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Abstract

Humans can discriminate temporal intervals in a vast range of durations. They can
extract temporal patterns, organize, and execute complex motor behaviors

To understand human time perception, we need to be able to explain why and
how different aspects of the context affect temporal judgements. In this thesis I in-
vestigated how different aspects of human time perception are affected by context.

The prominent models of duration perception assume that at the onset of the
duration to be timed there is a mandatory resetting of the time mechanism. In Part
1 of the thesis, I investigated how cues for resetting the clock affected perceived
elapsed time between two moments. The two hallmarks of time perception, the
scalar variability of time and the regression to the mean, were found both when
the interval to be timed was cued beforehand, or revealed retrospectively. Nev-
ertheless, the effects were different for the two conditions: the temporal context
affected the estimates more in the implicit onset condition, and the estimates were
more biased towards the mean of the presented durations, and sensitivity of dura-
tion discrimination sensitivity was lower in the condition with no explicit onset of
the duration to be timed.

The manner in which events from a different or the same modality affect when
an event is perceived is addressed in Part 2. The findings from the three projects
presented suggest that the perceived time of events can easily be biased by the
temporal and spatial context. Findings in these studies support the hypothesis that
the perceived time of (visual) events does not always correspond the the perceptual
latencies measured in the reaction time tasks, and that the saliency is an important
cue for the perceived time.

Finally, in Part 3, I investigated how different sources of uncertainty affect the
timing and self-evaluation of an action. The findings suggest that timing an action

and evaluating its outcome may at least in part, rely on different computations.
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Introduction

Humans can discriminate temporal intervals in a vast range of durations. They can
extract temporal patterns, organize, and execute complex motor behaviors. Fur-
thermore, the temporal structure of the environment can be used to predict when
an event is going to occur, so as one can act accordingly. However, relevant events
in our environment do not appear isolated from the complex, multisensory stream
of information we are constantly exposed to. On the contrary: sounds, images, and
vibrations from events in our environment continuously reach our sensory organs,
overlapping in space and time. Time perception is malleable, and numerous time
illusions suggest that the perceived time of events is affected by context (Eagleman,
2008; Matthews & Meck, 2014). Furthermore, our internal states, such as attention
(Brown, 1985), emotions (Droit-Volet & Meck, 2007), intention to act (Binetti et al.,
2015; Wenke & Haggard, 2009), and even body temperature (Aschoff, 1998; Wear-
den & Penton-Voak, 1995), can affect the perception of time.

To understand human time perception, we need to be able to explain why
and how different aspects of the context affect temporal judgements (Matthews
& Meck, 2014). The context here refers to different features of the environment,
such as events that completely or partially overlap in time and space, or cues that
may bias or optimize performance (Albright & Stoner, 2002).

In this thesis I investigated how different aspects of human time perception are
affected by context. First, the project presented in Part 1 investigates how cues
for resetting the clock affect perceived elapsed time between two moments. The
manner in which events from a different or the same modality affect when an event
is perceived is addressed in Part 2. Finally, in Part 3, I investigated how different
sources of uncertainty affect the timing and self-evaluation of an action. Before
describing the research and discussing the findings, I will review previous work
relevant for the questions addressed in this thesis.

In the Introduction I will first present a spectrum of views on the main dimen-
sions of human time perception. Then, I will review the literature regarding how
the context of an event affects perceived time and duration. Finally, I will present
different models developed to explain the human perception of duration and of

ordering events in time.






Chapter 1
Literature review

The perception of time is a broad concept. It encompasses rhythm and rate per-
ception, simultaneity and temporal order discrimination, duration perception and
reproduction (Poppel, 1997; Van Wassenhove, 2009). For the scientific study of time
perception it is pertinent to define a meaningful taxonomy of time (Meck & Ivry,
2016; Paton & Buonomano, 2018). This is an ongoing endeavour in the time re-
search community (Meck & Ivry, 2016), and I will not attempt to solve this issue
here. I will, however, present different views on what the principal dimensions of
human time perception are, in order to frame the scope of this thesis.

Fraisse (1984) proposed that the concept of time consists of two concepts: suc-
cession and duration. To perceive succession, we need to perceive two distinct
events in sequence. The perception of duration is the perceived interval between
those two events. The two notions are hierarchical, since perceived succession pre-
cedes the percept of duration between two successive events. We can further dis-
tinguish between the perceived relative and apparent time of events (Arnold, 2010;
Van De Grind, 2002). Relative time refers to the apparent time of one event in rela-
tion to another. Apparent time is the moment when an event is perceived to occur
(Arnold, 2010; Libet, Gleason, Wright, & Pearl, 1983; Van De Grind, 2002). I will
discuss apparent time in greater detail in Part 2 of the thesis.

We can also distinguish between implicit and explicit timing, depending on
whether temporal information is used for acting on the environment, or to reflect
upon conscious experience (Michon, 1990). For instance, in classical conditioning,
temporal information is processed, but not explicitly evaluated, as it is in explicit
duration judgements (Ivry & Spencer, 2004). Similarly, depending on the degree to
which temporal structure in the environment is analysed, as opposed to imposed
on the environment, we can distinguish between sensory and motor timing (Paton
& Buonomano, 2018).

In summary, the myriad of behaviors that human time perception comprises
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can be systematized in different ways. These distinctions should reflect comple-
mentary, but distinct computations, that rely on (at least partly) different mech-
anisms and representations (Marr, 1982). In this thesis I investigated perceived
duration and perceived apparent time of events (Part 1 and 2). Work presented in
Part 3 addresses anticipatory motor timing.

In order to carry out scientific investigations of perception of time, it is impor-
tant to apply appropriate behavioral measures. In addition, it is pertinent to un-
derstand which aspects of behavior different methods assess, as well as underly-
ing assumptions, and limitations. I will outline the most commonly used measures

used in time perception research in the next session.

1.1 Behavioral techniques for investigating time per-
ception

In this section I will address the most commonly used behavioral methods for in-
vestigating perceived time: duration reproduction, temporal bisection and gener-
alization, temporal order, and simultaneity judgements. I will not address compar-
ison methods (e.g. Wearden, 2016), since they are classical psychophysical methods
of constant or single stimuli with variable interval durations as stimuli.

1.1.1 Temporal Reproduction and Production tasks

If we are interested in the perceived duration of certain events or elapsed time be-
tween two temporal markers, the most straightforward task is to ask participants
to reproduce the duration of the stimulus. In the temporal reproduction task, ob-
servers reproduce the duration of the stimulus, usually with a manual response
(e. g. hold down, release, double press some key). The type of motor response
that is required can affect the accuracy and precision of the measurement (Mioni,
Stablum, McClintock, & Grondin, 2014). In particular, when participants press the
key at the onset and offset of the interval, temporal estimates are less biased than
when participants hold down a single key. In contrast, the greatest precision is
obtained with continuous key presses (Mioni et al., 2014).The reproduction task is
often used in retrospective time perception studies, in which participants do not
know beforehand that they will be asked to report duration (Wearden, 2016).

In the interval production task, participants are asked to produce the target du-
ration, with no presentation of a stimulus. Biases in the interval production task
are assumed to give an insight into the intrinsic biases of the internal timing mech-

anism.
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Both reproduction and production tasks give measures of bias and variability
of temporal perception and estimation. However, variability can be corrupted by
motor noise (Mamassian, 2008), and biased by differences in the time needed to
prepare and execute movement (Droit-Volet, 2010). Moreover, interval production
and reproduction tasks cannot be used to investigate the perception of time of very
short durations, due to the temporal limits of motor execution.

1.1.2 Temporal Bisection and Generalization

A widely used task, particularly in animal research, is the temporal bisection task
(Penney & Cheng, 2017; Wearden, 2016). In this task, participants first learn two
reference durations, short and long. After a learning phase, participants are pre-
sented with intermediate durations, and their task is to estimate whether the pre-
sented duration is more similar to the short or long reference. From the frequency
of categorization of intermediate durations, we obtain the bisection point: the dura-
tion that is categorized as short or long equally often. In addition, we can obtain
an estimate of discrimination sensitivity. Since participants use an internal crite-
rion for categorizing durations as short or long, this task is useful in experiments
investigating biases due to adaptation or context. It has been found that the bisec-
tion point is close to the arithmetic mean for linearly spaced durations and near
geometric mean for logarithmically spaced durations.

In the temporal generalization task, participants are presented with a single stan-
dard duration, and multiple test durations that are shorter or longer than the stan-
dard (Penney & Cheng, 2017; Wearden, 2016). The participants’ task is to categorize
test durations as shorter or longer than the standard duration. As in the bisection
task, we can obtain measures of bias and discrimination sensitivity of duration.

1.1.3 Temporal Order Judgements and Simultaneity Judgments

Two measures commonly used to investigate the relative timing between two events
are temporal order judgements (TOJ) and simultaneity judgements (SJ). In both tasks,
participants are presented with two successive stimuli, with varying magnitudes
of lag between them. The temporal lag between the two signals is varied and
presented multiple times, usually following the method of constant stimuli or a
staircase method (Yarrow, Martin, Di Costa, Solomon, & Arnold, 2016). In TOJ
task, participants are asked to estimate which of two signals was presented first
(or second). In the SJ task, participants report whether the two signals were si-
multaneous or not. In TOJ tasks, the point of subjective simultaneity is usually

defined as a stimulus intensity for which there is 50% responses that one signal
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is before the other. The window of integration it defined as duration between the
two unisensory stimuli that corresponds to a 75% probability of correctly detecting
their order. In simultaneity tasks, the point of subjective simultaneity is the mean
of the frequency distribution of simultaneous answers, and the temporal window
of integration is defined as the temporal interval between stimulus pairs for which
the two stimuli are judged to be presented in synchrony with a probability greater
than some threshold (for example, 50%). In the simultaneity judgement task, the
proportion of simultaneous answers is calculated for each temporal lag. In order to
extract meaningful performance parameters, a function such as the Gaussian dis-
tribution, is usually fitted to the data. Since the function is not derived from an
observer model, this practice has been criticized (Yarrow et al., 2016) (Yarrow et
al., 2016). For instance, in a simple observer model, participants evaluate (noisy)
difference in latencies of the two signals against some criterion value in order to
estimate whether the two signals were simultaneous or not. In that case, the differ-
ence of two cumulative Gaussians would be a more theoretically plausible model
to fit the data (Yarrow, Jahn, Durant, & Arnold, 2011; Yarrow et al., 2016).

Several studies have investigated the extent to which TOJ and SJ are related
(Linares & Holcombe, 2014; Love, Petrini, Cheng, & Pollick, 2013; Van Eijk, Kohlrausch,
Juola, & Van De Par, 2008). For example, Love et al. (2013) investigated the corre-
lation between SJ and TOJ within the same group of participants with five differ-
ent stimulus types, varying in complexity. Subjective reports of task difficulty re-
vealed that TOJ were estimated as more difficult. These reports are consistent with
two stage models of succession perception, in which asynchrony detection and
order identification are two hierarchical processes (Jaskowski, Jaroszyk, & Hojan-
Jezierska, 1990). In general, subjective synchrony is biased towards visual stimuli
leading, while for temporal order judgements auditory stimuli had to lead the vi-
sual ones in order to be perceived as simultaneous. No correlation was found for
points of subjective equality nor the size of the temporal integration window. The
estimated temporal window of integration was variable across tasks and stimuli
(from 128 to 279 ms). Similar results were obtained in a study where perceptual la-
tencies between auditory and visual signals were assessed by TO]J, S] and duration
discrimination judgements (Linares & Holcombe, 2014). Moreover, a neuroimag-
ing study revealed differential brain activation for the two tasks (Miyazaki et al.,
2016).

Taken together, these results seriously question the mechanisms underlying TOJ
and SJ tasks. Differences possibly stem from different biases in criterion or the or-
der of presentation (Linares & Holcombe, 2014). In addition, the two measures

can reflect partially different processes (Vatakis, Navarra, Soto-Faraco, & Spence,
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2007; Zampini, Shore, & Spence, 2003). Specifically, temporal order judgements
could reflect temporal discrimination and instructions could facilitate segregation
of signals. On the other hand, simultaneity judgement tasks could promote bind-
ing of the two signals. The reason for discrepancies between the two measures
is, at least in part, the fact that the performance measures, such as the point of
subjective simultaneity, or the mean of the simultaneity judgement distribution,
are not differentiating sensory, decisional, and response components of the esti-
mation (Garcia-Pérez & Alcala-Quintana, 2012; Garcia-Pérez & Alcala-Quintana,
2017). Unfortunately, since we still lack theories of succession perception and tem-
poral order perception, as well as neural correlates of these functions, we cannot
conclude what the two measures capture, and why they are different. Modified
tasks based on observer models of simultaneity judgements are proposed in or-
der to overcome some of these problems (Garcia-Pérez & Alcald-Quintana, 2012;
Garcia-Pérez & Alcala-Quintana, 2017; Yarrow et al., 2016).

Temporal order judgements and simultaneity judgements are widely used in
multisensory research. On the other hand, using these tasks to investigate relative
timing between events in the visual modality may be problematic, as events need
to be either spatially disparate or of different size or shape, which could bias judge-
ments (Bachmann, Pdder, & Luiga, 2004a). Nevertheless, some biases induced by
the spatial layout of stimuli can offer interesting insights into the processing of suc-
cession (Giersch et al., 2015). For example, when stimuli are presented to the left
and right of the fixation point, participants are generally biased to respond with the
key that corresponds to the location of the stimulus (Hommel, 2011). This bias was
investigated in a temporal order judgement task. Interestingly, for asynchronies
below discrimination thresholds, as brief as 8 ms, this bias was systematically ob-
served (Giersch et al., 2015). Participants from the healthy population responded
more frequently to the side where the second stimulus was presented, while pa-

tients with schizophrenia responded to the first stimulus.

1.1.4 Reaction time as a measure of perceived time

Reaction time is a temporal interval between stimulus presentation and motor re-
sponse. It reflects two components: latency of processing time and the motor re-
sponse (Jaskowski, 1996). Reaction time and temporal order judgements are as-
sumed to reflect the processing latencies (Gibbon & Rutschmann, 1969; Jaskowski,
1996). However, reaction time can be dissociated from explicit temporal judge-
ments (Johnston & Nishida, 2001; J. Rutschmann & Link, 1964; Stone et al., 2001;
Tappe, Niepel, & Neumann, 1994). For example, Tappe et al. (1994) found slower
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reaction times to high spatial frequency gratings compared to low spatial frequency
gratings, but participants’” temporal order judgements were unaffected by spatial
frequency, suggesting that the two measures can be dissociated. Discrepancies in
the two measures were explained by postulating that reaction times and tempo-
ral order judgements come from two distinct processes (Jaskowski, 1996; Stern-
berg, Knoll, et al., 1973). When performance on the two tasks is registered for the
same stimuli and on the same trial (Cardoso-Leite, Gorea, & Mamassian, 2007), a
complex relationship between the two measures is found. In particular, the two
measures seem to result from related processes, even though there are discrepan-
cies between the two measures, probably due to decisional individual strategies
(Cardoso-Leite et al., 2007).

An interesting question is whether perceptual latencies reflect the perceived
time of events (Arnold & Clifford, 2002a; Moutoussis & Zeki, 1997¢; Nishida &
Johnston, 2002). This question will be discussed in more detail in Chapter 6.

The tasks discussed in this section are used to investigate duration or relative
time between events. With an exception of reaction time, they cannot directly ad-
dress when an event is perceived. In addition, reaction times may not be a good
measure of when events are perceived, and the relationship between this measure

and other measures of perceived (relative) time is not clear.

1.2 Contextual effects in time perception

Effects of context on the processing of temporal information can offer important
insights into representations of temporal information, and reveal underlying pro-
cessing mechanisms. Moreover, these effects constrain, inform and test different
models of time perception.

1.2.1 Perceived time of multisensory events

Understanding how unisensory signals are integrated provides important insights
into the processing of temporal information. For example, we can ask at what
processing stage temporal information is encoded in the brain; whether it is before
or after the integration of multisensory information.

In this subsection, I will discuss the window of temporal integration for stimuli
from different modalities. Then, I will present evidence of how the brain resolves

conflicts in perceived succession or duration between the senses, after a single or
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repeated exposure to sensory conflict. Finally, prominent models of how multisen-

sory information is integrated will be discussed.

1.2.1.1 The temporal window of integration for multisensory stimuli

Temporal coincidence is an important factor for multisensory interactions to oc-
cur (McDonald, Teder-Salejarvi, Heraldez, & Hillyard, 2001; Meredith, Nemitz, &
Stein, 1987). In psychophysical experiments, the window of temporal integration
for multisensory stimuli is usually assessed by means of temporal order judge-
ments (TOJ) or simultaneity judgements (S]). One of the first studies that investi-
gated sensitivity for the temporal order between stimuli from different modalities
(Hirsh & Sherrick, 1961), found very low thresholds of about 20 ms. Thresholds
were similar across modality pairs (visual, auditory and tactile stimuli were tested).
However, more recent studies did not replicate these low thresholds. When tested
with simple, transient stimuli (such as beeps and flashes), temporal order was dis-
criminable for durations between audiovisual pairs, from 25 to 50ms (Keetels &
Vroomen, 2005; Vidal, 2017; Zampini, Guest, Shore, & Spence, 2005; Zampini et
al., 2003). The threshold is higher for audio-tactile (80 ms)and visuo-tactile (35-65
ms) (Keetels & Vroomen, 2008; Spence, 2013; Zampini et al., 2005) stimuli than for
audio-visual pairs. The temporal window has been found to be as large as 215 ms
between a pure tone beep and the brief presentation of a white annulus (Stevenson,
Zemtsov, & Wallace, 2012). Thresholds for detecting the order between two signals
from different modalities also vary as a function of stimulus complexity. They are
smallest for brief and transient stimuli (Fujisaki & Nishida, 2005) and increase with
stimulus complexity. For example, for audio-visual speech perception, the tempo-
ral window can be as large as 200 ms (van Wassenhove, Grant, & Poeppel, 2007).
Perceived simultaneity is usually asymmetric: and auditory stimulus needs to lag
for about 30ms to be perceived simultaneous with a visual one (Alais & Carlile,
2005).

Temporal order is more easily discriminated for stimuli that are spatially dis-
parate (Vidal, 2017; Zampini et al., 2005, 2003). Thresholds could be improved
in this condition since shared spatial location affects the probability that the two
events have the same source. Furthermore, spatial location could serve as an ad-
ditional cue for performing the task. Nevertheless, these studies suggest that the
spatial relation between stimuli is an important factor to consider when designing

a multisensory timing study.
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1.2.1.2 Temporal ventriloquism

When an auditory and a visual event, such as an actor’s voice and a puppet’s
mouth, are presented at two different locations, the position of the sound is at-
tracted (captured) by the position of the visual information. The effect is usually
referred to as the ventriloquist effect (Slutsky & Recanzone, 2001). Ventriloquism
in the temporal domain, that is attraction in time between events from different
modalities drew the attention of researchers much later (Vroomen & Keetels, 2010).
In one of the first studies on the temporal ventriloquist effect, participants were
asked to estimate the temporal order between two visual stimuli, presented at dif-
ferent spatial locations (Morein-Zamir, Soto-Faraco, & Kingstone, 2003). Two audi-
tory stimuli were presented either before the first and after the second visual stim-
ulus, or between the two visual stimuli (AVVA and VAAV conditions, respectively).
Discrimination of temporal order was more difficult in VAAV condition, indicating
that the moment when the visual stimuli were perceived was attracted towards
the timing of the auditory events. Furthermore, it was shown that it was the sec-
ond sound that was responsible for the effect; the effect was found for intervals
between the two signals as large as 200 ms (Morein-Zamir et al., 2003). However,
since the effect in these studies is measured by changes in discrimination sensitiv-
ity of the temporal order between the two visual stimuli, they cannot directly show
by how much the perceived time of a visual stimulus is attracted to the time of
the auditory stimulus. More specifically, the discriminations thresholds inform us
only about the difference in time of the two subsequent visual that is needed for
the temporal order between them to be detected. Studies that followed these first
demonstrations of temporal ventriloquism specifically asked when a multisensory
event with asynchronous stimuli is perceived.

In a variant of the temporal bisection task, participants were asked to estimate
whether the second stimulus, in a sequence of three, was presented closer in time
to the first or the third stimulus (Burr, Banks, & Morrone, 2009). In order to in-
vestigate whether the perceived time of the auditory or visual stimuli is attracted
towards one another, temporal conflict was introduced for the first and the third
stimulus pair. An auditory stimulus was either leading for 80 ms, lagging for 80
ms, or presented in synchrony with the visual stimulus. The second stimulus was
an audio-visual stimulus with no conflict. Results showed auditory dominance
in the task, and the perceived time of audio-visual stimuli with a temporal con-
flict was biased towards the time of the auditory stimulus. In another study, an
audio-visual stimulus was presented in the background of a pure tone, 1250 ms
in duration (Hartcher-O’Brien & Alais, 2011). Participants were asked to estimate

whether a brief audio-visual stimulus was presented before or after the middle of
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the background tone. As in the previous study, the perceived time of the audio-
visual stimulus with temporal conflict was biased toward the presented time of the
auditory stimulus. These findings indicate auditory dominance in perceive time
of multisensory event. However, it is possible that the task designs affected this
strong bias. For example, in the later study, the presented time of the audio-visual
stimulus was estimated relative to the background auditory stimulus. It is possi-
ble that this design biased participants towards timing of the auditory stimulus.
In order to quantify the shifts in perceived time of unisensory signals (see Figure
1.1) when presented in temporal proximity of signal from another modality, Vidal
(2017) sequentially presented four pairs of auditory and visual stimuli, followed by
the fifth, unimodal stimulus (visual or auditory). In separate blocks, participants
were asked to estimate the rate of either visual or auditory stimuli. Asynchrony
between the signals was varied, and a large range of asynchronies was tested (up
to 200 ms). The task was to respond as to whether the <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>