empty [paired sample t-test on JND, t(16) =
3.9, p = 0.0013] and anisochronous intervals [t(16) = 7.6, p <

0.001]. Discrimination is better for isochronous than empty
[t(16) = − 2.2, p = 0.043] and anisochronous intervals [t(16) =
4.5, p < 0.001]. Furthermore, discrimination is better for empty
than anisochronous intervals [t(16) = 2.4, p = 0.03]. There is no
significant difference between continuous and isochronous inter-
vals [t(16) = 1.7, p = 0.12]. In short, continuous and isochronous
intervals are discriminated best, followed by empty intervals,
while discrimination performance is worst for anisochronous
intervals.

EXPERIMENT 2: DISTORTIONS OF PERCEIVED DURATION
To investigate whether distortions of perceived duration depend
on the type of interval filling, we asked participants to compare
perceived duration between all types of filled intervals and the
empty intervals. Furthermore, we asked participants to compare
the duration of different types of filled intervals.

MATERIAL AND METHODS
Eighteen healthy volunteers (12 female, 22.1 ± 3.3 years) partici-
pated in Experiment 2. In each trial, participants made their dura-
tion judgment for two intervals of different types. Six conditions
were defined according to all possible combinations of the four
interval types: (1) continuous/empty, (2) isochronous/empty, (3)
anisochronous/empty, (4) continuous/isochronous, (5) contin-
uous/anisochronous, and (6) isochronous/anisochronous. Each
condition was presented in a separate block of trials. As in
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FIGURE 1 | Results of Experiment 1. (A) Participants’ responses recoded
to indicate the proportion of responses where the comparison interval
was judged longer than the standard interval as a function of physical
duration difference. (B) Point of subjective equality (PSE) and just

noticeable difference (JND) calculated from response proportions using
the Spearman-Kärber method. Asterisks indicate differences in
performance between intervals of different types as identified by the
horizontal lines. Error bars are S.E.M.

Experiment 1 sequences of blocks (conditions) and trials were
fully randomized. The order of standard (1000 ms) and com-
parison (500–1500 ms) intervals was counterbalanced and the
standard could be either of the two types of intervals presented
in the block. Data from the combination of order and standard
type is presented combined. Participants performed a total of 336
duration discrimination judgments resulting from 6 blocks of 56
trials each. The entire experiment lasted about 60 min.

RESULTS
Figure 2A shows response proportions and Figure 2B shows aver-
age PSE and JND values obtained across participants. Again
as in Experiment 1, average JND values for each participant
are lower than 600 ms indicating a reasonable performance.
The PSE values depend on the type of filling [One-Way
r.m. ANOVA: F(5,107) = 23.4, p < 0.001, η2

p = 0.58]. In every
conditions containing empty intervals PSEs are significantly
lower than zero [single sample t-test on PSE against 0,
continuous/empty: t(17) = −4.0, p < 0.001; isochronous/empty:
t(17) = −8.6, p < 0.001; anisochronous/empty: t(17) = −9.4,
p < 0.001]. This indicates the presence of the filled duration
illusion, that is, the duration of empty intervals being under-
estimated as compared to filled intervals. Isochronous inter-
vals are perceived as longer than anisochronous ones [t(17) =
−2.5, p = 0.025], whereas PSE does not differ from 0 when
comparing continuous and isochronous [t(17) = 1.5, p = 0.15]
as well as continuous and anisochronous intervals [t(17) = 1.2,
p = 0.24]. The magnitude of bias (PSE value) is lower for con-
tinuous intervals than for isochronous intervals [paired sample
t-test on PSE isochronous/empty vs. PSE continuous/empty:
t(17) = 3.0, p = 0.008] as well as for anisochronous intervals
[PSE anisochronous/empty vs. PSE continuous/empty: t(17) =

3.5, p = 0.003]. There is no significant difference between
isochronous and anisochronous [PSE isochronous/empty vs. PSE
anisochronous/empty t(17) = 0.8, p = 0.43]. No significant dif-
ference is observed in JND values across conditions [One-Way
ANOVA on JND, F(5, 107) = 2.0, p = 0.09, η2

p = 0.10], with a
tendency toward better performance in conditions where one of
the compared stimuli is a continuous interval. A comparison of
JND values between Experiment 1 and 2 indicates higher perfor-
mance when comparing intervals of the same type rather than
of different types [two sample t-test on average JND for each
participant: t(33) = 4.3, p < 0.001, 0.38 ± 0.02 ms vs. 0.28 ±
0.01 ms].

GENERAL DISCUSSION
The present article investigates discrimination performance and
perceived duration of four types of auditory intervals: continuous
tones, isochronous sequences of tones, anisochronous sequences
of tones, and empty intervals. Such interval types have been com-
monly used in experiments investigating the filled duration illu-
sion and related distortions of perceived duration (e.g., Thomas
and Brown, 1974; Rammsayer and Lima, 1991; Wearden et al.,
2007), but until now they have never been systematically com-
pared. We find that discrimination performance changes depend-
ing on the interval types to be compared. When comparing the
same types of intervals, continuous and isochronous intervals are
discriminated better than empty intervals. Discrimination per-
formance for anisochronous intervals is worse than for all other
interval types. The filled duration illusion is found to be stronger
for tone sequences, both isochronous and anisochronous, than
for continuous intervals. The result of the comparison of differ-
ent types of filled intervals, however, indicates that there are no
differences in duration judgments between continuous tones and
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FIGURE 2 | Results of Experiment 2. (A) Proportions of judging
continuous > isochronous > anisochronous > empty as a function of
duration difference between standard and comparison. (B) Point of
subjective equality (PSE) and just noticeable difference (JND) calculated

from response proportions using the Spearman-Kärber method.
Asterisks indicate a significant difference of the PSE from zero and
between the three conditions comprising one empty interval. Error
bars are S.E.M.

tone sequences, and that isochronous sequences are perceived as
longer than anisochronous ones.

DISCRIMINATION PERFORMANCE
Differences in duration discrimination performance between
interval types demonstrate that participants make use of the
structure of interval filling to arrive at their duration estimates.
That is, for the different interval types they use either different
sources of information or there is a common mechanism that
changes in precision depending on the interval types.

Our data indicates that when comparing intervals of the same
type, continuous and isochronous intervals are better discrimi-
nated than empty ones. This is in line with the idea that higher
sound energy in the interval improves discrimination perfor-
mance (Carbotte and Kristofferson, 1973). However, empirical
evidence that do not support this possibility (Creelmann, 1962;
Abel, 1972). Rammsayer and Lima (1991) suggest that filled inter-
vals are discriminated better than empty intervals because they
elicit a higher neural firing rate, which is translated to a supe-
rior temporal resolution. This possibility would predict a better
discrimination performance for sound sequences than for con-
tinuous intervals because a continuous sound would be subject
to habituation (e.g., Polich, 1989). In addition, Horr and Di
Luca (2014) hypothesized that due to neural entrainment (e.g.,
Lakatos et al., 2008; Cravo et al., 2013), stimuli in isochronous
sequences should arrive at the point of highest neural responsive-
ness leading to further increase in neural response in isochronous
intervals when compared to continuous intervals. However, our
results (Figure 1B) do not show a significant difference between
continuous intervals and isochronous sequences. Also the find-
ing of anisochronous sequences being discriminated worse than

continuous tones and empty intervals is not in accordance with
a neural firing rate explanation. The higher temporal resolution
caused by increased neural responses can therefore only account
for the decrease in performance found with empty as compared
to continuous and isochronous intervals, as the lack of differ-
ence between continuous and isochronous intervals and even
more so the remarkably worse performance for anisochronous as
compared to all other intervals remains unexplained.

Another possibility to explain the observed pattern of discrim-
ination performance is to appeal to the number of cues available
for a single duration judgment. It has been shown that filled inter-
vals defined by auditory and visual stimuli provide redundant
cues to duration that allow a statistically optimal increase in per-
formance (Hartcher-O’Brien et al., 2014). Here we posit that in
some conditions there are redundant cues related to duration also
for unisensory stimuli and this could lead to better discrimina-
tion performance compared to the conditions where only one cue
is available. In particular, Hartcher-O’Brien et al. (2014) identify
the filling of the interval as an important factor that can modu-
late the modality of integration, as empty intervals consist of two
markers that only allow the identification of two time points and
of the subtended empty duration between them. In contrast, con-
tinuous tones allow duration estimates by using the overall sensed
energy in addition to (and independently from) the information
carried by the temporal difference between beginning and end-
ing time points. For isochronous intervals, the regular temporal
structure allows to estimate duration based solely on the inter-
val between successive tones (if the number of tones is known).
Although the same cue is present with anisochronous intervals,
the random timing of tones should be actually deceptive and lead
to a reduced precision in duration judgments. If we interpret our
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data along these lines, the pattern of results suggests that the base
duration judgment performance is achieved with empty intervals.
In filled intervals the brain can use additional duration cues if
both intervals carry such cues, that is, with trials with two inter-
vals of the same type as in our Experiment 1. Such cues can either
increase (as in the case of isochronous intervals), but also decrease
discrimination performance (as with anisochronous intervals).
If two intervals of different types are compared, additional cues
cannot be used, leading to a lower discrimination performance
in all conditions in Experiment 2. Such cues are present while
comparing anisochronous intervals but they decrease rather than
increase discrimination performance. On the other hand, such
cues cannot be compared directly with stimuli of different types,
leading to lower discrimination performance in all conditions of
Experiment 2.

DISTORTIONS OF PERCEIVED DURATION
The goal of Experiment 2 was to characterize duration distor-
tions. PSE data shows that the effect of the filled duration illusion
(e.g., Steiner, 1968; Buffardi, 1971; Thomas and Brown, 1974;
Wearden et al., 2007; Hasuo et al., 2014) is present for every
type of filled interval we tested. The data however indicates
that the magnitude of the filled duration illusion is higher with
isochronous and anisochronous than with continuous intervals.
That is, PSE values are significantly lower for the comparison
between isochronous/empty and anisochronous/empty than for
continuous/empty intervals. We hypothesize that different addi-
tional duration cues present in filled intervals could be responsi-
ble for this. For example, for some comparison types participants
could use neural response magnitudes, as there seems to be a posi-
tive relation between those and perceived duration (see Eagleman
and Pariyadath, 2009). The difference in the results with con-
tinuous intervals and tone sequences could then be due to the
comparatively lower neural response with continuous intervals
due to neural adaptation (e.g., Polich, 1989). The higher peak
of neural response with isochronous as compared to continu-
ous intervals could further be due to neural entrainment, at the
expected time points (Lakatos et al., 2008). Appealing to overall
energy in neural responses is intriguing because it can account for
the filled duration illusion, for the higher effect of tone sequences
as compared to continuous tone and for the here replicated dif-
ference between isochronous and anisochronous intervals (Horr
and Di Luca, 2014). An alternative explanation for the differen-
tiation between isochronous and anisochronous intervals taken
alone could be a logarithmic relationship between physical and
perceived duration of intervals between tones (see Thomas and
Brown, 1974; Matthews, 2013; Horr and Di Luca, 2014).

The attempt to account for the overall pattern of results in
Experiment 2 by appealing to one of the discussed single mech-
anism is limited by two apparent internal inconsistencies of the
data. (1) Even though the direct comparison of isochronous
with anisochronous intervals leads to a noticeable difference in
perceived duration, the magnitude of the filled duration illu-
sion measured by comparing a filled to an empty interval is not
different for isochronous as compared to anisochronous inter-
vals. (2) Even though the direct comparison of tone sequences
(both isochronous and anisochronous) with continuous intervals

does not lead to a significant difference, the filled duration illu-
sion is weaker for continuous sounds than for isochronous and
anisochronous intervals (again measured by comparing a filled to
an empty interval).

To investigate the magnitude of inconsistencies in our data,
we used the PSE values from the different comparison conditions
to calculate relative duration distortions for each interval type as
described in Mayer et al. (2014). Here we can express PSE values
as the difference in the two physical durations PSE12 = D1 − D2

that leads to identical perceived durations D′
1 = D′

2. As perceived

duration can be expressed as D′ = D +

̂

d, where

̂

d represents the
distortions in perceived duration D′ from the objective duration
D, we can formulate PSE as a function of perceived durations and
distortions:

PSE12 = D1 − D2 = D′
1 −

̂

d1 − D′
2 +

̂

d2.

But because perceived durations D′
1 and D′

2 are identical at
PSE, we can simplify the formula as the difference in duration
distortion:

PSE12 = D1 − D2 =

̂

d2 −

̂

d1.

In fact, PSE can be expressed not only relatively to the objective
duration D, but also as the difference in duration distortion d
from any value a as such:

PSE12 =
(

a +
̂

d2

)
−
(

a +
̂

d1

)
=

̂
d2 −

̂
d1.

In the following, d1 and d2 will represent the relative distortion in
perceived duration with respect to a, the average duration distor-
tion in the experiment. If we want to express the six PSEs obtained
in the conditions of Experiment 2, we can use the following
system of equations:

⎡⎢⎢⎢⎢⎢⎢⎢⎣

psecontinuous/empty

pseisochronous/empty

pseanisochronous/empty

psecontinuous/isochronous

psecontinuous/anisochronous

pseisochronous/anisochronous

⎤⎥⎥⎥⎥⎥⎥⎥⎦
=

⎡⎢⎢⎢⎢⎢⎢⎢⎣

−1 0 0 1

0 −1 0 1

0 0 −1 1

−1 1 0 0

−1 0 1 0

0 −1 1 0

⎤⎥⎥⎥⎥⎥⎥⎥⎦

⎡⎢⎢⎢⎣
dcontinuous

disochronous

danisochronous

dempty

⎤⎥⎥⎥⎦ ,

that is:

p = M d.

If d were the absolute value of distortion, such system would
have infinite solutions. But here we express d relatively to the
average duration distortion in the experiment a, so that a sin-
gle solution to this linear system can be approximated using the
Moore-Penrose pseudoinverse M+:

destimated = M+ p .
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We apply this formula to the data obtained from each partici-
pant so to calculate the mean distortion in perceived duration
for the four types of intervals tested (Figure 3A). Here, d =
0 refers to a duration distortion equal to the average dura-
tion distortion a over all interval types tested in Experiment
1 (see Mayer et al., 2014). Empty intervals are perceived as
shorter than continuous intervals [paired sample t-test on d val-
ues, t(17) = 5.2, p < 0.001], isochronous intervals [t(17) = 14.5,
p < 0.001], and anisochronous intervals [t(17) = 8.4, p < 0.001].
Moreover, continuous intervals are perceived as shorter than
isochronous ones [t(17) = −2.5, p = 0.02]. There is no differ-
ence between continuous vs. anisochronous [t(17) = −1.7, p =
0.10] nor isochronous vs. anisochronous [t(17) = 1.5, p = 0.15]
intervals. Reconstructing the PSE from calculated distortions is
possible using:

preconstructed = M destimated.

Such formula makes it possible to determine whether PSE
values in the comparison task were solely dependent on the
sum of single interval distortions. The comparison between
observed and reconstructed PSE values is displayed in Figure 3B.
Observed and reconstructed data differ significantly as indicated
by the interaction term of a Two-Way r.m. ANOVA on PSE
values with factors condition and empirical/reconstructed
[F(5,85) = 5.3, p < 0.001, η2

p = 0.24]. The values for the
continuous/empty [paired sample t-test on PSE, t(17) = 2.8,
p = 0.013], anisochronous/empty [t(17) = −3.4, p = 0.003],
continuous/isochronous [t(17) = −2.7, p = 0.016], and
isochronous/anisochronous conditions [t(17) = −2.7, p = 0.015]

differ significantly between empirical and reconstructed. Only
the difference in the continuous/anisochronous [t(17) = −0.9,
p = 0.36] and isochronous/empty conditions [t(17) = 0.47,
p = 0.64] were not significant.

These inconsistencies indicate that distortions in two-interval
forced-choice duration judgments do not solely depend on the
perceived duration of the two intervals compared, which chal-
lenges the assumption of simple difference models (see e.g., Green
and Swets, 1973; Thurston, 1994; Macmillan and Creelman,
2005). Context effects regarding the sequence in which stimuli are
presented (e.g., Hellström, 1985, 2003; Dyjas and Ulrich, 2014)
and the distribution of durations (e.g., Wearden and Ferrara,
1995; Brown et al., 2005; Wearden and Lejeune, 2008; Jazayeri
and Shadlen, 2010) have frequently been reported in the liter-
ature. To test whether our results could be accounted for by
hysteresis in duration judgments, i.e., if there is a distortion of
perceived duration depending on the type of filling of the pre-
vious interval, we performed a 2 × 6 Two-Way r.m. ANOVA on
PSE values with factors presentation order (which of the two
intervals was presented first) and comparison type (the six com-
parison conditions, cf. Figure 2). In accordance with the literature
(e.g., Hellström, 2003; Dyjas and Ulrich, 2014) we find a signifi-
cant bias to judge the second interval as longer than the first one
[F(1, 17) = 12.7, p = 0.002, η2

p = 0.57] and as expected the fac-
tor comparison type is significant [F(5, 85) = 23.45, p < 0.001,
η2

p = 0.43]. Most importantly there is no significant interaction
between the two factors order and comparison type [F(5, 85) =
1.94, n.s.] suggesting that the inconsistencies in PSE we found
cannot be accounted for by appealing to the presentation order
of the intervals alone.
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FIGURE 3 | Analysis of perceived duration distortions obtained from

empirical PSE values. (A) Perceived duration distortions relative to the
mean of all intervals tested (the zero point on the vertical axis
corresponds to the average distortion across the interval types tested)
calculated from the empirical PSE values according to the system of
equations described in the text. Asterisks represent a significant

difference in distortion between two interval types as indicated by the
horizontal lines. (B) Empirical PSE values compared to reconstructed PSE
values from the calculated perceived duration distortions. Asterisks
indicate a significant difference between the two, suggesting that factors
other than duration distortion of the two intervals to be compared might
have affected participant’s judgments.
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It thus remains unclear what are the factors inducing inconsis-
tencies in the data across conditions, but one may speculate that
different mechanisms could be used to compare durations when
intervals to be compared are of the same type and of different
type. We have discussed previously that duration judgments per-
formed with the same type of intervals as in Experiment 1 could
be aided by additional cues that are correlated to temporal dura-
tion (i.e., total energy and timing between successive tones). With
the exception of isochronous and anisochronous intervals, the tri-
als in Experiment 2 do not allow a direct comparison of additional
cues to duration. Participants may have tried to map different
cues to improve the comparison (i.e., mapping total energy in
one interval to subinterval duration) thus creating response biases
leading to one type of interval to be reported longer more often
than the other (irrespectively of the physical duration). Such
biases are dependent on the pair of stimuli involved in the com-
parison and could thus explain the inconsistencies we observed in
our data.

CONCLUSIONS
Our results highlight the influence of interval type on discrimi-
nation performance and perceived duration. The observed effects
have several implications regarding the computational and neu-
ral mechanisms underlying duration judgments. Differences in
discrimination performance can be explained by considering the
presence of multiple cues for duration discrimination when com-
paring intervals of the same type. Also distortions in perceived
duration can be accounted for by appealing to such additional
cues, particularly neural response magnitude, which is higher for
continuous and anisochronous stimuli compared to empty, but is
even higher with isochronous stimuli due to neural entrainment.
Interestingly, inconsistencies in the pattern of results indicate
that duration judgments in a forced-choice comparison task are
affected by factors other than distortions in perceived dura-
tion of the individual intervals. Such factors need to be taken
into account to understand internal inconsistencies in duration
comparisons between different interval types.

ACKNOWLEDGMENTS
This research was funded by the Marie Curie Grant CIG 304235
“TICS.”

REFERENCES
Abel, S. M. (1972). Duration discrimination of noise and tone bursts. J. Acoust. Soc.

Am. 51, 1219–1223. doi: 10.1121/1.1912963
Adams, R. D. (1977). Intervening stimulus effects on category judg-

ments of duration. Percept. Psychophys. 21, 527–534. doi: 10.3758/BF03
198733

Allan, L. G. (1979). The perception of time. Percept. Psychophys. 26, 340–354. doi:
10.3758/BF03204158

Brown, G. D., McCormack, T., Smith, M., and Steward, N. (2005). Identification
and bisection of temporal durations and tone frequencies: common models for
temporal and nontemporal stimuli. J. Exp. Psychol. Hum. Percept. Perform. 131,
354–362. doi: 10.1037/0096-1523.31.5.919

Buffardi, L. (1971). Factors affecting the filled-duration illusion in the audi-
tory, tactual, and visual modalities. Percept. Psychophys. 10, 292–294. doi:
10.3758/BF03212828

Carbotte, R. M., and Kristofferson, A. B. (1973). On energy-dependent
cues in duration discrimination. Percept. Psychophys. 14, 501–505. doi:
10.3758/BF03211190

Craig, J. C. (1973). A constant error in the perception of brief temporal intervals.
Percept. Psychophys. 13, 99–104. doi: 10.3758/BF03207241

Cravo, A. M., Rohenkohl, G., Wyart, V., and Nobre, A. C. (2013). Temporal
expectation enhances contrast sensitivity by phase entrainment of
low-frequency oscillations in visual cortex. J. Neurosci. 33, 4002–4010.
doi: 10.1523/JNEUROSCI.4675-12.2013

Creelmann, C. D. (1962). Human discrimination of auditory duration. J. Acoust.
Soc. Am. 34, 582–593. doi: 10.1121/1.1918172

Dyjas, O., and Ulrich, R. (2014). Effect of stimulus order on discrimination pro-
cesses in comparative and equality judgements: data and models. Q. J. Exp.
Psychol. 67, 1121–1150. doi: 10.1080/17470218.2013.847968

Eagleman, D. M., and Pariyadath, V. (2009). Is subjective duration a signature of
coding efficiency? Philos. Trans. R. Soc. Lond. B Biol. Sci. 364, 1841–1851. doi:
10.1098/rstb.2009.0026

Goldfarb, J. L., and Goldstone, S. (1963). Time judgment: a compari-
son of fillend and unfilled durations. Percept. Mot. Skills 16, 1963. doi:
10.2466/pms.1963.16.2.376

Green, D. M., and Swets, J. A. (1973). Signal Detection Theory an Psychophysics.
Huntington, NY: Krieger Publishing.

Grimm, K. (1934). Der Einflußder Zeitform auf die Wahrnehmung der Zeitdauer.
Z. Psychol. 132, 104–132.

Grondin, S. (2010). Timing and time perception: a review of recent behav-
ioral and neuroscience findings. Atten. Percept. Psychophys. 72, 561–582. doi:
10.3758/APP.72.3.561

Hartcher-O’Brien, J., Di Luca, M., and Ernst, M. O. (2014). The duration of uncer-
tain times: audiovisual information about intervals is integrated in a statistically
optimal fashion. PLoS ONE 9:e89339. doi: 10.1371/journal.pone.0089339

Hasuo, E., Nakajima, Y., Tomimatsu, E., Grondin, S., and Ueda, K. (2014). The
occurrence of the filled duration illusion: a comparison of the method of adjust-
ment with the method of magnitude estimation. Acta Psychol. (Amst.) 147,
111–121. doi: 10.1016/j.actpsy.2013.10.003

Hellström, A. (1985). The time-order error and its relatives-mirros of cogni-
tive processes in comparing. Psychol. Bull. 97, 35–61. doi: 10.1037/0033-
2909.97.1.35

Hellström, A. (2003). Comparison is not just subtraction: effects of time-
and space-order on subjective stimulus difference. Percept. Psychophys. 65,
1161–1177. doi: 10.3758/BF03194842

Horr, N. K., and Di Luca, M. (2014). Taking a long look at isochrony: perceived
duration increases with temporal, but not stimulus regularity. Atten. Percept.
Psychophys. doi: 10.3758/s13414-014-0787-z. [Epub ahead of print].

Jazayeri, M., and Shadlen, M. N. (2010). Temporal context calibrates interval
timing. Nat. Neurosci. 13, 1020–1026. doi: 10.1038/nn.2590

Lakatos, P., Karmos, G., Mehta, A. D., Ulbert, I., and Schroeder, C. E. (2008).
Entrainment of neuronal oscillations as a mechanism of attentional selection.
Science 320, 110–113. doi: 10.1126/science.1154735

Macmillan, N. A., and Creelman, C. D. (2005). Detection Theory: A User’s Guide.
Mahwah, NJ: Lawrence Erlbaum Associates.

Matthews, W. J. (2013). How does sequence structure affect the judgment of time?
Exploring a weighted sum of segments model. Cogn. psychol. 66, 259–282. doi:
10.1016/j.cogpsych.2013.01.001

Mayer, K. M., Di Luca, M., and Ernst, M. O. (2014). Duration per-
ception in crossmodally-defined intervals. Acta Psychol. 147, 2–9. doi:
10.1016/j.actpsy.2013.07.009

Polich, J. (1989). Habituation of P300 from auditory stimuli. Psychobiology 17,
19–28.

Rammsayer, T. H., and Lima, S. D. (1991). Duration discrimination of filled and
empty auditory intervals: cognitive and perceptual factors. Percept. Psychophys.
50, 565–574. doi: 10.3758/BF03207541

Schiffman, H. R., and Bobko, D. J. (1977). The role of number and familiarity of
stimuli in the perception of brief temporal intervals. Am. J. Psychol. 90, 85–93.
doi: 10.2307/1421643

Steiner, S. (1968). Apparent duration of auditory stimuli. J. Aud. Res. 8, 195–205.
ten Hoopen, G., Miyauchi, R., and Nakajima, Y. (2008). “Time-based illusions in

the auditory mode,” in Psychology of Time, ed S. Grondin (Bingley: Emerald
Group), 139–188.

Thomas, E. C., and Brown, I. (1974). Time perception and the filled-duration
illusion. Percept. Psychophys. 16, 449–458. doi: 10.3758/BF03198571

Thurston, L. L. (1994). A law of comparitive judgment. Psychol. Rev. 101, 266–270.
doi: 10.1037/0033-295X.101.2.266

Ulrich, R., and Miller, J. (2004). Threshold estimation in two-alternative forced-
choice (2AFC) tasks: the Spearman-Kärber method. Percept. Psychophys. 66,
517–533. doi: 10.3758/BF03194898

www.frontiersin.org February 2015 | Volume 6 | Article 114 | 7

http://www.frontiersin.org
http://www.frontiersin.org/Perception_Science/archive


Horr and Di Luca Perceived duration of filled intervals

Wearden, J. H., and Ferrara, A. (1995). Stimulus spacing effects in temporal
bisection by humans. Q. J. Exp. Psychol. 48, 289–310.

Wearden, J. H., and Lejeune, H. (2008). Sclar properties in human tim-
ing: conformity and violations. Q. J. Exp. Psychol. 61, 1875–1908. doi:
10.1080/17470210701282576

Wearden, J. H., Norton, R., Martin, S., and Oliver, M.-B. (2007).
Internal clock processes and the filled-duration illusion. J. Exp.
Psychol. Hum. Percept. Perform. 33, 716–729. doi: 10.1037/0096-1523.
33.3.716

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Received: 11 December 2014; accepted: 22 January 2015; published online: 11 February
2015.
Citation: Horr NK and Di Luca M (2015) Filling the blanks in temporal intervals: the
type of filling influences perceived duration and discrimination performance. Front.
Psychol. 6:114. doi: 10.3389/fpsyg.2015.00114
This article was submitted to Perception Science, a section of the journal Frontiers in
Psychology.
Copyright © 2015 Horr and Di Luca. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY). The use, distribu-
tion or reproduction in other forums is permitted, provided the original author(s)
or licensor are credited and that the original publication in this journal is cited, in
accordance with accepted academic practice. No use, distribution or reproduction is
permitted which does not comply with these terms.

Frontiers in Psychology | Perception Science February 2015 | Volume 6 | Article 114 | 8

http://dx.doi.org/10.3389/fpsyg.2015.00114
http://dx.doi.org/10.3389/fpsyg.2015.00114
http://dx.doi.org/10.3389/fpsyg.2015.00114
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Perception_Science
http://www.frontiersin.org/Perception_Science
http://www.frontiersin.org/Perception_Science/archive

	Filling the blanks in temporal intervals: the type of filling influences perceived duration and discrimination performance
	Introduction
	General Methods
	Participants
	Experimental Design

	Experiment 1: Duration Discrimination Performance
	Materials and Methods
	Results

	Experiment 2: Distortions of Perceived Duration
	Material and Methods
	Results

	General Discussion
	Discrimination Performance
	Distortions of Perceived Duration

	Conclusions
	Acknowledgments
	References


