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Summary
Most studies, investigating human time perception, have demonstrated a difference between
subjective and objective timing. Very common are, for example, results showing that visual
intervals are judged shorter than physically equivalent auditory intervals. Recent studies have
also found differences between motor and perceptual timing. Considering those perceived
differences, the idea has been proposed that the brain might employ distributed (modalityspecific) timing mechanisms rather than one amodal timing mechanism. Distributed timing
mechanisms and therefore independent temporal estimates would be convenient in the
computation for reliability-based multisensory or sensorimotor integration, as predicted by
Bayesian inference. Several studies have shown that multisensory temporal estimates can be
predicted by reliability-based integration models, as for example the Maximum Likelihood
Estimation (MLE) model. Reliability-based integration studies in time research are still fairly rare
and discussed controversially, and especially studies investigating sensorimotor integration are
mostly missing. The aim of this cumulative thesis was to investigate sensorimotor temporal
reproduction with a focus on the influence of sensory (mainly auditory) feedback on motor
timing. Here fore, in all studies a sensorimotor temporal reproduction paradigm was employed,
and sensory and motor estimates were treated as different/independent estimates. First, we
investigated the effect of onset and offset delayed sensory feedback on temporal reproduction
(Chapter 2.1). Second, perceptual and motor timing were compared explicitly and then a
reliability-based model was used to predict the observed sensorimotor reproduction times
(Chapter 2.2). In a third study, we manipulated the prior representation of the standard duration,
using different adaptation conditions (Chapter 2.3). The findings showed that if the onset of a
feedback stimulus was delayed in relation to an action (in contrast to when the feedback signal
was started before the action), reproduced durations increased immediately, as soon as a delay is
introduced. Offset-delayed sensory feedback, on the other hand, only induced a minor decrease in
reproduction times and this effect could only be observed with auditory feedback. In comparison
to auditory comparison estimates, which were shown to be fairly precise, pure motor
reproduction as well as auditory reproduction was found to be consistently overestimated. The
observed overestimation bias in auditory reproduction was reduced, compared to pure motor
reproduction. This pattern of result could be shown for various standard durations and different
signal-to-noise ratios (SNR) in the compared/reproduced tones. Further, a reliability-based model
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predicted observed auditory reproduction biases successfully. In the third study, we could show
that shifting the temporal range of accuracy feedback, manipulating the SNR of the reproduced
tone, as well as introducing a manipulation of the reproduced tone onset, led to significant
changes in the prior representation of the standard duration. Only manipulating the reproduced
tone onset during the adaptation phase induced a reduction of auditory weights, which could be
observed during the test phase. Additional trial-wise analysis confirmed that the adapted prior
representation is shifted back to normal dynamically over time, once no accuracy feedback is
provided anymore. The differences between observed sensory and motor estimates of time are
discussed. We concluded that the finding that onset and offset delay influenced reproduction
performance differentially implies that participants rather rely on the sensory feedback as a starttiming signal (at least if a causal relationship between action and sensory feedback can be
established), while the motor stop is used as primary stop-timing signal. Observed sensorimotor
reproduction biases and variability could be described as the weighted integration of the auditory
estimate and the motor estimate. The integration reflects the brain combines multiple timing
signals to improve overall performance. The prior knowledge of the standard duration in the
reference memory is updated dynamically in that current sensorimotor estimates are constantly
integrated with the history of duration estimates. In the end, overall implications of all the results
for time perception, as well as sensory integration research are discussed. In summary, this thesis
helps to improve our knowledge about sensorimotor temporal integration in a sensorimotor
reproduction task on the basis of behavioral findings as well as probabilistic modeling.
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Chapter 1: General Introduction
1.1 Time perception
The perception of time is an interesting phenomenon. We consciously perceive the passage of
time and use temporal information for everyday activities, like talking, walking and playing
music or sports (Buhusi & Meck, 2005). Interval timing in the subsecond to minute range has
been proven to be important for motor control (Buhusi & Meck, 2005). But even though we
process time and use the temporal information constantly, time perception has so far not been
investigated as thoroughly as spatial perception, and there are still a lot of open questions, about
how humans perceive time. Interestingly, for example, no particular sense organ for physical time
has been found, and also unlike specialized brain areas as for example the auditory cortex for the
initial decoding of tones, there is no evidence for one specialized brain area primarily dedicated
for time perception (Wittmann, 2009). Temporal information can be inferred from inputs of all
the sensory organs, and many cognitive processes, like attention, memory and decision processes,
have been shown to contribute to the perception of time (Church, 1984; Gibbon, Church, &
Meck, 1984; Zakay & Block, 1996). Up to date, the question about how the brain processes time
is still far from being answered completely (Wittmann, 2013).
1.1.1 Models of time perception
A classic and well known model of time perception is the pacemaker-accumulator model
(Church, 1984). This model consists of several parts: a pacemaker, a switch, an accumulator, a
working memory store, a reference memory store and a decision process/comparator (see Figure
1). During a to-be-timed interval the accumulator collects pulses that are generated by the
pacemaker (Church, 1984). The switch is necessary to gate the pulses; the switch closes, when
we start timing and when it opens again the accumulation stops, as no pulses can any longer be
transferred from pacemaker to accumulator. The collected pulses are then transferred to the
working memory for time (Church, 1984). Temporal information represented in the working
memory is compared to reference memories (where previous temporal information is stored, for
example a representation of a standard duration that was learned before). The actual comparison
process depends on the task and a behavioral response can only happen after a decision, based on
the comparison, has been made (Wearden, 2004). The model is easy to understand and intuitive,
8

and

most importantly

can account for large behavioral data as well as for physiological data,

at least qualitatively (Buhusi & Meck, 2005a; Simen, Balci, de Souza, Cohen, & Holmes, 2011).
Individual parts of the model can be validated by independently manipulation in experiments.
Meck (1983, 1996), for example, has shown that different drugs interfere with temporal
processing at different levels: Methamphetamines, a psychostimulant acting on dopaminergic
neurons, increases clock speed. On the other hand, vasopressin or oxytocin, neuropeptides
thought to be involved in learning and memory processes (Walter, Hoffman, Church, Flexner, &
Flexner, 1982), affects the transformation of temporal information into the working memory
(Meck, 1983). Also other studies could successfully demonstrate changes in pacemaker speed
(Burle & Bonnet, 1999; Droit-Volet & Wearden, 2002; Penton-Voak, Edwards, Percival, &
Wearden, 1996) or altered switch processes in humans (Droit-Volet, 2003; Wearden, Edwards,
Fakhri, & Percival, 1998) affect subjective time. An important feature of the pacemakeraccumulator model is the scalar property of the temporal information. Typically, temporal
estimation has been shown to resemble Webe s law1 in that the estimation error and variability is
proportional to the physical duration of the to-be-estimated interval (Gibbon et al., 1984). This
means that after normalization of the estimates of different standard durations, the same form of
distribution of relative time and constant timing sensitivity can be found. Some researchers have
even argued that this scalar property does not only apply to behavioral estimates, but also to the
neural activation in the brain (Buhusi & Meck, 2005; Hinton & Meck, 2004; Meck & Malapani,
2004).

1

stimulus and the sensory experience that the stimulus causes. An increase in stimulus intensity that is needed to
produce a just-noticeable difference is constant.
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Figure 1. Outline of the pacemaker-accumulator model. The left side shows the clock, the middle panel the memory
stores, and the right side the decision level (adapted from Wearden, 2004).

However, as most classic time research was based on animal research, researchers did not
account for modality differences in timing, but rather implicitly assumed that only one dedicated
(amodal) mechanism is responsible for measuring temporal intervals. Only more recent studies,
employing brain imaging techniques, found diverse activations in the brain, which rather speak
for modality specific timing mechanisms employed by humans during a timing task (Bueti,
Bahrami, & Walsh, 2008; Ghose & Maunsell, 2002; Lewis & Miall, 2003). Therefore,
researchers have started to argue for distributed, modality specific timing mechanisms in the
brain (for a review see, Bueti, 2011). These so called intrinsic models (for reviews on dedicated
vs. intrinsic models see Ivry & Schlerf, 2008; Wittmann, 2013), in contrast to the dedicated
amodal models (like the classic pacemaker-accumulator account), propose the idea that sensory
and cognitive processes can make inferences about temporal information in addition to their main
sensory processing function (Buhusi & Meck, 2005; van Wassenhove, 2009). Based on findings
from electrophysiological recordings in animals
& Shadlen, 2003), a fairly promising recent, neurologically plausible, model assumes that
temporal estimation

activation (Simen et al., 2011; Wittmann,

2013). In these studies it has been observed that neural activity increases and peaks at the end of
a to-be-estimated duration. This idea would be in agreement with the idea that one area in the
brain works as a central clock (one central, amodal memory store) and reads out neural signals
from other brain regions (modality specific pacemakers and accumulators). On the other hand, it
is also reasonable to assume that different neural networks are activated, dependent on the task
10

characteristics that represent temporal information in addition to their other functions (Wittmann,
2013). Up until now, however, evidence for the climbing activity model is hardly found in human
research (for an exemption, see Wittmann, Simmons, Aron, & Paulus, 2010) and is therefore still
under discussion (Kononowicz & van Rijn, 2011; Wittmann, 2013).
1.1.2 Physical time versus subjective time
Many studies have demonstrated that subjective time is not equal to physical time, but can
actually vary quite dramatically. Already over a century ago, Albert Einstein described the

girl for an hour, it seems like a minute. But let him sit on a hot stove for a minute
longer than any hour (as cited in Mirsky, 2002, p.102).

metaphor,

several studies have demonstrated that the emotional state of an observer influences the perceived
time (Angrilli, Cherubini, Pavese, & Mantredini, 1997; Shi, Jia, & Müller, 2012). Also stimulus
properties like intensity, motion (speed) or flicker could be shown to have an effect on time
estimations (Eagleman, 2008; Johnston, Arnold, & Nishida, 2006; Kaneko & Murakami, 2009;
van Wassenhove, Buonomano, Shimojo, & Shams, 2008). Further, as mentioned earlier various
pharmacological agents, like cocaine, methamphetamine, or vasopressin have been shown to
affect the perceived duration of a temporal interval (Buhusi & Meck, 2005; Meck, 1983, 1996).
When a voluntary action or a saccade starts a to-be-timed interval, this interval is usually
overestimated, compared to the interval started automatically (Park, Schlag-Rey, & Schlag, 2003;
Yarrow, Haggard, Heal, Brown, & Rothwell, 2001). This overestimation effect is known as the
describing the phenomenon of the impression that the second hand of a
clock seems to stop when you turn to look at the clock. However, the opposite effect
(underestimation after voluntary action or saccade) has been shown as well (Haggard, Clark, &
Kalogeras, 2002; Morrone, Ross, & Burr, 2005). This opposite illusion, in which participants
perceive an interval between a voluntary action and a sensory stimulus as shorter than its actual
physical duration, has
attracted towards its sensory effect to keep a causal relationship between the action and the effect
consistent (Engbert, Wohlschläger, & Haggard, 2008; Engbert, Wohlschläger, Thomas, &
Haggard, 2007; Haggard et al., 2002).
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As mentioned before, researchers have argued for distributed, modality-specific timing
mechanisms in the brain as subjective time has been found to depend on the sensory modality a
temporal duration is presented in. In general, a temporal interval is perceived longer if the
duration is conveyed by auditory signals than visual signals, even though physically it has the
same duration (Walker & Scott, 1981; Wearden et al., 1998). There is also similar evidence that
physically same length durations are judged longer if they are presented as auditory tones than as
tactile durations (Jones, Poliakoff, & Wells, 2009). The subjective bias (i.e. the estimated
difference from the actual physical duration) as well as the variability of a temporal estimate,
therefore, can vary quite dramatically dependent on the modality. Further, multiple durations can
be easily kept in the memory, if the durations are presented in different modalities (Gamache &
Grondin, 2010). It seems reasonable to assume that this improvement in memory is caused by the
fact that the temporal intervals are stored as different memory representations dependent on the
modality they are presented in (Bueti, 2011). In the brain, modality-specific temporal processing
has also been demonstrated in several imaging studies (for a review see, Bueti, 2011). One study,
for example, using transcranial magnetic stimulation could show that the disruption of the visual
area V5/MT+ affects the estimation of visual durations, but not of auditory intervals (Bueti,
Bahrami, & Walsh, 2008). All these findings rather speak for modality-specific temporal
encoding, than for an amodal internal clock, and highlight the perceptual differences and
variability of subjective time perception.
1.1.3 Motor timing
Time perception in the millisecond to one second range is important especially for action (Buhusi
& Meck, 2005). Timing in this range is thought to rather depend on cerebellar representation in
contrast to timing in the range of seconds, where activation of the cerebellum is hardly ever found
(Buhusi & Meck, 2005; Ivry & Spencer, 2004; Koekkoek et al., 2003). Most studies investigating
motor/action timing have either used sensorimotor synchronization or reproduction methods
paradigms. In sensorimotor synchronization participants are generally asked to tap a finger (or a
foot) along with an auditory, visual or sometimes even tactile rhythm. Especially of interest is
here, how movement is synchronized with an external event and the associated error correction
mechanisms (for a review see, Repp, 2005). Note however, that in sensorimotor synchronization
sensory stimuli appear at a regular beat and participants have to tap along with this beat.
Therefore, the task has a rhythmic element and it has been suggested that rhythmic movements
12

might be different from non-rhythmic movement, usually applied in temporal reproduction tasks
(Davis, 1962; Treisman, 1963). Non-rhythmic temporal reproduction research on the other hand
is quite diverse. An important problem here is that different paradigms are summarized under the
term reproduction. For most studies employing a temporal reproduction method, participants are
asked, after the presentation of a standard duration, to stop a second temporal interval at the point
in time when they think that this second interval has been presented for the same duration as the
standard interval (Wearden, 2003)
and is the most frequently reported method used in temporal reproduction research (Wearden,
2003). In some other studies temporal reproduction was achieved by pressing a button once to
start a reproduction of a reference interval and then press a button again, when participants think
that the duration is equal to the reference duration (see for example, Meegan, Aslin, & Jacobs,
2000). Importantly, in both reproduction methods described the actual reproduced duration is
unfilled or rather filled with perceptual information (like a tone or a visual stimulus). Only few
- pressing a button for a certain duration to

studies

produce the reference interval (i.e. filled duration reproduction) (Bueti, Walsh, Frith, & Rees,
2008; Bueti & Walsh, 2010; Walker & Scott, 1981). Analogue to differences found for empty
and filled auditory and visual duration discrimination (Grondin, 1993; Rammsayer & Lima,
1991), one could assume that there might also be a estimation difference for filled and unfilled
temporal reproduction.
Because of the diversity of methods used in order to investigate motor timing, common
models for motor timing are rare. An exemption, are models on sensorimotor synchronization
(Vorberg & Wing, 1996; Wing, 1977). It has been proposed that temporal reproduction might
consist of two consecutive processes: initiating a response when the to-be-timed duration is
similar to a given standard duration, and executing of a motor response (i.e. pressing a button)
(Wearden, 2003). The initiation and execution of the response also takes time and generally leads
to an over-reproduction of standard intervals (idea adapted for interval timing from Wing and
for repetitive tapping, Wing & Kristofferson, 1973). However this can only
be true for the reproduction of unfilled intervals, as in the production of a filled duration delays
due to initiation and termination of a response may cancel each other out.
Most studies focused on common mechanism of motoric and perceptual timing, trying to
being responsible for all time perception - in our brain. In a
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study by Keele and colleagues, a correlation between the acuity of perceptual judgments and the
regularity of motor production was reported (Keele, Pokorny, Corcos, & Ivry, 1985). In one task
participants had to produce regular intervals by tapping either their finger or foot and in the other
task they compared durations of time intervals between clicks. Motor accuracy correlated with an
amount of 0.6 with accuracy of perceptually based time judgments. The results were replicated,
confirming with a method of slope analyses that time-dependent variability is equal for
perceptual and motor timing (Ivry & Hazeltine, 1995). Arguments for common motoric and
perceptual timing mechanisms are also in line with cerebellar patient studies, which showed
performance impairments for both

perceptual and motor - tasks (Ivry & Keele, 1989). Further

evidence for common timing mechanisms comes from an fMRI study which showed that the
neural network supporting time perception involves the same brain areas that are responsible for
temporal planning and coordination of movements (Schubotz, Friederici, & von Cramon, 2000).
It has also been demonstrated that training on a perceptual timing task showed a significant
transfer to a motor timing task (Meegan et al., 2000), further strengthening the argument for
common timing mechanisms for motoric and perceptual timing.
Only in recent research, differences between motoric and sensory timing have been
investigated more critically. In agreement with the argument for distributed, intrinsic timing
mechanisms in the brain, differences between perceptual timing and motor timing have been
proposed, as well (Bueti & Walsh, 2010). Only several studies have explicitly compared
action/motor and perceptual/sensory timing. Ivry, for example, postulated the idea that there
could be processed in different units that are specific to a task, like specific timing mechanisms
for each limb and for each input modality (Ivry, 1996). This idea was based on findings that if
participants were asked to tap with two hands to a rhythm, within-hand temporal variability is
reduced when the movements of one hand is accompanied by the in-phase movements of the
other hand (Franz, Ivry, & Helmuth, 1996; Helmuth & Ivry, 1996). Here, the authors argue that
the two timing signals for each hand (or other limbs) become averaged and therefore tapping is
less variable with two limbs compared to tapping with one limb. However, differences between
sensory and motor timing are not addressed specifically. Two other, fairly recent, studies (Bueti,
Walsh, Frith, & Rees, 2008; Bueti & Walsh, 2010) have directly addressed the question about
differences between action and sensory timing. It could be shown that in comparison to a
perceptual task, where temporal estimations were not affected, performance in the action timing
14

task (where participants had to press and hold down a button to reproduce an auditory or a visual
duration) dropped if a delay between the end of the standard and begin of the reproduction was
introduced (Bueti & Walsh, 2010). Additionally, in the action timing task, several areas in the
brain were more activated than compared to the perceptual task (Bueti, Walsh, Frith, & Rees,
2008). A different and wider cortical network, including the cerebellar vermis, prefrontal and
parietal cor
perceptual time estimation condition.
Assuming that the brain employs independent mechanisms for motor timing compared to
perceptual timing, different temporal variances and biases should arise, dependent on the task.

1.2 Sensory cue integration
In everyday life we are confronted with multiple sensory information and our actions are
accompanied by sensory feedback. For example, we can see and hear a car passing by on the
street and we can see and feel our hand grasping a pen. However, combining those sensory inputs
that derived from the same event and separating those inputs that come from differential events is
a challenging task for the brain. Usually, in our environment there is not only one event we are
confronted with at the same time, but multiple. The assignment of whether sensory inputs derive
from the same event is further complicated, by the fact that sensory input is not always accurately
encoded, but is rather noisy. An example for inaccurate sensory integration is that people often
perceive two flashes, when a single flash is accompanied with two auditory beeps (Shams,
Kamitani, & Shimojo, 2000). It is thought that the most important factors of how the brain groups
sensory inputs are spatial proximity and temporal coincidence (Alais, Newell, & Mamassian,
2010). Sensory inputs are likely to be integrated when the signals originate from proximal
locations and reach the brain at about the same time.
1.2.1 Models of sensory cue integration
Early multisensory

(Welch &

Warren, 1980). The idea here is that the input from the most accurate sensory modality dominates
in multisensory perception. Due to its higher spatial resolution vision often dominates over
audition in spatial tasks, while in temporal tasks audition dominates over vision. The crossmodal
interactions are often described as visual or auditory capture effects, resulting in a neglect of the
15

other (additionally presented) modality. It has been argued that the modality appropriateness
hypothesis might be a too simplistic explanation of multisensory integration, as it has been shown
that if in a spatial localization tasks visual signals are degraded, the typically found visual
dominance in the task can be reversed, so that participants rather trust an auditory signal over a
degraded visual signal (Alais & Burr, 2004). Also, it was shown that an auditory click was
perceived as earlier in time when it was preceded by a visual flash and as later when it was
followed by a flash, similar (but smaller in amount) to capture effects shown for visual stimuli by
auditory events (Fendrich & Corballis, 2001). Moreover, it has been demonstrated that the brain
might combine information from different senses in a probabilistic way, rather than simply
choosing information from only one sensory input and neglecting the other. One well known
model is the Maximum Likelihood Estimation (MLE) model (Alais & Burr, 2004; Ernst &
Banks, 2002; Ernst & Bülthoff, 2004) which uses Bayesian statistics to quantitatively account for
multisensory integration. The MLE model suggests that an ideal observer will combined two
independent, sensory signals in a linear-weighted fashion, such that the combined estimate has
highest reliability (Ernst & Banks, 2002). The optimal weights used for the multimodal
integration are proportional to the reliability (i.e., the inverse of its variance) of each estimate.
Therefore, the modality that provides less variable information in a given situation will have a
higher weight and a greater influence on the final percept. With an ideal observer, the MLE
estimate is the best estimate among any linear-weighted combination, because it is least variable
and maximally reliable. The winner-take-all estimate suggested by the modality appropriateness
hypothesis (Welch & Warren, 1980) would be less optimal since it only takes information from
one modality while neglecting others (Alais et al., 2010; Ernst & Bülthoff, 2004; Ernst & Di
Luca, 2011; Vilares & Kording, 2011). This increased reliability in cue integration, enhances
object discrimination and identification, and facilitates a reaction to the external world (Vroomen
& Keetels, 2010).
The principles of MLE can be illustrated, if one considers an audiovisual signal, providing
two sources of information about an event (e.g. during an audiovisual localization task),
estimated by the auditory and visual system (auditory localization estimate S a , visual localization
estimate S v ). The bimodal estimate of the audiovisual location S av results from the integration of
the two sensory cues and is a weighted linear combination:
16
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localization estimates (see Figure 2). Importantly, the MLE model predicts both the mean
bimodal estimate and its variance.

Figure 2. Audiovisual integration according to the MLE model. The audiovisual estimate
combination of the unimodal estimates

S av results from a linear

S a and S v , with each weight set in proportion to its reliability.

Many studies have tested and verified the predictions of the reliability-based integration
models in spatial perception (for a review, see Alais et al., 2010). Ernst and Bank could show that
visual and haptic information about size is integrated as predicted by the MLE model (Ernst &
Banks, 2002). Also integration of audio-visual localization cues (Alais & Burr, 2004; Battaglia,
Jacobs, & Aslin, 2003) and even the integration of independent cues within a single modality, as
for example the integration of texture and motion or texture and binocular disparity has been
demonstrated (Hillis, Ernst, Banks, & Landy, 2002; Jacobs, 1999; Knill & Saunders, 2003). Even
though, reliably-based models often assume that the two sensory signals have a single cause and
are unbiased, accurate estimates, a recent study demonstrated that even biased estimates of stereo
vision and motion cues are integrated in accordance with the reliability-based model and that this
integrated estimate of biased stimuli is still more beneficial than non-integrated/unimodal
estimation (Scarfe & Hibbard, 2011).
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Optimal integration has been proven to play a role in minimizing uncertainty also in
sensorimotor control. Studies could show that additional sensory feedback will be optimally
integrated in order to perform more accurately on sensorimotor tasks (Bays & Wolpert, 2007;
Izawa & Shadmehr, 2008; Körding & Wolpert, 2004; Shadmehr, Smith, & Krakauer, 2010; van
Beers, Sittig, & Van der Gon, 1999). For example van Beers and colleagues asked their
participants to align their left hand with either a visual target or a proprioceptive target (their
unseen right hand) (van Beers, Sittig, & Van der Gon, 1996). Results showed that the variability
in the estimates obtained when subjects combined proprioceptive and visual information was
smaller than the variability obtained when participants could use one of the senses. In a further
study, it could be shown that participants tend to rely on the most accurate cue: proprioceptive
information was rather used for depth estimation, as proprioception gives more reliable
information about depth, while for azimuth participants rather rely on visual information (which
has been shown to be the more reliable source of information) (van Beers, Sittig, & Van der Gon,
1998).
1.2.2 Temporal integration
Multisensory events that coincide in time have been shown be integrated to a coherent temporal
percept, similar to multisensory spatial integration. Analogous to the spatial ventriloquist effect,
several studies have reported a temporal ventriloquist effect, demonstrating that visual temporal
order judgments are enhanced by the presentation of two auditory stimuli, one presented slightly
prior to the first visual flash and the second shortly after the second flash (Morein-Zamir, SotoFaraco, & Kingstone, 2003; Shimojo et al., 2001). Studies in time have long favored the modality
appropriateness hypothesis (Welch & Warren, 1980) in temporal integration, as most studies only
demonstrate auditory influence on visual temporal judgments (Bertelson & Aschersleben, 1998;
Morein-Zamir et al., 2003). For example, Klink and colleagues argued that while irrelevant
auditory intervals are automatically used when the brain estimates visual durations, irrelevant
visual durations have no effect on the estimation of auditory durations (Klink, Montijn, & van
Wezel, 2011). Only over the last decade, researchers have started to use Bayesian inference to
model multisensory integration in the temporal domain. However, the results are still diverse.
Employing an audio-tactile temporal-order judgments (TOJ) task, Ley et al. showed that the
bimodal temporal estimates were optimal as predicted by the MLE model (Ley, Haggard, &
Yarrow, 2009). However, Burr and colleagues only found a rough fit of the MLE model for their
18

audio-visual temporal-bisection data (Burr, Banks, & Morrone, 2009).
consistent pattern found in studies investigating temporal multisensory integration is that of well
predicted temporal estimates, but no maximal reduction of the variability. This pattern has been
confirmed in an apparent motion study, implicitly measuring perceived durations (Shi, Chen, &
Müller, 2010), in a recent audio-visual temporal bisection task (Hartcher-

,

as well as in a visual-tactile reproduction task (Tomassini, Gori, Burr, Sandini, & Morrone,
2011). More strikingly, sensorimotor temporal integration has been neglected, so far.
The reasons for the missing reduction in the observed variability reported in temporal
integration studies are not clear yet. It seems possible that the neuronal processes for temporal
estimates from different sensory modalities might not be completely distributed and statistically
independent, as indicated by the amodal time theories (Church, 1984; Coull, Vidal, Nazarian, &
Macar, 2004; Gibbon, Malapani, Dale, & Gallistel, 1997; Ivry & Hazeltine, 1995; Keele et al.,
1985; Treisman, 1963). Also the assumption of Gaussian noise might not be appropriate for
temporal estimations (Burr et al., 2009). There could also be accuracy limits in some sensory
systems so that variability could not be further reduced. The time perception research community
is only starting to understand multisensory temporal integration and to investigate differences in
comparison to spatial multisensory integration.
1.2.3 Remapping and delay perception
As mentioned before temporal coincidence is an important factor for perceiving a common
source and integrating two signals. In order to detect temporal coincidence, however, the brain
needs to calibrate for physical temporal discrepancies induced by physical transmit speed (as
sound and light travels at different speeds), as well as for different neural processing time for the
different sensory modalities (King & Palmer, 1985; Stone et al., 2001). For example, neural
transmission times for auditory information are much shorter, than for visual input (Levitin,
MacLean, Mathews, & Chu, 2000). For touch, the origin of the stimulation has to be considered,
because the transmission time is shorter from the face to the brain than from the toes (Vroomen &
Keetels, 2010). Therefore, it has been proposed that the temporal integration window has to be
relatively wide, in order to allow for more multisensory integration. In speech perception, for
example the auditory signal can be delayed by as much as 250 ms before the de-synchronization
with the visual input becomes apparent (Dixon & Spitz, 1980). Additionally, the brain should be
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able to recalibrate and adapt to temporal asynchronies in order to deal with continuous changes in
the body (e.g. limbs growth or the increase in head size) and the environment. Indeed, several
studies have shown that the brain can adapt to small temporal asynchronies between multisensory
or sensorimotor events (Fujisaki, Shimojo, Kashino, & Nishida, 2004; Harrar & Harris, 2008;
Keetels & Vroomen, 2008; Stetson, Montague, & Eagleman, 2006). One psychophysical study
examined the repeated exposure to an introduced audio-visual asynchrony and demonstrated that
after adaptation judgments of subjective simultaneity were shifted towards the adapted
asynchrony (Fujisaki et al., 2004). Also for other modalities a comparable shift in perceived
simultaneity has been demonstrated (Di Luca, Machulla, & Ernst, 2009; Hanson, Heron, &
Whitaker, 2008; Harrar & Harris, 2008; Takahashi, Saiki, & Watanabe, 2008).
Adaptation to even larger asynchronies and larger effects than those reported for
adaptation to sensory-sensory asynchrony have been found in sensorimotor temporal asynchrony
recalibration studies (Kennedy, Buehner, & Rushton, 2009; Stetson et al., 2006; Sugano, Keetels,
& Vroomen, 2010). For example, it has been shown that after exposure to a delayed visual
feedback of a button press action, flashes that were triggered by the button press without delay
were perceived as having occurred before the button press (Stetson et al., 2006). The authors
have argued that in order to maintain the expected causality between button press and visual
feedback, the visual event was shifted dynamically towards the onset of the action. This idea goes
along with other research arguing that a delayed sensory effect is perceived as having appeared
slightly earlier in time if it follows a voluntary action (Eagleman & Holcombe, 2002; Haggard,
Clark, & Kalogeras, 2002)

On speaks of

intentional binding if a voluntary action is attracted towards its sensory consequence, so that the
action is perceived as having occurred slightly later in time and the perceived feedback delay is
shorter than the actual delay (Engbert, Wohlschläger, & Haggard, 2008; Engbert, Wohlschläger,
Thomas, & Haggard, 2007; Haggard et al., 2002). It is assumed that everyday experience leads
the brain to calibrate sensorimotor synchrony between the start of a motor action and its sensory
effect (Heron, Hanson, & Whitaker, 2009). It has also been argue that due to increased mapping
uncertainty for sensorimotor signals compared to for example the mapping of texture and
disparity estimates, adaptation is faster for sensorimotor than for multisensory or within-modality
asynchronies (Ernst & Di Luca, 2011). Further, Wenke and Haggard have argued for a transient
slow-down of an internal clock after a voluntary action (Wenke & Haggard, 2009). However,
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whether sensorimotor temporal recalibration is due to timing changes in the motor system or in
the perceptual system is still discussed controversial (Kennedy et al., 2009; Sugano et al., 2010).
1.2.4 Effects of priors on multisensory/sensorimotor estimation
The Bayesian framework does not only describe the integration of two sensory or of a sensor and
a motor estimates, but also prior knowledge can be integrated in order to achieve a more reliable
estimate. Prior knowledge is understood as general knowledge about the world (as for example
the assumption that light comes from above

Dror, Willsky, & Adelson, 2004) or task specific

knowledge that has been achieved through experience with a certain task (Berniker, Voss, &
Kording, 2010). For example, if we watch TV, even though the sound actually comes from a
different location than the visual image (speakers on the side), our beliefs (= prior knowledge)
combines sound and visual input to a coherent perception of a common origin of the visual and
auditory stream. Several studies have demonstrated that humans combine sensory information
with previously acquired knowledge (prior), relying more on the prior when sensory information
is relatively unreliable and vice versa (Brouwer & Knill, 2009; Gerardin, Kourtzi, & Mamassian,
2010; Körding & Wolpert, 2004; Tassinari, Hudson, & Landy, 2006). In general, in studies using
the MLE model to describe a multisensory reliability-based integration process it is assumed that
the prior knowledge is flat and stable over time and therefore, plays no role in the integration
process (Alais & Burr, 2004; Ernst & Banks, 2002). This assumption is not only often implicated
because of computational convenience, but also because studies have shown that prior knowledge
can stay fairly stable across time (Beierholm, Quartz, & Shams, 2009). However, several recent
studies have pointed out that prior knowledge is dynamically updated and can be implicitly
modulated by short-term experience on a trial-by-trial basis (Acerbi, Wolpert, & Vijayakumar,
2012; Jazayeri & Shadlen, 2010; Petzschner & Glasauer, 2011).
As mentioned before, in time perception, it has often been found that the temporal
context, the modality of a to-be-timed stimulus, as well as the order of the presentation has an
influence on discrimination and estimation performance (Dyjas, Bausenhart, & Ulrich, 2012;
Grondin, 2010; Gu & Meck, 2011; Jazayeri & Shadlen, 2010; Lejeune & Wearden, 2009;
Penney, Gibbon, & Meck, 2000; Wearden, Edwards, Fakhri, & Percival, 1998). Recently,
researchers have used the Bayesian framework and explicitly the dynamical update of prior
knowledge to account for these temporal illusions (for a review see Shi, Gibbon, & Meck, in
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press). Taking the internal clock model into account, the process of the memory stage, where the
current estimate is transferred to the reference memory, can be easily be described in the
Bayesian framework, as the integration of the sensory likelihood with the prior knowledge in the
memory. One would therefore predict that every time a to-be-timed interval is presented, the
current estimate is integrated with the history of previous estimations and therefore affects the
prior representation of the standard duration in the memory. The idea is in line with a recent
model, which considers the buildup of the reference memory of a standard duration not to be
based on a single memory trace, but rather as a dynamic process that changes temporal
estimations over trials based on experiences (Taatgen & van Rijn, 2011). Also the centraltendency effect, observed when long and short standard durations are intermixed, where
participants tend to perceive short durations longer and long durations shorter (Gu & Meck,
2011) could be explained by the effect of prior knowledge that has so far been implicitly assumed
to be learned by participants over time (Acerbi et al., 2012; Jazayeri & Shadlen, 2010). Jazayeri
and Shadlen, for example, could show that participants reproduce the same duration differently
depending on the mean distribution of the presented durations (Jazayeri & Shadlen, 2010). This
sort of integration behavior helps participants to decrease the observed variability in their
duration estimates. Note however, that the authors implicitly assume that participants can learn
and use statistical properties of stimulus distributions. In agreement with spatial integration
studies, it has further been demonstrated that if participants are less variable in their temporal
perception, as expert drummers are for example, the influence of the prior knowledge (i.e. central
tendency effect) is less strong (Cicchini, Arrighi, Cecchetti, Giusti, & Burr, 2012); however, if

(PD) patients, tested off their dopaminergic medication, they rely stronger on the prior memory
representation than the actual presented interval (Malapani et al., 1998). All of these described
studies highlight the importance of acknowledging the dynamic influence of prior knowledge in
multisensory or sensorimotor time perception.

1.3 Aim of this thesis
In everyday life our actions are generally accompanied by sensory feedback. We are so used to
causally related action feedback that we do not even perceive small temporal delays between an
action and the sensory feedback (Engbert et al., 2008, 2007; Haggard et al., 2002), which in
principal would be in the range of being detectable for us. In the spatial domain, researchers have
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long investigated the question how sensorimotor information is integrated, how sensory feedback
enables monitoring actions and how sensory feedback is used to learn new movements (Bays &
Wolpert, 2007; Körding & Wolpert, 2004; Shadmehr et al., 2010; van Beers et al., 1996).
However, in time research the effect of sensory information on action timing has only sparsely
been investigated and is missing completely in terms of duration perception

in comparison to

point-in-time perception. The purpose of the three studies presented in this thesis was to get a
better understanding of action timing and the effect of sensory feedback on it. So far
sensorimotor timing, i.e. filled-duration sensorimotor timing has only been sparsely investigated.
As mentioned before, only in the last decade researchers have started to accept distributed timing
mechanisms in the brain (for a review see Bueti, 2011). Especially action-perception differences
in time estimation have only been proposed recently. Interestingly, striking differences between
action and perception time have been reported. For example, Walker and Scott, as mentioned
earlier, once found that motor reproduction, relying only on kinesthetic information (i.e. action
timing), was overestimated by about 12 perception for an auditory standard duration (Walker &
Scott, 1981). Investigating modality differences and particularly action-perception differences in
time estimation is important to help getting a clearer picture on the time processing mechanisms
of the brain that are not well understood yet. In this thesis sensorimotor timing is investigated
closely, using three different approaches to get a better understanding of action and perception
time estimations and their interactions. First, the effects of a delay manipulation are explored. So
far the effects of delay between an action and a sensory stimulus have only been investigated for
point-in-time estimations (e.g. Stetson et al., 2006). Different delay manipulations might
highlight differences between action and perception timing. Further, it should shed some light on
what information (i.e. action or perception information) is used by participants in order to
reproduce a given standard duration as accurately as possible. Also intentional binding effects, so
far only observed for sensorimotor point-in-time estimations (Engbert et al., 2008, 2007), might
also be present during filled-duration sensorimotor time reproduction and might lead to further
insights on the underlying processes of intentional binding. Second, action and perception timing
were compared directly to observe differences in temporal bias and variability. Applying a
reliability-based model allowed us to look at the benefits of integrating biased temporal
estimates. Using different temporal biases rather than different physical durations might open
new opportunities for looking at reliability-based temporal integration. Third, we compared
different adaptation procedures to dynamically affect the prior representation of the standard
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duration. Prior knowledge as an additional source of information during sensorimotor timing will
always affect reproduction performance. Previous studies have assumed that additional
knowledge, for example about the statistical distribution of the presented stimuli, will affect time
reproduction (Acerbi et al., 2012; Jazayeri & Shadlen, 2010), however, nobody has explicitly
attempted to modulate prior knowledge and investigate trial-wise effects. Overall, this thesis
attempts to give readers a better understanding of action and perception timing and about the
integration and interaction of the two time information sources.

Figure 3. Illustration of the temporal reproduction task with sensory feedback used in all three studies of the thesis.
A standard duration is presented first. Participants are asked to reproduce the standard by pressing a button. Another
stimulus is fed back to participants based on the action. The onset or the offset of the feedback stimulus could be
delayed (onset and offset were never delayed at the same time).

In order to explicitly investigate action and perception time, we adopted and modified a
temporal reproduction task with feedback (see Figure 3), as introduced by Bueti and Walsh
(2010). Here, participants had to reproduce a standard duration, by pressing and holding down a
button. In the sensorimotor condition a feedback signal was presented while participants were
holding down the button. The term feedback signal refers to the stimulus presented during the
reproduction to highlight the causal relationship between action and sensory stimulus.
Participants were always instructed to focus on reproducing the standard duration and not pay
attention to the feedback. With the exemption of the third study, no accuracy feedback (too long,
too short) was provided to the participants. This is important as we are interested in pure temporal
estimates that we assume to be biased and the biases are thought to be dependent on the modality
(action vs. perception timing). The same task was used in all three studies included in this thesis.
It enabled us to compare filled-interval action timing with filled-interval perception timing. Using
only filled durations was considered as being important, as we assume that temporal estimation
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might be most different/independent for these kind of durations, compared to unfilled durations
which might employ more similar mechanisms in the brain as the information presented in
unfilled intervals (i.e. nothing) is more comparable for action and perception time here. In the
action timing task kinesthetic and tactile (touch sense) feedback due to the button press is
considered as one, unitary motor component. That this might be an oversimplification of
processes underlying motor reproduction is highlighted by the results of a previous sensorimotor
tapping study, where it could be shown that blocking peripheral feedback leads to an increase in
the variability in synchronizing the pacing signal with the tap (Aschersleben, Gehrke, & Prinz,
2001). Further, in the second and third study presented, we completely focused on auditory
timing. Auditory timing is generally found to be more accurate and automatic than visual or
tactile time perception (Jones et al., 2009; Klink et al., 2011; Repp, 2005; Walker & Scott, 1981;
Wearden et al., 1998). Also several researchers have argued for a privileged link between the
auditory and the motor system for timing, leading to a more direct access of auditory information
in the motor system (Jäncke, Loose, Lutz, Specht, & Shah, 2000; Jantzen, Steinberg, & Kelso,
2005; Zatorre, Chen, & Penhune, 2007). For these reasons, the testing of temporal integration
mechanisms was considered to be easier and less variable for auditory timing only.
In a first study (Chapter 2.1), the effect of sensory feedback on action timing was
investigated, by means of investigating how action timing is affected by asynchronous-feedback
signals. Feedback onset, as well as feedback offset was manipulated. Feedback (visual or
auditory), presented while participants were pressing a button, was either synchronized with the
button press or either the onset or the offset could be delayed in relation to button press onset or
offset. Further, the feedback could either be presented in the same or in a different modality than
the standard stimulus. The main question was whether participants would rely either on
action/motor timing or on the perceptual timing, even though perception timing would be
considered as more unreliable as it was delayed during some trials. In the case that participants
completely rely on their action/motor timing (as actually instructed), no (or only small) effects of
feedback delay were expected. However, if perceptual timing is considered by participants during
the task as well, reproduction errors should differ for conditions in which the feedback was
synchronized with the button press, compared to conditions in which the feedback was delayed.
In four, out of five experiments, the feedback delay was systematically arranged and always the
same (200 ms). In the fifth experiment, the feedback delay varied randomly near the onset or
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offset of the button press. In this study, visual, auditory and also crossmodal audio-visual timing
(visual standard and auditory feedback vs. auditory standard and visual feedback) was
investigated.
The second study (Chapter 2.2) focused on the question whether the integration of a
feedback signal during a temporal reproduction task could be modeled using a reliability-based
approach. We compared estimation and variability for three different tasks: auditory duration
comparison, motor reproduction (without feedback signal) and auditory reproduction (with
synchronous feedback signal). Estimates and variability of the auditory comparison and the motor
reproduction task measured perceptual and action/motor time processing and were considered as
being independent. Further, the unimodal biases and variability were used to predict estimation
biases and variability in the auditory reproduction task. We explicitly introduced temporal biases
(which are usually disregarded in Bayesian integration models) in the quantitative model. It was
expected that in the sensorimotor task (auditory reproduction) temporal bias is reduced, as
auditory and motor biases are combined in a linear weighted fashion. Further, we expected
sensorimotor variability to be decreased compared to the two unimodal tasks, as predicted by
reliability-based models. Dynamic weight adjustment (as predicted by the classical MLE) was
investigated

by

introducing

two

different

signal-to-noise

ratios

(SNR)

for

the

comparison/reproduced tone and two different standard durations. Importantly, only auditory
stimuli were used in this study.
In the third study (Chapter 2.3), we addressed the question whether the buildup of the
prior representation of the standard duration can be explicitly manipulated by adaptation.
Comparable to the previous studies, participants had to do a sensorimotor temporal reproduction
task. During an adaptation phase participants received a feedback (i.e. accuracy feedback) about
their performance accuracy. Here, we manipulated once the accuracy feedback range, the signalto-noise ratio (SNR) of the reproduced tone and in the last experiment the reproduced tone onset.
During an immediately following test phase no accuracy feedback was provided, but we
introduced an onset-delay, which allowed us, again using a Bayesian framework, to infer the
weights of auditory estimations from the slope when the reproduced duration is regressed against
delay time. Shifting the accuracy range of the feedback was expected to shift the whole prior
representation in the direction of the shift. Since we adapted participants to an accuracy range
that was 100 ms short of the true accuracy range, lower reproduction durations for the shifted
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compared to the baseline feedback condition were hypothesized. A manipulation of the SNR of
the reproduced auditory tone was also thought to affect the actual reproduction durations after
adaptation, leading to shorter reproduction times after low SNR adaptation, compared to longer
reproduction times after high SNR adaptation. Additionally, a change in auditory weights due to
the different sound intensities was predicted (i.e. lower auditory weights after low SNR
adaptation). Adaptation with a random-tone onset, compared to synchronous tone onset
adaptation, was also expected to have an effect on the associated auditory weights, which should
lead to a change in slope when reproduced duration is regressed against delay time. As we had so
far only established that auditory reproduction can be predicted by the MLE model, again, only
auditory stimuli were used in this study.
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Chapter 2: Cumulative Thesis
This cumulative thesis consists of two studies that were peer-reviewed and accepted for
publication in scientific journals and one unpublished manuscript. In the following, the papers are
presented, each introduced by a short summary of the paper. The contribution of the author of
this thesis to the respective papers/manuscript is indicated.

2.1 Duration reproduction with sensory feedback delay: differential involvement of
perception and action time
2.1.1 Summary
It has been shown that delayed feedback events can be attracted by voluntary action towards the
action, and that motor-sensory temporal order judgments can be reversed after sensorimotor delay
adaptation. In this first study, we investigated how feedback delays can influence duration
reproduction performance, as the effects of delays on duration reproduction are still unclear. A
sensorimotor duration reproduction task was adapted, investigating within modality (auditory,
visual) and across audiovisual modalities reproduction performance. We injected an onset- or
offset delay to the sensory feedback signal generated during the reproduction. When an onset
delay was introduced to the sensory feedback signal, we observed that the reproduced duration
increased, independent whether standard and feedback signal was presented in the same modality
(visual or auditory) or in different modalities (crossmodal condition: auditory standard and visual
feedback and vice versa). The increase in reproduced duration could be observed immediately as
soon as the delay was introduced. Interestingly, there was almost no effect of onset-delay, if the
feedback signal was started before the action. On the other hand, when the offset of the feedback
signal was delay, reproduction durations decreased. However, this effect was weaker and could
only be observed when the feedback signal was a tone (rather than a visual stimulus). We
therefore concluded that participants mix together the onset of the motor timing and the onset of
the feedback signal when the feedback is delayed. However, participants heavily rely on the
action-stop signal rather than the feedback-stop signal in their reproduction. Additionally, we
found that auditory durations were overestimated compared to visual durations in crossmodal
feedback conditions. This overestimation/underestimation effect was independent of the delay
manipulation.
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2.1.2 Author contributions
This work was carried out under the supervision of Zhuanghua Shi and Hermann J. Müller; S.G.
conceived the idea and S.G and Z.S. designed the research. SG performed research. S.G. and Z.S.
discussed the results and wrote the paper. H.J.M. commented on the manuscript.
Ganzenmüller, S., Shi, Z., & Müller, H.J. (2012). Duration reproduction with sensory
feedback delay: differential involvement of perception and action time. Frontiers in Integrative
Neuroscience, 6, 1-11.
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2.2 Reducing bias in auditory duration reproduction by integrating the reproduced
signal
2.2.1 Summary
Previous research has shown differences between sensory and motor temporal estimates.
The first study, presented in this thesis (Chapter 2.1), left the question unanswered whether motor
and sensory estimates are actually integrated in a sensorimotor reproduction task. Therefore, we
investigated in the second study how differential motor reproduction and sensory estimates are
integrated for reproducing a specific duration. We compared estimation biases and variances
using three different duration estimation tasks: an auditory duration comparison task, a motor
reproduction task, and an auditory reproduction task. The auditory duration comparison and the
motor reproduction task were used to measure perceptual and action time processing, whereas the
auditory reproduction task was a bimodal (i.e. perceptual and motor) task, which was used to
investigate how perceptual and motor duration estimations are integrated together. In the motor
and the sensorimotor auditory reproduction task we found consistent overestimation whereas the
auditory comparison task provided a relative precise estimation. Interestingly, the overestimation
in the auditory reproduction task was reduced, compared to the pure motor reproduction, due to
the additional reproduced auditory signal. Similar findings could be shown in a subsequent
experiment, which varied standard durations and varied signal-to-noise ratios in the
compared/reproduced tones. We further compared reliability-based model predictions and
observed behavioral results (considering perceptual and motor biases as two independent
components), and found that the model successfully predicted the auditory reproduction biases.
Our results thus provide behavioral evidence of how the brain combines perceptual and motor
information together in order to reduce duration estimation biases and improve estimation
reliability.
2.2.2 Author contributions
This work was carried out under the supervision of Zhuanghua Shi and Hermann J. Müller; S.G.
and Z.S. conceived the idea and designed the research. SG performed research. Z.S. modeled the
results. S.G. and Z.S. discussed the results and wrote the paper. H.J.M. commented on the
manuscript. Z.S. and S.G. contributed equally to this work.
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Shi, Z.*, Ganzenmüller, S.*, & Müller, H.J. (2013). Reducing bias in auditory duration
reproduction by integrating the reproduced signal. PLoS ONE 8(4):e62065.
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2.3 Adapting the prior representation of the standard duration through feedback,
loudness and delay manipulations in a sensorimotor reproduction task
2.3.1 Summary
Temporal context has been shown to easily distort subjective duration estimates. In the second
study (Chapter 2.2) we found a non-optimal reduction in variability for auditory reproduction
when different standard durations are presented randomly interleaved. On this ground, we
hypothesize that the prior representation of a standard duration should affect the sensorimotor
reproduction, and the prior itself is also updated on a trial-wise basis. So far, the dynamic prior
representation of a standard duration is implicitly assumed, to come from the statistical properties
of the stimulus distribution. In this third study, we used an adaptation-test paradigm to examine
explicit changes to the prior distribution of the standard duration. We were interested in changes
in the prior representation and in the changes of how much participants trusted the auditory
information during the reproduction, observable during the test phase. In the adaptation phase,
participants were asked to produce an auditory duration of the same length as the standard
duration, but participants received a manipulated feedback of their accuracy, or generated a tone
with different levels of signal-noise ratios (SNRs), or with manipulated onsets. In all
experiments, we observed a change in prior representation of the standard duration in agreement
with our predictions, based on a simple Bayesian model: an accuracy feedback range that is 100
ms shorter than the true feedback range, resulted in reduced reproduction durations in the test
phase, when compared with a true accuracy feedback range; adaptation with a low SNR
reproduced tone led to decreased reproduction times compared to adaptation with a high SNR
reproduced tone; further adaptation to a delayed reproduced tone onset led to decreased
reproduction times, but also to a reduction in auditory weights, compared to after adaptation with
a synchronous tone onset. Trial-wise analysis during the test phase could show that the influence
of the adapted prior diminished over time and reproduction times return towards a typically
observed overestimation in auditory duration reproduction. The findings provide evidence that
the reference memory can be explicitly changed by adaptation, as sensorimotor estimates are
integrated with the history of duration estimates, building up a new prior representation of the
standard duration.
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2.3.2 Author contributions
This work was carried out under the supervision of Zhuanghua Shi and Hermann J. Müller; S.G.
conceived the idea, designed the research and performed research. Z.S. modeled the results. S.G.
and Z.S. discussed the results and wrote the paper. H.J.M commented on the manuscript. S.G.
and Z.S. contributed equally to this work.
Ganzenmüller, S.*, Müller, H.J., & Shi, Z.* (in preparation). Adapting the prior
representation of the standard duration through feedback, loudness and delay manipulations in a
sensorimotor reproduction task.
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Abstract
Perceived duration can be easily distorted by temporal context and by prior information about
target intervals. However, the mechanisms underlying the prior context influences are still not
well understood. We examined whether the prior representation of a standard duration could
influence an auditory duration reproduction by using an adaptation-test paradigm. In three
experiments, we compared reproduced durations after adapting participants to two different
priors of a standard duration. Here for, feedback, tone loudness and a delay was manipulated. We
observed the dynamic influence of the prior knowledge on duration reproduction and, by
introducing an onset-delay between reproduced tone and motor onset, how the prior influences
the sensorimotor integration. Our results showed that manipulations of the correct feedback range
(rewarding only reproduced durations 100 ms short of the standard duration), of the tone loudness
(comparing reproduction after adaptation to low and high signal-to-noise reproduced tone), and
of a delay (starting the reproduced tone independent of the button press), led to significant
changes in the prior representation of the standard duration in the test phase. Data could be well
predicted by a simple Bayesian model. Further, manipulating the reproduced tone onset during
the adaptation phase caused participants to trust the auditory signal less during the reproduction
in the test phase. Additional trial-wise analysis revealed diminishing prior effects over time and a
return towards a typical overestimation in auditory reproduction. The results are discussed in
terms of a Bayesian framework, predicting a dynamically updated prior representation of the
standard duration in the reference memory, by integrating current sensorimotor estimates with the
history of duration estimates.

54

Introduction
Subjective time has often been found to deviate from physical time, influenced by various
contexts. For example, subjective duration of an auditory stimuli is generally judged longer than
the same duration of a visual or haptic stimuli when these stimuli are tested inter-mixed in a
session (Jones, Poliakoff, & Wells, 2009; Penney, Gibbon, & Meck, 2000; Wearden, Edwards,
Fakhri, & Percival, 1998). Knowledge of stimulus durations could also influence subjective time,
known as a central-tendency effect, in which short intervals are estimated as longer than they
really are, whereas long intervals tend to be estimated shorter (Gu & Meck, 2011; Jazayeri &
Shadlen, 2010; Lejeune & Wearden, 2009).
A traditional account explaining contextual influences in duration judgments, is the
-

(Gu & Meck, 2011). This account proposes that the memory

distribution for a particular target interval is a mixture of an internal clock reading and the history
of previous clock readings (Gu & Meck, 2011; Penney, Allan, Meck, & Gibbon, 1998). Other
accounts, using quantitative Bayesian inference, argued that central tendency effects, as well as
other temporal distortions, could be explained as an influence of prior knowledge (i.e. knowledge
acquired from long- or short-term experience) or

more specifically

the influence of a prior

representation of the to-be timed standard duration, on duration estimation. It has been suggested
that incorporating the prior knowledge is beneficial for overall performance

that is, reducing

overall errors (Burr, Rocca, & Morrone, 2013; Jazayeri & Shadlen, 2010). To achieve such
optimal performance, humans have to rely more on the more reliable source (Berniker, Voss, &
Kording, 2010). For example, a correlative relationship between the effect of an distractor,
presented during a temporal comparison task, and the Weber fraction has been found (Burr,
Rocca, & Morrone, 2013). If interval timing is more precise (i.e. low Weber fraction), as has
been shown to be the case for long durations around 1 sec in comparison to short durations with
less than 500 ms, the influence of a distractor interval, presented before or after a comparison
interval is less strong, than if interval timing is less precise (i.e. high Weber fraction). The authors
assume that a regularization mechanism, attempting to make the intervals for distractor and test
equal, competes with the estimate of the physical duration of the interval. Combining the two
estimates (i.e. regularization estimate and physical estimate) in a statistically optimal way (i.e.
using Bayesian statistics) results in the systematic pattern of distorted perception observed during
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the experiments (Burr et al., 2013). Only recent studies have started to investigate effects of prior
knowledge in time perception. Specifically addressing central tendency effects in a time
reproduction task, Jazayeri and Shadlen could show that participants used the mean of the
duration distribution as additional source of information to achieve a less variable reproduction
performance. If the same duration was presented in different temporal contexts (i.e. different
mean distributions) participants reproduced this duration significantly different depending on the
distribution (Jazayeri & Shadlen, 2010). Note that in this study the authors implicitly assumed

distribution from selected duration range). Another similar study demonstrated that participants
are able to learn and built up an internal representation of various statistical features of simple
and complex distributions of time intervals (Acerbi, Wolpert, & Vijayakumar, 2012).
Interestingly, it was generally accepted that prior knowledge about the environment is
fairly stable across time (Beierholm, Quartz, & Shams, 2009; Dror, Willsky, & Adelson, 2004).
However, the prior information about the statistical distribution of a given target stimulus may
change dramatically in different situations, thus our brain must be able to flexible adapt to such
changes. Thus, a mechanism that updates a prior on a trial-by-trial basis seems more reasonable.
In a recent study, Taatgen & van Rijn demonstrated that if participants were asked to reproduce
different intervals, the memory representation of one interval influenced the other (Taatgen &
van Rijn, 2011). Even if only the duration of one interval was changed over trials, but the other
was kept unchanged, the changing duration affected the representation of the unchanged interval.
The authors suggested that the representation of one interval is not based on a single memory
trace, but rather on a pool of recent experiences. Therefore, the model used also considers the
built up of prior knowledge (i.e., the built up of a reference memory of the standard duration) as a
dynamic process that changes estimations over time, based on previous experience and trials.
So far, most studies have implicitly assumed that the prior knowledge about the statistical
distribution of a standard duration is acquired on a trial-by-trial basis (Acerbi et al., 2012;
Jazayeri & Shadlen, 2010; Taatgen & van Rijn, 2011). However, it is generally assumed that in
the same condition the prior for the first trial is the same as the prior for the last trial. Given that
the prior must be formed through trial-wise acquisition, such a constant prior assumption will
inevitably discard the dynamic nature of the prior. In this study, we used another approach,
namely an adaptation-test approach. We first let participants explicitly adapt to a given prior of a
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standard duration during the adaptation phase in a sensorimotor duration reproduction task. We
then investigated the dynamic influence of prior knowledge on auditory duration reproduction in
the test phase. The adaptation-test paradigm allowed us to focus on the questions how
manipulations of the feedback, the tone loudness and a delay would affect the prior
representation, and subsequently how the prior influences the sensorimotor integration in the
auditory reproduction. To investigate the second question, we introduced a temporal discrepancy
during the auditory reproduction (i.e., by inserting a delay between the motor onset and the
auditory tone onset) in the test phase.
In the three experiments, we manipulated the formation of the prior in different kind of
ways: (1) shifting the correct feedback range; (2) changing the signal-noise ratio (SNR) on the
reproduced auditory signal; (3) varying the onset of the reproduced auditory signal. In
Experiment 1, we compared the duration reproduction with a correct feedback with a shifted

expected the prior representation to be shifted about 100 ms leftward, leading to shorter
reproduced durations in the shifted feedback condition compared to the baseline. In Experiment
2, the signal-to-noise ratio (SNR) of the reproduced tone was manipulated. The idea here was that
when the reliability of the reproduced auditory signal is changed, the sensorimotor integration in
the auditory reproduction should also change. In addition, the perceived duration of the auditory
signal of a low tone should be shortened compared to a loud tone (duration estimation is
dependent on intensity, see for example Eagleman, 2008; Matthews, Stewart, & Wearden, 2011;
Xuan, Zhang, He, & Chen, 2007). Therefore, we expected longer reproduced durations for the
high SNR condition compared to the low SNR condition in the test phase. In Experiment 3, the
onset of the reproduced auditory tone was manipulated. We compared synchronous-onset
adaptation with randomized tone-onset adaptation. Here, we expected participants to trust the
auditory signal after randomized tone-onset adaptation less, leading to less influence of the
auditory delay, introduced during the test phase compared to the influence of delay after
synchronous-onset adaptation.
The same general adaptation-test phase set up is used in all experiments, so that each
experiment consisted of two phases: an adaptation and a test phase. The task was similar in both
phases (see Figure 1): Participants had to press a button to produce a tone of the same duration as
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the immediately before presented auditory standard tone. During the adaptation phase
participants always received a feedback after each trial, informing participants whether their
produced duration was correct, too short or too long. In the test phase no feedback was given,
which allowed us to investigate how the prior representation might influence reproduction
without feedback and to observe the dynamic natural recover from the adapted prior. Second, as
mentioned before, we introduced a random delay manipulation during the test phase; the onset of
the reproduced auditory signal was delayed in respect to the motor onset. This delay manipulation
allowed us to investigate changes in the associated motor and auditory weights. It has been
shown that auditory duration reproduction can be described by the weighted sensorimotor
integration of a motor and an auditory duration estimate (Shi, Ganzenmüller, & Müller, 2013).
By introducing a delay between motor and reproduced tone onset, we could infer the actual
weights of the auditory estimate in the reproduction from the amount of influence of the delay on
the reproduction (see Supplementary Material).

Figure 1. Schematic illustration of the general experimental design. A standard duration reproduction paradigm, with
manipulation of feedback stimulus properties and delays during reproduction was used. An auditory standard tone is
presented first. Participants reproduce the standard by pressing a button. Another auditory tone is fed back to
participants based on the action. During the adaptation phase (A) participants receive a feedback in each trial after
button release. In the test phase (B), the reproduced tone was onset delayed in respect to the action. No feedback was
displayed.
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Results
The effects of priors on auditory reproduction

that in the baseline condition reproduction was only rewarded with a smiley if participants
pressed the button for 720 to 880ms, while reproduction in the shifted-feedback condition was
only rewarded for reproduction times from 620 to 780 ms. Figure 2 depicts the mean reproduced
durations and variability of the two test phases for Experiment 1. The general over-reproduction
(of about 100 ms) observed after baseline adaptation is consistent with previously reported overreproduction of auditory intervals (Shi, Ganzenmüller, et al., 2013; Walker & Scott, 1981). A
two-way repeated measures ANOVA with adaptation condition and delay as factors revealed that
reproduction times were significantly influenced by adaptation, F(1,11)=47.45, p<0.01, and by
delay, F(2,22)=84.80, p<0.01. Reproduction times in the baseline condition were longer (~90 ms)
than compared to the shifted condition. Further, all reproduced durations increased with the three
levels of delay (0, 100, 200 ms). We did not observe a significant interaction between adaptation
condition and delay (p=.53).

Figure 2. Mean reproduced durations and SDs (with +/- 1 standard error bars) in the test phase of Experiment 1.
Duration estimates were significantly more overestimated for the baseline adaptation condition (blue line) and
reproduction times increased for both adaptation conditions with delay duration.

In Experiment 2, the signal to noise ratio of the reproduced tone was manipulated (low: 55 dB
tone, high: 75 dB tone), while during the test phase the loudness of the reproduced tone was
always the same (independent of adaptation condition, 65 dB tone). In Figure 3 the mean
reproduced durations and variability of the two test phases are shown. A two-way repeated
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measures ANOVA with adaptation condition (low SNR vs. high SNR) and delay (5 level of
delays) as factors showed that reproduction times were significantly influenced by adaptation,
F(1,11) = 12.05, p<0.01, and by delay, F(2,22) = 173.38, p<0.01. Compared to the low SNR
condition participants pressed the response button longer in the high SNR condition (~ 45 ms).
Again no interaction effect was observed (p=0.83).

Figure 3. Mean reproduced durations and SDs (with +/- 1 standard error bars) in the test phase of Experiment 2.
Duration estimates were significantly more overestimated for the high SNR adaptation condition (blue line) and
reproduction times increased for both adaptation conditions with delay duration.

Figure 4 depicts the mean reproduction durations and variability for the two test phases (random
tone-onset, synchronous-onset) and for five delay intervals (0-200ms) in Experiment 3. During
the adaptation phase the onset of the reproduced tone in respect to the motor onset was
manipulated; during the synchronous-onset condition the reproduced tone started immediately
with the button press, while during the random tone-onset condition reproduced tone onset was
completely independent of the button press. A two-way repeated measures ANOVA with
adaptation condition (random tone-onset, synchronous-onset) and delay (0-200ms) as factors
revealed that reproduced durations were significant influenced by both factors: the adaptation,
F(1,11) = 42.02, p<0.01; and delay, F(2,22) = 49.12, p<0.01. After synchronous-onset
adaptation, participants significantly overestimated the standard duration and pressed the button
almost 90 ms longer than after the random-onset adaptation. Further, with increasing delay,
reproduced durations increased in both conditions. Importantly, other than in the previous
experiments, we found a significant interaction between adaptation and delay, F(2,22) = 4.00,
p<0.01. After random tone-onset adaptation, the influence of delay was weaker then after
synchronous-onset adaptation.
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Figure 4. Mean reproduced durations and SDs (with +/- 1 standard error bars) in the test phases of Experiment 3.
Duration estimates were significantly more overestimated for the synchronous-onset adaptation condition (blue line)
and increased with delay duration. The observed increase after the random-onset adaptation (red line) was less strong
than after the synchronous-onset adaptation.

Modeling the dynamic prior effects
That adaptation leads to significant changes of duration reproduction in the test phases, for which
all parameters were kept the same, suggests that the internal representation (i.e., prior) of the
standard tone was formed differentially due to the adaptation process. We propose here a simple
Bayesian model to predict such changes in the prior representation and the auditory weights in
the auditory reproduction due to the adaptation manipulation.
Shifts of reproduced duration by priors and sensorimotor duration integration
As shown in a previous study (Shi, Ganzenmüller, et al., 2013), auditory reproduction D AR can
be regarded as a statistical optimal estimation based on two sources of information: a motor DR
and an auditory D A duration estimate. We assume that this reproduced duration DAR is
compared to the internal representation of the standard duration (i.e., prior)

P

with a ratio rule

(Penney, Gibbon, & Meck, 2008). Note the prior can be manipulated by different types of
adaptation. When a delay

is introduced for the auditory onset in the auditory reproduction, we

would expect to observe a change in DR , dependent on the introduced delay (see Supplementary
material):
DR

P

wA *

(2)
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where wA is the auditory weight in the sensorimotor integration of auditory reproduction, which
can be estimated from the slope of a linear regression. Thus, measuring the effect of the delay
on the reproduced duration will reveal how the auditory weights change due to the adaptation and
how the adapted prior

P

influences reproduction performance in general (for further model

explanation see Supplementary Material). A summary of the results based on the above modeling
are shown in Table 1.
Table 1. Overview over observed changes in the prior representation

P,

changes in the auditory weights

w A and

dynamic recovery.

Shift in
Exp1

90 ms

P

Auditory weights w A

Dynamic recovery

Shifted: wA = .60

Faster recovery after shifted-feedback
adaptation

Baseline: wA = .65
Exp2

45 ms

Low SNR: wA = .76

Similar recovery for both conditions

High SNR: wA = .77
Exp3

90 ms

Random: wA = .40

Recovery

after

synchronous-onset

Synchronous: wA = .61

adaptation, but no recovery after random
tone-onset adaptation

Experiment 1, we observe a 90 ms change in DR , after shifting the prior distribution, compared
to the reproduced durations after the baseline adaptation. However, the weights of the
sensorimotor integration were not changed by the adaptation. We observed two parallel lines
when the reproduction durations are regressed against the delay manipulation. A linear regression
analysis, comparing actual reproduction times with predicted reproduction times (reproduction
durations that were 100% adjusted for delay), failed to show a significant change in the auditory
weight wA for the shifted (wA = 0.60) versus the baseline adaptation condition (wA = 0.65),
t(11)=-0.88, p>0.05. Therefore, the reproduction performance was influenced by the introduced
delay in the shifted feedback condition by the same amount as in the baseline condition.
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Convergent evidence suggests that subjective duration depends on the contrast intensity
(Eagleman, 2008; Matthews et al., 2011; Xuan et al., 2007). Thus a low SNR auditory signal is
perceived shorter than a high SNR auditory signal with the same physical length. When the
correct feedback was kept the same for both low and high SNR conditions, we expected the prior
representation for the standard duration in the low SNR condition to be shortened. This prediction
is in agreement with the observed difference in the reproduced duration of about 45 ms. In
addition, according to the MLE model, reducing the SNR should reduce the auditory weight (Shi,
Ganzenmüller, et al., 2013). However, sensory weights in the test phase were not influenced by
the formed weights during the adaptation phase. There was no interaction between adaptation and
delay (p>0.05), indicating that the introduced delay had the same effect on reproduction behavior
after both adaptation conditions. Also a linear regression analysis showed that there was no
difference in the auditory weight wA for the low SNR condition (wA = 0.76) versus the high SNR
condition (wA = 0.77), t(11) = -0.34, p>0.05.
As revealed by a post-hoc analysis, the reproduced tone in the random tone-onset adaptation was
on average delayed by about 270 ms. The delay was caused by the fact that participants started
pressing the button earlier than expected based on data from pilot experiments. Due to this
reason, the prior representation of the standard duration would be shortened for the random toneonset adaptation condition. This prediction is confirmed by the behavioral results, which showed
a decrease in reproduced duration of about 90 ms in the random tone-onset condition compared to
the synchronous-onset condition. In Experiment 3, we again expected to observe a change in
sensory weights, as the auditory weights should be reduced after random tone-onset adaptation.
Other than in Experiment 2, we could confirm a transfer of sensory weights for the random toneonset condition. The interaction between adaptation condition and delay was found to be
significant, F(2,22) = 4.00, p<0.01. Additional regression analysis revealed that the auditory
weight wA for the random tone-onset condition (wA = 0.40) was smaller than for the synchronousonset condition (wA = 0.61) and individual weights differed significantly for the two adaptation
conditions, t(11) = -2.40, p<0.05.
Dynamic recovery from the adaptation phase
Based on the literature (Petzschner & Glasauer, 2011; Petzschner, Maier, & Glasauer, 2012;
Taatgen & van Rijn, 2011), the adaptation is expected to influence the prior representation of the
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standard duration, and therefore, removing the feedback should result in a recovery of the
adapted prior and the natural bias typically observed during an auditory reproduction task should
be observable after some trials. As mentioned before, typically an overestimation has been shown
for auditory reproduction (Ganzenmüller, Shi, & Müller, 2012; Shi, Ganzenmüller, et al., 2013;
Walker & Scott, 1981). Therefore, we would expect that after removing the feedback, reproduced
duration should increase over time.
Trial-wise analysis (see Supplementary material), depicted in Figure 5, revealed that reproduction
during the test phase without feedback did change over time, indicating that the adapted prior
representation diminished over the time and the typically observed over-reproduction bias is reestablished.

Figure 5. Trial-wise reproduction durations collapsed over all participants. For reproduction after shifted feedback
range adaptation (red squares) faster decay of the adaptation can be observed (decay rate = -0.60, asymptotic level =
2

9.63, R = 0.83) compared to reproduction after baseline adapation (blue circles, decay rate = -0.29, asymptotic level
2

= 17.96, R = 0.79).

In Experiment 2, we found a diminishing adaptation effect over trials. However, the trial-wise
effects did not differ for the two conditions (see Table 2).
Table 2. Model parameters (decay rate a, saturation level C, model fit R 2 ) describing trial-wise reproduction
performance. For the random tone-onset condition in Experiment 3, a linear model was used to describe trial-wise
reproduction performance.

Experiments

Condition

Decay rate a

Saturation level C

(95% CI)

(95% CI)
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Model fit R 2

Exp 1

Shifted

Baseline

Exp 2

Low SNR

High SNR

Exp 3

Synchronous

Random

-0.60

9.63

(-0.98, -0.22)

(2.70, 16.55)

-0.29

17.96

(-0.52, -0.05)

(3.24, 32.68)

-0.16

24.63

(-0.27, -0.06)

(9.22, 40.03)

-0.21

17.27

(-0.43, 0.02)

(-0.83, 35.38)

-0.19

15.92

(-0.35, -0.03)

(2.94, 28.91)

Linear model:

Linear model:

0.57 (0.13, 1.01)

-4.58 (-8.59, -0.57)

0.83

0.79

0.93

0.76

0.86

0.37

Interestingly, trial-wise analysis for Experiment 3 showed a different data pattern for the random
tone-onset condition compared to the synchronous-onset condition (Figure 6). While during the
synchronous-onset condition a similar diminishing adaptation effect can be observed as during
Experiment 1 and 2, trial-wise analysis showed almost no change in reproduction durations
during the random tone-onset condition (almost flat line, close to 0).

Figure 6. Trial-wise reproduction durations collapsed over all participants. For reproduction after synchronous-onset
adaptation (blue circles) a diminishing adaptation effect can be observed (decay rate = -0.19, CI: -0.35, -0.03;
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2

asymptotic level = 15.92, CI: 2.94, 28.91; R = 0.86). Reproduction times after random tone-onset adaptation (red
squares) did not change over time.

Discussion
In this study, we examined whether different adaptation conditions could affect the buildup of the
prior representation of the standard duration in a sensorimotor temporal reproduction task.
Therefore, we compared the effect of onset-delay during an auditory reproduction task, after
different adaptation conditions. The prior representation of the standard duration was changed if
the correct feedback range was shifted, leading to shorter reproduction times, after adaptation

short. Due to the fact that the low SNR tone is perceived as shorter than the high SNR tone, also
the manipulation of the SNR changed the prior representation, in such a way that in the low SNR
condition the prior representation is shortened compared to the high SNR condition, leading to
shorter reproduction times after adaptation with a low SNR tone compared to a high SNR tone.
Interestingly, auditory weights in the sensorimotor integration of the auditory reproduction were
only changed when the reproduced tone onset was manipulated during the adaptation and the test
phase. Here, after adaptation to a randomly starting reproduced tone we found lower auditory
weights and a shortened prior representation of the standard duration, compared to the
synchronous-onset condition. Additionally, we examined the trial-wise dynamic decay of the
prior representation adaptation, when no feedback was given. Except for the random tone-onset
condition in Experiment 3, we revealed that the adaptation effect always diminished over the
course of 15 trials and reach a saturation level (i.e. the typically observed overestimation bias).
However, there was no decay after random-tone onset adaptation.
That prior knowledge as additional cue can be formed dynamically by exposure and active
learning has been shown previously. Berniker and colleagues (2010) demonstrated in a spatial
sensorimotor task that the nervous system can efficiently learn a prior as the statistics of a task
change over time. Also in a time reproduction task, participants could learn about the distribution
of temporal intervals they encountered, enabling them to build up prior knowledge, which helped
them to reduce uncertainty (Acerbi et al., 2012; Jazayeri & Shadlen, 2010). Influenced by this
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durations. In our study, we demonstrated that reproduction times become consistently biased,
because of an explicit experimental manipulation during the adaptation phase. In Experiment 1,
participants learned the association between the 800 ms standard tone and an auditory
reproduction around 700 ms. Therefore, if participants followed the feedback, the internal
representation of the standard duration (

P

) would be adjusted to 700 ms, leading to shorter

reproduction times during the test phase after the shifted adaptation condition compared to the
baseline condition. The results confirmed such an adapting process. In Experiment 2, the SNR
manipulation had a significant influence on the perceived duration, consistent with previous
findings that duration perception is dependent on stimulus contrast intensity (i.e. more intense
stimuli are perceived as longer than less intense stimuli, Brown, 1995; Eagleman, 2008;
Matthews, Stewart, & Wearden, 2011; Xuan, Zhang, He, & Chen, 2007). Given that the correct
feedback range remains the same for both high and low SNR conditions, the perceived duration
of the low SNR auditory signal would be shorter than compared to the high SNR auditory signal,
leading participants to associate a perceptually shorter reproduced tone with the 800 ms standard
tone and therefore to shorten reproduction times in the test phase after the low SNR adaptation
compared to the high SNR adaptation. Also in Experiment 3 the prior representation of the
standard duration was changed, due to the fact that the reproduced tone during the adaptation
phase was delayed by about 270 ms. Participants associated the approximately 530 ms
reproduced tone with the 800 ms standard tone, leading to shorter reproduction times in the test
phase after random tone-onset adaptation compared to after the synchronous-onset adaptation.
Interestingly, we observed that the

through adaptation

built up prior representation

diminishes once the feedback was absent. This finding is in agreement with the idea that prior
representations are changed dynamically over trials (Petzschner & Glasauer, 2011). Our
hypothesis that the memory representation of the standard duration is changed during the
adaptation phase is also in agreement with the idea that recent experiences are pooled together
and so influence the memory representation of the standard duration (Taatgen & van Rijn, 2011).
Also the memory-mixing account proposes that memory distributions for a particular target
duration is a mixture of the present duration estimations and of a history of estimations (Gu &
Meck, 2011; Penney et al., 2000). In a recent paper, Shi et al. argued that the memory stage of the
internal clock model (Church, 1984) is corresponding with the prior knowledge buildup of the
Bayesian framework (Shi, Church, & Meck, 2013). In the classic internal clock model, three time
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processing stages have been proposed: in the clock stage, consisting of pacemaker, switch and
accumulator, a to-be-timed duration is measured; in the memory stage the measured duration is
transferred to the reference memory; in the third stage, the decision making stage, a decision is
made whether the just measured duration is shorter, longer or equal to the memory representation
of the standard duration (Church, 1984; Gibbon, Church, & Meck, 1984). The measurement in
each trial is thought to be used to update the reference memory of a standard duration, meaning
that prior knowledge of a reference (standard) duration is buildup and changed over trials (Shi et
al., 2013). That the memory representation of a standard duration can be affected on a trial-wise
basis was also shown by another related study demonstrating that sensitivity of duration
judgments is often diminished, if the (trial-wise changing) comparison duration is presented prior
to the standard duration, when compared to the reverse order (Dyjas, Bausenhart, & Ulrich,
2012). The framework can be used to explain our data, because a fixed standard-reproduced tone
duration association is presented every trial during each adaptation phase. Participants should be
able to learn these new associations over time and the internal reference memory should become
stable so that the adapted association can even be observed once no feedback is provided
anymore.
Many recent studies suggested that through sensorimotor integration by incorporating
multiple sources of information, the overall performance can be improved (Bays & Wolpert,
2007; van Beers, Sittig, & Van der Gon, 1996, 1999) - that is, combining sensory and motor
information can result in a more precise and less variable estimate than could be obtained from
either source alone. There is also evidence for temporal sensorimotor tasks. For example,
auditory duration reproduction can be predicted by an optimal linear weighted integration of the
motor and the auditory durations (Shi, Ganzenmüller, et al., 2013). In comparison to pure
auditory estimation or pure motor reproduction, the bias and variability of auditory reproduction
was reduced. Reducing tone loudness, as well as making the onset of the reproduced tone less
predictable should lead to a decrease in auditory weights and an increase in motor weights (Bays
& Wolpert, 2007; Ernst & Banks, 2002; Shi et al., 2013). Interestingly, even though we expected
a change in auditory weights in Experiment 2 and 3, we only observed a transfer of sensory
weights from the adaptation phase to the test phase in Experiment 3. Auditory weights are only
reduced (compared to motor weights) in the test phase after random-tone onset manipulation.
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After all other manipulations, the observed auditory weights were still dominant in comparison to
the motor weights and were not different for the compared conditions.
As suggested by sensorimotor integration, assigning the weights is based on the sensory
uncertainty (Ernst & Banks, 2002). However, the uncertainty of the stimuli is likely associated
with a certain feature. This was partly confirmed by the three experiments. For example, in
Experiment 2, the uncertainty was manipulated by auditory contrast intensity (i.e., signal noise
ratio, as observed in Shi, Ganzenmüller, et al., 2013), however, this feature was absent in the test
phase, as the reproduced tone here was always the same. In contrast to Experiment 2, in
Experiment 3 the uncertainty of the auditory signal was manipulated, using random onsets and
this onset manipulation partially remained in the test phase (i.e. the delay manipulation).
Therefore, it seems possible that changes in the adaptation phase only transfer to other
conditions, if the same features are manipulated. That weights are adjusted dynamically on a
trial-by-trial basis could be shown in a study where participants could either rely on visual
information about the position of a target stimulus or the prior knowledge about where the target
has been over the last couple of trials. Participants relied more on the learned prior with variable
visual information, but rather relied on the visual information in trials with more reliable sensory
input (Berniker et al., 2010). One could argue that a transfer of weights in Experiment 2 is not to
be expected as the actual sensory information, i.e. the reproduced tone is different in the test
phase compared to the adaptation phase. However, in Experiment 3, participants are still
unreliable reproduced tone onset as during the adaptation phase,
leading to still reduced auditory weights. That auditory weights are only reduced to about 40%
could be because the reproduced tone onset is not completely randomized in the test phase, but
depended on the button press (always delayed in relation to the button press onset, while
completely independent of button press onset during the adaptation phase). Further studies should
investigate whether the same feature in adaptation and test enables a transfer of weights in
comparison to a feature change.
Note, the slope effect observed in Experiment 3 could not only be explained by a
reduction of the auditory weights due to the adaptation. It seems also reasonable that participants
rather learned in the random-tone onset condition to segregate auditory and motor information.
Additionally to the prior knowledge about the standard duration, participants might have built up
prior knowledge about the causal action tone relationship (Berniker & Kording, 2011). That two
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(independent) priors can be learned at the same time is consistent with previous findings in the
literature (Berniker et al., 2010; Nagai, Suzuki, Miyazaki, & Kitazawa, 2012). After the
synchronous-onset adaptation, the causal action tone relationship would have been stronger than
after the random tone-onset adaptation, leading participants to rely more on the reproduced tone
rather than on their motor timing. An additionally learned prior about the action-tone relationship,
might also be represented stronger and be less easily/dynamically changed, leading to the
observed comparably minor trial-wise diminish of the adaptation effect in the random tone-onset
condition of Experiment 3. Research is only beginning to investigate how prior interaction
knowledge influences the way humans integrate multisensory or (as in our case) sensorimotor
signals. Whether this prior consists of co-occurrence variability knowledge (Ernst & Di Luca,
2011) or of causal inference probability knowledge (Wei & Körding, 2011), predicting the true
interaction is quite important for everyday life. For example, wrong causal attribution has been
shown in schizophrenic patients, affecting their interpretation of common effects observed in
their lives quite dramatically (Vilares & Kording, 2011). With the presented experimental setup,
however, we cannot dissociate between a transfer of sensory weights or an additionally buildup
knowledge about the common cause of the motor and auditory signal.

Conclusion
In summary, the present study investigated how the buildup of different internal representations
of the standard duration, due to different adaptation conditions, influences on auditory
reproduction. We observed a shift in the prior representation of approximately 90 ms by shifting
the correct feedback range, a change of 45 ms in the reference prior due to a SNR (tone intensity)
manipulation, as well as a reduction of about 90 ms in the internal representation due to
manipulations of reproduced tone random onsets. These changes in prior representation were
interpreted under a simple Bayesian model framework. Neither the correct feedback
manipulation, nor the manipulation of the SNR could change the sensorimotor integration of
auditory reproduction during the test phase. However, a transfer of reduced auditory weights
from the adaptation to the test phase could be observed in the auditory reproduction after random
tone-onset adaptation. This finding suggests that the auditory weight in the sensorimotor
reproduction is specific tied to the onset uncertainty. Additionally, we revealed that the built up
prior representation decays over time, once no feedback is given anymore. Only after the random
tone-onset condition in Experiment 3, we did not observe a diminishing adaptation effect. We
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argue that the reference memory, as proposed by the internal clock model, can be explicitly
changed by adaptation as current sensorimotor estimates, based on the provided feedback are
integrated with the history of duration estimates, building up a new prior representation of the
standard duration.

Methods
Subjects. Thirty-six naive volunteers (30 females, mean age 24.5 years) participated in the three
experiments for payment (12 participants in each experiment). All participants had normal
hearing; none of them reported any history of somatosensory disorders. All participants gave
written informed consent in accordance with the Declaration of Helsinki (2008). All experiments
were approved by the Ethics committee of the Psychology Department, LMU Munich.
Stimuli and apparatus. All experiments were conducted in a dimly lit cabin (0.21 cd/m2). The
standard duration in all three experiments was 800 ms, generated by a 800 Hz 75 dB tone. The
reproduced tones were 600 Hz 65 dB tones in Experiments 1 and 3, and 600 Hz tones, with
loudness of 75 dB, 65 dB, and 55 dB for the high, medium and, respectively, low SNR conditions
in Experiment 2. Additionally, pink noise (65 dB) was presented during the task. Stimulus
presentation and data acquisition were controlled by a National Instrument PXI system, ensuring
highly accurate timing (< 1ms). The experimental programs were developed using Matlab and
Psychophysics Toolbox (Brainard, 1997). Tones and pink noise were delivered to participants via
speakers imbedded in the monitor. The response button was placed on the table in-between the
participant and the monitor. Motoric reproduced durations were measured by how long
participants pressed the button with their right-hand index finger. In the adaptation phase, after

yed at the center of the monitor.
Procedure. All experiments were split up in an adaptation and a test phase for each condition (2
conditions per experiment) (Figure 1).
Experiment 1
Adaptation phase: Each trial started with a standard tone, defining a standard duration (800 ms).
Following the presentation of the standard tone, participants were asked to reproduce the duration
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as accurately as possible by button press. Pressing the button produced immediately a tone. After
button release, participants received a feedback signal on the screen, indicating whether they had

by feedback: in the baseline condition, participants had to press the response button in the range
-

participant had to do at least 50 trials of adaptation. After those obligatory trials, mean
reproduced durations for the last 10 trials were measured. If the mean reproduced duration was

were added until the above stopping criterion was reached.
Test phase: Again each trial was started with a standard duration and participants were asked to
reproduce this duration as accurately as possible. However, other than in the adaptation phase,
participants received a feedback only during the first five trials of each block (top-up trials). For
the following 15 trials no feedback was presented. During the first five trials (top-up trials) the
same feedback manipulation was applied as during the previous adaptation phase. For the
following 15 trials without feedback, three levels of onset delay (feedback tone started after
button press start) were introduced, ranging from 0 ms to 200 ms in 100 ms steps (0, 100, 200
ms). The test session consisted of 8 blocks with 20 trials per blocks. The order of phase-wise
feedback manipulations was randomized across participants.
Experiment 2
Adaptation phase: The procedure was the same as in Experiment 1, except that the loudness of
the reproduced tone was manipulated. Here, pressing the button produced immediately a high or
low tone. Given that pink noise was presented as background noise, we referred to these two
conditions as high and low signalrange (i.e., 720 to 880 ms) was used for feedback.
Test phase: Again the procedure was generally the same as in Experiment 1. During the five topup trials the loudness of the reproduced tone was the same as during the adaptation phase. For the
following 15 trials without feedback, a medium tone was used as the reproduced tone (same as in
Experiment 1), independent of conditions. Additionally, five levels of onset delay were
introduced for these 15 trials, randomly selected from 0, 50, 100, 150, 200 ms. One test session
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consisted of 13 blocks with 20 trials per blocks. The condition order was randomized across
participants.
Experiment 3
Adaptation phase: In Experiment 3 we compared a synchronous-onset condition (with
reproduced tones always starting synchronized with the button press) with a random tone-onset
condition. In the random tone-onset condition, a tone was started randomly 200 to 1200 ms after
the offset of the standard tone, completely independent of the button press onset, and was stopped
immediately when the button was released. Post-hoc analysis revealed that on average the tone
was started 271 ms (±418 ms) later than the onset of the button press. Otherwise, the procedure
was kept the same as in Experiment 1 and 2.
Test phase: We manipulated the onset of the reproduced tone in the first five top-up trials in
accordance with the associated adaptation phase. For the following 15 trials without feedback,
five levels of onset delay (same as in Experiment 2) were introduced randomly. One test session
consisted of 13 blocks with 20 trials per block. The condition order was randomized across
participants.
Data analysis. Mean reproduced duration and standard deviation were calculated for each test
phase condition and individual participant. Extreme outliers, outside the upper 99% and lower
1% percentile were removed from further analysis. With repeated measures ANOVA we
calculated differences in reproduced durations due to adaptation and introduced delay, as well as
possible interactions. Linear regression analysis was used to compare the influence of the
introduced delay on the adaptation conditions. Additionally, we included a trial-wise analysis to
show whether and how fast adaptation effects diminish during the test phase (for more detail on
the used model see Supplementary Material).
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Supplementary Material
We used a Bayesian model to predict changes in the prior representation

P

of the standard

duration, due to training manipulation. As suggested by previous studies (HartcherAlais, 2011; Shi, Ganzenmüller, et al., 2013; Tomassini, Gori, Burr, Sandini, & Morrone, 2012),
optimal auditory reproduction can be predicted by the linear-weighted integration of a motor DM
and an auditory D A duration estimate
DAR

wR DR

wA DA

(1)

where, wR and wA are correspondent weights of motor and auditory durations. According the
Bayesian inference, wR and wA are proportional to the reliability (i.e., inverse variance) of their
correspondent signals.
During the reproduction, the reproduced duration DAR is compared with an internal prior
representation of t

P

D AR

with a ratio rule (Penney et al., 2008)

P

(2)

P

When a delay

is introduced in the auditory feedback onset, combined with Equation 2,

Equation 1 will change to
DAR

wR DR

1 wA DR

DR

wA DA

(3)

wA DR

(4)

wA

(5)

that is,
DR

DAR
P

wA

(6)
(7)

wA
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Equation 7 suggests that the weights of the auditory duration estimate in the reproduction
can be inferred from the slope when the reproduced duration DR is regressed against the delay
time (

).
We fixed the standard duration to 800 ms in all experiments, but introduced various

manipulations during the reproduction in the training phase. Therefore, we hypothesize that the
prior representation of the standard duration during the training phase is:
P

800 bias

(8)
s. The following predictions arise for the

individual Experiments:
In Experiment 1, based on Equation 7, we expected the mean prior representation to be
shifted about 100 ms leftward, leading to shorter reproduction durations in the shifted conditions
compared to the true condition.
In Experiment 2, reliability of the reproduced auditory signal is changed and therefore the
sensory weights should also be changed (Equation 9)
P

~
~ D
w
R R

~
~ D
w
A A

(9)

~
~
~ and w
~ are their
where DR and D A are the estimated durations in the training phase, and w
R
A

corresponding weights. During the training phase, a feedback was provided, informing
~
participants if their reproduced duration was in the range of 720 880 ms, which means that DR
was regulated in this range:

.

When the SNR is low, the auditory signal would have high uncertainty. As a result, the
weight

is reduced according to the Bayesian inference. In addition, the perceived duration of

the auditory signal is also shortened compared to the loud SNR condition (see for example
Eagleman, 2008; Matthews et al., 2011; Xuan et al., 2007). Given that the correct feedback range
~
remains the same, DR should be in that range. Thus the internal representation of the standard
duration in the low SNR condition should be shortened. In contrast, the prior of the standard
duration in the high SNR condition should be lengthened. Therefore, longer reproduction
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durations are expected for the high SNR condition compared to the low SNR condition based on
Equation (7).
During Experiment 3, we expected to observe a change in sensorimotor weights due to the
randomized tone-onset training. Further, due to the fact that on average the accompanied auditory
signal was delayed by about 270 ms in the random tone-onset condition, the internal prior would
be shortened according to Equation (8).
To analyze trial-wise reproduction performance we used an exponential decay model
based on the fact that an adaptation effect should vanish after a certain amount of trials. We used
a general exponential model

to model the dynamic changes of auditory reproduction

in the test phase, where a indicates the decay rate of the adaptation effect and c is the asymptotic
level that describes the auditory reproduction without any adaptation. Further model fit ( R 2 ) is
provided to measure goodness of fit. For the random condition in Experiment 3 a linear model
was used to get a better description of the trial-wise data.
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Chapter 3: General Discussion
The aim of the present thesis was to investigate the effects of sensory feedback on reproduction
timing. First, we looked at the effects of onset- and offset-delayed feedback on a sensorimotor
reproduction task. Within and cross-modality effects were addressed here. In a second study, the
influence of auditory feedback during a reproduction task was examined explicitly and a
reliability-based model was applied to the results. The third presented study addressed the
question, whether the prior representation of the standard duration could be explicitly
manipulated experimentally in the same sensorimotor reproduction task, again using a Bayesian
integration account to model the results.

3.1 Summary of findings
Introduction of an onset-delayed feedback during a reproduction task resulted in an increase in
reproduced duration, and this increase could be observed immediately, on the first trial with the
onset delay. In contrast, with offset-delayed feedback reproduction times decreased. However,
this effect was weaker and could only be found for auditory feedback signals, not with visual
feedback stimuli. The offset of the reproduction therefore seems to rely on the action stop signal.
The findings suggest that during the sensorimotor reproduction task both perceptual and action
time is integrated. However, participants rather rely on the feedback onset and on the action stop
signal, in comparison to the action onset and the feedback offset.
Comparing perceptual timing and action timing explicitly showed that pure motor
reproduction led to strong overestimations (about 40%), whereas in the comparison task
relatively precise estimates were found. When an auditory feedback signal was presented during
the reproduction, the overestimation bias was reduced, but was still larger than compared to the
biases in the pure auditory comparison task. Reliability-based MLE predictions and observed
behavioral results were compared and estimation biases for one and for multiple standard
durations, as well as for varying SNRs could be predicted accurately. Further, it could be shown
that the model fit (as indicated by correlation coefficient, regression slope without intercept and
root-mean-squared errors) of the MLE model was better than fits for either the motor or auditory
dominance models. Observed variance could be predicted well by the model; only the observed
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variance in one condition (short duration condition in Experiment 2) did not reach the optimal
level predicted by the reliability-based model.
For the question whether the prior representation of the standard duration can be affected
explicitly by different adaptation conditions, we could show significant changes in reproduction
durations dependent on the previously presented adaptation condition. If the accuracy feedback
range was shortened by 100 ms, we observed reduced reproduction times compared to after
adaptation to a true accuracy range. Further, reproduction times after adaptation to a low SNR
reproduced tone were shorter, than compared to reproduction times after adaptation to a high
SNR reproduced tone. Interestingly, in this experiment, we did not observe a transfer of the
weights (lower auditory weights for low SNR condition and higher auditory weights for high
SNR condition) from the adaptation to the test phase. However, reduced auditory weights were
transferred from the adaptation to the test phase, if participants were adapted with a random
reproduced tone onset. Auditory weights were still significantly reduced in the test phase
compared to the synchronous tone onset condition. Additional trial-wise analysis could show that
the adaptation effect is diminished over time, when no accuracy feedback is given. The only
exemption here is after random tone-onset adaptation. Here, reproduced durations in the test
phase barely change over time. Overall, the observed results can be predicted by a simple
Bayesian model.

3.2 Motor timing
Interestingly, we observed strong overestimations (of about 40%) for reproduction of auditory
standard durations without any additional sensory feedback (see Chapter 2.2). Previously,
overestimations for auditory durations of about 12% have been reported, however, the
researchers did not provide any explanation for their findings (Walker & Scott, 1981). The
observed strong bias cannot be explained by an additional motor planning process that might
delay motor initiation and termination, as those two delays would cancel each other out in our
filled duration reproduction paradigm. However, additional noise, probably due to the motor
control and the planning processes involved in the action are present and were measured by the
estimation variances. We still observed an overestimation bias for auditory standard durations if
an auditory feedback tone is presented during the reproduction, compared to pure auditory
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comparison, (see Chapter 2.1, 2.2 and 2.3). Therefore, one might conclude that actions need to be
carried out a little longer in order to match an auditory stimulus.
Additionally, we could observe that participants strongly depend on the action-stop signal
during motor reproduction. The action-stop signal therefore, seems to be highly salient (see
Chapter 2.1). This strong trust of the motor stop signal could be due to coincidental activation of
medium spiny neurons, which has been observed in the motor cortex when animals are trained to
expect an action (Riehle, Grün, Diesmann, & Aertsen, 1997). The stop signal of the reproduction,
which might trigger a synchronization of neural activity, would therefore be more reliable than an
external sensory feedback. On the other hand, the start signal of motor timing has been shown to
be easily influenced by the onset of a sensory feedback signal, presented with some delay
(Chapter 2.1). Importantly, not only auditory sensory feedback, which has been shown to be the
dominant modality in time perception (Burr et al., 2009; K.-M. Chen & Yeh, 2009; Klink et al.,
2011; Shi et al., 2010; Walker & Scott, 1981), but also delayed visual sensory feedback
influences the perceived motor onset timing. This reduced trust of the motor onset timing might
be due to intentional binding processes, which shift the attention away from the motor start signal
towards the sensory signal. Intentional binding has been shown when a short action (button press)
is followed by a delayed sensory feedback. This feedback is perceived to be earlier in time, when
participants initiated the button press themselves rather than if somebody else pressed the button
(Engbert et al., 2008, 2007; Haggard et al., 2002). Importantly, the studies on intentional binding
never investigated whether the start or the release of a button is the critical point in time in order
to observe intentional binding. Interestingly, motor start signals are not affected by a sensory
signal that starts before the motor reproduction (Chapter 2.1), as no causal action-feedback
relationship is expected. Overall, a strong influence of auditory feedback, presented during the
reproduction, has been shown in all three studies.

3.3 Sensorimotor temporal integration as predicted by the Bayesian framework
Whether different temporal signals are combined in the brain comparably to spatial signals, has
been a topic of discussion for the last decade. While theoretically it has been argued for
comparable mechanisms in time and spatial perception (Walsh, 2003), findings from studies
using Bayesian approaches to model multisensory temporal integration are rather mixed (Burr et
al., 2009; Hartcher-

. Mainly, a
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pattern of well predicted multisensory estimates, but sub-optimal reduced variability has been
. Considering the often observed

reported (Hartcher-

differences between subjective temporal estimations and physical durations (Morrone et al.,
2005; Pariyadath & Eagleman, 2008; Shi et al., 2012; Walker & Scott, 1981), we have used
estimation biases rather than physical durations to model our sensorimotor integration results.
Only considering these estimation biases, we could demonstrate that auditory reproduction bias is
well predicted by auditory estimation bias and pure motor reproduction bias (Chapter 2.2). Using
different temporal estimation biases, rather than physical discrepancies (which is usually used in
a more general Bayesian approach, see for example Ernst & Banks, 2002), it could be shown that
results from the two cue (sensorimotor) condition could be quantitatively predicted by a
reliability-based integration account. That biased estimates can be integrated in the brain and that
the integration of biased estimates can still be beneficial for observers has also been shown in a
recent study investigating shape estimations from biased motion and stereo cues (Scarfe &
Hibbard, 2011).
Further, as predicted by the MLE model, variability in the sensorimotor estimate has been
shown to be reduced (Chapter 2.2). Only for one condition (short duration and high SNR) the
sensorimotor variability was not decreased in comparison to the auditory estimation variability.
While this pattern is in agreement with previously observed patterns in multisensory temporal
integration, as reported above, (Hartcheral., 2011), one might argue that either this sub-optimal result might be dependent on accuracy
limits in the motor system or on the inappropriate assumption of Gaussian noise for temporal
estimation tasks (Burr et al., 2009). On the other hand, it seems to be also important to consider
that the MLE approach assumes that the prior information is uninformative and can be neglected.
This assumption is partly based on previous findings that prior knowledge stays fairly stable
within an experiment (Beierholm et al., 2009). Only recent studies have highlighted the
importance of prior knowledge in reproduction tasks (Jazayeri & Shadlen, 2010; Petzschner &
Glasauer, 2011). We could also demonstrate a strong influence of prior knowledge in
sensorimotor reproduction (Chapter 2.3). The prior knowledge was explicitly introduced by
specific experimental manipulations during an adaptation phase, and was strong enough to raise
the point about the need of considering the influence of prior knowledge during multisensory
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temporal processing or sensorimotor reproduction. Small and subtle effects of prior knowledge
might have led to the sub-optimal behavior found in temporal integration studies to some degree.

3.4 Sensorimotor timing and the internal clock model
An important implication that can be drawn from all studies of this thesis is that all results
support the idea of distributed timing mechanisms, which are only gradually accepted in time
research recently (Bueti, 2011; Buhusi & Meck, 2005). Convergent evidence has been shown that
a single-timer account cannot explain modality-specific pacemaker rates (Droit-Volet, Meck, &
Penney, 2007; Penney et al., 2000; Wearden et al., 1998), and separate brain regions are devoted
to visual, auditory or action duration processing separately (Bueti, Bahrami, et al., 2008; Bueti,
Walsh, et al., 2008; Ghose & Maunsell, 2002). In agreement with the distributed timing account,
we could show significant overestimates in a motor reproduction task, compared to a fairly
accurate auditory comparison task (Chapter 2.2). Also the fact that an onset-delayed feedback
signal influences motor reproduction in a different way than an offset-delayed feedback signal,
rather speaks for two separate temporal estimates that might get mixed together in the memory
representation and influence each other dependent on the experimental condition (Chapter 2.1).
Neurologically, modality-specific timing could be achieved by climbing neural activation within
modality specific brain areas (Wittmann, 2013). Theoretically, the idea of modality-specific
timing is still in agreement with the internal clock model (Church, 1984; Gibbon et al., 1984), if
one includes the assumption of modality dependent pacemakers and maybe even modality
dependent accumulators. Given the good predictability of the internal-clock model and the fact
that the basic structure of the model is easy to understand, it seems preferable to rather change a
well-established model by simply adding the assumption of a modality specific clock stage.
It is also interesting that the Bayesian framework can be used to provide quantitative new
perspectives on the internal clock model (Shi, Church, & Meck, 2013). Shi et al. (2013) suggest
that the essential components of the Bayesian framework (i.e. the likelihood function, the prior
and the loss function for optimization) can be easily mapped onto the three stages of the internalclock model (i.e. clock stage, memory stage and decision stage). If one considers the prior
knowledge to be equivalent to the memory reference that is built up over trials, one would expect
(i.e. the memory representation of previous
trials rather than the estimate of the actual trial)
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on the actual sensory

estimate. In agreement with the Bayesian predictions, it has been shown that good timers, in this
case experienced drummers show less strong central tendencies
-musician participants
(Cicchini et al., 2012)

ents off

their medication show stronger central tendencies compared to PD patients on medication
(Malapani et al., 1998). An equivalent pattern of result has been shown in a sensorimotor spatial
task, where participants were shown to rely rather on prior knowledge about the target location if
the sensory input is more variable and more on the sensory input if the visual information is clear
(Körding & Wolpert, 2004). Also our study (Chapter 2.3) describes a process of how current
estimates are integrated with the prior knowledge in the memory and how this dynamic updating
process affects estimations of further durations. Different effects on the sensorimotor estimates
and individual weights could be demonstrated through different training manipulations. The
results are in agreement with an internal clock with a modality specific clock stage and a
dynamically updated memory stage that can be described in a Bayesian framework.

3.5 Conclusion and Outlook
The focus of this cumulative doctoral thesis is on temporal processing of sensorimotor
information. It could be shown that when a sensory feedback delay is introduced during a
sensorimotor estimation task, the reproduced duration then heavily relied on the onset of the
feedback, as well as the offset of the motor action. Further, it could be shown that auditory
reproduction can be described as a weighted integration of motor and perceptual time estimates.
The weights of perceptual and motor time depend on the variances of the correspondent
estimates. Using reliability-based integration models, crossmodal temporal integration has been
shown to follow the MLE model with some modifications. The main modification is that biases
are explicitly acknowledged in sensory time estimates and in motor reproduction. Incorporating
biases explicitly in the model shows high prediction of MLE for sensorimotor duration
reproduction. In addition, it could be demonstrated that the prior representation of the standard
duration in sensorimotor reproduction, could be affected by adaptation. These results give first
insights on how prior knowledge might influence temporal sensorimotor integration.
The findings of the research work also raised various further research questions. One
constrain is that results reported here are mainly based on auditory-motor integration. Visual85

motor or tactile-motor integration in the temporal domain might be different, as several
researchers have shown less efficient processing for visual-motor and tactile-motor information
than for auditory-motor timing (Jäncke et al., 2000; Jantzen et al., 2005; Zatorre et al., 2007).
Also the temporal sensitivity in these senses (i.e. visual and tactile) have been shown to be
inferior compared to auditory temporal sensitivity (Chen, Shi, & Müller, 2010; Chen & Yeh,
2009; Jones et al., 2009; Klink et al., 2011; Shi et al., 2010). Therefore, it would be a future
interesting and important research issue how visual or tactile information is integrated in
sensorimotor reproduction and what the differences compared to auditory-motor reproduction
are. The sub-optimal reduction of the variability observed in the second study (Chapter 2.2,
Experiment 2) for short durations, and also the effect that additional to the change in auditory
weights, another independent causal relationship prior could explain the results observed in the
third experiment of study 3 (Chapter 2.3), highlights the importance of further investigating the
influence of prior knowledge on temporal integration. Last but not least, we would consider the
question about what actually happens in the brain during sensorimotor temporal integration, an
important one as well. Currently, there is hardly any connections between Bayesian theories and
implementations in neural circuits (for one exemption see Vilares, Howard, Fernandes, Gottfried,
& Kording, 2012, see also Shi et al., 2013). An important problem here is probably the fact that
researchers cannot even agree on how temporal processing is achieved in the brain (Wittmann,
2013). Future experiments using a wide range of technologies including behavioral,
electrophysiology, transmagnetic stimulation, and imaging studies will hopefully shine light on
these issues.
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