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Abstract

Perception can be understood as an active process in which sensory samples are combined with prior
expectations to shape perceptual content. A prominent example of the influence of priors on
perception is that manually reproduced temporal durations are biased towards the mean of previously
experienced durations. However, little is known about how prior expectations are acquired and
maintained in environments in which multiple competing cues may indicate whether a given prior
should be applied in that specific context. We tested whether human participants could acquire and
maintain multiple priors for duration, dependent on the sensory signal in which the duration was
presented. Human participants were presented with visual flashes or auditory tones, high or low pitch
tones, or white noise versus pure tone audio. In each case, the presented duration on a given trial
was drawn from a distribution that was, on average, shorter for tones than for flashes, or vice versa.
Our participants’ timing reports were consistent with having acquired distinct duration priors
dependent on the sensory signal in which the duration was presented (e.g. auditory or visual).
Moreover, this was true whether signals differed across, or within, sensory modality. We account for
our findings within a Bayesian framework in which duration priors are iteratively updated depending
on determination of a common or distinct origin between successive events. Overall, these results
show that the human brain can acquire and maintain multiple perceptual priors based on differences

in stimulus properties both within and across the senses.
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Introduction

Humans rely not only on immediate sensation, but also on previous experiences of
the world in order to guide perception, decision-making and behaviour. In many
studies, behaviour and perception can be described by near-optimal combination of
sensory evidence and prior information according to the laws of statistical decision
theory [1-4]. Prior knowledge can be acquired over long time scales reflecting stable
characteristics of the environment [5-7], and can also dynamically change over
shorter time scales as environmental features change [8-12].

Much research in time and timing perception suggests that temporal
dimensions of perception follow the same principles [8,9,11-15]. It has long been
known that temporal perception is shaped by the context of recent experiences:
when presenting a range of inter-mixed intervals, participants’ reports overestimate
shorter and underestimate longer durations; this is ‘Vierordt’s Law’ [16,17]. This
phenomenon has classically been interpreted as a central tendency effect [18],
where participants’ judgments about time are biased towards the mean of the range
of presented intervals. More recently, central tendency effects have been interpreted
within a Bayesian framework [4,7,8,11,18-22] with the context of recent experience
(prior distribution) combined with current sensory evidence (likelihood function) to
generate estimations of duration (posterior). Previous investigations of central
tendency in duration perception have found evidence for a single temporal prior:
participants acquire and maintain information about durations that is shaped by all
durations presented, regardless of context or stimulus characteristics [8,15,23].

An important open question, relating these initial findings to more naturalistic

settings, is how such processes operate in more complex situations containing
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several possible sources of information that may systematically vary in their temporal
properties. Typical experiments examining the formation of perceptual priors utilise a
single context [8,21,23,24], characterised by a constant experimental setup, a single
type of stimulus (e.g. visual ready-set-go signals), and/or a single type of response
(e.g. manual reproduction). However, well-adapted, naturalistic behaviour requires
appropriate attribution of properties, including temporal properties, to their correct
sources among many possibilities [25-28].

A recent study [15] investigated how perceptual priors for duration operate
when there are multiple potential mappings between expected duration and sensory
inputs. Participants were presented with visual stimuli of a range of durations and
asked to manually reproduce the presented duration. The stimuli could be presented
either to the left or right of a central fixation. The duration of the stimulus presented
in a given location (left or right) was drawn from a location-specific distribution of
durations such that, for example, left presentations were, on average, shorter and
right presentations longer in duration. When presented with this pattern of location-
dependent durations, participants’ reports were found to regress to the mean of all
presented durations - that is, it didn’t matter that the different locations had different
distributions of presented durations, participants’ knowledge of the distribution of
temporal properties, their duration prior, generalised across location. However, when
presenting the same stimulus configuration, but with different response modes
required for each location (e.g. manual reproduction of right stimulus presentations
and vocal reproduction of left) it was found that participants’ reports regressed to the
mean of the location-dependent distributions, providing evidence that they had

acquired multiple, stimulus(location)-dependent duration priors. These results
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contrasted with initial findings from our own laboratory [29], in which we found
evidence for stimulus-dependent priors, even with a common response mode.
Therefore, we here attempt to resolve the apparent empirical inconsistency
regarding the conditions under which evidence for the influence of a generalised or
stimulus-dependent duration priors can be found.

We used a similar experimental scenario to that described above [15], though
with a different task that has previously been found to be highly effective in revealing
the influence of perceptual priors in duration perception [9,10]. In this task, on each
trial participants are presented with a sequence of four stimuli of a specific sensory
signal (e.g., all stimuli in a given sequence could be audio). The intervals between
successive stimuli (/S/; inter-stimulus interval - the presented durations) are
physically identical for the initial three (3) stimuli (two durations) in the sequence,
while the final stimulus appears with a timing that is jittered around this duration
(SOA; Stimulus Onset Asynchrony; see Fig. 1). Participants are required to report
whether the final stimulus in the sequence was ‘early’ or ‘late’ relative to what they
expected based on the durations between the first three presented stimuli (two
durations). From these responses, we estimated the perceived duration for the final
(jittered) ISI in the sequence, without the need for the manual (motor timing)
responses used in previous work [8,15,21,23,24,30].

In a first experiment, we presented stimulus-dependent distributions of
duration (short or long), defined by the ISI, in audio or visual sequences (i.e. in a
given block of trials, the distribution of durations for audio sequences was, on
average, shorter than that for the visual sequences, or vice versa). In Experiments 2

and 3, duration distributions depended on within-modality differences in presented
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signal, with short or long duration distributions associated with high or low pitch
auditory pure tones (Exp. 2), or with white noise and pure tones (Exp. 3). This
method allowed us to seek evidence for the formation of a single, stimulus-
generalised duration prior or multiple stimulus-dependent duration priors, indicating
the degree to which knowledge-driven biases in human temporal perception
generalise or remain dependent on the modality or stimulus type in which durations
are defined. A dependency of time perception on sensory modality has often been
proposed [31-36], and contrary to previous results [15], we found that priors for
duration could be formed dependent on the stimulus properties from which they
originate, both across (audio and visual, Exp. 1) and within (two different audio
signals, Experiment 3) sensory modality. Critically, the degree to which evidence for
stimulus-dependent duration priors could be found was dependent on the featural
similarity of the two signals being used. Clear evidence for stimulus-dependent priors
was found when the stimuli differed by sensory modality (Exp 1, audio versus visual)
or the difference within-modality was highly salient (Exp 3, pure tone versus auditory
white-noise) but was not found when the difference was less salient (Exp 2, low
versus high pitch pure tone).

We demonstrate that these results are consistent with the output of a
Bayesian iterative update model [9,12,37] in which priors are updated and applied
following an attribution of common cause between successive samples - an
approach similar to that shown to work in the context of causal attribution in other
cases of multisensory perception [25,26,28]. This work reconciles the apparent
inconsistency between our own and previous [15] investigations into the acquisition

of duration priors by providing a framework that demonstrates how apparent source
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attribution can produce stimulus-dependent or stimulus-general updating of

perceptual priors for duration.

Audio sequence

A
( Gl ( (
P > < > Time
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Early or Late?
Visual sequence :
B \l/ \l/ N 2 N E 7/
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Figure 1. Experiment 1 design and procedure. Participants were presented with
sequences of four (A) auditory, or (B) visual stimuli and asked to report whether the
final stimulus was earlier or later than expected. (C) In a given block of trials, ISIs
were sampled from a Gaussian distribution with a shorter mean for auditory stimuli
and longer mean for visual stimuli (and vice versa in a separate session). Long and
short mean duration distributions had three overlapping ISIs (950, 1100, and 1250

ms), indicated by the shaded grey area in (C).
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Results
Experiment 1: Multiple stimulus-dependent priors

defined by sensory modality

To determine whether human participants could acquire and maintain two stimulus-
dependent priors, in an experimental block we presented participants with
sequences of four auditory or visual stimuli on separate trials. On each trial, the first
three events were separated by a regular temporal interval, with the last event
pseudo-randomly jittered around this interval. Participants reported whether the final
event was early or late relative to the expected timing. In a block of 480 trials,
intervals between successive auditory tones (ISls) were, on average, shorter than for
visual stimuli, or vice versa (Fig. 1). Trial types were randomly interleaved. To
analyse the data, we determined the anisochrony necessary for the perception of
subjective on-time responses for each ISl presented, duration distribution (short or
long), and modality (audio or visual), by plotting the proportion of “late” responses as
a function of the SOA (Point of Subjective Equality; PSE; Fig 2A).

As the distributions of I1SI for the auditory and visual stimuli contained
overlapping values (i.e. duration distributions shared physically identical intervals of
950, 1100, and 1250 ms; see Figure 1C) any difference between them in terms of
PSE must be attributable only to the effect of the stimulus (modality) dependency.
PSEs were calculated using the Spearman-Karber Method [38], a method which
does not make assumptions about the shape of the distribution that underlies the

psychometric function (See Methods for further detail; Fig. 2A). PSE values differed
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across ISI, such that that they were biased towards the mean of stimulus-dependent
ISI distributions, defined by sensory modality.

In this study, both Bayesian and frequentist statistics are reported. Bayes
factors assess the strength of evidence for observed data [39-43], and can
distinguish between null effects BF10 < 1/3, inconclusive data BF10 > 1/3 and < 3,
and evidence for an effect BF10 > 3 [43-45]. Frequentist analyses are also reported
for convenience. All statistical analyses were conducted using JASP (Version 9;
https://jasp-stats.org). Bayesian analyses used default priors.

As such, a Bayesian repeated measures ANOVA [41,45] with factors ISI (950,
1100, and 1250 ms intervals), duration distribution (short or long) and modality
(audio or vision), revealed that a model with the main effects of duration distribution
and ISI best described the data BF10= 386.156. The model that included modality,
duration distribution and ISI described the data with a BF10= 119.914, whilst a model
including modality and ISI (excluding duration distribution) described the data with a
BF10 = 0.273.

We additionally submitted the PSE values to a three-way repeated-measures
ANOVA with factors of ISI, duration distribution and modality (Fig. 2B). As expected,
PSE values (for physically identical 1SI) were significantly more positive when
presented from the longer duration distribution than when presented from the shorter
duration distribution, (Fig. 2BD; Main effect of duration distribution (1, 19)=11.6,
p=.003, n,= = .38). We also found a main effect of ISI F(2, 38)=4.6, p=.016, n,: = .20).
The was no evidence to support differences in other main effects or interactions (all
p>.2). These analyses reveal that the subjective report of stimulus timing was biased

towards the mean of a duration distribution dependent on the sensory modality in
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which it was presented. This provides evidence for prior distributions being built
dependent on the modality of presentation: auditory stimuli are biased towards the
auditory duration distribution, whilst visual stimuli are biased towards visual duration
distribution. As previous investigations of this issue typically rely on estimation of the
apparent duration directly, often using manual reproduction, those data depictions
usually show duration on the x-axis and reported (reproduced) duration on the y-
axis. To facilitate comparison with this previous work [8,11,15,24], in Figure 2C we
show the PSE values transformed into perceived duration. This was accomplished
by simply adding the obtained PSE to each corresponding ISI in order to provide an

estimate of apparent duration [9,10].
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Exp 1. Across Modality - Audio vs. Vision
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Figure 2. Psychophysical Data Analysis and Experiment 1 Data. (A) Proportion of
“Late” responses as a function of SOA for a single ISI. To determine the anisochrony
necessary for the subjective report of on-time responses, we performed Spearman-
Kérber analyses (See Methods). The PSE is the point at which participants are
maximally unsure about whether the stimulus was early or later than expected
(dotted line) and therefore provides an estimate of the apparent inter-stimulus-
interval. The data presented here is a single example from one subject for the audio
short stimulus-dependent duration distribution with an ISl of 1250 ms (B) PSE as a

function of ISI for Experiment 1. Each line represents each condition and as such,
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the different stimulus-dependent duration distributions. An Experimental block
consisted of either Audio Short and Vision Long, or in a separate session Vision
Short and Audio Long. (C) Estimated durations provided by the Spearman-Kéarber
Method, with data considered in the (Exp. 1) analyses magnified in each inset. Each
line represents a modality-duration distribution contingency. Diagonal dashed lines
represent veridical performance on the task, whilst the horizontal dashed lines
highlight the mean ISI for short and long duration distributions. (D) Collapsed Point of
Subjective Equality (in milliseconds, across ISl) for Spearman-Kérber Method. Error

bars represent the standard error of the mean.

Experiment 2: Can multiple, stimulus-dependent

priors be acquired within a sensory modality?

In Experiment 1, we found evidence that our participants could concurrently form
multiple distinct duration priors, dependent on the sensory modality in which the
stimulus was presented. It has often been suggested that the different sensory
modalities may each possess their own, independent temporal processing [33,46].
Therefore, the results of Experiment 1 may demonstrate that this putative
independence extends to the acquisition and influence of prior experience of
durations on subsequent duration estimation. Alternatively, the influence of multiple
distinct duration priors may be possible based on the difference between any
sufficiently distinct combination of sensory signals, not just a difference by sensory
modality. To test this possibility, in Experiment 2 we used a similar experimental

design as in Experiment 1, but this time each duration distribution (short or long
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mean) was dependent on stimuli that were both auditory, but which were distinct in
pitch. Previous work has shown that attributions of commonality or difference within
a given sensory modality (e.g. low or high pitch) can be just as effective as
differences across sensory modality in multisensory temporal processing [47,48].

As in Experiment 1, we presented participants with sequences of four stimuli,
with the fourth stimulus jittered around the expected timing of the final stimulus. On a
given trial, the four stimuli could be high or low pitch pure tones, with the I1SI between
high pitch tones drawn from a long mean duration distribution, and the low pitch
tones from a short mean duration distribution, or vice versa. Experiment 2 used a
simplified experimental design by comparison with Experiment 1, including fewer
levels of ISI, drawn from a uniform rather than Gaussian distribution, and only a
single overlapping ISI (Fig. 3; in Exp. 1 there were three shared values). This change
in design was done to increase the number of trials collected for each stimulus level-
type combination while keeping the overall duration of participation in the experiment
session the same. We calculated the PSE for each condition and these are

presented as a function of the ISl in Figure 4.
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Figure 3. Experiment 2 design and procedure. Participants were presented with
sequences of four (A) low pitch, or (B) high pitch tones and asked to report whether
the final tone was earlier or later than the expectation. (C) In a given block of trials,
ISIs were sampled from a truncated uniform distribution with a shorter mean for low

tones and longer mean for high tones (and vice versa in a separate session).

Paralleling Experiment 1, PSEs for each ISI and duration distribution were
calculated using the Spearman-Karber method. The PSE data linearly varied as a
function of ISI as (Fig. 4). However, when considering the single overlapping ISI (700
ms) condition, there was no discernible pattern of results consistent with biases
towards the mean of stimulus-dependent IS distributions. Instead, the linear pattern
of the data across all ISIs and distributions (short or long) was consistent with a

single generalized prior (similar to [15]).
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We submitted the PSE values to a two-way Bayesian repeated-measures
ANOVA [41,45], with factors of duration distribution (short vs long) and stimulus type
(high or low tone; Figure 4AC) for the single overlapping ISI. A Bayesian repeated
measures ANOVA revealed that a model with main effects of duration distribution
and stimulus type provided evidence consistent with no effect of duration distribution
(BF10=.251). A model that included just the factor of stimulus type resulted in a
slightly larger Bayes Factor (BF..= .991) that was insensitive. The model which
considered duration distribution alone resulted in a lower Bayes Factor (BF..= .246),
suggesting the null effects (prior generalization), were driven by the (null) duration
distribution factor. In addition, we submitted the PSE values to a 2-way repeated
measures ANOVA (Factors duration distribution and stimulus type) and found no
evidence that the PSE values from presentations from the longer duration
distribution were different from PSE values presented from the shorter duration
distribution (Fig. 4AB; Main effect of duration distribution F(1, 19)=.312, p=.583,
=.02). The main effect of stimulus type was significant, with low tone stimuli having
more positive PSEs F(1, 19)=9.024, p=.007, n; = .322. The interaction was not
significant (p >.158). For convenience, we again transduced the PSE values into
perceived duration, by adding the ISI to the PSE (Fig. 4C). These results suggest
that, unlike in Experiment 1, in Experiment 2 our participants biased their timing
reports towards a single, generalized prior over the two distributions of durations

defined by high and low pitch auditory stimuli.
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Exp 2. Within Modality - High vs. Low Tone
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Figure 4. Experiment 2. Data for within-modality priors defined by high versus low
tone sequences. (A) PSE as a function of ISI for Experiment 2. Each line represents
each condition and as such, the different stimulus-dependent duration distributions.
An Experimental block consisted of either Low Short and High Long, or in a separate
session High Short and Low Long. (B) Collapsed Point of Subjective Equality (PSE,
in milliseconds, across ISl) for Spearman-Kérber Method. Each line represents a
modality-duration distribution contingency. (C) Transduced Durations for the

Spearman-Kérber Method. Error bars represent the standard error of the mean.
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Experiment 3: Evidence for multiple, stimulus-

dependent within-modality priors

In contrast to Experiment 1, which provided evidence for multiple stimulus-
dependent duration priors when the different duration distributions were presented in
distinct sensory modalities, the results of Experiment 2 suggested that duration
priors generalise across different stimuli presented from within a single sensory
(auditory) modality. This finding may suggest that the acquisition of multiple priors for
duration can only occur when the durations are defined within different sensory
modalities, consistent with suggestions of separate temporal processing across
sensory modalities [33,46]. However, these results may instead indicate that the
difference in stimuli in Experiment 2 was simply insufficient to encourage participants
to treat the sensory events as distinct and form stimulus-dependent duration priors.
Indeed, the results of Roach and colleagues [15] when stimuli differed only by spatial
location and not by response mode also failed to produce stimulus-dependent
duration priors. One could therefore posit that the degree to which stimuli differ
perceptually (in modality, space, time or in some other feature) dictates whether the
sensory signals are associated with a common or with disparate sources [25-28,49-
51]. To test this premise, we utilized the same experimental paradigm as Experiment
2, but to further encourage our participants to perceive the two different stimulus
sequences as being associated with distinct potential sources, we presented
sequences of either pure tone or white noise auditory stimuli. We reasoned that pure

tones and white noise stimuli, while both auditory, differ more strongly in apparent
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similarity than high versus low pitch, and so may be more readily treated as
unrelated by participants [48,52].

To examine whether stimulus-dependent duration priors could be acquired
when stimuli were defined by auditory pure tones and white noise, we analysed the
data as in Experiment 2. All experimental methods were the same as Experiment 1
except this time each duration distribution (short or long mean) was dependent on
stimuli that were still both auditory, but which were either pure tone or white noise.
We calculated the PSEs for each ISI, under each distribution of durations and found
a pattern of PSEs similar to the data of Experiment 1 and consistent with stimulus-
dependent duration priors within a modality. A Bayesian repeated measures ANOVA
[41,45], with factors of duration distribution (short vs long) and stimulus type (pure
tone or noise; Fig. 5) revealed that a model with the main effect of duration
distribution provided the best evidence BF10= 38.764. The model with stimulus type
as a factor in conjunction with the duration distribution main effect did not provide as
much evidence BF10=9.14, and in tandem with a model including only stimulus type
(BF10=.231), suggests that the effect of the prior was equivalent regardless of the
stimulus type.

To provide further evidence that the PSE values were different from each
other when presented from different duration distributions, we submitted the PSE
values to a 2x2 ANOVA with factors stimulus type and duration distribution.
Consistent with Experiment 1 we found PSE values for the shorter or longer duration
distributions were statistically different (Fig. 5B; Main effect of contingency F(1,
19)=14.7, p=.001, n,: = .48. The main effect of stimulus type and the interaction were

not significant (p >.91). These results suggest that participants’ estimates of timing
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were biased towards the mean of the stimulus-dependent duration distribution,

based on the within-modality stimulus characteristics — auditory pure tones versus

white noise.
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Figure 5. Experiment 3. Data for within modality priors defined by pure tone versus
white noise auditory sequences. (A) PSE as a function of ISI for Experiment 3. Each
line represents each condition and as such, the different stimulus-dependent
duration distributions. An Experimental block consisted of either Noise Short and
Tone Long, or in a separate session Tone Short and Noise Long. (B) Collapsed
Point of Subjective Equality (in milliseconds, across ISl) for Spearman-Kérber

Method Each line represents a modality-duration distribution contingency. (C)
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Estimated durations provided by the Spearman-Kérber Method. Error bars represent

the standard error of the mean.

General Discussion

We investigated whether humans can acquire and maintain multiple priors for
duration, depending on the distribution of previously experienced durations
associated with a specific stimulus. We found that duration estimates were biased
towards the mean of a range of intervals defined by sensory modality (audio or
visual; Exp. 1), or other stimulus characteristics when both were presented in the
same sensory modality (auditory white noise or pure tone; Exp. 3). By contrast, when
the duration distributions were defined by a difference in pitch (auditory low tone or
high tone; Exp. 2), we instead found evidence that participants estimates of duration
were biased towards the mean of the entire range of intervals — indicating that their
prior for duration was generalized across the different presented stimuli. Taken
together, these results provide evidence that humans can acquire and maintain
multiple concurrent priors for duration when the relevant sensory characteristics are
sufficiently different.

Our data provide, to our knowledge, the first direct evidence that exposure to
multiple stimulus-dependent distributions of duration lead to changes in perceptual
decision-making. Previous investigations have revealed that manually reproduced
durations are biased towards an objective mean of exposed intervals for a single
stimulus type and response (manual reproduction) type [8,15,21,23,24]. Here, we
reveal evidence for such biases in a purely perceptual task (i.e., not a manual

reproduction task). Interestingly, we found that whilst perceptual reports about timing
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regress towards the mean of a stimulus-dependent duration distribution, the
magnitude of the effect is apparently less than in investigations employing manual
reproductions [8,15,23,24]. One possible reason for this discrepancy is that
perceptual and motor timing judgements are thought to be subserved by different
timing systems [53].

Other recent work has also claimed that two priors can be represented for
each modality [23]. In that study, participants were presented with two stimuli
delimiting an interval, and then asked to manually reproduce the interval. The
intervals were sampled from a uniform random distribution, and (in contrast to the
design of the present study), were presented in modality-dependent distributions in
separate experimental blocks, rather than interspersed within the same block of
trials. It is well known that human judgements of auditory and visually presented
durations differ in both in their precision (auditory stimuli are more precisely
estimated [54]) and bias in estimation (visual stimuli are reported as shorter than
auditory stimuli of the same physical duration [55-57]). Given the block-wise design,
with each stimulus-type and duration distribution presented in a separate block of
trials, along with these known differences in the basic perceptual properties of the
used stimuli, this previous study cannot rule out the possibility that differences in the
shape of the underlying likelihood functions for auditory and visual stimuli, rather
than the influence of two stimulus-dependent duration priors account for the obtained
results. By contrast, in our experimental design, we presented both stimulus types
and duration distributions interspersed across trials (e.g. auditory-short and visual-
long, and the opposite pairings in another experiment block; see Fig.1).

Consequently, our design provides clear evidence for a difference in duration
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estimation depending on the distribution of durations presented (e.g., Fig. 2),
independent of any potential differences in the underlying stimulus properties.

As mentioned in the Introduction, evidence for the concurrent influence of
multiple duration priors has been reported recently [15], but only when the duration
distributions were dependent on response format, rather than stimulus. In contrast to
our findings, when the response format was always the same, but duration
distributions differed depending on the stimulus (e.g. left location presentations were
from a short mean distribution and right from long), these authors found evidence for
the influence of a single generalized, rather than multiple stimulus-dependent priors.
One may speculate that differing response formats provide clear evidence on which
to base stimulus(response)-dependencies and therefore generate stimulus-
dependent priors. Perhaps, the mechanism underlying the acquisition and formation
of priors generalizes or categorizes stimuli as occurring from a common or separate
source, given the strength of available evidence [25-28,50]. In any case, the results
presented in this study clearly demonstrate that in addition to response-dependent
biases in duration estimation [15], previous experience of stimulus-dependent

durations can also bias duration estimation.

Combining Bayesian causal inference and iterative updating to
model stimulus-dependence and generalisation of priors in
duration perception

In this paper, we provide further evidence to support previous reports showing that

the estimated duration of a given presentation depends on the distribution of

durations to which an participant has been previously exposed [8,9,15,21,23,24,58].
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Crucially, we additionally demonstrated that this bias in duration estimation towards
the mean of the previously observed durations can depend on the stimulus-specific
distribution of duration. This stimulus-dependence operates when signals differ both
across (audio and vision) and within (auditory white noise and pure tone) sensory
modality, but appears to be stronger when the apparent perceptual (featural)
difference between stimuli is larger (compare results of Exp, 2 versus Exp, 3). Here,
we provide an account able to explain this pattern of results and also reconcile our
findings with those previously reported [15], through the application of causal
inference models [25,26,28].
Bayesian causal inference has been used to account for behavioural data in many
cases in multisensory perception where participants have the possibility of inferring a
single common cause or multiple independent causes for sensory stimulation
occurring across different sensory modalities (e.g. cross-modal double flash illusion;
see [25-28,50,51]). Here, we assume the possibility of (at least) two distinct priors
and two separate processes — one which updates priors following each successive
sample (trials of the experiment in studies such as presented here), and one which
selects which prior to update. By contrast with previous applications of this approach,
we use causal inference to determine the apparent causal relation between
successive samples (trials) that may be the same or different stimuli (e.g. in Exp 1.
Audio and visual), rather than the apparent relationship between concurrently
presented multisensory stimuli (such as in, for example, between the auditory and
visual stimuli presented in the cross-modal double flash illusion [59,60]).

An example of a model that includes two or more ‘models’ (possible causal

structures) is represented by the boxes in Figure 6A. In such systems, an inference
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process determines the probability of each causal structure. The optimal estimate of
any property of interest (stimulus type in our case - audio or visual in Exp 1., low or
high pitch in Exp 2, and, auditory white noise or pure tone in Exp 3.) for a given
stimulus, 8, is a weighted average of the estimates of two corresponding causal
structures. The greater the apparent difference (in space, time, or feature) between
two events, the higher the probability that the events originate from two separate
sources. Applied to our experiments, consider that the brain is inferring whether
successively experienced duration stimuli (successive trials in the experiment) are
caused by one general or two distinct sources (audition or vision, auditory low or
high pitch, or white noise vs pure tone).

We first apply this modelling strategy to Exp. 1, in which sensory signals
differed by modality, Figure 6A provides an example of the possible causal structures
(see Supplemental Materials for full details of the model). Visual stimuli X, are
perturbed by noise ov, whilst auditory stimuli Xa are perturbed by noise ca. The
inference process infers the probability of a causal structure with a common cause
(left in Figure 6; C = 1) and two distinct causes (Right in Figure 6; C=2). The
precision and mean estimates of the stimuli interact with the model selection such
that situations wherein the different modalities both have low variability will result in
model selections that infer two separate causes. By contrast, combinations of
stimulus estimates that are more uncertain (i.e. higher noise in ovand ca) and/or
have a smaller difference between means (Xv and Xa) in perceptual space will result
in the selection of a single cause. By this method, we can generate cases where
successive trials are determined to either relate to the same underlying cause

(stimulus; e.g. both visual) or not (e.g. first stimulus visual, second auditory).
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The next step is to show how this inference process constrains the formation
of priors over repeated experience. Previous ‘summary’ models of duration
perception have described prior distributions as inferred from objective sampling
distributions [8,21,22,24,61]. A simple sample-by-sample update (trial-by-trial) model
is the Kalman filter [9,12,37,62]. A Kalman filter is a recursive filter that estimates the
internal state of a linear dynamic system from a series of noisy measurements [62],
and can be more accurate than using single measurements [11,12,20,63,64].
Kalman filter-like models have been used widely in the neurosciences, successfully
being used to describe central-tendency effects in distance reproduction [12,65],
multimodal recalibration [66,67], and sensorimotor control [68]. Applied to our
experiments, the algorithm iteratively updates prior probabilities about an expected
duration with the likelihood of the current duration estimate, dependent on the
strength of available evidence to form stimulus(response)-dependencies (Fig. 6B).

In our model, following determination that the cause of a stimulus is common
to that of the previous trial (Fig. 6A; e.g. a visual stimulus presentation, follows a
vision stimulus presentation), the iterative-update Kalman filter will operate on the
visual prior, combining previous information about visual durations (prior) with the
current duration estimate (likelihood). Alternatively, if the outcome of the causal
inference process deems the previous trial not to be related to the present trial (e.g.
an auditory stimulus following a visual stimulus) then the iterative update process is
applied to the other signal, in this case the auditory duration prior. If the causal
inference layer cannot effectively infer a difference between one sample and the
next, then every trial will be updated under a single, generalized prior. Under this

guise, the model can explain both the formation of a single (Fig. 6C) and multiple
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concurrent priors (Fig. 6D) in temporal perception. Using this approach we may
reconcile the discrepancy between our results and that of previous work [15]. When
participants can easily determine that stimuli defining the durations (or response
modes) are different, these experiments will indicate evidence for stimulus-
dependent priors (Fig. 6C; Exp. 1 and 3, here; different response modes in [15]).
When the different stimuli (or response modes) are judged to be insufficiently
different, evidence will support the influence of a single generalized prior (Fig. 6D;

Exp. 2 here, single response mode as in [15]).

1200 -
1000 -

800 -

600 -

SN
@/

400 -

Response Interval [simulated in ms]

200

200 400 800 800 1000 1200
1200 - /

C = 2 /s
Kalman Filter

\
. . Posterior becomes Prior

Likelihood \
« N or ¥

1000 7

800 -

Response Interval [simulated in ms]

Posterior

200 400 600 800 1000 1200
Actual Interval Presented (ISl in ms)

Figure 6. Bayesian causal inference model with a Kalman Filter. (A) Schematic

overview of causal inference. Left: One cause may be responsible for both types of
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sequence. The visual intervals Xv will be the common prior s perturbed by noise ov
and the auditory intervals Xa will be the common prior s perturbed by noise ca. Right:
Alternatively, differences between distributions and stimulus characteristics might
lead to the inference of separate sources of events. The causal inference process
infers the probability of a causal structure with a common cause (left; C = 1) and two
distinct causes (right; C = 2). The variable C determines which sub-model generates
the output. The causal inference layer determines the updating of common or distinct
priors using a Kalman filter (B) which iteratively updates prior probabilities about the
expected duration of an interval with the likelihood of the current interval. The
resultant posterior becomes the prior for the next event. This model qualitatively
describes behavioural data from this paper for cases where a single common prior
may underlie the data (C; Experiment 2; Fig. 4), or cases where two distinct priors

are formed (D; Experiment 1 & 3, Figs. 2 & 5).

An important open question is how the components of Bayesian models such
as that described here are represented in the brain. One attractive possibility is that
Bayesian inference could be accomplished through probabilistic population coding
for perception [69-77] and decision making [78]. This code implies that the natural
variability in cortical responses is automatically represented by probability
distributions. The computation of likelihoods from such responses is simple and
biologically plausible, as just the weighted sum of neural responses [76]. In this
approach, prior probabilities are represented by neurons that fire before the
presentation of a stimulus. Further, as a prior increases in precision, all neurons with

receptive fields for a specific value of a stimulus dimension should increase their
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gain and fire strongly [74]. Such observations have been reported in the superior
colliculus [79] and area LIP [80,81]. Neural oscillations in the brain also offer an
interesting way of representing and carrying temporal priors, as the phase of delta-
theta band activity could be a plausible neurophysiological mechanism for their
implementation [82,83] as well thalamo-cortico-striatal circuits that have also been
shown to encode interval timing as well as numerosity [84-87]. However, it still
remains unclear precisely where and when the formation of priors, both within and
across the senses, occurs in the brain. By addressing such questions, future
research will progress towards functioning models of temporal perception that are

consistent with human brain anatomy and data [88].

Summary

Through a series of psychophysical experiments, we show that the human brain can
acquire and concurrently maintain multiple perceptual priors, based on differences in
stimulus properties both within and across sensory modality. Responses are biased
in accordance with simple iterative Bayesian inference, where perceptual estimates
are drawn to the mean of previous experience, but depending on a causal inference
process to identify which prior to update. Our results extend upon recent findings
demonstrating the influence of previous experience on time perception, showing their
relevance to scenarios where many different stimuli with different temporal properties

must be perceptually processed to guide behavior.
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General Methods

Participants

Participants were sixty undergraduate and graduate students aged 18-32 from the
University of Sussex. Twenty different participants took part in each experiment. All
participants reported normal or corrected-to-normal hearing and vision. The ethics
committee of the University of Sussex approved the study and all participants

provided written informed consent.

Apparatus and Stimuli

Visual stimuli were generated on MATLAB and displayed on a CRT monitor
(resolution of 800 x 600 pixels and a refresh rate of 100Hz) at a distance of 57cm.
Audio signals were presented binaurally via Sennheiser HD 280 Pro headphones.
Auditory and Visual presentation timing was driven by PsychToolBox [89,90].
Participants responded using the left (“early’) and right (“late”) keys on a standard
keyboard.

Auditory signals were the same pitch (frequency of 1Hz) for Experiment 1 and
3, but different for Experiment 2 (3.5Hz vs. .3Hz). Visual events were a luminance
modulated Gaussian blob (6 degrees of visual angle; dva). The background was
grey. A white fixation circle (.25 dva) was presented centrally with the blob appearing
3 dva above the crosshair. The blob was presented for 2 consecutive frames,
approximating a duration of 20ms, whilst auditory signals were also presented for 2

frames with an approximate duration of 20ms.
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Procedure

The task was a binary “early or late” forced choice judgement. Participants sat in a
quiet, well-lit room and were presented with a sequence of four auditory or visual
stimuli with an inter-stimulus interval (ISl) that was drawn from a distribution with a
mean of 650 for short contexts, and 1550 ms for longer ones (Fig. 1). In each
context, there were 9 levels of ISl in Experiment 1, and 5 levels in Experiments 2 and
3. The final (4th) stimulus was temporally displaced such that it could appear before
or after the expected timing determined by the trial ISI. There were 6 temporal
deviations for each of the 9 levels of ISI, which were +10, 30, or 50% of the trial ISI.
In Experiment 1, the temporal deviations were drawn from a uniform random
distribution. In Experiment 1 experimental sessions lasted approximately 1 hour
each, and participants were presented with sequences where the auditory
sequences had a short ISI distribution and the visual sequences had a longer ISI
distribution. In the second session, the auditory sequences had a longer ISI
distribution, whilst the visual sequences had a shorter I1SI distribution. The order of
experimental session was counterbalanced across participants with two sessions

each.

Spearman-Kérber Psychophysical Analysis

We analysed the proportion of ‘later’ responses for each anisochrony of the last
stimulus, to obtain a distribution for each ISI. In order to determine if a change in the
perceived isochrony of stimuli changes due to recent sensory experience, we
calculated the Point of Subjective Equality (PSE) as the anisochrony at which

participants are most unsure about whether the final stimulus was presented early or
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late. Thus, the PSE is the time point the last stimulus needs to be presented in order
for it to be perceived as being isochronous. The PSE is obtained by calculating the
first order moment of the difference between successive proportions of responses
using the Spearman-Karber method (see [38,91], for further details of this method).
The Spearman-Karber method is a non-parametric estimate that avoids assumptions
about the shape of the psychometric functions underlying participants’ responses.
The formulae below are used to estimate the first moment of the psychometric
function underlying the data. First, we define the anisochronies of the final stimulus
ANIiwithi={1, ... 15} and piwith i={1, ... 15} as the associated proportion of ‘later’
responses. We further define ANlL,and ANI..= as twice the maximum SOA, whilst also
assuming po=0 and p1s=1, so to be able to compute the intermediate AN/ between
two successive ones

si =T with ={0, ... 15) Eq. (1).
and the associated values of the difference in proportion of responses, taken at and
above 0 to monotonize the proportion of responses
dp; = max(0,p;4+1 — p;) , with i={0, ... 15} Eq. (2).

With these indexes, we can express PSE analytically as such:

1


https://doi.org/10.1101/467027
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/467027; this version posted November 9, 2018. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

EVIDENCE FOR MULTIPLE TEMPORAL PRIORS 31

Ethics Statement

Ethical approval was obtained from the University of Sussex Ethics committee.

Competing Interests Statement

We have no competing interests.

Author Contributions

WR, DR, and AKS conceived the study. WR implemented and collected data for
Experiment 1. DR implemented and collected data for Experiments 2 and 3. DR
analysed the data and performed the modelling. DR and WR wrote the paper and

AKS provided critical revisions. All authors gave final approval for publication.

Acknowledgments

This work was supported by the European Union Future and Emerging Technologies
grant (GA:641100) TIMESTORM — Mind and Time: Investigation of the Temporal
Traits of Human-Machine Convergence, and by the Dr. Mortimer and Theresa
Sackler Foundation, which supports the Sackler Centre for Consciousness Science.
AKS is additionally grateful to the Canadian Institute for Advanced Research (CIFAR)
Azrieli Programme on Brain, Mind, and Consciousness. The authors also thank Ulrik

Beierholm for discussions regarding causal inference.


https://doi.org/10.1101/467027
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/467027; this version posted November 9, 2018. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

EVIDENCE FOR MULTIPLE TEMPORAL PRIORS 32

Funding Statement

This research was funded by EU FET Proactive grant TIMESTORM: Mind and Time:
Investigation of the Temporal Traits of Human-Machine Convergence, with additional
support from the Dr. Mortimer and Theresa Sackler Foundation, which supports the

work of the Sackler Centre for Consciousness Science.


https://doi.org/10.1101/467027
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/467027; this version posted November 9, 2018. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-ND 4.0 International license.

EVIDENCE FOR MULTIPLE TEMPORAL PRIORS 33

References

10.

11.

12.

13.

Ernst MO. A Bayesian view on multimodal cue integration. Human body
perception from the inside out. 2006;: 105-131.

Ernst MO, Banks MSM. Humans integrate visual and haptic information in a
statistically optimal fashion. Nature. 2002;415: 429—-433. doi:10.1038/415429a

Kersten D, Mamassian P, Yuille A. Object perception as Bayesian inference.
Annu Rev Psychol. 2004;55: 271-304.
doi:10.1146/annurev.psych.55.090902.142005

Knill DC, Richards W. Perception as Bayesian Inference. Cambridge, UK:
Cambridge University Press; 1996.

Seriés P, Seitz AR. Learning what to expect (in visual perception). Front Hum
Neurosci. 2013;7: 668. doi:10.3389/fnhum.2013.00668

Girshick AR, Landy MS, Simoncelli EP. Cardinal rules: visual orientation
perception reflects knowledge of environmental statistics. Nature Publishing
Group. 2011;14: 926—932. doi:10.1007/s004220050411

Stocker AA, Simoncelli EP. Noise characteristics and prior expectations in
human visual speed perception. Nat Neurosci. 2006;9: 578-585.
doi:10.1038/nn1669

Jazayeri M, Shadlen MN. Temporal context calibrates interval timing. Nat
Neurosci. Nature Publishing Group; 2010;13: 1020—1026. doi:10.1038/nn.2590

Di Luca M, Rhodes D. Optimal Perceived Timing: Integrating Sensory
Information with Dynamically Updated Expectations. Sci Rep. Nature
Publishing Group; 2016;: 1-15. doi:10.1038/srep28563

Rhodes D, Di Luca M. Temporal Regularity of the Environment Drives Time
Perception. van Rijn H, editor. PLoS ONE. 2016;11: e0159842.
doi:10.1371/journal.pone.0159842.s003

Petzschner FH, Glasauer S, Stephan KE. A Bayesian perspective on
magnitude estimation. Trends Cogn Sci. Elsevier Ltd; 2015;19: 285-293.
doi:10.1016/j.tics.2015.03.002

Petzschner FH, Glasauer S. Iterative Bayesian Estimation as an Explanation
for Range and Regression Effects: A Study on Human Path Integration. J
Neurosci. 2011;31: 17220-17229. doi:10.1523/JNEUROSCI.2028-11.2011

Roseboom W. Serial dependence in timing perception. J Exp Psychol Human.
2018;: 1-28.


https://doi.org/10.1101/467027
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/467027; this version posted November 9, 2018. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-ND 4.0 International license.

EVIDENCE FOR MULTIPLE TEMPORAL PRIORS 34

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Linares D, Cos I, Roseboom W. ScienceDirectAdaptation for multisensory
relative timing. Current Opinion in Behavioral Sciences. Elsevier Ltd; 2016;: 1—
7. doi:10.1016/j.cobeha.2016.01.005

Roach NW, McGraw PV, Whitaker DJ, Heron J. Generalization of prior
information for rapid Bayesian time estimation. Proc Natl Acad Sci USA. 2016;:
201610706. doi:10.1073/pnas.1610706114

Vierordt C. Der zeitsinn nach versuchen. Tlbingen, Germany: Laupp; 1868.

Lejeune H, Wearden JH. Vierordt's The Experimental Study of the Time Sense
(1868) and its legacy. European Journal of Cognitive Psychology. 2009;21:
941-960. doi:10.1080/09541440802453006

Hollingworth HL. The Central Tendency of Judgment. The Journal of
Philosophy, Psychology and Scientific Methods. 1910;7: 461-469.

Mamassian P, Landy MS, Maloney LT. Bayesian modelling of visual
perception. Probabilistic models of the brain: Perception and neural function.
Cambridge, MA: MIT Press; 2002. pp. 13-36.

Kérding KP, Wolpert DM. Bayesian decision theory in sensorimotor control.
Trends Cogn Sci. 2006;10: 319-326. doi:10.1016/j.tics.2006.05.003

Jazayeri M, Shadlen MN. A Neural Mechanism for Sensing and Reproducing a
Time Interval. Curr Biol. Elsevier Ltd; 2015;: 1-12.
doi:10.1016/j.cub.2015.08.038

Shi Z, Church RM, Meck WH. Bayesian optimization of time perception.
Trends Cogn Sci. Elsevier Ltd; 2013;17: 556-564.
doi:10.1016/j.tics.2013.09.009

Murai Y, Yotsumoto Y. Timescale- and Sensory Modality-Dependency of the
Central Tendency of Time Perception. Meck WH, editor. PLoS ONE. 2016;11:
e0158921. doi:10.1371/journal.pone.0158921.t001

Cicchini GM, Arrighi R, Cecchetti L, Giusti M, Burr DC. Optimal Encoding of
Interval Timing in Expert Percussionists. J Neurosci. 2012;32: 1056—1060.
doi:10.1523/JNEUROSCI.3411-11.2012

Koérding KP, Beierholm U, Ma WJ, Quartz S, Tenenbaum JB, Shams L. Causal
Inference in Multisensory Perception. Sporns O, editor. PLoS ONE. 2007;2:
€943. doi:10.1371/journal.pone.0000943.s003

Shams L, Beierholm U. Causal inference in perception. Trends Cogn Sci.
Elsevier Ltd; 2010;14: 425—432. doi:10.1016/j.tics.2010.07.001

Rohe T, Noppeney U. Cortical Hierarchies Perform Bayesian Causal Inference
in Multisensory Perception. Kayser C, editor. PLoS Biol. 2015;13: €1002073.
doi:10.1371/journal.pbio.1002073.s009


https://doi.org/10.1101/467027
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/467027; this version posted November 9, 2018. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

EVIDENCE FOR MULTIPLE TEMPORAL PRIORS 35

28. Kayser C, Shams L. Multisensory Causal Inference in the Brain. PLoS Biol.
2015;13: €1002075. doi:10.1371/journal.pbio.1002075.g002

29. Rhodes D, Seth AK, Roseboom W. Multiple modality dependent priors in
human temporal perception. Barcelona; 2016.

30. Zhang H, Zhou X. Supramodal representation of temporal priors calibrates
interval timing. J Neurophysiol. 2017;118: 1244-1256.
doi:10.1152/jn.01061.2015

31. Buonomano DV. Decoding temporal information: a model based on short-term
synaptic plasticity. J Neurosci. Soc Neuroscience; 2000;20: 1129—-1141.

32. Karmarkar UR, Buonomano DV. Timing in the Absence of Clocks: Encoding
Time in Neural Network States. Neuron. 2007;53: 427-438.
doi:10.1016/j.neuron.2007.01.006

33. Ivry RB, Schlerf JE. Dedicated and intrinsic models of time perception. Trends
Cogn Sci. 2008;12: 273—-280. doi:10.1016/j.tics.2008.04.002

34. Bueti D, Bahrami B, Walsh V. Sensory and association cortex in time
perception. J Cogn Neurosci. 2008;20: 1054—1062.
doi:10.1162/jocn.2008.20060

35. Leon MI, Shadlen MN. Representation of time by neurons in the posterior
parietal cortex of the macaque. Neuron. 2003;38: 317-327.

36. Janssen P, Shadlen MN. A representation of the hazard rate of elapsed time in
macaque area LIP. Nat Neurosci. 2005;8: 234-241. doi:10.1038/nn1386

37. Cicchini GM, Anobile G, Burr DC. Compressive mapping of number to space
reflects dynamic encoding mechanisms, not static logarithmic transform. Proc
Natl Acad Sci USA. 2014;111: 7867—7872. doi:10.1073/pnas.1402785111

38. Miller JJ, Ulrich RR. On the analysis of psychometric functions: the Spearman-
Karber method. Percept Psychophys. 2001;63: 1399-1420.

39. Kass RE, Raftery AE. Bayes factors. Journal of the american statistical ....
1995.

40. Jarosz AF, Wiley J. What Are the Odds? A Practical Guide to Computing and
Reporting Bayes Factors. The Journal of Problem Solving. 2014;7.
doi:10.7771/1932-6246.1167

41. Rouder JN, Morey RD, Speckman PL, Province JM. Default Bayes factors for
anova designs. Journal of Mathematical Psychology. Elsevier Inc; 2012;56:
356—-374. doi:10.1016/j.jmp.2012.08.001

42. Dienes Z, Mclatchie N. Four reasons to prefer Bayesian analyses over
significance testing. Psychonomic Bulletin & Review; 2017;: 1-12.


https://doi.org/10.1101/467027
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/467027; this version posted November 9, 2018. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

EVIDENCE FOR MULTIPLE TEMPORAL PRIORS 36

doi:10.3758/s13423-017-1266-z

43. Dienes Z. Using Bayes to get the most out of non-significant results. Front
Psychol. 2014. doi:10.3389/fpsyg.2014.00781/abstract

44. Wagenmakers E-J, Marsman M, Jamil T, Ly A, Verhagen J, Love J, et al.
Bayesian inference for psychology. Part I: Theoretical advantages and
practical ramifications. Psychonomic Bulletin & Review; 2017;: 1-23.
do0i:10.3758/s13423-017-1343-3

45. Rouder JN, Speckman PL, Sun D, Morey RD, Iverson G. Bayesian t tests for
accepting and rejecting the null hypothesis. Psychon Bull Rev. 2009;16: 225—
237. doi:10.3758/PBR.16.2.225

46. Gamache P-L, Grondin S. Sensory-specific clock components and memory
mechanisms: investigation with parallel timing. Eur J Neurosci. 2010;31: 1908—
1914. doi:10.1111/j.1460-9568.2010.07197.x

47. Roseboom W, Kawabe T, Nishida S. Direction of visual apparent motion driven
by perceptual organization of cross-modal signals. J Vis. 2013;13: 6—6.
doi:10.1167/13.1.6

48. Roseboom W, Kawabe T, Nishida S. The cross-modal double flash illusion
depends on featural similarity between cross-modal inducers. Sci Rep. 2013;3.
doi:10.1038/srep03437

49. Parise CV, Ernst MO. Correlation detection as a general mechanism for
multisensory integration. Nature Communications. Nature Publishing Group;
2016;7: 1-9. doi:10.1038/ncomms11543

50. Mendoncga C, Mandelli P, Pulkki V. Modeling the Perception of Audiovisual
Distance: Bayesian Causal Inference and Other Models. Altmann CF, editor.
PLoS ONE. 2016;11: e0165391. doi:10.1371/journal.pone.0165391.t001

51. Elliott MT, Wing AM, Welchman AE. Moving in time: Bayesian causal inference
explains movement coordination to auditory beats. Proc R Soc Lond B Biol
Sci. 2014;281: 20140751-20140751. doi:10.1523/JNEUROSCI.5561-10.2011

52. Properties of auditory stream formation. 2012;367: 919-931.
doi:10.1121/1.394043

53. Lewis PA, Miall RC. Distinct systems for automatic and cognitively controlled
time measurement: evidence from neuroimaging. Curr Opin Neurobiol.
2003;13: 250-255. doi:10.1016/S0959-4388(03)00036-9

54. Ortega L, Guzman-Martinez E, Grabowecky M, Suzuki S. Audition dominates
vision in duration perception irrespective of salience, attention, and temporal
discriminability. Atten Percept Psychophys. 2014;76: 1485—-1502.
doi:10.3758/s13414-014-0663-x


https://doi.org/10.1101/467027
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/467027; this version posted November 9, 2018. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-ND 4.0 International license.

EVIDENCE FOR MULTIPLE TEMPORAL PRIORS 37

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Wearden JH, Todd NPM, Jones LA. When do auditory/visual differences in
duration judgements occur? The Quarterly Journal of Experimental
Psychology. 2006;59: 1709—-1724. doi:10.1080/17470210500314729

Wearden JH, Edwards H, Fakhri M, Percival A. Why “sounds are judged
longer than lights”: application of a model of the internal clock in humans. Q J
Exp Psychol B. 1998;51: 97—-120. doi:10.1080/713932672

van Wassenhove V, Buonomano DV, Shimojo S, Shams L. Distortions of
Subjective Time Perception Within and Across Senses. Eagleman D, editor.
PLoS ONE. 2008;3: e1437. doi:10.1371/journal.pone.0001437.s003

Zhang H, Zhou X. Supramodal representation of temporal priors calibrates
interval timing. J Neurophysiol. 2017;118: 1244-1256.
doi:10.1152/jn.01061.2015

Shams L, Kamitani Y, Shimojo S. lllusions. What you see is what you hear.
Nature. 2000;408: 788. doi:10.1038/35048669

Shams L, Kamitani Y, Shimojo S. Visual illusion induced by sound. Brain Res
Cogn Brain Res. 2002;14: 147-152.

Gu BM, Jurkowski AJ, Shi Z, Meck WH. Bayesian Optimization of Interval
Timing and Biases in Temporal Memory as a Function of Temporal Context,
Feedback, and Dopamine Levels in Young, Aged and Parkinson's Disease
Patients. Timing Time Percept. 2016;: 1—-27. doi:10.1163/22134468-00002072

Anderson BDO, Moore JB. Optimal Filtering. Englewood Cliffs, NJ: Prentice-
Hall; 1979. pp. 1-367.

Friston K. A theory of cortical responses. Phil Trans R Soc Lond B Biol Sci.
2005;360: 815-836. doi:10.1038/335311a0

Rank M, Di Luca M. Speed/accuracy tradeoff in force perception. J Exp
Psychol Human. 2015;41: 738-746. doi:10.1037/a0038974

Petzschner FH, Maier P, Glasauer S. Combining symbolic cues with sensory
input and prior experience in an iterative bayesian framework. Front Integr
Neurosci. 2012;6: 58-58. doi:10.3389/fnint.2012.00058

Ernst MO, Di Luca M. Multisensory perception: from integration to remapping.
Sensory cue integration (Trommershauser J, Kérding KP, Landy MS, eds)
Oxford University Press, Oxford. 2011;: 224—-250.

Burge J, Ernst MO, Banks MS. The statistical determinants of adaptation rate
in human reaching. J Vis. 2008.

Wolpert DM. Probabilistic models in human sensorimotor control. Hum
Movement Sci. 2007;26: 511-524. doi:10.1016/j.humov.2007.05.005


https://doi.org/10.1101/467027
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/467027; this version posted November 9, 2018. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-ND 4.0 International license.

EVIDENCE FOR MULTIPLE TEMPORAL PRIORS 38

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Roseboom W, Linares D, Nishida S. Sensory adaptation for timing perception.
Proc R Soc Lond B Biol Sci. 2015;282: 20142833-20142833.
doi:10.1162/neco.2009.09-08-869

Roach NW, Heron J, Whitaker D, McGraw PV. Asynchrony adaptation reveals
neural population code for audio-visual timing. Proc R Soc Lond B Biol Sci.
2011;278: 1314-1322. doi:10.1016/0042-6989(93)90248-U

Tajima Cl, Tajima S, Koida K, Komatsu H, Aihara K, Suzuki H. Population
Code Dynamics inCategorical Perception. Sci Rep. Nature Publishing Group;
2016;: 1—13. doi:10.1038/srep22536

Pouget A, Dayan P, Zemel R. Information processing with population codes.
Nat Rev Neurosci. 2000;1: 125-132. doi:10.1038/35039062

Mello GBM, Soares S, Paton JJ. A Scalable Population Code for Time in the
Striatum. Curr Biol. Elsevier Ltd; 2015;25: 1113-1122.
doi:10.1016/j.cub.2015.02.036

Ma WJ, Beck JM, Latham PE, Pouget A. Bayesian inference with probabilistic
population codes. Nat Neurosci. 2006;9: 1432—1438. doi:10.1038/nn1790

Averbeck BB, Latham PE, Pouget A. Neural correlations, population coding
and computation. Nat Rev Neurosci. 2006;7: 358—-366. doi:10.1038/nrn1888

Jazayeri M, Movshon JA. Optimal representation of sensory information by
neural populations. Nat Neurosci. 2006;9: 690-696. doi:10.1038/nn1691

Walker EY, Cotton RJ, Ma WJ, Tolias AS. A neural basis of probabilistic
computation in visual cortex. BioRxiv. doi:10.1101/365973

Beck JM, Ma WJ, Kiani R, Hanks T, Churchland AK, Roitman J, et al.
Probabilistic Population Codes for Bayesian Decision Making. Neuron.
Elsevier Ltd; 2008;60: 1142—-1152. doi:10.1016/j.neuron.2008.09.021

Basso MA, Wurtz RH. Modulation of neuronal activity by target uncertainty.
Nature. 1997.

Platt ML, Glimcher PW. Neural correlates of decision variables in parietal
cortex. Nature. 1999.

Gold JI, Shadlen MN. Representation of a perceptual decision in developing
oculomotor commands. Nature. 2000.

Arnal LH, Giraud A-L. Cortical oscillations and sensory predictions. Trends
Cogn Sci. Elsevier Ltd; 2012;: 1-9. doi:10.1016/j.tics.2012.05.003

Arnal LH, Doelling KB, Poeppel D. Delta-Beta Coupled Oscillations Underlie
Temporal Prediction Accuracy. Cereb Cortex. 2014.
doi:10.1093/cercor/bhu103


https://doi.org/10.1101/467027
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/467027; this version posted November 9, 2018. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-ND 4.0 International license.

EVIDENCE FOR MULTIPLE TEMPORAL PRIORS 39

84.

85.

86.

87.

88.

89.

90.

91.

Buhusi CV, Meck WH. What makes us tick? Functional and neural
mechanisms of interval timing. Nat Rev Neurosci. 2005;6: 755—-765.
doi:10.1038/nrn1764

Matell MS, Meck WH. Neuropsychological mechanisms of interval timing
behavior. Bioessays. 2000;22: 94—-103.

Matell MS, Meck WH. Cortico-striatal circuits and interval timing: coincidence
detection of oscillatory processes. Cogn Brain Res. 2004;21: 139-170.
doi:10.1016/j.cogbrainres.2004.06.012

Merchant H, Harrington DL, Meck WH. Neural Basis of the Perception and
Estimation of Time. Annu Rev Neurosci. 2013;36: 313—-336.
doi:10.1146/annurev-neuro-062012-170349

Roseboom W, Fountas Z, Nikiforou K, Bhowmik D, Shanahan M, Seth AK.
Time without clocks: Human time perception based on perceptual
classification. BioRxiv. 2018. doi:10.1101/172387

Pelli DG. The VideoToolbox software for visual psychophysics: transforming
numbers into movies. Spat Vis. 1997;10: 437—442.

Brainard DH. The psychophysics toolbox. Spat Vis. 1997;10: 433-436.

Ulrich RR, Miller JJ. Threshold estimation in two-alternative forced-choice
(2AFC) tasks: the Spearman-Karber method. Percept Psychophys. 2004;66:
517-533.


https://doi.org/10.1101/467027
http://creativecommons.org/licenses/by-nd/4.0/



