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1. Abstract

Time perception can be subject to severe perceptual distortions when different sensory
modalities provide incongruent temporal information. Specifically, perceived duration of visual
intervals is typically impaired by concurrently presented auditory intervals with conflicting
durations. However, the literature on multisensory duration perception is so far quite scarce, and
thus our knowledge of how multisensory intervals with different durations are processed and
integrated is limited. The main aim of the present thesis was therefore to investigate the
underlying mechanisms and processes as well as the principles that determine the multisensory
integration effects on perceived duration in order to reach a better understanding of
multisensory duration integration. Importantly, the major results of the present thesis inform
about four relevant aspects of multimodal integration of perceived duration. First, combining
audiovisual intervals produced distorted perceived duration within a task-relevant modality
when accompanied by task-irrelevant intervals with conflicting durations. Nonetheless, this
multimodal conflict did not produce costs on discrimination sensitivity but rather led to more
stable duration percepts. Moreover, this integration effect was asymmetric, but bidirectional:
auditory task-irrelevant interval duration influenced perceived visual duration more than vice
versa. Yet, auditory dominance on the integrated percept is not complete, that is, visual duration
information also affected auditory perceived duration to a certain extent. Second, the magnitude
of this multimodal integration effect remained constant with increasing interval duration, which
can be interpreted in terms of a temporal ventriloquist effect determining the closing/opening of
an internal switch mechanism. Third, regarding the locus of the underlying integration process,
a simple decisional or strategic bias could be ruled out by demonstrating that perceived visual
duration was still affected even when the concurrent auditory stimulation did not provide
sufficient information about interval duration. However, there was no evidence that auditory
duration directly affects a non-temporal aspect of visual perception, namely, identification of
masked letters. Finally, the examination of potential sustained effects showed that multisensory
duration integration is produced in only a transient, immediate manner. These latter null results,
however, cannot rule out a perceptual account of the multisensory duration integration effects.
Further investigation is still needed to provide more direct and compelling evidence on the locus

of the processes underlying multisensory integration effects on perceived duration.



2. Zusammenfassung

Unsere Wahrnehmung von zeitlicher Information kann stark verzerrt werden, wenn
verschiedene Sinne uns inkongruente zeitliche Information iiber das selbe Objekt liefern.
Insbesondere die visuelle Dauerdiskrimination wird typischerweise durch gleichzeitig
dargebotene auditive Intervalle mit inkongruenter Dauer verschlechtert. Obwohl in den letzten
Jahren zunehmend Forschung zur multisensorischen Wahrnehmung im Allgemeinen
stattgefunden hat, gibt es insbesondere zur Integration von multisensorischen Intervallen mit
inkongruenten Dauern noch relativ wenig Evidenz. Deshalb ist das grundlegende Ziel dieser
Dissertation eine Untersuchung der Prozesse, Mechanismen und zugrundeliegenden Prinzipien
der multisensorischen Integration von Reizdauern, um ein besseres Verstindnis dieses Aspektes
der Zeitwahrnehmung zu erreichen. Die wichtigsten Ergebnisse der vorliegenden Arbeit
informieren {iber vier Hauptaspekte der multisensorischen Integration von wahrgenommener
Dauer. Erstens, die Integration audiovisueller Intervalle resultierte in einer verzerrten
wahrgenommenen Dauer in einer aufgabenrelevanten Modalitdt, wenn in einer
aufgabenirrelevanten Modalitdt gleichzeitig ein Intervall mit einer inkongruenten Dauer
dargeboten wurde. Trotzdem verursachte dieser multisensorische Konflikt keine Kosten fiir die
Genauigkeit der Diskrimination, sondern resultierte in einer stabilen Diskriminationsleistung.
AuBerdem war dieser Integrationseffekt zwar asymmetrisch, aber bidirektional: die Dauer eines
auditiven aufgabeirrelevanten Intervalls beeinflusste die visuelle wahrgenommene Dauer starker
als umgekehrt; allerdings war diese auditive Dominanz auf das integrierte Perzept nicht
komplett. Das heifit, visuelle inkongruente Dauerinformation beeinflusste auch die auditive
Dauerwahmehmung zu einem bestimmten Anteil. Zweitens, das Ausmal} des multisensorischen
Integrationseffektes blieb liber ansteigende Intervalldauern hinweg konstant. Dies kann gemaf
eines zeitlichen Bauchredeneffektes interpretiert werden, der das SchlieBen und Offnen eines
internen Switch-Mechanismus eines Schrittmacher-Akkumulator-Modelles reguliert. Drittens,
in Bezug auf den Wirkungsort des Integrationsprozesses kann eine relativ spite,
entscheidungsbasierte oder strategische Verzerrung ausgeschlossen werden, da die visuelle
wahrgenommene Dauer auch dann noch beeinflusst wird, wenn die gleichzeitige auditive
Stimulation keine ausreichende Information iiber die Intervalldauer liefert. Es zeigten sich
andererseits aber keinerlei Hinweise darauf, dass die auditive Dauer direkt nicht-zeitliche
Aspekte der visuellen Wahrnehmung, namlich die Identifikation von maskierten Buchstaben,
beeinflusst. Zuletzt zeigte die Untersuchung von potenziellen langfristigen Integrationseffekten,
dass die multisensorische Dauerintegration nur transient und unverziiglich auftritt und somit
also nicht zu anhaltenden Verinderungen der wahrgenommenen Dauer fiihrt. Weitere
Forschung ist notwendig, um direktere Evidenz fiir die Lokalisation der multisensorischen

Integration von Zeitdauern in der Verarbeitungskette zu erhalten.
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5. Introduction

Time is possibly one of the most intriguing phenomena in the scientific world and thus subject
to investigation from different areas of knowledge. Physicists, psychologists, and philosophers
have long tried to understand time from their different perspectives. From physics, for example,
it is claimed that there is no mathematical support to the existence of an arrow of time as we
perceive it, that is, with one-way direction from past to future. Furthermore, the fundamental
physical laws formulated from Newton, going through FEinstein, to more modern physicists
show that past and future are completely symmetrical (see, e.g., Greene, 2004). Indeed, Albert
Einstein even came to claim that “the distinction between past, present and future is only a
stubbornly persistent illusion”(extract from a letter to Michele Besso’s family in 1955, cited
from Einstein, Speziali, & Besso, 1979, p. 538). An interesting psychological fact about time is
that even without any specific sensory organ exclusively dedicated to the perception of time,
human beings still have the fundamental ability to perceive the passage of time, to experience
simultaneity and succession, and to estimate durations (Le Poidevin, 2000). Therefore, taking
all these particularities about time into account, since many decades investigating how we
perceive time constitutes a fundamental issue for psychologists, cognitive linguists, and

neuroscientists.

In the physical world, there is no adequate stimulus for time, that is, temporal information is not
present in isolation. Rather it emerges from stimulation surrounding us in a variety of
modalities, which are perceived via the corresponding sensory systems. Often, temporal
information is provided by stimulation in two or more modalities simultaneously, and thus
processed in initially distinct sensory pathways. Therefore, temporal information provided by
different sensory modalities has to be combined to achieve a coherent and precise temporal
estimation of the events surrounding us. This emphasizes the importance of understanding the
mechanisms and principles of how multisensory temporal information is integrated. In general,
the main aim of the present thesis was to investigate how the perceived duration of concurrently
presented auditory and visual intervals is integrated when these interval modalities provide
congruent or incongruent duration information. Interestingly, empirical evidence regarding the
multisensory perception of duration is rather scarce, as compared to the vast number of studies
dedicated to investigate multisensory integration within the domains of spatial processing (e.g.,
localization and perception of spatial correspondence) and temporal processing of time points
(e.g., temporal order or simultaneity). Therefore, the following section starts with a general
overview of existing multisensory integration research in these domains by presenting well-
known multisensory illusions and their determining cognitive principles. Furthermore, I

describe the most important psychological models to explain multisensory information



integration and existing evidence regarding these potential processes and mechanisms
underlying the described multisensory illusions. In the second part of this Introduction, I will
relate these general findings to the domain of duration perception. I will review existing
empirical evidence regarding multisensory integration of duration information, and on this

background I will outline the research gaps which form the core of the present thesis.

5.1. Multisensory integration and multisensory illusions

In everyday life, information emerging from different sensory modalities needs to be constantly
integrated within our nervous system, in order to create a coherent perceptual impression of
reality (Calvert, Spence, & Stein, 2004). However, under certain conditions of stimulation such
multisensory integration may lead to erroneous binding of non-corresponding information, and
thus produce a distorted multimodal percept. Such perceptual distortions, also termed
multisensory illusions, can be employed as an important tool to investigate the perceptual
processes and cognitive mechanisms underlying human multisensory perception. In fact, such
illusions provide crucial evidence regarding how different modalities with slightly conflicting
information interact in order to reduce perceptual discrepancies in the resulting percept (Calvert
et al., 2004; L. Chen & Vroomen, 2013). Different multisensory illusions have been observed,
depending on the stimulus properties affected by the conflicting multimodal information, for
example within the domain of speech perception, the perception of spatial location, or temporal
perception. A classic example of a multisensory illusion is the McGurk effect in audiovisual
speech perception (McGurk & Macdonald, 1976). According to this illusory effect, when a
muted video shows a person repeatedly pronouncing the syllable /ga-ga/ and, simultaneously,
the syllable /ba-ba/ is repeatedly played through a loudspeaker, visual and auditory conflicting
information interact and affect the resulting speech percept. Specifically, participants typically
report to perceive a third, qualitatively different syllable, as for example, /da-da/. A prominent
example within the spatial dimension it is well-known spatial ventriloquist effect on perceived
location (Alais & Burr, 2004; Bertelson, 1999; Bertelson & Aschersleben, 1998; Bertelson &
Radeau, 1981; Bertelson, Vroomen, de Gelder, & Driver, 2000; Radeau & Bertelson, 1987).
According to this effect, when a visual and an auditory stimulus are presented simultaneously
but at slightly different locations, the auditory stimulus is typically perceived as emerging from
the visual stimulus location (Figure 1A). An analogous phenomenon can be also observed
regarding the temporal characteristics of a stimulus: the temporal ventriloquist effect (Bertelson
& Aschersleben, 2003; Keetels, Stekelenburg, & Vroomen, 2007; Morein-Zamir, Soto-Faraco,
& Kingstone, 2003; Vroomen & de Gelder, 2004). Accordingly, when the onsets of a visual and

an auditory stimulus are slightly asynchronous, the perceived visual onset is typically shifted in



time towards the perceived auditory onset (Figure 1B). These illusions demonstrate
multisensory interactions within the perceptual system which may produce coherent perception
of a combined multisensory event despite the unimodal signals provide slightly inconsistent

information.

A) Spatial ventriloquist effect
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Figure 1. A) Spatial ventriloquist effect: in the spatial domain, if a visual stimulus is presented
concurrently with an auditory stimulus, but at a different spatial location, the visual stimulus attracts the
auditory stimulus leading to a distorted auditory location perception: the auditory stimulus is perceived as
emerging from same location as the visual stimulus. B) Temporal ventriloquist effect: the temporal onset
of a visual stimulus is attracted towards the temporal onset of an auditory stimulus.

5.1.1. Prerequisites for multisensory integration: Temporal correspondence,
spatial correspondence, and the assumption of unity

The mere co-presence of conflicting information alone, however, is not sufficient to evoke such
illusory effects. Certain perceptual as well as even more cognitive factors are also necessary to
elicit multisensory integration (Calvert et al., 2004; L. Chen & Vroomen, 2013; Y. C. Chen &
Spence, 2017; Spence, 2007). Specifically, perceptual (or “low-level”) factors for multisensory
integration refer to the spatial and temporal criteria under which multisensory integration is

effective. That is, multisensory integration typically requires that the modalities’ inputs occur at



approximately the same location (cf. the ‘spatial rule’, see below) and approximately at the
same time (cf. the “temporal rule”, Stein & Meredith, 1993). Specifically, multisensory illusions
typically permit a certain range of temporal or spatial discrepancies between modalities.
However, when these discrepancies get too large, multisensory integration is no longer
observed. This led to the notion of a “temporal window of integration” within which
multisensory illusions are likely to be evoked (Asaoka & Gyoba, 2016; Klink, Montijn, & van
Wezel, 2011; van Wassenhove, Grant, & Poeppel, 2007). Likewise, evidence also points to the
existence of an analogous integration window in the spatial dimension. This spatial rule has
been argued to be an important prerequisite for multisensory integration in spatial tasks,
whereas its role for multisensory integration in temporal tasks has been recently questioned
(Spence, 2013). For example, the spatial ventriloquist effect is typically observed when the
different modalities emerge within a temporal window between -100 (sound presented first) and
+300 (light presented first) ms, while the spatial conflict between modalities should not exceed
~15° (Lewald, Ehrenstein, & Guski, 2001; Slutsky & Recanzone, 2001). Emergence of the
temporal ventriloquist effect is constrained to a temporal window of ~200 ms around
simultaneity of the modalities’ inputs (Asaoka & Gyoba, 2016; Klink et al., 2011; Morein-
Zamir et al., 2003), however, no strict spatial limitations seem to be in play (Spence, 2013;

Vroomen & Keetels, 2006).

Importantly, these spatial and temporal constraints are also considered to contribute to a higher-
level factor for multisensory integration known as “assumption of unity” (Y. C. Chen & Spence,
2017; Spence, 2007, Vatakis & Spence, 2007; Welch & Warren, 1980). This assumption
supposes the explicit cognitive notion that the information from different sensory sources
belongs to a single object. For example, it is more likely to suppose that a visual and an auditory
stimulus emerge from same object, if the conflict between these two modalities is constrained to
a limited temporal and/or spatial window. Importantly, the cognitive assumption of unity is
commonly assumed to be a crucial prerequisite for multisensory integration (Y. C. Chen &

Spence, 2017; Spence, 2007).

5.1.2. How are multiple sensory inputs combined?

When the conditions outlined above are met, the modalities’ inputs are combined during
stimulus processing. Different models have been proposed to account for how the contribution
of each modality to the combined multimodal percept is determined. One classical model of
multimodal integration is known as modality appropriateness (Welch & Warren, 1980).
According to this model, certain modalities provide the most precise information about certain

attributes or features of a stimulus, and therefore, the information conveyed within these
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modalities will dominate over information from other modalities. Consequently, the
multisensory percept of a stimulus is determined by the most ‘appropriate’ sensory input. For
the case of spatial ventriloquism, for example, it has been suggested that the visual modality
provides the most accurate information about spatial localization and thus dominates over
spatial information from other modalities as, for example, audition (Welch, 1999; Welch &
Warren, 1986). Similarly, for the case of temporal ventriloquism, it has been suggested that
audition typically conveys temporal information more precisely than vision, and thus, auditory
temporal information consistently dominates over visual temporal information (Bertelson &

Aschersleben, 2003; Getzmann, 2007; Morein-Zamir et al., 2003).

A more flexible model has been elaborated more recently based on Bayesian inference laws to
account for multisensory integration. According to this approach, multisensory information is
integrated following a statistically optimal cue combination process. Specifically, rather than
one modality completely dominating over the other one, each modalities’ contribution is
determined by the sensory reliability of its current input (Alais & Burr, 2004; Ernst & Banks,
2002; Hartcher-O’Brien, Di Luca, & Emst, 2014). The sensory signal of each modality is
weighted by its inverse variance, and thus, the more reliable a given modality (the less variant
its signal), the more it contributes to the combined multisensory percept. This cue combination
is considered as statistically optimal since it minimizes the perceptual variance of the combined
percept. Evidence for this cue combination rule has been provided in different domains such as
audiovisual location perception (Alais & Burr, 2004; Battaglia, Jacobs, & Aslin, 2003), visuo-
haptic perception (Ernst & Banks, 2002) as well as time perception (Hartcher-O’Brien et al.,
2014; Shi, Chen, & Miiller, 2010).

5.1.3. At which level of processing are multiple sensory inputs combined?

Based on the latter, statistically optimal cue-combination account, it seems unsurprising that
several studies report modulations of perceptual processing for multisensory compared to
unimodal stimuli (Y. C. Chen & Spence, 2011; Frassinetti, Bolognini, & Ladavas, 2002;
Noesselt, Bergmann, Hake, Heinze, & Fendrich, 2008; Shams, Kamitani, & Shimojo, 2002;
Stein, London, Wilkinson, & Price, 1996; Vroomen & de Gelder, 2000). At this point, however,
the question arises at which level of processing the audiovisual interactions underlying the
aforementioned multisensory illusions take place: do these illusory effects induce ‘true’

perceptual changes within early, perceptual stages of processing or do they result from

decisional biases and thus reflect information combination within later processing stages?
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Based on previous empirical data, however, these two alternatives are often hard to distinguish
because in many studies the perceptual and response bias are coupled. This can be easily
illustrated considering the following exemplary multisensory illusions. For example, Stein et al.
(1996) reported that lights are perceived as being brighter when accompanied by a pulse of
white noise than when presented alone. Another prominent example is the double flash illusion
(Shams, Kamitani, & Shimojo, 2000; Shams et al., 2002) according to which participants report
to perceive two consecutive flashes when two sounds were concurrently presented even though
the flash was always continuous. Both illusions seem to suggest either quantitative (enhanced
brightness) or qualitative (number of flashes) changes in visual perception caused by
accompanying auditory stimulation. But one might critically note that these effects may also
reflect that, rather than perceiving the stimuli differently, participants might just base their
decisions on the information available in the auditory modality. This latter conclusion was
reached by Odgaard, Ariech, and Marks (2003) regarding the sound-induced enhancement
reported by Stein et al. (1996). Specifically, Odgaard et al. observed that this crossmodal effect
disappeared with a low proportion of sound presentation. On the contrary, evidence for a
perceptual bias was provided by Shams et al. (2002) regarding the aforementioned double-flash
illusion. Interestingly, when only a single sound was concurrently presented with multiple
flashes, participants still reported seeing various flashes, instead of only one flash. This means
that responses were not deliberately based on the auditory information, which might readily

rules out a response bias account of the double-flash illusion.

Even more decisive evidence for perceptual multisensory interactions can be obtained when the
required responses are completely disentangled from multisensory biasing information, that is,
when the information provided in one modality is completely uninformative regarding the
experimental task in another, task-relevant modality. Such an approach was taken by studies
which have shown increased perceptual sensitivity for visual stimuli when accompanied by
uninformative sounds. A prominent example of this experimental approach is the study of Y. C.
Chen and Spence (2011). These authors observed that identification of a masked target letter
was clearly improved when a sound was concurrently presented compared to when the target
letter was presented alone. Since the employed sounds did not provide any information about
the letter identity, the observed sound-induced enhancement cannot be attributed to a decisional,

later stage of processing.

While the study cited above demonstrate that the mere presence (vs. absence) of a sound may
modulate visual perception, another line of evidence shows that specific temporal auditory
information can modulate perception of certain non-temporal visual target features (de Haas,
Cecere, Cullen, Driver, & Romei, 2013; Morein-Zamir et al., 2003; Shams et al., 2000, 2002;
Vroomen & Keetels, 2009). Morein-Zamir et al. (2003), for example, conducted a temporal

12



order judgment (TOJ) task in which participants had to judge which of two brief visual stimuli,
one presented above and one below fixation, was presented first. These two visual stimuli were
separated by a random SOA. In addition, two brief sounds were presented from a central
position, either simultaneously with the two visual stimuli, or separated by somewhat longer
SOAs than the visual stimuli, such that sound preceded the first visual stimulus, and trailed the
second visual stimulus. Importantly, the results showed enhanced performance in discriminating
temporal order of the visual stimuli when these were preceded and trailed by sounds compared
to performance in the simultaneous condition. Moreover, presenting two sounds intervening
between the two visual stimuli led to a decreased temporal order judgment performance. These
findings were interpreted in terms of a temporal ventriloquist effect by which the perceived
occurrence of the lights was pulled in time towards the sound occurrence, which therefore
facilitated temporal order discrimination. Crucially, the sounds, which were always presented
centrally, did not provide any spatial information about the location of the visual stimuli, which
was necessary for performing the temporal order task. This led the authors to suggest that the
audiovisual interactions underlying the observed temporal ventriloquist effect are unlikely to

emerge in post-perceptual processing, as for example, in form of a response bias.

This behavioural evidence in favour of a perceptual account of multimodal integration is well in
line with neurophysiological evidence regarding how sensory-specific brain areas are sensitive
to information from other modalities at presumably rather early stages of processing (Colin,
Radeau, Soquet, Dachy, & Deltenre, 2002; Colin, Radeau, Soquet, Demolin, et al., 2002;
Getzmann & Lewald, 2014; Kayser, Philiastides, & Kayser, 2017; Shams, Kamitani,
Thompson, & Shimojo, 2001; Starke, Ball, Heinze, & Noesselt, 2017; Stekelenburg, Vroomen,
& de Gelder, 2004). Interestingly, Stekelenburg et al. (2004), for example, showed that the
illusory shift in sound location induced by a physical location shift of a simultaneously
presented light (that is, a spatial ventriloquist effect) evoked an auditory mismatch negativity
(MMN; Néitinen & Alho, 1995). This component, which is related to underlying automatic and
preattentive processes, was similar to an MMN evoked by a physical shift in sound location.
ERPs measures were also employed by Shams et al. (2001) to investigate the double-flash
illusion describe above. These authors observed that in illusion trials, the presentation of two
sounds concurrently with a single flash produced visual evoked potentials similar to those
emerging after presentation of two physical flashes. In sum, these studies provide evidence on
early crossmodal influences in areas and components traditionally considered as unimodal,
which thus indicates that different modalities are already integrated at relatively early
processing stages. This argues against the notion that multisensory integration effects are

exclusively based on decisional or strategic biases originating in later processing stages
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5.1.4. Sustained effects of multisensory integration

So far, I have described existing evidence on immediate effects of combining multisensory
information (i.e., how is a visual stimulus perceived when a sound is concurrently presented?).
Yet, integration effects also have been shown to persist over time. Specifically, prolonged
exposure to a constant multisensory temporal conflict can result in aftereffects on subsequent
judgments of temporal order and/or simultaneity (L. Chen & Vroomen, 2013; Vroomen &
Keetels, 2010). Fujisaki, Shimojo, Kashino, and Nishida (2004) and Vroomen, Keetels, de
Gelder, and Bertelson (2004) showed first evidence on such sustained multisensory integration
effects regarding the temporal ventriloquist effect. For example, Vroomen et al. (2004)
employed a recalibration task, in which participants were repeatedly exposed to a brief
audiovisual stimulus pair with a consistent temporal conflict between the modalities (e.g.,
auditory stimuli leading visual stimuli by 100 ms). After this exposure phase, participants had to
perform a temporal order judgment task in which they indicated which of two subsequent
unimodal stimuli, a sound or a light, was presented first. The results showed a shift of the point
of subjective simultaneity towards the direction of the conflict presented during the exposure
phase. For example, following exposure to auditory leading stimuli, a subsequently presented
unimodal auditory test stimulus had to be presented earlier than a visual one in order to be
perceived as simultaneous. Following publication of Vroomen et al. (2004)’s results, a large
number of studies have consistently demonstrated such flexibility of perception to recalibrate to
persistent multisensory conflicting information in the temporal domain (Di Luca, Machulla, &
Ernst, 2009; Fujisaki et al., 2004; Hanson, Heron, & Whitaker, 2008; Harrar & Harris, 2008;
Heron, Roach, Whitaker, & Hanson, 2010; Heron, Whitaker, McGraw, & Horoshenkov, 2007;
Keetels & Vroomen, 2007; Machulla, Di Luca, Froehlich, & Ernst, 2012; Vatakis, Navarra,
Soto-Faraco, & Spence, 2007) as well as the spatial domain (Bertelson, Frissen, Vroomen, & de
Gelder, 2006; Frissen, Vroomen, de Gelder, & Bertelson, 2003, 2005; Lewald, 2002;
Recanzone, 1998). Again, such recalibration effects cannot be easily reconciled with the notion
that multisensory illusions merely reflect responses being biased towards the information from a
certain modality. Instead, these prolonged consequences of exposure to multimodal conflict

point towards genuine interactions in the processing of multimodal information.

5.2. Perceived duration of uni- and multimodal stimuli

Up to here, I have outlined ample evidence regarding multisensory integration in the spatial as
well as the temporal dimension. Yet, within the temporal dimension, most studies have focused

on perceived simultaneity or temporal order, that is, on the perception of succession. The main
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aim of the present thesis is thus the study of multisensory integration in the domain of duration
perception, on which the literature is much scarcer. In the next section, I will briefly describe a
prominent psychological model of duration perception, the pacemaker-accumulator model.
Afterwards, I describe existing evidence on the perception of intra-, inter- and multimodal
temporal intervals, and how these findings relate to the aforementioned theoretical account of
duration perception. By identifying research gaps within this experimental context, the

experimental goals of the present thesis will be developed and outlined.

5.2.1. The pacemaker-accumulator model

The dominant psychological model to explain duration perception is the pacemaker-
accumulator model of the scalar timing theory (Gibbon, 1977; Gibbon, Church, & Meck, 1984).
Specifically, this model proposes the existence of three mechanisms that are involved in the
processing of temporal information: an internal clock, a memory store, and a decision stage. The
internal clock consists of a pacemaker, a switch component, and an accumulator. According to
this model, the pacemaker component is continuously emitting pulses. Whenever an interval to
be judged is presented, the switch closes and permits the pulses to be stored into the
accumulator. When the interval ceases, the switch opens again and therefore, the pulses are no
longer transmitted to the accumulator. The number of accumulated pulses then represents the
perceived duration of the interval, which, for example, can be compared with a number of
pulses stored in reference memory (e.g., the representation of previously stored interval
duration). Therefore, the more pulses are accumulated, the longer is the perceived duration. In
principle, changes in perceived duration may result from an increased pacemaker rate or from a
change in the latencies of the switch component, (i.e., earlier or later closing and/or opening of
the switch). One way to empirically disentangle the effects of these two mechanisms is
examining the magnitude of the perceptual duration distortion across a wide range of interval
durations. Specifically, if a certain manipulation affects the switch mode, its effect on perceived
duration should not depend on the physical duration of the interval. For example, a certain
manipulation may cause the switch to close earlier and/or open later. This change in switch
latency would cause a corresponding increase in perceived duration, and the magnitude of this
effect should be independent of the duration of the interval duration enclosed between the
switch operations. Accordingly, any effect mediated by the latency of the switch should remain
constant (i.e., additive) with increasing interval duration (Burle & Casini, 2001). In contrast,
accelerating the pacemaker pulse rate should produce an overadditive effect as interval duration
increases. For example, if a certain manipulation elicits a faster pulse rate, more pulses will be

registered per time unit, and consequently perceived duration will be prolonged. Since pulse rate
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is associated multiplicatively with interval duration, the magnitude of this effect should be
proportional to interval duration, getting more pronounced as interval duration increases

(Penton-Voak, Edwards, Percival, & Wearden, 1996).

Further models have extended the original internal-clock conception by including, for example,
the influence of cognitive process on perceived duration. For example, the attentional-gate
model, proposed by Zakay and Block (1997) considers the influence of attention on duration
perception. This model additionally includes an attentional gate between the pacemaker and the
switch component. This attentional gate opens up whenever time is attended, thus permitting
pulses to be transmitted from the pacemaker to the subsequent accumulator, and thus is a co-
determinant of perceived duration. Therefore, if attentional resources are drawn to non-temporal

factors (e.g., by including a secondary task), shorter duration will be perceived.

5.2.2. Unimodal intervals: the role of stimulus modality in duration perception

The human ability to accurately perceive and estimate duration is crucial for interacting with the
large variety of constantly changing events surrounding us. Accurate temporal processing is
necessary to estimate and predict occurrence and duration of these events and thus, enables us to
prepare and control our actions accordingly. However, despite the importance of accurate
duration perception, it has been demonstrated that the perceived duration of a given event
typically does not depend exclusively on its physical duration. Instead, it can be strongly
affected by contextual factors of the stimulus presentation (for an overview, see Bausenhart,
Bratzke, & Ulrich, 2016), for example, as the modality of the target event (Wearden, Edwards,
Fakhri, & Percival, 1998), the modality of accompanying events (K. M. Chen & Yeh, 2009;
Klink et al., 2011; Romei, De Haas, Mok, & Driver, 2011; Walker & Scott, 1981) and the
presence and nature of preceding stimulation (Dyjas, Bausenhart, & Ulrich, 2014; Heron et al.,

2012; Penton-Voak et al., 1996).

A basic and well-replicated finding regarding the role of interval modality is that auditory
intervals are typically perceived as being longer (Goldstone & Lhamon, 1972; Ulrich, Nitschke,
& Rammsayer, 2006; Walker & Scott, 1981; Wearden et al., 1998), and with a greater
discrimination accuracy than visual intervals of the same physical duration (Gamache &
Grondin, 2010; Ulrich et al., 2006). This result has been attributed to changes of the pacemaker
pulse rate depending on the interval modality (Wearden et al., 1998). Specifically, it is assumed
that auditory intervals increase the state of arousal, which in turn increases the pulse rate of the
pacemaker component of the internal clock mechanism. This would result in a higher number of

pulses submitted to the accumulator, and thus, longer perceived duration of auditory than of
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visual intervals. Consistent with this notion and the predictions of the pacemaker-accumulator
model outlined above, the difference in perceived duration between unimodal visual and
unimodal auditory intervals increases with increasing interval duration (Penton-Voak et al.,
1996; Wearden et al., 1998), thereby supporting the notion that modality-based effects on

perceived duration are based on modulations of the pacemaker rate.

5.2.3. Multimodal duration integration: decrease of discrimination sensitivity
or changes in perceived duration?

When temporal intervals are presented bimodally rather than unimodally, it is typically
observed that perceived duration of visual intervals is strongly distorted towards the duration of
concurrently presented auditory intervals (Asaoka & Gyoba, 2016; Heron, Hotchkiss, Aaen-
stockdale, Roach, & Whitaker, 2013; Klink et al., 2011; Romei et al., 2011). Importantly, two
lines of evidence should be distinguished depending on the relative timing between the
modalities composing the multimodal interval. First, some studies have investigated the effect
of combining auditory and visual intervals with identical durations (K. M. Chen & Yeh, 2009;
Walker & Scott, 1981). For example, Walker and Scott (1981) employed a time reproduction
task in which participants had to reproduce the duration of either unimodal auditory intervals,
unimodal visual intervals, or concurrently presented auditory and visual intervals. As outlined
above, unimodal auditory intervals were reproduced longer than unimodal visual ones of the
same duration. Interestingly, the reproduced duration of the combined audiovisual intervals was
very similar to the reproduced duration of the unimodal auditory intervals, and again, the
difference to unimodal visual reproductions increased with increasing interval duration (K. M.
Chen & Yeh, 2009). Accordingly, a possible interpretation is that the auditory modality
completely dominates the pacemaker’s pulse rate, and thus perceived duration, also for bimodal

stimuli.

Second, some other studies have also investigated the effects of combining auditory and visual
intervals with conflicting durations (Klink et al., 2011; Romei et al., 2011). For example, Klink
et al. (2011) employed a discrimination task in which participants had to indicate which
duration of a pair of filled intervals (standard and comparison interval duration) presented to a
task-relevant modality (either visual or auditory) was longer. In order to investigate the
multimodal bias effect, intervals were also presented within the task-irrelevant modality. These
accompanying irrelevant intervals could be of the same duration or longer and shorter than the
relevant modality interval (i.e., an irrelevant long interval was always presented with a relevant
short interval, and vice versa). The results of this experiment were consistent with the evidence

for auditory dominance over visual duration described above: discrimination accuracy for task-
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relevant visual intervals was strongly impaired by the presence of irrelevant auditory intervals
with incongruent durations, but not vice versa. That is, task-irrelevant visual intervals did not

lead to impaired discrimination accuracy of relevant auditory interval durations.

Similarly, other studies have also shown that accuracy of visual duration discrimination
decreases when visual intervals are accompanied by task-irrelevant auditory intervals of
incongruent durations, while accuracy increased with the presentation of congruent auditory
duration (Romei et al., 2011; Sarmiento, Shore, Milliken, & Sanabria, 2012). These results,
therefore, provide important evidence of multimodal integration of perceived duration.
However, these previous studies were predominantly based on accuracy measures of duration
discrimination, and therefore, it remains unclear whether the impairment of visual duration
discrimination in the presence of incongruent auditory intervals is due to a decrease in
sensitivity, to a biased perception of the visual duration towards the auditory one, or both. This

issue is addressed in Experiment 1' of this thesis.

5.2.4. Visual and auditory contribution to the multimodal perceived duration

Importantly, the studies outlined above have almost unequivocally shown unidirectional effects,
that is, audition affected visual duration discrimination and reproduction, but visual duration did
not affect auditory duration discrimination or reproduction. In accordance with the modality
appropriateness account, these findings suggest that the auditory temporal information,
presumably due to the typically higher temporal resolution of the auditory system compared to
the visual one (Bertelson & Aschersleben, 2003; Getzmann, 2007; Morein-Zamir et al., 2003),
plays a dominant role in duration perception. Thereby, it may completely overrule visual
duration information and thus determine the multimodal percept (Asaoka & Gyoba, 2016; K. M.
Chen & Yeh, 2009; Klink et al., 2011; Romei et al., 2011; Walker & Scott, 1981). According to
the Bayesian cue combination account outlined above, however, complete auditory dominance
is not mandatory — rather, both modalities may contribute to the combined multimodal duration
percept. In fact, it has been recently demonstrated that under conditions where the reliability of
the auditory signal is degraded, the typical auditory dominance on multimodal perceived

duration declines, and in turn, the influence of the visual temporal information on the combined

1 For more details see Appendix A (Bausenhart, K. M., De La Rosa, M. D., & Ulrich, R. (2014). Multimodal
integration of time: Visual and auditory contributions to perceived duration and sensitivity. Experimental
Psychology, 61(4), 310-322. https://doi.org/10.1027/1618-3169/a000249).
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percept increases (Hartcher-O’Brien et al., 2014; Walker & Scott, 1981). Therefore, the present
Experiment 1 also addressed whether perceived multimodal duration is strictly dominated by
the auditory duration or, otherwise, visual temporal information can also contribute to the

multisensory perceived duration by biasing perceived auditory duration.

5.2.5. Potential mechanisms underlying multimodal integration of perceived
duration

Importantly, Klink et al. (2011) proposed two potential mechanisms involved in the integration
of audiovisual conflicting durations: First, they suggested that the integration of multisensory
intervals might be determined by a temporal ventriloquist effect on the mode of the switch
mechanism of the internal clock. Accordingly, the onset and offset of the visual internal are
drawn towards the onset and offset of the concurrently presented auditory interval (see Figure
2). Therefore, when the visual interval is accompanied by a longer auditory interval, the
perceived multisensory onset and offset cause the switch to close earlier and open later,
respectively. This yields a larger number of pulses forwarded into the accumulator, thus
resulting in longer perceived duration. Likewise, when the accompanying auditory interval is
shorter, then the multisensory perceived onset and offset cause the switch to close later and open
earlier, respectively, resulting in less accumulated pulses, and thus, in shorter perceived
duration. In addition to the switch mode, these authors proposed a second mechanism based on
changes of the pulse rate of the internal pacemaker component, which would be predominantly
determined by the auditory information (K. M. Chen & Yeh, 2009; Penton-Voak et al., 1996;
Wearden et al., 1998). As already outlined above, previous studies (K. M. Chen & Yeh, 2009;
Walker & Scott, 1981) have shown direct evidence for this latter notion by employing
audiovisual congruent intervals with varying durations. However, no direct evidence on the
effect of a ventriloquist effect on the switch mode underlying multimodal integration of

conflicting durations has been provided so far. This issue was addressed in Experiments 2-4>.

2 For more details see Appendix B (De la Rosa, M. D., & Bausenhart, K. M. (2013). Multimodal integration of
interval duration: Temporal ventriloquism or changes in pacemaker rate? Timing and Time Perception, 1(2),
189-215. https://doi.org/10.1163/22134468-00002015)
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Figure 2. Temporal ventriloquist effect on multisensory duration integration: the perceived onset and
offset of the visual interval is pulled towards the onset and offset of a concurrently presented auditory
interval.

5.2.6. At which level of processing does multisensory duration integration take
place?

Taking into account the studies outlined above, as well as the present Experiments 1 to 4, there
is ample evidence for multisensory influences on duration discrimination (Bausenhart, De la
Rosa, & Ulrich, 2014; De la Rosa & Bausenhart, 2013; Klink et al., 2011; Romei et al., 2011;
Sarmiento et al., 2012). However, also for the domain of duration perception, it remains unclear
whether these effects depend on integration within perceptual processing stages, that is, at a
rather low level of processing, or otherwise, depend on later, decisional processes, that is, at a
higher level of processing. A strict decisional account of auditory dominance, for example,
would imply that the participants, deliberately or incidentally, respond based on the auditory
temporal information instead of the visual one. As an extreme example, auditory dominance
may result if participants simply close their eyes during stimulus presentation and attend only to
the auditory stimulation. Such conditions would of course rule out a genuine perceptual
integration account of any observed multimodal biasing effect. Yet, some previous evidence
argues against a purely decisional bias as basis of the multisensory integration effects on
perceived duration. For example, Klink et al. (2011) investigated whether a task-irrelevant
auditory interval would still bias perceived duration of a simultaneous task-relevant visual
interval, if the pair of audiovisual intervals is preceded by a regular stream of irrelevant auditory
stimulation. According to the authors, perceptual multisensory integration should be impaired
under these conditions, since intramodal grouping (that is, perception of a rhythmic stream
within the auditory modality) would prevent intermodal grouping (that is, integration of the
single visual interval with the auditory accompanying interval). On the other hand, participants
should still be able to respond on basis of the auditory information — that is, the multimodal bias
effect should remain if it was due to a decisional bias instead of a genuine integration of the

perceptual information. The results showed that the multisensory bias effect diminished under
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these conditions, therefore indicating that it is contingent on intramodal grouping — that is, on
perceptual multimodal integration rather than a mere decisional bias. Still, it remains possible
that the multisensory integration effects on perceived duration observed in Experiments 1-4 of
this thesis may be due to a decisional bias by which participants attend and respond to auditory
temporal information instead of the (task-relevant) visual one. Therefore, Experiment 5° was
created in order to rule out this possibility by employing uninformative, but still potentially

biasing task-irrelevant sounds.

Even more compelling evidence for a genuine perceptual integration may be provided, as
outlined above, if the duration information from the biasing domain is disentangled from the
response domain. In fact, several studies have taken this approach and provided evidence for
perceptual integration of temporal information, by assessing, for example, temporal order
judgments based on spatial location (Morein-Zamir et al., 2003), Ternus motion perception (Shi
et al.,, 2010) and discrimination performance in a four-dot masking paradigm (Vroomen &
Keetels, 2009). Most important for the present thesis is an astonishing finding from de Haas et
al. (2013), who investigated the effect of sound duration on the detection of concurrently
presented Gabor patches. Specifically, the participants” task was to detect a Gabor patch that
could be presented in one of two intervals of dynamic white noise. The task was divided into
two different conditions. In the unimodal condition, the Gabor patch was presented alone for
one of eight different durations between ~24 and ~192 ms. In the audiovisual condition, the
Gabor patch lasted for a fixed duration of ~24 ms and was always accompanied by a continuous
sound whose duration varied between the same eight durations as the visual target in the
unimodal condition. In the unimodal condition, unsurprisingly, target detection sensitivity
increased with increasing duration of the visual target. Crucially, in the audiovisual condition,
detection sensitivity for the 24-ms Gabor patch increased with increasing sound duration from
24 ms up to 60 and 96 ms, even though the sound itself was uninformative with regard to which
of the two intervals contained the visual target. The authors concluded that early audiovisual
interactions might be responsible for this effect. Specifically, the increasing sound duration
might have produced sustained visual activation, resulting in a prolonged representation of the
visual target, which therefore would facilitate target detection. Similar to the studies outlined
above, this proposed mechanism is basically consistent with a temporal ventriloquist effect by
which the onset and offset of the visual target were pulled towards the sound onset and offset
respectively. In the present thesis, we investigated whether this intriguing phenomenon could be
transferred to the masked-letter identification task employed by Y. C. Chen and Spence (2011).

As already described in the previous section, Y. C. Chen & Spence observed that, relative to a

3 For more details see also Appendix B.
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unimodal target presentation, masked letter identification performance was improved by the
concurrent presentation of sounds. However, they employed a fixed sound duration and
therefore, it is unclear whether an additional effect of varying sound duration on such a higher-
level task as letter discrimination may be observed. Experiments 6-8* were thus conducted to
investigate whether varying sound duration can modulate masked letter identification
performance, which, in turn, would provide strong evidence in favour of genuine multisensory

interactions in the integration of duration.

5.2.7. Can multimodal integration effects on perceived duration persist over
time?

As outlined in the previous section, ample evidence on sustained multisensory integration
effects has been provided by studies employing temporal order judgments and subjective
simultaneity perception. However, comparable evidence in the domain of duration perception is
much scarcer. So far, only one published study has addressed this issue (Heron et al., 2013).
Specifically, Heron et al. (2013) performed two main experiments (and a series of additional
control experiments). First, they investigated the immediate effects of multimodal duration
integration. Specifically, they employed a two-alternative forced-choice task in which
participants had to discriminate between a 320-ms test stimulus and a reference stimulus with
variable duration. These task-relevant intervals could be presented in the auditory or the visual
modality. Moreover, the test stimulus was accompanied by an irrelevant stimulus in the opposite
modality and with a duration of either 200 ms or 510 ms. The results showed similar immediate
multisensory integration effects on perceived duration as shown by previous studies (Klink et
al., 2011; Romei et al., 2011) and in Experiments 1-4 of the present thesis: perceived visual
duration was strongly biased towards the duration of concurrently presented irrelevant auditory
intervals. However, the reverse effect was not observed. In the second main experiment, the
authors tested for sustained multimodal effects. In an adaptation phase, participants were
exposed to a repeated presentation of audiovisual incongruent intervals. In a following test
phase, participants were asked to reproduce the duration of a unimodally presented visual
interval. The authors suggested two different hypotheses regarding the hierarchical order of
duration adaptation and multimodal integration. In a previous study (Heron et al., 2012) they
showed that prolonged exposure to a relatively long or short interval produces repulsive

aftereffects on perceived duration of a subsequently presented interval, that is, duration

4 For more details, see Appendix C (de la Rosa, M. D., & Bausenhart, K. M. (2018). Enhancement of letter
identification by concurrent auditory stimuli of varying duration. Acta Psychologica, 190, 38-52.
https://doi.org/10.1016/j.actpsy.2018.07.001)
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adaptation. Accordingly, if multisensory duration integration precedes duration adaptation, then
during the adaptation phase, perceived duration of the visual adaptation intervals would be
biased towards the duration of the concurrent auditory intervals. Then, participants would adapt
to this lengthened or shortened multimodal perceived duration, which should consequently
result in a repulsive adaptation aftereffect on reproduced duration in the test phase (e.g., a visual
test interval should be perceived as being shorter when participants previously adapted to a
prolonged multisensory duration). On the other hand, however, if duration adaptation precedes
multimodal duration integration, in the adaptation phase, participants would adapt to the
perceived visual duration (since it is not yet integrated with the auditory duration), and
therefore, in the test phase, no repulsive adaptation effect would be observed based on the
auditory biasing information presented during the test phase. The results were in line with this
second possibility, that is, perceived duration of unimodal visual intervals in the test phase was
not affected by the previous exposure to audiovisual incongruent intervals. These findings lead
to the conclusion that multisensory integration is produced only in a transient, immediate
manner, and is preceded by duration adaptation in the hierarchy of processing. Experiments 9
and 10° of the present thesis were conducted with the aim to provide independent evidence on
the sustained multisensory integration effects on perceived duration, with a set of experimental
conditions presumably even more effective to produce immediate and potential sustained
multisensory integration effects, and a crucial control condition to test for the effectiveness of

this manipulation.

6. Experiments

6.1. Multimodal duration integration: the role of interval modality in
perceived duration and sensitivity

Previous studies have shown that visual duration discrimination accuracy is strongly impaired
when concurrent auditory intervals are presented with incongruent duration but not vice versa
(Klink et al., 2011; Romei et al., 2011). Importantly, these previous results are based on
accuracy measures of duration discrimination (as, e.g., percent correct identification). Therefore,
it is not clear whether these impairments of visual duration discrimination are due to changes in
sensitivity or to changes in perceived duration. Experiment 1 was conducted in order to address

this issue by assessing psychometric functions for the discrimination of audiovisual intervals

5 More details of Experiments 9 and 10 in Appendix D (De la Rosa, M. D., & Bausenhart, K. M. (2018). Still no
evidence for sustained effects of multisensory integration of duration. Multisensory Research, 31(7), 601-622.
https://doi.org/10.1163/22134808-18001296)
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with congruent and incongruent durations. This procedure allows for assessing separately
integration effects on perceived duration, quantified by the Point of Subjective Equality (PSE)
and on discrimination sensitivity, quantified by the Just Noticeable Difference (JND).
Additionally, this experiment also allowed for testing whether the multimodal integration effect
is strictly determined by the auditory temporal information as suggested by previous studies (K.
M. Chen & Yeh, 2009; Walker & Scott, 1981), or in turn, whether visual duration can also
contribute to the multisensory percept, by biasing perceived duration of concurrent auditory

intervals (cf. also Hartcher-O’Brien et al., 2014).

Specifically, in Experiment 1 participants had to perform a duration discrimination task in
which they had to compare the duration of empty standard (fixed duration of 500 ms) and
comparison intervals (varying duration) presented in a task-relevant modality. In two separate
experimental sessions either vision or audition was designated as task-relevant (see Figure 3). In
order to test the multimodal integration effects, the onset and offset markers of the relevant
standard and comparison intervals were accompanied by interval markers in the task-irrelevant
modality. For example, in the visual session, the onset and offset markers of the standard and
comparison intervals were accompanied by task-irrelevant auditory markers (and vice versa in
the auditory session). In each trial, task-relevant and task-irrelevant markers of the standard
interval were always presented simultaneously. However, for the comparison interval, there
were either no irrelevant interval markers (unimodal condition), or they defined an interval
either 100 ms longer, 100 ms shorter, or of the same duration as the task-relevant comparison
interval. Task-relevant and —irrelevant intervals were center-aligned, that is, their temporal
midpoints were simultaneously aligned (e. g., the irrelevant interval in the longer condition
started 50 ms before and ended 50 ms after the relevant one). Participants” task was to indicate
which of the intervals presented in the task-relevant modality was longer. Moreover, they were
also instructed to ignore the intervals presented in the task-irrelevant modality. In order to
ensure the participants” adherence to this instruction, a relatively high proportion of unimodal
trials (50% of all trials) was employed and all four bias conditions (unimodal, shorter, same, and
longer) were randomly intermixed. Since the unimodal trials provided no temporal information
about the duration of the comparison interval in the task-irrelevant modality, in 50% of all trials,
it would have been impossible for participants to perform the task by relying on the task-
irrelevant information alone. This high proportion of unimodal trials and their unpredictable
occurrence should cause participants to attend to and respond on base of the task-relevant
modality, and thus reduce the possibility of a decisional bias, as outlined above, underlying any

potential multisensory integration effects.
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Figure 3. Temporal positions of relevant and irrelevant markers for the standard and the comparison

interval in the four bias conditions of Experiment 1.

Logistic psychometric functions were fitted, for each participant and condition, to the
proportion of “comparison longer” responses for all comparison durations. From these
functions, PSE and JND were computed. PSE corresponds to the comparison duration at which
the participant perceives comparison and standard to be equal in duration and thus, reflects the
perceived duration of the comparison interval (accordingly, the larger PSE, the shorter
perceived duration). JND amounts to half the interquartile range of the psychometric function
and provides a measure of sensitivity of duration discrimination between the standard and

comparison intervals (thus, the lower the value of JND, the higher discrimination sensitivity).

In summary, the results showed a strong influence of the duration of irrelevant auditory
intervals on perceived visual duration. Specifically, in comparison to the “same” condition,
task-relevant visually marked comparison intervals were judged as being longer or shorter when
accompanied by irrelevant auditorily marked intervals with longer or shorter duration,
respectively (see Figure 4, left panel). Interestingly, the multimodal bias was bidirectional, such
that irrelevant visual intervals also influenced auditory perceived duration, even though to a
lesser extent. Regarding discrimination sensitivity (Figure 4, right panel), the discrepancy
between the “longer” and “shorter” conditions, which produced pronounced changes in
perceived duration, did not lead to a corresponding decline in discrimination sensitivity. Indeed,
discrimination sensitivity was similar between the “longer”, “shorter”, and ‘“same” bias
conditions for both modalities. Only in the unimodal visual task condition, discrimination
sensitivity was lower than in all other conditions, which is in line with previous studies

(Gamache & Grondin, 2010; Ulrich et al., 2006) showing lower duration discrimination
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sensitivity for visual intervals than for auditory intervals. Therefore, even though the
multisensory integration of incongruent interval durations may evoke pronounced biases in

perceived duration, it does not go along with a decline in sensitivity for duration.
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Figure 4. Mean Point of Subjective Equality (PSE; left panel) and mean Just Noticeable Difference

(JND; right panel) in ms, depending on task modality and bias condition in Experiment 1.

6.2. Mechanisms underlying multimodal integration of perceived duration

Experiment 2 was conducted in order to investigate which mechanisms underlie these
multimodal duration integration effects. As outlined above, within the pacemaker-accumulator
model of temporal perception, two basic components have been considered as potentially prone
to be affected by multisensory integration. First, the latencies of the internal switch component
may be altered by means of temporal ventriloquist effects (i.c., the closing and opening times of
the switch component would be “pulled” towards the interval markers in the irrelevant
modality). Second, the pacemaker’s pulse rate may be differentially affected by inputs from
different modalities (i.e., an “early” auditory pulse in the case of a “longer” auditory interval
might increase the pulse rate and thus lead to especially long estimates of the subsequent visual
interval). In order to dissociate these two mechanisms, we compared the magnitude of the effect
of combining audiovisual congruent and incongruent durations across a large range of interval
durations. To this end, we employed a time reproduction task, in which participants had to

reproduce the duration of visually marked empty intervals, similar to those employed in the
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visual duration discrimination task of Experiment 1. These visual intervals could last for either
500, 753, 1000, or 1253 ms. As in Experiment 1, visual intervals could be also presented alone
(unimodal condition), or accompanied by auditory marked intervals with slightly /onger (+100
ms), same (£ 0 ms), or shorter (-100 ms) duration. Visual and auditory intervals were center-
aligned, and participants had to reproduce the visually marked intervals while ignoring the
auditory ones. Based on the results of Experiment 1, we expected that the reproduced visual
durations would be biased towards the duration of the task-irrelevant auditory intervals.
Crucially, if this multimodal integration effect is mediated by a temporal ventriloquist effect on
the switch latencies, the auditory biasing effect on reproduced visual duration should be
independent of interval duration and thus have a similar magnitude across the whole range of
employed interval durations (i.e., it should be additive with interval duration). Otherwise, if
multimodal integration causes changes of the pacemaker’s pulse rate, the auditory biasing effect
on reproduced visual duration should increase with increasing interval duration (i.e., it should

be overadditive with interval duration, see also 3.2.1. and 3.2.3.).

The results of Experiment 2 replicated the results of Experiment 1 by showing that perceived
visual duration was strongly biased towards the duration of concurrently presented auditory
intervals. Specifically, the longest durations were reproduced when visual intervals were
accompanied by longer auditory intervals, while the shortest durations were reproduced when
visual intervals were accompanied by shorter auditory intervals or presented unimodally. In
addition, visual intervals accompanied by auditory intervals of the same duration were
reproduced as slightly longer than unimodal visual intervals. Unexpectedly, however, this
observed multimodal bias in perceived duration decreased with increasing interval duration (see
Figure 5, left panel). This pattern of results contrasts with both of the hypotheses outlined
above. First, this observed underadditive biasing effect is especially inconsistent with the
assumption of an increased pacemaker rate which would be predict an increase of the
multimodal bias with increasing interval duration. Second, the result pattern also contrasts with
the additivity expected in case of a temporal ventriloquist effect on the switch latencies.
Interestingly, as can be seen in Figure 5, left panel, another effect might have complicated
interpretation of the observed results: it is evident that overall, the shortest intervals within the
duration range were overestimated while the longest intervals were underestimated relative to
their physical duration. This effect is an instance of Vierordt’s law (Vierordt, 1868) which has
been repeatedly shown to affect the results of reproduction methods (for an overview, see
Lejeune & Wearden, 2009). It is possible that this effect also confounds the results regarding the
multimodal bias effect. Accordingly, the general overestimation of short intervals might also
enlarge a “true” multimodal biasing effect at short intervals, while the general underestimation

of long intervals might result in an observed decrease of the biasing effect at long intervals.
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Regarding the comparison between the “same” and the “unimodal” condition, the results
support previous studies (K. M. Chen & Yeh, 2009; Walker & Scott, 1981) by showing that
bimodal intervals with congruent duration were reproduced longer than unimodal visual
intervals. Interestingly, however, the difference in perceived duration between both conditions
was additive across interval duration. This is in contrast to these previous studies, which, as
outlined in the Introduction, showed overadditivity across interval duration. Two possible
explanations may hold for the observed pattern of results. On the one hand, and as discussed
above, a Vierordt effect might have counteracted a possible overadditivity in our experiment.
On the other hand, in the present experiment we employed empty intervals, while previous
studies employed filled intervals. Indeed, filled auditory intervals have been specifically
associated with enhanced arousal (Wearden, Norton, Martin, & Montford-Bebb, 2007).
Accordingly, processing of filled and empty auditory intervals seems to be qualitatively
different, with only the former interval type producing enhanced arousal. Thus, overadditivity of
the difference between unimodal visual and audiovisual congruent intervals might be more
likely observed when the accompanying auditory intervals are filled rather than empty (see
Walker & Scott, 1981, Experiment 4, for a related result). Therefore, in Experiment 3, we
replicated Experiment 2, however with filled rather than empty auditory and visual intervals.
Very similar to the results of Experiment 2, visual duration reproductions were again strongly
biased towards the auditory irrelevant duration, that is, compared to the “same” condition,
reproductions were prolonged in the “longer” condition and shortened in the “shorter”
condition. Importantly, one crucial difference emerged with respect to the results of Experiment
2: reproductions in all bimodal conditions were longer than those in the “unimodal” condition,
and as expected, these differences now increased clearly with increasing interval duration (see
Figure 5, right panel). Therefore, these results replicate the previously observed overadditive
interaction for the multimodal integration of audiovisual filled intervals, and moreover,
demonstrate that the employed paradigm is basically suited to observe potential overadditive
effects. Despite this successful “sanity check”, the biasing effect of the different multimodal
conditions (i.e., the difference between the “longer” and the “shorter” condition), again
decreased with increasing interval duration. As discussed previously, this pattern of
underadditivity is basically inconsistent with the two hypothetical mechanisms outlined above,
but again might be slightly confounded by a Vierordt effect, which might have counteracted an
underlying additive (or even overadditive) biasing effect. In any case, it is noteworthy that filled
and empty intervals of incongruent (shorter or longer) duration (i.e., the effect of sound
duration) produced very similar effects on perceived duration of visual intervals, while the
difference between uni- and bimodal intervals (i.e., the effect of sound presence) seems to

depend severely on the interval type.
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Figure 5. Mean reproduced duration in Experiment 2 (empty intervals) and Experiment 3 (filled
intervals) as function of Bias Condition (longer, same, shorter, and unimodal) and Stimulus Duration. The

continuous gray line depicts the veridical line.

In order to overcome potential methodological limitations of the reproduction task, Experiment
4 involved again empty intervals and a paired-comparison method similar to the one employed
in Experiment 1, in which a standard interval was always presented before a variable
comparison interval. Since in this task participants have to directly compare the two presented
intervals, these judgments cannot be subject to perceptual distortions based on the whole range
of employed durations, such as the Vierordt effect. Unlike Experiment 2 and 3, three visual
standard durations, ranging from 500 to 2000 ms, were tested in separate experimental sessions.
The “same” condition was omitted in order to shorten the total duration of the experiment, since
this method generally requires a much larger number of trials. As in Experiment 1, PSE and
JND estimates were computed separately for each participant, standard duration and bias
condition. Overall and consistent with the results of Experiments 1-3, larger (smaller) PSEs and
thus, shorter (longer) perceived duration was observed when the task-relevant visual intervals
were accompanied by “shorter” (“longer”) auditory intervals. Importantly, in this experiment,
the comparison between the “longer” and the “shorter” conditions did reveal a constant
difference across the wide range of employed interval durations, that is, additivity across the
employed interval durations (see Figure 6). Thus, the results of this experiment are well in line
with the notion that the perceptual conflict between incongruent audiovisual durations is
resolved by means of a temporal ventriloquist effect on the perceived onset and offset of the

intervals, which in turn affects the switch component of the internal clock mechanism.
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Moreover, even though conflicting auditory durations led to a strong distortion of perceived
visual duration, measures of JND revealed that the temporal discrepancy between the interval
modalities again did not produce a decline in discrimination sensitivity. Overall, the unimodal
visual condition yielded even relatively larger JNDs, and thus, reduced sensitivity of duration

discrimination, compared to the bimodal incongruent conditions.
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Figure 6. Mean PSE in Experiment 4 as a function of Bias Condition and Standard Duration. Error bars

represent the standard error of the mean. The continuous black line depicts the veridical line.

6.3.  On the locus of multisensory duration integration

In order to draw valid conclusions about the multisensory mechanisms involved in the results of
Experiments 1-4, the possibility should be considered that participants responded to the
irrelevant (e.g., auditory) temporal information instead of the relevant (e.g., visual) one. As
outlined above, in this case, the observed effects should be interpreted as due to decisional or
attentional bias rather than to a genuine perceptual integration. With the aim to prevent such
harmful processing strategies, different precautions had been taken, as careful instruction and a
relatively high proportion of randomly interspersed unimodal trials (e.g., 50% in Experiment 1),
such that the task could not be adequately performed by consistently attending and responding

to the task-irrelevant modality.
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Still, more convincing evidence of an underlying perceptual integration process rather than
decisional bias would require a multimodal integration effect on perceived duration when
potentially biasing stimulation is presented in the irrelevant modality but without providing
sufficient information about interval duration — such that participants could not perform the
duration discrimination task based on the task-irrelevant modality alone. In Experiment 5, such
an experimental situation was created. Specifically, the same visual task as in Experiment 1 was
employed, but in this case the auditory modality did not provide information about the duration
of the comparison interval. Specifically, as in Experiment 1, the visual markers of the standard
intervals were accompanied by simultaneous auditory pulses. However, the visual markers of
the comparison intervals were accompanied by only a single auditory pulse, presented according
to three different bias conditions: before, simultaneous with, or after one of the visual markers.
Thus, by means of a temporal ventriloquist effect, it might either produce a “shorter” (e.g., when
presented after the visual onset, or before the visual offset), “same” (when simultaneous) or
“longer” (e.g., when presented before the visual onset, or after the visual offset) multimodal
percept. Again, the results are consistent with the results observed in Experiments 1-4. Even
though to a reduced extent, a clear auditory biasing effect on perceived duration of the visual
intervals was observed even when only a single irrelevant auditory pulse was presented. This
was independent of whether the auditory pulse accompanied the onset or the offset of the visual
intervals, and thus, cannot be attributed to preparatory processing before the interval onset. The
analysis on JND estimates showed a higher sensitivity when the auditory pulse accompanied the
onset rather than the offset of the visual intervals, but, as in previous experiments, the presence
of incongruent temporal information (e.g., shorter and longer vs. same condition) did not lead to
sensitivity impairments. In sum, multimodal duration integration effects can also be observed,
when the information from the irrelevant modality alone is insufficient for performing the task,
and thus, a biased decision strategy based on the information from the irrelevant modality can

be excluded.

As outlined in the Introduction, another possibility to demonstrate genuine multisensory
integration effects within perceptual processing would be to assess whether auditory duration
can modulate non-temporal aspects of visual perception. We addressed this issue in Experiment
6 by assessing the effect of manipulating the duration of concurrently presented sounds on the
identification of masked letters. To this end, we employed a letter identification task combined
with a backwards-masking paradigm (Kinsbourne & Warrington, 1962; Rolke, 2008; Turvey,
1973). In this task, participants had to identify letters (A, S, D, F, G, H, J, or K), presented
centrally for 20 ms and followed by a visual random-noise pattern mask after a variable
interstimulus interval (ISI) ranging from 0 and 33 ms. Following the experimental methodology

of Experiments 1-5, in Experiment 6, the target letter could be presented alone (unimodal

31



condition) or accompanied by a sound with longer (33 ms), same (20 ms), or shorter (13 ms)
duration. Again, sounds and target letters were temporally center-aligned. According to the
results of Y. C. Chen and Spence (2011) from another masking task, we expected that the
presentation of any sound should improve letter identification performance specifically at
intermediate ISI durations (see Introduction for details). Additionally, if the duration of the
concurrent sound can also modulate letter identification by temporally shortening or lengthening
the corresponding visual object representation (de Haas et al., 2013), letter identification

performance should increase with the duration of the concurrent sounds.

The results of Experiment 6 (cf. Figure 7, left panel), however, showed no reliable effects of the
accompanying sounds. The presence of sound in the “same” condition only tended to improve
letter discrimination compared to the “unimodal” condition, and the manipulation of the sound
duration did not modulate letter identification at all. Further analyses indicated that the
tendential sound-induced enhancement was constricted to the 7-ms ISI, which yielded an
intermediate performance level of around 60% of correct responses. Interestingly, comparing
performance levels between our and Y. C. Chen and Spence’s study, these authors observed
sound-induced facilitation within a specific range of ISIs between 27 and 40 ms, which also
yielded around 60-70 % correct responses. For all ISIs above 7 ms in our Experiment 6,
accuracy already reached relatively high levels above 80%. Presumably some aspects of our
specific employed masking paradigm lead to a low task difficulty and thus a steeper initial slope
of the masking-ISI function, compared to the one of Y. C. Chen and Spence (2011). One
notable difference in this regard is the relatively higher target-to-background contrast compared
to the study of Y. C. Chen and Spence (2011), which might have produced a strong visual
activation that enabled high accuracy by itself. Given existing evidence that target contrast may
modulate sound-induced benefits (e.g., Noesselt et al., 2010), in Experiment 7 letters were
presented with a lower target-to-background contrast. The results of this second experiment
indeed showed overall lower performance levels, and importantly, a reliable sound-induced
enhancement of letter identification compared to the unimodal condition (cf. Figure 7, right
panel). Again, however, varying sound duration did not produce any modulation of letter

identification.
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Figure 7. Mean percentage of correct responses in Experiment 6 and in Experiment 7 as a function of

Sound Condition and ISI.

Taking Experiment 6 and 7 together, one may speculate that the sound-induced enhancement
may be modulated by letter contrast, such that sound presence enhances letter identification
when letters are presented at a relatively low, but not at high contrast. This seems consistent
with the principle of “inverse effectiveness” (Meredith & Stein, 1983, 1986; Stein & Meredith,
1993), which has also received behavioural support from studies employing lower-level tasks as
contrast detection (Noesselt et al., 2010; Senkowski, Saint-Amour, Héfle, & Foxe, 2011). This
principle of multisensory integration implies maximal crossmodal enhancement of a
multisensory stimulus representation when the corresponding unisensory signals evoke a weak
response in isolation. This suggests early multisensory interactions by which a sound might
enhance the perceptual representation of a relatively weak visual signal. Two further
experiments (see Appendix C) were conducted to test this assumption more directly, by
manipulating target contrast as a within-subject variable. In these experiments, only two sound
conditions (same and unimodal) were tested. Both experiments replicated the general sound—
induced benefit on letter identification observed in Experiment 7, but it was invariant across
target contrasts and ISI durations Additional analyses taking interindividual performance levels
into account suggested that the observed sound-induced enhancement might instead be most

pronounced at intermediate performance levels.

Returning to the main purpose of Experiments 6 and 7, the lack of a modulation of letter
identification by sound duration can lead to two different suggestions: first, it might be possible

that the manipulation of sound duration was too subtle to affect the duration of the multimodal
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percept, and consequently, also no effect on letter identification can be expected. Second, the
sound duration manipulation might have been basically effective in altering perceived
multimodal duration, but without producing any corresponding benefit effect on the
identification of the target letter. Therefore, Experiment 8 was conducted as a manipulation
check in order to investigate whether the duration manipulation was basically effective in
eliciting multisensory integration effects. In this experiment, the target letter could be presented
alone (no-sound condition) or accompanied by an auditory interval of different durations (7, 20,
or 33 ms). Unlike in the previous experiments, letter duration also varied between 7, 20, and 33
ms. In two sub-experiments, the same participants received two different task instructions. In
Experiment 8a, as in the previous experiments, participants were asked to identify the visual
letter identity. In Experiment 8b, they were asked to identify the duration of the visual letters

(“short”, “medium”, or “long”), again while ignoring the task-irrelevant sounds.

If the manipulation of sound duration was too feeble to produce a modulation of perceived
duration, then none of the experiments should show an effect of varying sound duration.
However, Experiment 8b showed that varying the duration of the sounds clearly affected
perceived duration of the masked target letters (Figure 8, right panel), such that participants’
responses were clearly biased towards the duration of the accompanying sounds (e.g., a 7-ms
visual target accompanied by sounds of longer duration were significantly often misreported as
being of longer duration). Therefore, the manipulation of sound duration is basically effective in
producing an effect on the identification of visual letter duration. In addition, the results of
Experiment 8a showed that, as expected, letter identification accuracy increased significantly
with increasing visual target duration (see Figure 8, left panel), but not with increasing auditory
duration. Therefore, even if the manipulation of sound duration alters reports of perceived
duration, it does not alter the letter identification performance. In addition, Experiment 8a
replicated the benefit of letter identification caused by the presence of concurrent sounds,
however, unexpectedly only for the longest letter duration - which may indicate that this general

multisensory integration effect is somewhat sensitive to the experimental context.

In summary, however, the results of Experiments 7 and 8a showed that the mere presence of
sound yielded an enhanced masked letter identification performance. In contrast to the results of
Y. C. Chen and Spence (2011), this sound benefit did not vary across ISI durations, and the
theoretical implications of this different result pattern will be discussed below. Despite the
general sound-induced benefit, however, varying the duration of the concurrent sound did not
differentially affect letter identification performance, even though it produced a pronounced

effect on perceived visual duration.
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Figure 8. Mean percentage of correct responses in Experiment 8a (letter identification task) and
Experiment 8b (interval identification task) as a function of Target Duration and Sound Condition.

6.4. Exploring the sustained effects of multisensory duration integration

The last main core of this thesis was to investigate whether or not the observed multisensory
integration effects on perceived duration would produce sustained effects over time. To this end,
Experiment 9 consisted of an adaptation task similar to that employed by Heron et al. (2013).
Specifically, this task was divided into two different phases: an adaptation phase and a test
phase. In the adaptation phase, participants were, for around three minutes, exposed to a stream
of audiovisual filled intervals (similar to those employed in Experiment 3) with a constant
temporal discrepancy between the modalities. Specifically, visual intervals (753 ms) were
accompanied by auditory intervals of either longer (+100 ms), same, or shorter (-100 ms)
duration. Each of these multimodal bias conditions was presented in a separate adaptation
phase. In the test phase following each adaptation phase, three top-up presentations of these
audiovisual intervals were followed by the unimodal presentation of a visual interval with a
variable duration of either 500, 753, or 1000 ms. The participants” task was to reproduce the
duration of these unimodally presented visual intervals. If the conflicting durations presented
during the adaptation phase would lead to conflict adaptation (e.g., if the audiovisual conflict
was solved by a perceptual “expansion” or “shrinking” of the perceived visual interval
duration), this should thus result in sustained changes in duration perception for the
subsequently presented unimodal intervals. As Heron et al. (2013) hypothesized, if multisensory
integration precedes duration adaptation, repulsive duration aftereffects should be observed in
the reproductions of the test phase. Accordingly, adapting to “longer” or “shorter” perceived

visual duration induces a shortening or lengthening of perceived test duration, respectively
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(Heron et al., 2012). However, if multisensory integration operates after duration adaptation, no
repulsive aftereffects would be observed in the test phase. Finally, another possibility might be
that perceived duration is recalibrated by reducing the multisensory conflict, but in the absence
of duration adaptation. Consequently, sustained multisensory effects should be observed but in
the form of perceptual attraction (e.g., adapting to “longer” perceived visual durations induces a

lengthening of perceived visual unimodal test duration).

As described previously, Heron et al. (2013) did not observe any evidence for sustained effects
of multisensory presentation. In the present Experiment 9, we employed a set of experimental
conditions which might presumably be even more effective to produce multisensory biasing
effects than Heron et al.’s. Specifically, we employed a proportionally smaller audiovisual
conflict, that is the auditory bias in relation to visual duration (e.g., (853 ms — 753 ms)/753 ms =
0.13). In Experiment 3, these values had resulted in a relatively large multisensory bias effect
(~70 % of the physically presented conflict). In comparison, in Heron et al.’s study the
proportional conflict was much larger (0.59), which, in the light of the evidence of a “window
of integration”, may in turn have reduced the effectiveness of multimodal integration. In fact,
the observed multimodal bias in Heron et al.’s immediate condition was rather small (~32%).
According to this comparison between both studies, our set of experimental conditions should
lead to even more effective multisensory integration, and thus, maximize the potential to also

observe sustained effects of such integration.

Despite these methodological differences, the results of Experiment 9 are in line with those of
Heron et al. (2013). The audiovisual conflict presented during the adaptation phase did not
evoke any change in reproductions of the unimodally presented visual intervals during the test
phase (see Figure 9, left panel). Therefore, no sustained effect of multisensory integration was
observed, neither in the form of repulsion nor attraction. In order to interpret this observed null
result as being due to the lack of sustained effects of multisensory integration, it is important,
however, to ascertain immediate effects of multisensory integration within the same paradigm.
Specifically, the repeated presentation of conflicting intervals during the adaptation phase might
be actually detrimental to multisensory integration per se. For example, the prolonged exposure
to consistent audiovisual conflict might have led participants to change their multisensory
processing strategy from combined to separate processing of the modalities during adaptation
(Mabhani, Sheybani, Bausenhart, Ulrich, & Ahmadabadi, 2017). That is, participants might have
started to perceive the temporally incongruent intervals as separate, independent stimuli rather
than as a combined audiovisual interval percept. Second, it has been shown that the repeated
perceptual exposure to an audiovisual conflicting stimulus pair narrows the temporal window of
multisensory integration in a simultaneity judgment task and accordingly, might have also

affected multisensory integration in the present experiment (Powers, Hillock, & Wallace, 2009).
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Finally, it has been demonstrated that the proportion of congruent vs. incongruent audiovisual
intervals affects multisensory integration. Specifically, a smaller multisensory integration effect
is observed as the proportion of incongruent trials increases (Sarmiento et al., 2012). Therefore,
it is possible that the prolonged exposure of conflicting audiovisual intervals might have
hampered multisensory integration and consequently, neither immediate nor sustained effects of

integration would be observed after the duration adaptation phase.

In order to address this issue, Experiment 10 was conducted as a control experiment. It was
identical to Experiment 9 except for one crucial difference: in the test phase, each visual interval
was also accompanied by an auditory interval with longer, same, or shorter duration (with the
same conflict as in the adaptation phase). If the long exposure to multisensory conflict during
the adaptation phase prevents multisensory integration, then no auditory biasing effect on
perceived visual duration should be observed during the test phase. Otherwise, if such an
auditory biasing effect is observed, then this would imply that multisensory integration was also
preserved in Experiment 9, but without evoking any sustained effect on the perceived test
duration. The results were clear-cut: Conflicting auditory intervals presented in the test phase
along with the visual intervals led to clear biasing effects on perceived visual duration (see
Figure 9, right panel), of comparable magnitude as those observed in Experiment 3. This result
shows that the repeated exposure to a multimodal conflict did not hamper multisensory
integration of audiovisual intervals in the present experimental setup. Therefore, this strengthens
the interpretation according to which an immediate multisensory integration presumably
emerged during the adaptation phase, but without evoking any sustained effects of this

integration in the unimodal test phase of Experiment 9.
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Figure 9. Mean reproduced duration as a function of Bias Condition and Interval Duration in Experiment

9 (left panel) and Experiment 10 (right panel). The continuous black line depicts the veridical line.

7. General discussion

The present thesis was conducted with the aim to extend previous evidence on different aspects
regarding the underlying mechanisms and principles of multisensory integration of perceived
duration. Specifically, a series of 10 experiments were conducted according to four different

experimental core questions.

First, I aimed to investigate whether the previously observed impairment of visual duration
discrimination, when visual intervals were accompanied by auditory conflicting intervals, was
due to a “true” biasing effect on perceived visual duration towards the auditory one, or to a
decrease of discrimination sensitivity caused by the incongruent information from the different
modalities. The results presented in this thesis replicated and extended previous studies (Klink
et al., 2011; Romei et al., 2011) by showing that relevant interval durations were clearly biased
towards the duration of concurrently presented irrelevant conflicting intervals. Specifically, the
perceived duration of relevant visual intervals was strongly biased towards the incongruent
duration of concurrent irrelevant auditory intervals: Visual intervals were perceived as longer or
shorter, when accompanied by longer or shorter auditory intervals, respectively. More recently,
independent evidence for multimodal integration effects on perceived duration were provided
by Sarmiento et al. (2012) as well as Asaoka and Gyoba (2016), thus supporting the respective

results presented in the present thesis.

Interestingly, in contrast to previous studies showing that multimodal perception is

predominantly determined by the auditory temporal information (K. M. Chen & Yeh, 2009;
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Klink et al., 2011; Ortega, Guzman-Martinez, Grabowecky, & Suzuki, 2014; Walker & Scott,
1981), Experiment 1 also showed a rather bidirectional, although non-symmetrical,
multisensory integration effect. Even though auditory conflicting durations led to a more
pronounced biasing effect on perceived visual duration, irrelevant visual interval duration also
influenced perceived auditory duration, although with a smaller bias magnitude than the
auditory one. Therefore, contrary to previous suggestions about the auditory dominance in the
time domain (K. M. Chen & Yeh, 2009; Walker & Scott, 1981) conforming to the modality
appropriateness model of multimodal integration, the present results might be consistent with a
cue combination model, for example based on statistically optimal integration of the modalities
inputs according to their reliability. Recently, a study by Hartcher-O’Brian et al. (2014)
provided independent and more direct evidence for this notion by explicitly varying signal

reliability in the auditory modality.

On the other hand, our results also extend previous evidence regarding the effects of
multisensory integration on discrimination sensitivity (e.g., Experiments 1 and 4). Assessing
complete psychometric functions in a duration discrimination task allowed for dissociating
between the effects of multisensory integration on perceived duration and sensitivity. The
corresponding results showed that the observed biasing effect caused by incongruent temporal
information did not lead to a decrease of sensitivity for duration discrimination. In fact, the
presence of conflicting auditory intervals even led to an improvement in sensitivity compared to
unimodal visual presentation. Thus, the presentation of auditory intervals with conflicting
temporal information did not cause additional costs, but rather benefits regarding duration
discrimination sensitivity. Superficially, this finding contrasts with the results of previous
studies such as, for example, Romei et al. (2011). These authors showed an increase in
perceptual sensitivity for bimodal congruent intervals in comparison to unimodal visual ones,
while bimodal incongruent intervals led to a decrease in perceptual sensitivity in comparison to
unimodal visual ones. However, in Romei et al.’s study (2011), the correct response always
corresponded to the condition where irrelevant auditory intervals involved congruent duration
(e.g., the short visual interval was always accompanied by the short auditory interval), while the
wrong responses always corresponded to the condition where the irrelevant auditory intervals
involved incongruent durations (e.g., the short visual interval was always accompanied by the
long auditory interval and vice versa). Thus, auditory congruent intervals increased the
probability for a correct response, and therefore, led to enhanced performance. Likewise,
auditory incongruent intervals decreased the probability for a correct response, and therefore,
led to impaired performance, as compared to the unimodal visual condition. The observed

results of the present thesis, however, overcame this methodological limitation by showing
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dissociable effects of multisensory integration on perceived duration and discrimination

sensitivity.

The second main core was to investigate the potential mechanisms underlying these
multisensory integration effects, with regard to a prominent model of duration perception, that
is, the internal clock model of the scalar expectancy theory (Gibbon, 1977; Gibbon et al., 1984).
To this end, in Experiments 2, 3, and 4, the magnitude of the auditory biasing effect on
perceived visual duration was assessed across a wide range of interval durations, in order to
distinguish whether the multimodal bias can be attributed to changes in pacemaker rate or to
changes in the timing of the switch mechanism. The results of Experiment 2 and 3 failed to
provide clear evidence on this question, since the magnitude of the multimodal bias
unexpectedly decreased across interval duration. Presumably this result was due to limitations
of the employed duration reproduction method. However, Experiment 4 overcame these
methodological limitations by the use of a paired comparison method. It showed that the
difference in perceived duration of visual intervals, depending on whether they were
accompanied by longer or shorter auditory intervals, remained constant across a large range of
interval durations. This finding is highly consistent with the assumption that multimodal
integration of conflicting durations affects the switch component of a pacemaker-accumulator
mechanism (Burle & Casini, 2001), which might be mediated by a temporal ventriloquist effect
(Bertelson & Aschersleben, 2003; Klink et al., 2011; Morein-Zamir et al., 2003). According to
this mechanism, a temporal ventriloquist effect would cause the perceived onset and offset of
the visual interval to be drawn towards the onset and offset of the auditory interval.
Consequently, the audiovisually integrated onset and offset, and not the unimodal visual onset
and offset, determine the closing and opening of the switch component, and thus, the number of

accumulated pulses that determine duration perception.

In addition to this mechanism proposed for the integration of temporally incongruent intervals
from different modalities, it should be noted that Experiments 2 and 3 provide also evidence for
an additional multisensory effect on the pacemaker rate. This effect, however, is independent of
interval congruency, but rather is mediated by interval type. Specifically, filled auditory
intervals presumably evoke immediate arousal und thus may increase the pacemaker rate
(Wearden et al., 2007). This increased pacemaker rate then also determines the perceived
duration of multimodal filled intervals, again suggesting relative auditory dominance on the
resulting audiovisual duration percept. In sum, multisensory integration of interval duration may
affect both the switch mechanism (i.e., resolving conflicting information from different
modalities) as well as the pacemaker rate (i.e., immediate arousal from the auditory modality
dominates the audiovisual duration percept). Thus, this study provides important evidence on

the potential mechanisms underlying the multisensory integration of audiovisual duration.
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Moreover, these results are relevant for the investigation of time perception per se. Specifically,
there is ample evidence regarding the effects of manipulating the pacemaker’s pulse rate on time
perception (K. M. Chen & Yeh, 2009; Penton-Voak et al., 1996; Wearden et al., 1998), however
research on the role of the switch mechanism on time perception remains scarcer. The
closing/opening of the switch component is typically assumed to be elicited directly by the
perceived onset/offset of the stimulus. Therefore, the timing of stimulus onset/offset cannot be
manipulated independently of the physical interval duration (e.g., if the offset is presented later,
physical stimulus duration will consequently also be longer). This issue inherent to the
manipulation of the switch component might have actually prevented so far a more direct
investigation of the role of the switch mechanism for time perception (Bendixen, Grimm, &
Schréger, 2006). Therefore, establishing the temporal ventriloquism-like effect for conflicting
multimodal intervals is relevant not only for multimodal integration but eventually may also
provide a novel experimental method to manipulate and study the switch component of the

internal clock.

The next core of this thesis consisted of exploring the perceptual vs. decisional processes that
might underlie the multimodal integration of perceived duration. Several experimental results
are pertinent to this question. First, a clear multisensory duration integration effect was observed
even when a high proportion of unimodal trial was randomly interspersed within the bimodal
trials. Under such conditions, responding based only on the auditory temporal information
might have been especially complicated given that it would have required frequent (and
unpredictable) intermodal attentional shifts — which have been repeatedly shown to impair
duration discrimination performance (Grondin, Ivry, Franz, Perreault, & Metthé, 1996;
Rousseau, Poirier, & Lemyre, 1983; Ulrich et al., 2006). Therefore, it is quite unlikely that
participants in the present experiments based their responses only on the task-irrelevant
modality. Second, an auditory biasing effect was observed even when the concurrently
presented irrelevant sounds did not provide any information about interval duration.
Specifically, longer (shorter) durations were perceived when a single sound pulse either
preceded (followed) the onset or followed (preceded) the offset of the task-relevant visual
interval compared to a simultaneous sound presentation. Given that auditory stimulation alone
did not provide duration information, it is not possible that participants could have relied
exclusively on the auditory modality in order to estimate visual durations. Therefore, this result
provides important evidence against a pure decisional-bias account of the multisensory
integration effects on perceived duration. However, it should be noted that visual intervals were
in fact judged longer when auditory pulses accompanied the onset rather than the offset of the
visual intervals, independent of their relative temporal asynchrony with the respective visual

marker. This suggests that in addition to a genuine multimodal biasing effect, an attentional or
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decisional effect may contribute to the observed results. For example, the auditory stimulus
accompanying the visual onset might have acted as a warning or accessory signal (cf. Hackley
& Valle-Inclan, 1998; Niemi & Naiténen, 1981), which might in turn open an attentional gate
as specified by the attentional-gate model of time perception (Zakay & Block, 1997).
Accordingly, the presentation of the auditory stimulus together with the visual onset would
produce a shortening of the perceptual latency of interval onset, and therefore, increase its
perceived duration (Bausenhart, Rolke, Seibold, & Ulrich, 2010; Grondin & Rammsayer, 2003;
Seifried, Ulrich, Bausenhart, Rolke, & Osman, 2010). However, it is unlikely that such an
attentional mechanism also caused the multisensory bias evoked by the different audiovisual
delays, since this bias was observed independently of whether the auditory pulse accompanied
the onset or the offset of the visual intervals. Importantly, perceived visual duration was
prolonged even when the auditory pulse followed the offset of the visual interval. This cannot
be explained on basis of an attentional process but rather points to a perceptual multisensory

integration effect mediated by temporal ventriloquism.

The conclusion of perceptual changes evoked by multisensory integration also receives
independent support from the observation of statistically optimal cue combination in duration
perception (Hartcher-O’Brien et al., 2014). Nonetheless, a more direct investigation of the
potential perceptual processes underlying the multisensory duration integration was conducted
in the presented work by exploring the effect of manipulating the duration of concurrent sounds
on masked letter identification. First, the results showed that the mere presentation of sounds
enhanced letter identification performance in comparison to the unimodal presentation of the
target letter. This sound-induced enhancement not only replicates the basic finding of Y. C.
Chen and Spence’s (2011) study but also extended this result to the identification of centrally
presented letters followed by random-dot noise masks, as opposed to lateral presentation of the
letters followed by a structurally similar masking letter as employed in Y. C. Chen and Spence’s
study. Importantly, this result points to early audiovisual interactions at a perceptual processing
stage, since letter identification is enhanced by the concurrently presentation of uninformative
sounds which did not provide any information about the identity of the target letters.
Consequently, a simple bias towards responding to the information provided in the auditory
modality cannot explain the sound-induced facilitation of letter identification. In contrast to the
effect elicited by the sound presentation, however, varying the duration of the sounds did not
differentially modulate letter identification performance, even when two important prerequisites
for such an effect could be demonstrated in Experiment 8. Specifically, directly manipulating
the duration of the letters strongly affected identification performance (Exp. 8a). Moreover,
manipulating the duration of the concurrent sounds affected judgments of letter duration (Exp.

8b). This indicates that the physical multimodal discrepancy was large enough to produce
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multimodally biased perceived duration, and that changes in duration of the visual
representation should, in principle, affect letter identification. Still, and contrary to the results of
de Haas et al. (2013) regarding contrast detection, no evidence was observed supporting
potential changes in the persistence of the letter representation (and thus, letter identification

performance) produced by sound duration.

One feasible interpretation of this result, which stands in contrast to the results outlined above,
is that the multisensory integration effect on perceived duration is not perception-based but
rather due to a decisional bias, that is, participants respond on basis of the auditory duration
information when they have to perform visual duration judgments. Since auditory duration
information is uninformative regarding letter identity, participants cannot utilize this
information for letter identification. Yet, other accounts should not be refuted, based on such a
null result. First, it has to be acknowledged that a sound-duration-induced benefit might have
been undetected due to lack of experimental power. Specifically, the possibility remains that an
effect of sound duration on letter identification may emerge when even larger audiovisual
discrepancies are employed. For example, de Haas et al. (2013), observed significantly
enhanced performance for a sound 48 ms longer than the 24 ms visual target. Yet, such large
discrepancies might also hamper multisensory integration effects through a violation of the
assumption of unity (Y. C. Chen & Spence, 2017; Welch & Warren, 1980). Furthermore, in the
present paradigm, presenting longer sounds would have led to a temporal overlap with the target
and the mask, which might have hampered perceptual segregation of the two stimuli and thus
hindered any benefit by the sound presentation (Y. C. Chen & Spence, 2011). A more direct
replication of the paradigm employed by Y. C. Chen and Spence, which involved much longer
ISI durations, might enable the testing of such larger audiovisual asynchronies, and thus shed

light on this issue.

Speculatively, it may also be possible that the mechanisms underlying low-level visual
perception as contrast detection and those involved in higher-level perceptual tasks such as
letter identification are differentially modulated by sound duration. Nevertheless, given the
dissociable effects of sound duration on identification of letter duration and letter identity within
the present experiments, it can be readily suggested that at least for the present conditions of
stimulation, both types of judgments are not based on a common, unified object representation.
Accordingly, the duration and identity of a visual perceptual object seem to be separable object

features that can be differentially modulated by the duration of concurrently presented sounds.

At this point, other experimental methods might be helpful to explore the potential perceptual
multisensory integration of perceived duration more directly. For example, electrophysiological

measures as perception-related ERP components or difference potentials, as the MMN, may
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inform about the locus of the integration of audiovisual conflicting intervals durations. For
example, employing the MMN component to the study of the spatial ventriloquist effect (Colin,
Radeau, Soquet, Dachy, et al., 2002; Stekelenburg et al., 2004) has provided crucial evidence in
favour of potential underlying audiovisual interactions at relatively early, pre-decisional stages
of processing. Specifically, it has been shown that an illusory auditory location shift, produced
by a physical visual location shift, evoked an auditory MMN in frontal areas typically
implicated in auditory deviance processing. Similarly, one might investigate whether, for
example, an illusory shift of perceived duration caused by manipulating the duration of a certain
modality can produce an MMN at electrode sites corresponding to deviance processing in
another modality, and compare this “illusory” MMN with a physical duration deviant within

this modality.

Finally, the last aim of the present thesis was to explore whether the multisensory duration
integration effect on perceived duration can persist over time, after prolonged exposure to
audiovisual conflict. The results of this investigation showed that adaptation to audiovisual
conflicting durations did not affect perceived duration of subsequently presented unimodal
visual intervals. Moreover, adaptation to audiovisual conflicting intervals did not prevent
multisensory integration per se, since a strong multimodal biasing effect was observed on
reproduced duration of subsequently presented audiovisual conflicting intervals. These findings
do not only replicate the results of Heron et al. (2013), but also extend these previous results by
showing multisensory integration effects on perceived duration even after prolonged exposure
to the audiovisual conflict. Regarding the locus of multisensory duration integration, observing
any sustained effects might have provided evidence in favour of multimodal integration taking
place during perceptual (low-level) processing, since such sustained multisensory effects on
unisensory processing could of course not be attributed to a biased response towards
(nonexistent) information from a task-irrelevant modality. Yet, even though there is no direct
evidence for a perceptual locus of multisensory duration integration, this possibility cannot also
not be ruled out on the basis of the negative (null) results of the present Exp. 9 and Heron et
al.’s recalibration experiments. Nonetheless, one might wonder why sustained effects for
multimodal conflicting durations were not observed, because such sustained effects have been
very consistently demonstrated for the processing of other temporal aspects, as for example,
audiovisual asynchrony probed in temporal order judgment tasks (e.g., Di Luca et al., 2009;
Fujisaki et al., 2004; Hanson et al., 2008; Harrar & Harris, 2008; Heron et al., 2010, 2007;
Keetels & Vroomen, 2007; Machulla et al., 2012; Vatakis et al., 2007; Vroomen et al., 2004).
Presumably, an explanation can be based on the type of conflicting stimulation employed for
assessing multisensory duration integration. For example, in previous studies of temporal order

recalibration, participants are adapted to a consistent conflict between two brief stimuli (e.g., an
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auditory pulse always slightly preceding a visual pulse). The modalities’ perceptual latencies
then are recalibrated to resolve this persistent conflict and thus, subsequently, sustained changes
in the perceptual latencies can be assessed. However, for the case of interval duration, there is
also a consistent audiovisual conflict, however, between the durations of the interval modalities.
That is, the onset and offset of the intervals are both consistently biased, but in opposing
directions (e.g., for longer auditory intervals, the auditory onset precedes the visual one and the
auditory offset follows the visual one). This opposing temporal asynchrony between onset and
offset signals might be resolved, as outlined above, via temporal ventriloquism and thus cause a
biased immediate perceived duration. However, at the same time, the opposing temporal
conflicts for on- and offset might prevent effective recalibration of the perceptual latencies and
consequently any sustained effects as temporal order recalibration. In sum, this explanation fits
reasonably well with the results of Experiments 1 and 4, which suggest that multimodal
integration of duration is indeed mediated by temporal ventriloquism operating on the interval
on- and offsets. In other words, what is integrated are the perceived time points, which
demarcate the start and end of temporal intervals, but not the representation of the intervals per

S€.

In summary, the present thesis extends previous evidence on different aspects involved in
multisensory integration of the perceived duration of audiovisual conflicting intervals. First,
multimodal integration of conflicting audiovisual duration leads to strong biasing effect on
perceived duration. Moreover, it has been demonstrated that the multisensory duration
integration is rather bidirectional, although asymmetrical: perceived duration of auditory
intervals was also biased towards concurrent conflicting visual durations although to a lesser
extent than vice versa. Second, crucial evidence has been provided regarding the mechanisms
underlying this multimodal integration effect of perceived conflicting durations. Specifically,
our results are consistent with the notion that incongruent multimodal intervals are integrated
through temporal ventriloquism, which mediates the closing/opening of the switch component
of an internal clock. Regarding the locus of the processes underlying these multisensory
integration effects, direct evidence of perceptual audiovisual interaction could not be provided
in the presented thesis. On the one hand, multisensory duration integration occurred even when
a high proportion of unimodal intervals were employed. Moreover, clear multisensory bias
effects on visual perceived duration have been observed even when the concurrent irrelevant
sounds did not provide information about the interval duration. These results argue against a
mere strategic or decisional bias (i.e., attending or responding to the task-irrelevant interval
modality) underlying the observed multisensory duration integration effects. On the other hand,
neither sustained effects of multisensory integration of conflicting information nor a modulation

of letter identification performance through the duration of accompanying sounds were
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observed. Such effects, if present, would clearly suggest a perceptual locus of the underlying
multisensory integration effect. Yet, the absence of such effects cannot be likewise interpreted
as evidence for a post-perceptual effect. Therefore, the research question on the locus of
multisensory duration integration still remains open and should be further investigated in future

research.
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Multimodal Integration of Time

Visual and Auditory Contributions to Perceived

Duration and Sensitivity

Karin M. Bausenhart, Maria Dolores de |la Rosa, and Rolf Ulrich

University of Tlbingen, Germany

Abstract. Recent studies suggest that the accuracy of duration discrimination for visually presented intervals is strongly impaired by
concurrently presented auditory intervals of different duration, but not vice versa. Because these studies rely mostly on accuracy measures, it
remains unclear whether this impairment results from changes in perceived duration or rather from a decrease in perceptual sensitivity. We
therefore assessed complete psychometric functions in a duration discrimination task to disentangle effects on perceived duration and
sensitivity. Specifically, participants compared two empty intervals marked by either visual or auditory pulses. These pulses were either
presented unimodally, or accompanied by task-irrelevant pulses in the respective other modality, which defined conflicting intervals of
identical, shorter, or longer duration. Participants were instructed to base their temporal judgments solely on the task-relevant modality. Despite
this instruction, perceived duration was clearly biased toward the duration of the intervals marked in the task-irrelevant modality. This was not
only found for the discrimination of visual intervals, but also, to a lesser extent, for the discrimination of auditory intervals. Discrimination
sensitivity, however, was similar between all multimodal conditions, and only improved compared to the presentation of unimodal visual
intervals. In a second experiment, evidence for multisensory integration was even found when the task-irrelevant modality did not contain any
duration information, thus excluding noncompliant attention allocation as a basis of our results. Our results thus suggest that audiovisual
integration of temporally discrepant signals does not impair discrimination sensitivity but rather alters perceived duration, presumably by means

of a temporal ventriloquism effect.

Keywords: multisensory integration, perceived duration, discrimination sensitivity, temporal ventriloquism

The mechanisms underlying the perception of time have
fascinated and puzzled researchers since the advent of
psychology. Maybe one of the most intriguing properties
of time perception is that there is no specific sense organ
dedicated to the perception of the passage of time. Nonethe-
less, intervals presented to the auditory modality are gener-
ally judged as being longer and are discriminated with a
higher accuracy than intervals presented to the visual
modality (Goldstone & Lhamon, 1972; Ulrich, Nitschke,
& Rammsayer, 2006; Walker & Scott, 1981; Wearden,
Edwards, Fakhri, & Percival, 1998). This and related results
have sometimes led to the suggestion that the cognitive rep-
resentation of time is closely linked to auditory processing
(Bratzke, Seifried, & Ulrich, 2012; Guttman, Gilroy, &
Blake, 2005; Kanai, Lloyd, Bueti, & Walsh, 2011).

If such a close relationship between the auditory modal-
ity and internal representations of time exists, it should also
become evident when participants have to judge the dura-
tion of multimodal time intervals. Interestingly, even
though the perceived durations of unimodal auditory and
visual intervals differ, we typically do not experience any
conflict in perceived duration when we are exposed to a
natural event which combines auditory and visual features.
Accordingly, there seems to be a process of multimodal
integration for the perception of duration, just as has been

Experimental Psychology 2014; Vol. 61(4):310-322
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demonstrated for other perceptual domains, as the process-
ing of spatial origin (e.g., Bertelson & Radeau, 1981;
Slutsky & Recanzone, 2001) or simultaneity and succes-
siveness (e.g., Burr, Banks, & Morrone, 2009; Fendrich
& Corballis, 2001; Morein-Zamir, Soto-Faraco, &
Kingstone, 2003). In order to investigate this phenomenon,
Walker and Scott (1981) conducted a series of duration
reproduction experiments. They could not only establish
the typical difference in perceived duration of auditory
and visual intervals, with unimodal auditory intervals being
reproduced longer than visual intervals of physically iden-
tical duration, but also, they showed that the reproduced
duration for combined audiovisual intervals of identical
duration closely resembled the reproduced duration for un-
imodally presented auditory intervals. Accordingly, these
results suggest an auditory dominance over vision for time
reproduction. Similar results have also been demonstrated
more recently by Chen and Yeh (2009) within an oddball
experiment.

A potential complication in the interpretation of the
experiments outlined above is that they all employed audi-
tory and visual stimuli of physically identical duration. It
may be more promising for the study of audiovisual dom-
inance to present compound stimuli with slightly conflict-
ing durations, and to investigate how and in favor of

© 2013 Hogrefe Publishing
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which modality the resulting perceptual conflict is resolved.
Actually, Klink, Montijn, and van Wezel (2011) have
recently demonstrated a deterioration of duration discrimi-
nation accuracy for visually presented filled intervals, when
concurrently presented filled auditory intervals provided
incongruent duration information. Specifically, participants
had to identify the longer interval of a pair of filled intervals
in a certain (relevant) modality (e.g., visual or auditory).
The difficulty of this discrimination task was chosen to
be close to each participant’s individual duration discrimi-
nation threshold, as measured in a pretest. In addition, inter-
vals were also presented in the irrelevant modality. The
duration of these irrelevant intervals was in conflict to the
relevant ones, that is, the long relevant interval was paired
with a shorter irrelevant one, and vice versa. The results
show that discrimination performance (i.e., percentage of
correct identification of the longer interval) for visual rele-
vant intervals was strongly impaired by the information
from the irrelevant auditory modality. When audition was
the relevant modality, irrelevant visual stimuli did not cause
such a performance decrement. Thus, this result again dem-
onstrates an auditory dominance in the time domain, that is,
an (irrelevant) auditory interval can affect perception of a
relevant visual interval, but not vice versa.

More experimental support for these results stems from
demonstrations that discrimination performance for visual
intervals decreased when task-irrelevant auditory intervals
provided conflicting information, but increased when the
auditory intervals provided congruent information (Romei,
De Haas, Mok, & Driver, 2011; Sarmiento, Shore, Milliken,
& Sanabria, 2012). Taken together, on one hand, these studies
provide evidence for multimodal integration of interval dura-
tion by demonstrating performance decrements within the
visual modality, when biasing information is provided in
the auditory modality. Clearly, such performance decrements
are a feasible indicator of whether multisensory integration of
interval duration occurred or not. On the other hand, how-
ever, such results seem to be at odds with recent comprehen-
sive accounts of multimodal integration in other task domains
(Alais & Burr, 2004; Ernst & Banks, 2002; Heron, Whitaker,
& McGraw, 2004), which proceed from the notion that com-
bining information of two separate modality channels leads
to a more stable perceptual representation, and thus should
enable performance benefits in discrimination tasks. In other
words, the integrated representation of multimodally pre-
sented, incongruent time intervals may be biased toward
the interval duration of one of the modalities (and conse-
quently, be perceived shorter or longer than the actual inter-
val duration in the other modality), but this representation

should also be rather stable, and thus result in a high discrim-
ination sensitivity (see also Gamache & Grondin, 2010).
Importantly, the dependent measures employed by previous
studies in order to indicate performance decrements (i.e., per-
centage of correct responses in Klink et al., 2011; &' in Romei
et al., 2011)" might have been affected by changes in per-
ceptual bias, sensitivity, or both (see also General Discus-
sion). Therefore, previous studies cannot disentangle
multisensory integration effects on perceived duration and
on discrimination sensitivity, and in addition, they do not
provide any quantitative measure of the magnitude of the
multisensory bias effect.

Therefore, the goal of the present study is to extend pre-
vious evidence on multimodal integration of incongruent
versus congruent multimodal time intervals by assessing
psychometric functions for the discrimination of such mul-
timodally presented intervals. First, with this procedure, the
amount of perceptual bias and changes in sensitivity of per-
ception can be assessed separately as the location (as quan-
tified by the Point of Subjective Equality, PSE) and the
spread (as quantified by the Just Noticeable Difference,
JND) of the psychometric function, respectively. Based
on the results of previous studies (Klink et al., 2011; Romei
et al., 2011; Walker & Scott, 1981), a strong influence of
auditory interval duration on the discrimination of visually
presented time intervals is expected. Second, since the
assessment of full psychometric functions allows for a
fine-grained analysis of even small effects on either of these
measures, this experiment will also provide a sensitive test
of whether there is complete auditory dominance of audi-
tion over vision, as suggested by previous results, or
whether there is also a multisensory integration effect in
the reverse direction, that is, whether visually presented
time intervals can also affect perceived auditory duration.

Experiment 1

Method
Participants

Twelve participants took part in this experiment. One par-
ticipant of the original sample had to be replaced later due
to poor task performance, which resulted in an estimation
of IND larger than the sample mean + 2 SD. The final sam-
ple included nine women, eight right-handers, and the mean
age was 22.0 (SD = 2.1) years.

In principle, Signal Detection Theory allows for computing d’ as a measure of sensitivity and ¢ as a measure of the response criterion (i.e.,

bias). In a forced choice procedure as employed by Romei et al. (2011), however, ¢ will only inform about a potential position bias, that
is, whether participants preferably respond with one of the response alternatives “‘first signal longer”” or “‘second signal longer” (cf.
Wickens, 2001). In the study of Romei et al. no such position bias was present. Most importantly, & depends on the difference between
the z-transforms of the hit rate and the false alarm rate. These values, however, might have been affected by genuine decreases in
sensitivity as well as biases in perceived duration. For example, incongruent audiovisual stimulus pairs might lead to especially noisy
internal stimulus representations. Alternatively, they might affect relative perceived duration, such that the physically short visual
stimulus appears to be the long one and vice versa. Both of these effects would affect hit and false alarm rates, and thus, d'.

© 2013 Hogrefe Publishing
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Standard Comparison Figure 1. Temporal positions of
interval interval relevant and irrelevant markers
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| conditions of Experiment 1.

Stimuli and Apparatus

All stimuli were generated and presented on a Macintosh
Computer using the Psychtoolbox extensions (Brainard,
1997; Pelli, 1997) for Matlab. Visual stimuli were pre-
sented on a CRT monitor running at a refresh rate of
150 Hz, and all auditory stimuli were presented binaurally
via headphones. Participants were seated in a distance of
approximately 45 cm from the screen.

A white dot (diameter 1 mm) served as fixation and a
white disk (diameter 8 mm) served as visual onset and off-
set marker. The;/ were presented at the screen center in
white (80 cd/m”) on a black background (<1 cd/rnz).
A 800 Hz sine tone with an amplitude of 72 db SPL served
as auditory onset and offset marker. Its duration was
13.3 ms, with onset and offset ramps of 5 ms.

Procedure

Each participant performed two experimental sessions, one
with a visual and the other with an auditory duration dis-
crimination task. Each session took approximately 1 hr
20 minutes and the order of the sessions was counterbal-
anced across participants.

In the visual task session, the task-relevant onset and
offset markers of the standard and comparison intervals
were presented in the visual modality. Specifically, each
trial started with the presentation of a fixation dot at the
center of the screen. After 1,000 ms, the fixation dot was
replaced with a white disk (standard onset marker) for
13.3 ms (cf. Figure 1, first row). The 500 ms standard inter-
val began after disk offset: During this interval, the screen
remained empty. The end of the standard interval was
marked by the onset of a second white disk (standard offset
marker), which remained on the screen for 13.3 ms. Subse-
quently, the fixation dot was presented for an interstimulus
interval of 1,000 ms. Then, again, a white disk was
presented for 13.3 ms (comparison onset marker). At disap-
pearance of the disk, the comparison interval started and it
ended with the appearance of a fourth white disk

Experimental Psychology 2014; Vol. 61(4):310-322
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(comparison offset marker, 13.3 ms). The duration of the
comparison interval varied randomly from trial to trial
and could take one of the following values: 300, 340,
380, 420, 460, 500, 540, 580, 620, 660, or 700 ms. After
the offset marker of the comparison interval, the fixation
dot reappeared until participants gave their response. Partic-
ipants were to press with their left and right index finger
either the “y” or the “m” key of a standard German key-
board, in order to indicate whether the first or the second
presented interval was the longer one, respectively.

In the auditory task session, the course of each trial was
virtually identical, with only two exceptions: First, the task-
relevant onset and offset markers of the standard and the
comparison intervals were presented in the auditory modal-
ity (13.3 ms sine tone pulses) instead of the visual modal-
ity. Second, the duration of the comparison intervals
varied between 367, 394, 420, 447, 474, 500, 527, 554,
580, 607, and 634 ms in order to compensate for the typi-
cally better temporal resolution of the auditory modality.

In order to manipulate multisensory bias, pulses were
also presented in the task-irrelevant modality. Specifically,
in the visual duration discrimination condition, the relevant
visual pulses were accompanied by task-irrelevant auditory
ones, and in the auditory duration discrimination condition,
the relevant auditory pulses were accompanied by task-
irrelevant visual pulses.

In each trial, irrelevant pulses were presented simulta-
neously with the task-relevant onset and offset markers of
the standard interval duration. Along with the comparison
interval, the task-irrelevant pulses were presented according
to four different bias conditions (cf. Figure 1): First, in
“unimodal” trials, no task-irrelevant pulses were presented
with the task-relevant markers of the comparison interval.
Second, in “‘simultaneous’ trials, task-irrelevant pulses
were presented simultaneously with the task-relevant com-
parison interval markers. In ““shorter” trials, task-irrelevant
pulses were presented 50 ms affer the task-relevant onset
marker and 50 ms before the task-relevant offset marker
of the comparison interval, respectively. In “longer” trials,
task-irrelevant pulses were presented 50 ms before the task-
relevant onset marker and 50 ms after the task-relevant

© 2013 Hogrefe Publishing
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offset marker of the comparison interval, respectively. All
four trial types were presented in random order.
Participants were instructed to ignore the task-irrelevant
stimulation and base their judgment on the task-relevant
modality only. In order to emphasize this instruction, a rel-
atively high proportion of unimodal trials (50% of all trials)
was presented. Since these trials contained no information
about the duration of the comparison interval in the task-
irrelevant modality, in 50% of all trials it would have been
impossible for participants to accomplish their task by rely-
ing on the task-irrelevant information alone. The remaining
50% of trials were equally split into “‘simultaneous,”
“longer,” and ‘‘shorter’ trials. Overall, 20 practice trials
(picked at random from all possible trials) and 990 experi-
mental trials were administered in each task session, thus
yielding 45 trials per comparison level in unimodal trials
and 15 trials per comparison level in each of the *“‘simulta-
neous,” “‘shorter,” and “longer” conditions. After each
block of 66 trials, written feedback containing the percent-
age of correct responses in the last block was presented and
participants could take a self-terminated break.

Results and Discussion

For each participant, Task Modality, and Bias Condition,
the proportion of “‘comparison longer” responses (P) was
computed separately for all comparison durations (x;).
Then, a logistic psychometric function (cf. Bush, 1963),

1

P(x;) = 1 — o (u—PSE)/(0.91xIND) ’

was fitted to these data by employing a maximum-likeli-
hood procedure, and by using the MATLAB function
“fminsearch,” which is an implementation of the
Nelder-Mead algorithm (Nelder & Mead, 1965). From
this function, PSE and JND can be derived. PSE corre-
sponds to the comparison duration at which the partici-
pant perceives comparison and standard to be equal in
duration and thus, PSE reflects the perceived duration
of the comparison stimulus. JND amounts to half the
interquartile range of the psychometric function and thus
reflects the steepness of the psychometric function, which
is a measure of the sensitivity with which a participant
can discriminate between the standard and the compari-
son stimulus. The steeper the psychometric function,
and thus, the lower the value of JND, the higher is dis-
crimination sensitivity. Figure 2 depicts the observed re-
sponse frequencies and fitted psychometric functions for
an exemplary participant, in order to illustrate a typical
data pattern.

Separate repeated-measures ANOVAs with the factors
Bias Condition (shorter, simultaneous, longer, and uni-
modal) and Task Modality (visual vs. auditory) were then
conducted on the estimates of PSE and JND. The ANOVA
on PSE revealed a strong main effect of Bias Condition,
F(3, 33) = 80.71, p < .001, npz = (.88, as well as an inter-
action between Task Modality and Bias Condition,
F(3,33) =4255, p<.001, n,"=0.79. PSE was not

© 2013 Hogrefe Publishing

affected by Task Modality alone, F(1,11)=1.14,
p = .31, r]pz = 0.09. In order to examine the observed inter-
action between Task Modality and Bias Condition more
closely, separate repeated-measures ANOVAs with factor
Bias Condition were conducted for the two task modalities.

As expected, for the visual duration discrimination task,
there was a strong effect of Bias Condition on PSE,
F(3, 33) = 68.06, p < .001, np2 =0.86 (cf. Figure 3).
Importantly, a larger PSE corresponds to a shorter per-
ceived duration, that is, the presented comparison must be
relatively long in order to be perceived as being equal to
the duration of the standard stimulus. Likewise, a relatively
small PSE corresponds to a relatively long perceived dura-
tion. Thus, the observed pattern of results clearly indicates
that perceived visual interval duration was strongly biased
toward the duration of the task-irrelevant auditory interval.
Bonferroni-corrected post hoc comparisons showed that
PSE in the “‘shorter” condition (555 ms) was larger than
PSE in the ‘“‘simultaneous” (468 ms), the ‘‘unimodal”
(451 ms), and in the “longer” (397 ms) conditions (all
ps < .001). Likewise, PSE in the “longer” condition was
smaller than PSE in the ‘“‘simultaneous” and the ‘“‘uni-
modal” condition (all ps < .001). The only nonsignificant
post hoc comparison was the one between PSE in the
“simultaneous” and in the ‘‘unimodal” condition
(p = 1.00). In addition, one-sample #-tests confirmed that
PSE:s in the “simultaneous” and the “‘unimodal” conditions
were smaller than the standard duration, #(11) = 6.46,
p < .001 and #(11) = 3.38, p < .01, respectively, reflecting
a typical negative time-order error (e.g., Allan, 1977,
Hellstrom, 1985).

For the auditory duration discrimination task, there was
also a clear effect of Bias Condition on PSE,
F(3, 33) = 10.04, p < .001, r]p2 = (0.48. As can be seen in
Figure 3, the direction of this effect is similar, although
its magnitude is less pronounced, to the effect observed
for the visual task condition. PSEs in the “longer,” *“simul-
taneous,” “‘shorter,” and ““‘unimodal’ conditions were 460,
472, 482, and 481 ms, respectively. Multiple Bonferroni-
corrected post hoc #-tests showed that PSE in the “longer”
condition was smaller than in the “simultaneous” (p = .01),
“shorter” (p < .01), and “‘unimodal” (p = .02) conditions.
No other post hoc comparisons were significant, despite a
slight tendency for PSE in the ““shorter” condition to be lar-
ger than in the “simultaneous” condition (p = .13), all other
ps > .50. In sum, these results show that visually presented
irrelevant intervals can also affect the perceived duration of
auditory intervals, although to a lesser extent than in the re-
verse direction. Additional one-sample #-tests confirmed
that PSEs in the ‘“‘simultaneous” and the ‘“‘unimodal” con-
ditions were smaller than the standard duration,
t(11) = 6.80, p < .001, and #(11) = 2.88, p = .01, respec-
tively, again pointing to a negative time-order error.

In order to assess the effects of multisensory integration
on discrimination sensitivity, a further repeated-measures
ANOVA with factors Task Modality and Bias Condition
was conducted on JND estimates. As can be seen in
Figure 4, JND was smaller in the auditory (36 ms) than
in the visual (52 ms) task modality, F(1, 11) = 14.27,
p = .003, 11p2 = (0.56. Also, Bias Condition affected JND
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estimates, F(3, 33) =5.15, p = .005, npz = (.32, and this
effect was qualified by a Task Modality X Bias Condition
interaction, F(3, 33) = 5.41, p = .004, np2 =(0.33.

To further investigate this interaction, separate repeated-
measures ANOVAs with factor Bias Condition on JND
were conducted for the two task modalities. For the visual
duration discrimination task, there was a main effect of
Bias Condition, F(3, 33) =5.84, p =.003, 17p2 = 0.35.
Bonferroni-corrected post hoc #-tests showed that JND
tended to be larger (67 ms) in the “‘unimodal” condition
than in the “longer” (50 ms), p = .067, and in the “simul-
taneous” (41 ms), p = .087, condition. No other compari-
sons were significant, all ps > .35. A corresponding
ANOVA for the auditory task modality showed that there
was no effect of Bias Condition on JND, F(3, 33) = 0.71,
p =.55,n," = 0.06.

An additional post hoc t-test showed that JND in uni-
modal trials was considerably lower in the auditory task
condition than in the visual task condition, #(11) = 3.90,
p = .002. A parallel comparison for the simultaneous con-
dition did not show any meaningful difference between
the two tasks, #(11) = 1.35, p = .20.

In summary, for perceived duration it was demonstrated
that auditory interval duration strongly affected perceived
visual duration, such that shorter accompanying auditory
intervals led to a massive underestimation of visual interval
duration, and longer accompanying auditory intervals led to
a massive overestimation of visual interval duration. In
comparison to the perceived duration in the simultaneous
condition, the under- and overestimation amounted to 87
and 71 ms, respectively, which corresponds to 87 and
71% of the physical duration difference (+100 ms) between
relevant and irrelevant intervals. Interestingly, this influ-
ence was not unidirectional, as a strict auditory dominance
account would suggest, but could also be observed — even
though to a much reduced extent — for the discrimination
of auditory intervals, when these were accompanied by

© 2013 Hogrefe Publishing

irrelevant visually marked intervals. Here, the conflicting
interval duration (100 ms) caused over- and underestima-
tion of approximately 10-12%. Thus, perceived audiovisual
duration was not exclusively determined by the perceived
auditory duration, but also codetermined by the visual dura-
tion information. This argues for the notion that multisen-
sory integration of duration information involves a
weighting process which combines information from differ-
ent modalities to different extents (see also Klink et al.,
2011), as has been previously suggested for other types
of information as, for example, in audiovisual location per-
ception, or visuo-haptic height perception (Alais & Burr,
2004; Ernst & Banks, 2002; Heron et al., 2004).

When regarding the mean PSE value observed in the
“unimodal” condition, one might be led to conclude that
there is an overestimation of the unimodal comparison
stimulus with respect to the bimodal standard stimulus. This
seems to be inconsistent with previous studies showing that
the perceived duration of unimodal visual intervals is typi-
cally shorter than perceived duration of audiovisual inter-
vals (Chen & Yeh, 2009; Walker & Scott, 1981).
However, in this regard it is important to note that in a clas-
sical reminder design, as employed in the present study,
absolute values of PSE should not be interpreted, because
they may be subject to response bias or time-order error
(Allan, 1977; Hellstrom, 1985). Such biases clearly seem
to be present in our study, because even in the ‘“‘simulta-
neous’’ condition, the comparison seemed to be overesti-
mated in comparison to the — also “‘simultaneous” and
thus identical — standard stimulus. Therefore, one should
interpret PSE values obtained in a reminder design exclu-
sively in relation to other PSE values which are assessed
against the same standard stimulus. For this reason, our re-
sults concerning the unimodal condition cannot be inter-
preted as incongruent with the results of previous studies.
Most importantly, our study was specifically designed to
investigate the integration of multimodal congruent versus
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incongruent intervals. All our conclusions regarding this
multimodal biasing effect on perceived duration are based
on relative comparisons of PSE values between these bias-
ing conditions, and are thus justified by our experimental
design.

Interestingly, the pronounced biasing effect of the
“longer” and “shorter” conditions on perceived duration
was not accompanied by a corresponding decline in dis-
crimination sensitivity. Specifically, JNDs were compara-
ble between the “longer,” “‘shorter,” and ‘‘simultaneous”
bias conditions, and this was true irrespective of whether
vision or audition was the task-relevant modality. Only in
the unimodal visual task condition, sensitivity was lower
than in all other conditions. This is in line with previous
studies comparing discrimination performance for uni-
modal auditory and visual intervals (Gamache & Grondin,
2010; Ulrich et al., 2006), which show typically lower sen-
sitivity for visual interval discrimination than for auditory
interval discrimination. Yet, even though participants were
instructed to perform the duration discrimination task on
basis of the visual information only, adding irrelevant audi-
tory temporal information increased their sensitivity for the
discrimination. Most remarkably, this multisensory integra-
tion benefit occurred irrespective of whether the irrelevant
information was congruent with the relevant information, as
in the ‘“‘simultaneous” condition, or incongruent, as in the
“longer” and ‘‘shorter” conditions. Thus, the integration
of temporal information from multiple senses functionally
seems to lead to especially stable internal stimulus repre-
sentations, even if the information is not identical across
the different modalities. As has been previously suggested,
multisensory integration might even allow for an optimiza-
tion of perceptual discrimination processes (Alais & Burr,
2004; Ernst & Banks, 2002; Ernst & Biilthoff, 2004).>

As should be noted, however, all present conclusions
depend critically on participants’ adherence to the instruc-
tion to respond to the temporal information from the task-
relevant modality. As an extreme counterexample, partici-
pants might have simply closed their eyes in the visual task
condition and attended to the auditory stimulation alone.
Then, of course, the observed bias effects cannot be attrib-
uted to multisensory integration. To counteract the use of
such harmful strategies, an especially high proportion of
“unimodal” trials (50%) was administered, in which no
temporal information about comparison duration was
presented in the irrelevant modality. These trials were

randomly interspersed and thus could be identified at the
earliest at onset of the comparison stimulus. Therefore, it
is rather unlikely that participants would have relied on
temporal information from the irrelevant modality for their
judgments. Alternatively, there might be differential
response biases, such that participants are more likely to
respond ‘“‘longer” (‘“‘shorter”) in the presence of a longer
(shorter) task-irrelevant interval, which would also affect
PSE. Therefore, it would be especially convincing if a mul-
timodal integration effect on perceived duration could be
demonstrated in a situation in which the irrelevant modality
contains potentially biasing stimulation, but no information
about interval duration per se. In Experiment 2, we created
such an experimental situation.

Experiment 2

In this experiment, we aimed at ruling out an alternative
explanation according to which the effects observed in
Experiment 1 were due to noncompliant attention allocation
rather than multisensory integration. Specifically, this alter-
native explanation holds that contrary to the instructions,
participants responded to the auditory stimuli despite per-
forming the visual task condition, and — at least in some
of the trials — also to the visual stimuli, despite performing
the auditory task condition.

Actually, many studies investigating multisensory inte-
gration are subject to similar criticism; however, there are
some examples that overcome this limitation by disentan-
gling the biasing information from the response dimension.
For example, in a clever study which investigated temporal
ventriloquism effects in a temporal order judgment task
(Morein-Zamir et al., 2003, see also General Discussion),
participants were required to judge the temporal order of
two visual signals by responding whether the one above
or the one below fixation appeared first. Either simulta-
neous to, or before and after the two visual stimuli, irrele-
vant sounds were presented. All sounds originated from the
same spatial source and thus did not contain any informa-
tion about the location of the task-relevant visual stimuli.
Importantly, even though the auditory stimuli could thus
not be used as a basis for the required spatial judgment,
their temporal occurrence strongly affected participants’
performance.

Due to the prediction of statistical optimality of this account, one can compute the expected variance of the perception of multimodal

simultaneous stimuli (here, indicated by JND) from the observed variances of the perception of each modality alone. This expected
variance will be typically smaller than both observed unimodal variances. Only when the variance associated with one modality is much
smaller than the one associated with the other modality, as is true for our unimodal auditory condition, multimodal variance will be close
to the smallest observed unimodal variance. As can be seen in Figure 4 and our corresponding analyses, the variances from our bimodal
conditions were comparable to the auditory unimodal variance and tendentially smaller than the unimodal visual variance, and thus could
be principally in line with the predictions of Bayesian integration. However, studies on Bayesian integration typically concentrate on
discrimination of unimodal versus bimodal congruent stimuli; not on incongruent ones as in the present study. Moreover, participants are
typically informed to respond to the compound stimulus (instead of ignoring one of the modalities as in the present experiment), a
condition that may likely be a prerequisite of statistically optimal integration. Therefore, we refrain from performing more specific
analyses concerning the predictions of Bayesian integration. Nonetheless, future studies might try to investigate in more detail whether
statistical optimality holds for the integration of durations and whether it can be observed independent of specific task instructions and

incongruence of the multimodal information.

Experimental Psychology 2014; Vol. 61(4):310-322
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In the present experiment, we created a similar experi-
mental setup by providing biasing auditory information along
with the visually marked intervals, yet, the auditory modality
did not convey any information about interval duration. Spe-
cifically, along with the visual onset and offset markers of the
standard and comparison, only one auditory pulse per interval
was presented — either shortly before, simultaneous with, or
after the visual onset or offset marker. Accordingly, the audi-
tory pulse could potentially still affect the perceived occur-
rence of one of the visual markers, and thus perceived
visual duration, but it could not per se be used as a basis for
the judgment about perceived duration.

Method

Participants

Fourteen participants took part in this experiment. Two par-
ticipants of the original sample had to be replaced later due
to poor task performance, which resulted in an estimation
of JND larger than the sample mean + 2 SD. The final sam-

ple included 10 women, 13 right-handers, and the mean age
was 22.9 (SD = 2.5) years.

Stimuli and Apparatus

All stimuli and apparatus were identical to the ones
employed in Experiment 1.

Procedure

The procedure was identical to the one of Experiment 1
with the following exceptions: First, only the visual task

© 2013 Hogrefe Publishing
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condition was tested in a single session. Second, along with
each visually marked interval only one auditory marker was
presented (cf. Figure 5). In half of the trials, the auditory
pulses accompanied the visual onset markers, and in the
other half of the trials they accompanied the visual offset
markers. These “onset”” and ‘“‘offset’ trials were presented
randomly intermixed. Similar to Experiment 1, the auditory
marker was always presented simultaneously with the
respective visual (onset or offset) marker of the standard
interval. For the comparison interval in “onset” trials, the
auditory marker was presented with a delay of O ms,
+50 ms, or —50 ms relative to the visual onset marker in
the simultaneous, shorter, and longer condition, respec-
tively. For the comparison interval in “offset” trials, the
auditory marker was presented with a delay of 0 ms,
—50 ms, or +50 ms relative to the visual offset marker
in the simultaneous, shorter, and longer condition,
respectively.

Due to this modification, the auditory modality did not
convey information about interval duration on which partic-
ipants might base their duration judgments. Since it was
thus not necessary anymore to control for a potentially
harmful strategy of responding to the auditory information
alone, as a third change, the unimodal condition was omit-
ted from the experimental design. Finally, in order to avoid
that participants might infer some information about the
current bias condition from the relative timing of the two
remaining auditory markers, the interstimulus interval
between standard offset and comparison onset was now
varied randomly between 800 and 1,200 ms in steps of
6.6 ms. Each of these possible values could appear with
equal probability.

Overall, participants performed 20 practice trials (picked
at random from all possible trials) and 990 experimental
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trials. These were segregated into 15 blocks of 66 trials, each
consisting of one presentation per comparison duration (11
levels) for each combination of the factors Pulse Position
(onset vs. offset) and Bias Condition (simultaneous, shorter,
longer). After each block, feedback about their percentage of
correct responses in the last block was displayed to the partic-
ipants and they could initiate the next block with a self-timed
key press.

Results and Discussion

As in Experiment 1, for each participant, Pulse Position and
Bias Condition, the percentage of ‘‘comparison longer”
responses was computed separately for all comparison
durations. Again, a logistic psychometric function (cf.
Bush, 1963) was fitted to these data by employing a max-
imum-likelihood procedure in order to derive PSE and JND
as dependent measures.

Separate repeated-measures ANOVAs with the factors
Bias Condition (shorter, simultaneous, and longer) and
Pulse Position (onset vs. offset) were then conducted on
the estimates of PSE and JND. The ANOVA on PSE
revealed a strong main effect of the position of the auditory
pulse, that is, intervals were generally judged as being
longer when the task-irrelevant auditory pulse accompanied
the task-relevant onset markers (467 ms) than when they
accompanied the task-relevant offset markers (504 ms),
F(1, 13) = 28.49, p < .001, n,> = 0.69 (Figure 6). Most
importantly, there was again strong evidence for a multi-
modal bias, F(2, 26) = 23.98, p < .001, nP2 = (.65, and
this effect was independent of the position of the task-irrel-
evant auditory pulse, F(2, 26) = 1.90, p = .17, 17p2 =0.13.
Bonferroni-corrected post hoc #-tests showed that perceived
duration in the longer condition (PSE = 473 ms) was sig-
nificantly longer than in the simultaneous (PSE = 483 ms,
p=.01) and in the shorter condition (PSE = 500 ms,
p < .001). Also, perceived duration in the simultaneous

Experimental Psychology 2014; Vol. 61(4):310-322

condition was longer than in the shorter condition
(p = .002).

In addition, one-sample #-tests were conducted to com-
pare PSE in the simultaneous condition with the standard
duration (500 ms). In the onset condition, PSE was signif-
icantly below the standard duration, #(13) = 4.93, p < .001;
whereas in the offset condition, PSE did not differ from the
standard duration, #(13) = 0.05, p = .96.

A further ANOVA with factors Bias Condition and
Pulse Position on JND estimates (cf. Figure 7) revealed that
sensitivity was slightly higher when the task-irrelevant
auditory pulse accompanied the task-relevant onset marker
(66 ms) rather than the offset marker (75 ms),
F, 13) = 1241, p = .004, r]p2 = 0.49. Bias Condition
did not affect discrimination sensitivity, F(2, 26) = 0.90,
p = .42, np2 = 0.06, and there was no interaction of Pulse
Position and Bias Condition, F(2, 26) = 1.83, p = .18,
> = 0.12.

Overall, these results are highly consistent with the out-
come of Experiment 1. The timing of the single, irrelevant
auditory pulse affected perceived visual duration and this
was independent of whether the irrelevant auditory pulse
was paired with the onset or the offset pulse of the visual
intervals. Compared to the simultaneous condition, per-
ceived duration was prolonged by 10 ms in the “longer”
condition and shortened by 17 ms in the “shorter” condi-
tion. Thus, the magnitude of the perceived bias amounted
to 20-34% of the physical bias (x50 ms) and thus was
smaller than the one observed in Experiment 1. This is
not especially surprising given that multisensory integration
critically depends on the contingency of the information
from the different modalities (Klink et al., 2011; Sarmiento
et al., 2012). Thus, integration might be less effective when
only every second visual stimulus is accompanied by an
auditory one. Most important for the present purposes,
however, participants would not have been able to
accomplish the task by attending only to the auditory infor-
mation, and the auditory information did not contain
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response-relevant information about interval duration,
which could have biased participants’ responses. Thus,
the observed effects are most likely due to a multimodal
integration bias rather than strategic responding based on
the auditory information. Finally, again, the observed bias
effect on perceived duration did not come with a cost
regarding discrimination sensitivity when the auditory and
visual pulses were incongruent rather than congruent.

Interestingly, there was a general difference in per-
ceived duration depending on the position of the task-irrel-
evant pulses. Specifically, intervals were generally judged
as longer when the auditory irrelevant signals were pre-
sented contingent on the onset rather than the offset of
the intervals. This difference might be due to a response
bias or even be mediated by attentional processes; for
example, a stimulus that is presented relatively early during
the interval might serve as a warning or accessory signal
(Hackley & Valle-Inclan, 1998; Niemi & Néitinen,
1981) or even help to open an attentional gate, that has been
postulated to operate in temporal perception (Zakay &
Block, 1997). Since all these conditions are known to short-
en perceptual latency of a given signal and increase per-
ceived duration (Bausenhart, Rolke, Seibold, & Ulrich,
2010; Grondin & Rammsayer, 2003; Seifried, Ulrich, Bau-
senhart, Rolke, & Osman, 2010), similar processes might
have been at play in the present experiments. Most impor-
tantly, however, such attentional processes are unlikely to
be the sole source of the influence of Bias Condition on
perceived duration. First, the effects of Bias Condition were
independent of whether the irrelevant pulse accompanied
the onset or the offset of the presented interval. Second, a
prolongation of perceived duration was even observed
when the irrelevant pulse followed the relevant offset pulse.
This effect can neither be explained by temporal attention
nor by a distraction effect and thus points strongly to the
existence of a “true” multisensory integration of temporal
information.

© 2013 Hogrefe Publishing
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General Discussion

Overall, these results corroborate the results of previous
studies (Chen & Yeh, 2009; Klink et al., 2011; Romei
et al., 2011) showing that task-irrelevant auditory intervals
of conflicting duration strongly alter the perception of visu-
ally presented time intervals. With the present results, how-
ever, this influence can be generalized to the perception of
empty temporal intervals, and at the same time, specified
with regard to its effects on perceived duration, as indexed
by PSE, and discrimination sensitivity, as indexed by JND.
Both experiments showed that irrelevant auditory inter-
vals or pulses can strongly affect perceived duration of rel-
evant visual intervals. Likewise, Experiment 1 showed that
a considerably smaller, yet reliable effect in the reverse
direction (visual intervals affecting perceived duration of
auditory intervals) is also present. Thus, multisensory inte-
gration of interval duration indeed seems to lead to the for-
mation of a single, unified percept, and the magnitude (i.e.,
duration) of this percept is codetermined by the inputs from
the auditory and the visual modality. Since the impact of
vision on the combined audiovisual percept is relatively
small compared to the impact of audition, however, it is
conceivable that respective evidence can only be gathered
with sufficiently fine-grained analysis methods. In this
regard, the employed psychophysical approach, in which
discrimination performance was assessed for a range of dif-
ferent comparison intervals, proved to be especially useful.
Thus, in the present study we could expand previous find-
ings which indicated a unidirectional influence of auditory
intervals on the perceived duration of visual intervals
(Chen & Yeh, 2009; Klink et al., 2011) to an asymmetric,
but bidirectional pattern of multisensory influences.
Furthermore, the present experiment also informs about
the effects of multisensory integration on discrimination sen-
sitivity. Specifically, the biasing effects on perceived dura-
tion are not accompanied by costs regarding discrimination
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sensitivity. Most interestingly, even when the irrelevant audi-
tory information was inconsistent with the relevant one (i.e.,
longer or shorter interval duration), the presence of this infor-
mation led to an improvement in sensitivity for interval dis-
crimination compared to the unimodal visual information
(Experiment 1). When comparing JND estimates in the
“longer” and ‘“‘shorter” conditions to the “simultaneous”
condition, both experiments showed that the latter unbiased
condition does not lead to higher discrimination sensitivity
than the conditions with incongruent information.

This latter result seems to be in contrast, for example, to
the results of Romei et al. (2011), who demonstrated im-
proved perceptual sensitivity (as measured by ') for bimo-
dal congruent intervals compared to unimodal visual ones,
and a clearly decreased perceptual sensitivity for bimodal
incongruent intervals compared to unimodal visual ones.
In their study, however, the irrelevant auditory information
in the congruent condition always corresponded to the cor-
rect response (e.g., the short visual interval was always
accompanied by the short auditory interval), whereas in
the incongruent condition, it always corresponded to the
wrong response (e.g., the short visual interval was always
accompanied by the long auditory interval). Thus, auditory
congruent information would have increased the probability
for a correct response, thereby leading to a performance
increment, and auditory incongruent information would
have decreased the probability for a correct response, there-
by leading to a performance decrement, as compared to the
unimodal condition. Thus, even though this result clearly
indicates that the perception of time intervals in one modal-
ity is affected by temporal information from another modal-
ity, it confounds the actual effects of multisensory
integration on perceived duration and on sensitivity. The
present study, in contrast, did overcome this limitation by
assessing full psychometric functions and by introducing
shorter as well as longer ““incongruent’ information. There-
by, we were able to demonstrate clearly dissociable effects
of multisensory integration on perceived duration and
sensitivity.

As has been suggested by Klink et al. (2011), various
mechanisms might contribute to the integration of interval
durations from different modalities. First, the temporal ven-
triloquism illusion, in which the perceived temporal occur-
rence of a particular signal is biased toward the temporal
occurrence of a signal from another modality, might play
a crucial role in this respect. For example, Morein-Zamir
et al. (2003) asked their participants to discriminate the
temporal order of two visual stimuli to assess the temporal
resolution of the perceptual system. Importantly, Morein-
Zamir et al. found that temporal resolution for the pair of
visual stimuli did not only depend on the visual information
but was also affected by a concurrent presentation of audi-
tory stimuli. Specifically, better temporal resolution was
observed when auditory stimuli were presented shortly be-
fore the first visual stimulus and shortly after the second vi-
sual stimulus (asynchronous condition) than when the
auditory stimuli were presented simultaneously with the
visual stimuli (simultaneous condition). The authors
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explained this by suggesting that the auditory stimuli tem-
porally captured the visual ones, and thus “pulled” them to-
ward their temporal occurrence. Specifically, the visual
stimuli were pulled apart in the asynchronous condition,
thereby their perceived temporal separation increased, and
this enabled an improved discrimination of their temporal
order. Such capturing of the temporal occurrence of visual
stimuli by asynchronous auditory stimuli has been repeat-
edly demonstrated within various experimental setups and
different tasks (e.g., Aschersleben & Bertelson, 2003;
Fendrich & Corballis, 2001; Shipley, 1964; Vroomen &
de Gelder, 2004). Likewise, in the present experiment,
the perceived onset and offset of the presented relevant
intervals might have been pulled toward the on- and offset
of the task-irrelevant intervals. Thereby, perceived duration
of the relevant interval would be stretched in the “longer”
condition and compressed in the *“‘shorter”” condition, com-
pared to the “simultaneous™ condition. Thus, the temporal
ventriloquism account is highly consistent with the results
of the present study. This explanation also seems to fit well
with the results of our Experiment 2, in which only a single
pulse was presented in the biasing modality, and the
magnitude of the biasing effect was approximately half as
large as the one obtained in the visual task condition of
Experiment 1.

Even though this account is a plausible explanation for
the present results, other factors might also have contrib-
uted to the observed results. For example, the presence of
auditory irrelevant stimuli at different time points before
or during the presentation of the relevant intervals might
have accelerated the pulse rate of an internal clock and thus
might have affected visual duration judgments differentially
(Chen & Yeh, 2009; Klink et al., 2011). It is even conceiv-
able that, in the “longer” condition, the irrelevant temporal
onset signal might have acted as a temporal warning signal
for interval presentation, and thereby have contributed to a
prolonged perceived duration (cf. Grondin & Rammsayer,
2003; Mo & George, 1977). Likewise, in the ““shorter” con-
dition, the signals from the irrelevant condition might have
acted as a distractor, pulling attention away from the to-be-
timed modality, and thereby have shortened perceived
duration (cf. Brown, 2008), even though, as outlined in
the Discussion of Experiment 2, such attentional influences
cannot explain the complete pattern of results. Future re-
search will hopefully elucidate the respective contributions
of temporal ventriloquism, arousal, and attention to the ob-
served multisensory integration effects in perceived
duration.

To sum up, multimodal integration of incongruent time
intervals leads to clearly dissociable effects on perceived
duration and sensitivity. Specifically, inconsistent duration
information from an irrelevant modality can substantially
bias perceived duration in a relevant modality, but it does
not lead to an accompanying decline in discrimination sen-
sitivity. Rather, the perceptual system seems to combine the
different sources of information in order to obtain espe-
cially stable interval representations, and accordingly high
discrimination sensitivity.

© 2013 Hogrefe Publishing
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MULTIMODAL INTEGRATION OF INTERVAL DURATION

Abstract

Previous studies demonstrated that perceived duration of visual intervals is strongly
influenced by conflicting auditory intervals. However, it remains unclear which mechanisms
underlie this multimodal integration of interval duration. To investigate this issue, we
employed a reproduction task with empty (Experiment 1) or filled (Experiment 2) intervals,
and a paired-comparison task (Experiment 3) to assess perceived duration of visually marked
intervals, which could be accompanied by auditory marked intervals with congruent (same) or
conflicting (longer and shorter) durations. First, we predicted that conflicting auditory
intervals would bias the perceived duration of visual intervals towards the duration of the
auditory ones. Second, according to pacemaker-accumulator models, two different
mechanisms might contribute to multimodal interval integration: changes in pacemaker rate or
changes of the switch component based on temporal ventriloquism effects. In the former case,
the multimodal bias effect should increase with increasing interval duration. In the latter case,
the effect should remain constant across interval durations. All experiments showed a strong
influence of auditory interval duration on perceived visual duration. In Experiments 1 and
Experiment 2, this bias effect unexpectedly decreased with increasing interval duration, which
might be due to limitations of the employed duration reproduction method. In Experiment 3,
however, the observed multimodal bias effect remained clearly constant across all interval
durations. This finding supports the idea that multimodal integration of conflicting time
intervals is mainly determined by a temporal ventriloquism effect, which affects the switch
component of a pacemaker-accumulator mechanism. In addition, we demonstrated that
bimodal congruent intervals are perceived as longer than unimodal visual ones. For filled
(Experiment 2), but not for empty (Experiment 1) intervals, this effect seems to be caused by

an increase in pacemaker rate.
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Introduction

Many natural objects or events can be perceived via multiple senses and the corresponding
information has to be recombined across senses in order to form a coherent and
comprehensive perceptual impression. However, under certain circumstances such a
multisensory integration fails to provide a veridical perception of the underlying event. For
instance, it has been shown that perception of time durations can be distorted when temporal
information is delivered by different sensory modalities (e.g., Chen & Yeh, 2009; Goldstone
& Lhamon, 1972; Klink, Montijn, & van Wezel, 2011; Walker & Scott, 1981; Wearden,
Edwards, Fakhri, & Percival, 1998). In such cases, auditory temporal information plays an
important role since it strongly dominates visual temporal information and thus determines
perception of multimodal events (Bausenhart, de la Rosa, & Ulrich, submitted; Chen & Yeh,
2009; Klink et al., 2011; Romei, De Haas, Mok, & Driver, 2011; Walker & Scott, 1981). It is
unclear, however, which mechanisms exactly underlie the multisensory integration of interval
duration.

A recent line of evidence investigated this issue by presenting multimodal temporal
intervals with conflicting durations (Bausenhart et al., submitted; Klink et al., 2011; Romei et
al., 2011). In these studies, it was demonstrated that perceived duration of an interval in one
modality can be strongly affected by the presentation of a task-irrelevant interval of
conflicting duration in another modality. For example, Bausenhart et al. (submitted) employed
a discrimination task in which empty standard and comparison intervals were presented, each
marked by two pulses in a task-relevant modality. Participants were asked to decide in each
trial which interval (i.e., standard or comparison) was the longer one. Both intervals were
accompanied by task-irrelevant empty intervals in another modality (i.e., visual relevant
interval markers accompanied by auditory irrelevant interval markers, or vice versa). For the

standard intervals, markers in both modalities were always presented simultaneously. For the
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comparison intervals, however, the task-irrelevant markers were presented according to
different bias conditions: In the “simultancous” condition, task-irrelevant markers were
presented at the same time as task-relevant markers. In the “longer” condition, task-irrelevant
markers were presented slightly before and after the task-relevant onset and offset markers,
respectively. Finally, in the “shorter” condition, task-irrelevant markers were presented
slightly after and before the task-relevant onset and offset markers, respectively (cf. Figure 1
for an illustration of similar conditions). The duration of the task-irrelevant intervals severely
influenced perceived duration in the task-relevant modality even though participants were
explicitly instructed to ignore the stimulation in the task-irrelevant modality. Specifically,
perceived duration was shortened in the “shorter” condition and prolonged in the “longer”
condition compared to the simultaneous condition. This multimodal bias was especially
pronounced when vision was task-relevant, suggesting that the task-irrelevant auditory
markers strongly affected perceived visual duration. A similar, yet much smaller effect was
found for the reverse condition, in which audition was task relevant. Thus, for multimodal
temporal intervals with conflicting duration, audition seems to play an especially important
role in determining the perceived duration of the multimodal compound stimulus (see also
Klink et al., 2011).

This and similar results (Klink et al., 2011; Romei et al., 2011) might be interpreted in
terms of the temporal ventriloquism effect (cf. Morein-Zamir, Soto-Faraco, & Kingstone,
2003). This phenomenon is observed when two short stimuli are presented in different
modalities (e.g. vision and audition) with a slight temporal asynchrony between their
respective onsets. In this case, participants perceive one coherent point in time at which the
combined audiovisual stimulus occurs, and this time point is usually biased towards the
appearance of the auditory stimulus (Bertelson & Aschersleben, 2003; Getzmann, 2007;
Morein-Zamir et al., 2003). Building on this temporal ventriloquism effect, Klink et al. (2011)

suggested that the integration of multimodal intervals is based on a similar mechanism. They
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proposed that the auditory and visual stimuli access the brain as separate bits of information.
They are then processed in a grouping stage where both inputs are either intra- or
crossmodally grouped (e.g., based on temporal proximity between the stimuli presented in the
different modalities). If the stimuli are crossmodally grouped, a temporal ventriloquism-like
effect causes the visual interval onset to be “pulled” towards the auditory interval onset (and
likewise for the offset). Importantly, the perceived multimodal onset and offset then
determine the switch control of a pacemaker-accumulator model (Gibbon, 1977; Gibbon,
Church, & Meck, 1984) and thereby affect perceived duration. Specifically, pacemaker-
accumulator models of time perception (Gibbon, 1977; Gibbon et al., 1984; Wearden et al.,
1998) incorporate several components such as an internal pacemaker, a switch mechanism, an
accumulator, a reference memory, and a comparator stage. First, the pacemaker continuously
generates pulses. Whenever a to-be-timed stimulus is detected, the switch closes and
consequently, the pulses are forwarded to the accumulator stage. When the to-be-timed
stimulus ceases, the switch opens again and pulses are no longer forwarded to the
accumulator. The number of accumulated pulses represents the duration of the stimulus, and it
can be compared to the contents of the reference memory (e.g., the number of pulses that
corresponds to a previously presented stimulus). Thus, if a temporal ventriloquism effect
causes the switch of this mechanism to close earlier and/or open later, more pulses will be
forwarded to the accumulator stage and thus, the perceived duration of the corresponding
interval is prolonged. Likewise, if the switch is caused to close later and/or to open earlier, a
shorter perceived duration will result.

Moreover, Klink et al. (2011) suggested that a second mechanism might also contribute to
the perceived duration of audiovisual intervals. In addition to the switch control, the authors
proposed a multimodal stimulus processing stage where the pacemaker’s pulse rate would be
predominantly determined by the auditory information (Chen & Yeh, 2009; Penton-Voak,

Edwards, Percival, & Wearden, 1996; Wearden et al., 1998). Specifically, it is well-known
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that auditory stimuli are typically perceived as longer than visual ones (Goldstone & Lhamon,
1972; Ulrich, Nitschke, & Rammsayer, 2006; Walker & Scott, 1981; Wearden et al., 1998).
This effect has been ascribed to different pulse rates of the internal pacemaker component
(e.g., Wearden et al., 1998). Specifically, auditory intervals are assumed to produce a higher
pulse rate, resulting in a larger number of accumulated pulses and hence, a longer perceived
duration than visual intervals. Similarly, the pulse rate for a combined audiovisual event
might be determined by the auditory stimulation rather than the visual one.

Several empirical results provide evidence for this notion (e.g., Chen & Yeh, 2009; Walker
& Scott, 1981; see also Klink et al., 2011, Exp. 3). For example, Chen and Yeh (2009)
reported an oddball experiment in which participants had to compare a train of repeatedly
presented visual standard intervals with a single comparison interval presented in a different
color (the oddball). This oddball was either unimodal or bimodal (i.e., accompanied by a tone
of identical duration). Not only was the infrequent oddball interval perceived as longer than
the frequent standard, but more important for the present purposes, bimodal oddballs were
also perceived as longer than the unimodal visual ones.' Similar results were reported by
Walker and Scott (1981), who measured duration reproductions for uni- and bimodal filled
intervals. They showed that reproduced durations of audiovisual congruent intervals were
closer to the reproduced duration of unimodal auditory intervals than to unimodal visual
intervals.

Most intriguingly, in the studies of Chen and Yeh (2009) and Walker and Scott (1981), the
difference in perceived duration between unimodal visual and bimodal intervals even
increased with increasing interval duration. This latter effect supports the notion of a higher
pacemaker rate for audiovisual compared to unimodal visual stimuli, since according to the
pacemaker-accumulator model, the magnitude of any effect caused by differences in
pacemaker rate should be proportional to interval duration (see also Penton-Voak et al., 1996;

Wearden et al., 1998). Specifically, a higher pacemaker rate should evoke a prolonged
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perceived duration of any given interval, and this effect should get more pronounced the
longer the interval duration is.

In summary, two distinct mechanisms have been suggested to play a role in multimodal
integration of temporal intervals: switch effects mediated by temporal ventriloquism and
pacemaker effects. Specifically, for multimodal intervals of conflicting duration, temporal
ventriloquism might affect the switch mechanism, and thus the moments at which the switch
closes/opens in order to start/terminate the accumulation of pulses. Yet, so far, there is no
direct evidence for this claim. It is likewise conceivable that multimodal integration effects
are due to different pacemaker rates of an internal clock, as has been demonstrated for
audiovisual filled events of congruent duration (Chen & Yeh, 2009; Walker & Scott, 1981).

Therefore, the aim of the present study was to investigate which mechanisms contribute to
perceived duration of multimodal intervals with conflicting duration, by assessing perceived
duration across a wide range of interval durations. Thus, based on the results of previous
studies (Bausenhart et al., submitted; Klink et al., 2011; Walker & Scott, 1981), we expected
to find a strong influence of conflicting auditory interval duration on perceived visual
duration. Importantly, if the multimodal bias is independent of interval duration, it can be
attributed to temporal ventriloquism effects on the switch component. Otherwise, if the
magnitude of the multimodal bias increases with increasing interval duration, as has been
observed so far only for filled multimodal intervals of congruent duration, this bias likely
depends on differences in the auditory and visual pacemaker rates (cf., Chen & Yeh, 2009;

Wearden et al., 1998).

Experiment 1

In Experiment 1, we employed a time reproduction task in which participants had to

reproduce visually marked empty interval durations ranging from 500 ms to 1,253 ms.We
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employed empty intervals similar as in a previous study (Bausenhart et al., submitted), in
order to replicate and extend these previous results with a different method. The intervals
were either unimodal or accompanied by congruent (same) or conflicting (shorter or longer)
auditory marked intervals. We predicted that reproductions of the visual intervals would be
biased towards the durations of the conflicting auditory intervals. If this bias in reproduced
duration is due to a temporal ventriloquism effect, it should have a similar magnitude
independent of interval duration. Otherwise, if the bias in perceived duration depends mainly
on differences in the pulse rate of the pacemaker, the bias should increase with increasing
interval duration. Unimodal visual intervals were included for two reasons: First, participants
were instructed to base their reproductions on the duration of the visually marked intervals
alone (cf., Bausenhart et al., submitted; Klink et al., 2011). An alternative strategy of
responding to the auditory stimulation should be strongly discouraged by presenting randomly
interspersed unimodal visual intervals, because in these trials participants cannot rely on
auditory stimulation alone to perform their task. Second, these trials would allow a direct
comparison of reproduced duration between unimodal visual and bimodal congruent intervals

(cf., Chen & Yeh, 2009; Walker & Scott, 1981).

Method

Participants. Twelve undergraduate students (6 females; age range: 20-33 years; mean age: 22.75 years) from
the University of Tiibingen voluntarily took part in Experiment 1 in exchange of either course credits or money. 2
Apparatus and Stimuli. The experiment was run on a Macintosh computer connected to a CRT monitor running
at 150 Hz. The presentation of all stimuli and data recording were controlled by Matlab with the Psychophysics
Toolbox extension (Brainard, 1997; Pelli, 1997). Responses were collected with the m key of a standard German
keyboard. Participants were seated in a dimly lit room at a viewing distance of approximately 56 cm from the
computer screen. All visual stimuli were presented in white (100 cd/m?) on a black background (< 1 cd/m?) at the
center of the screen. In each trial, a white dot (1.8 mm diameter, 0.18° visual angle) defined the fixation point
and two white disks (6.4 mm diameter, 0.65° visual angle) marked the interval to be estimated. The auditory

stimulus consisted of a pure sinusoidal tone (800 Hz, 79 dB, 13.3 ms) with ramped 5 ms on- and offsets,
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presented binaurally through headphones. An oscilloscope was employed to assess the duration of visual and

auditory intervals and to ensure the required synchronicity (or asynchronicity) between the two modalities.

Bias | Visually marked interval
50 ms 500 -1253 ms

Longer Condition ) )

Time
Shorter Condition .b j

Time
Same Condition ) } )

Time

Unimodal Condition

Time

Visual stimulus 'h Auditory stimulus

Figure 1. Schematic representation of visual and auditory markers in the four bias conditions.

Procedure. Participants were instructed to make time reproductions as close as possible to the interval duration
defined by the visual markers (i.e., the duration from first marker offset to second marker onset) and to ignore
any auditory stimuli.

Each trial started with the presentation of a blank screen for 1,000 ms. Then, the fixation point was presented for
1,000 ms preceding the visual onset marker that appeared for 13.3 ms at the center of the screen, concentric with
the fixation point. After the onset marker, the screen remained black for an interval of either 500, 753, 1,000 or
1,253 ms. Each interval duration was equally likely and randomized across trials. The interval duration was
followed by the visual offset marker presented for 13.3 ms. Four different conditions were introduced to
manipulate multisensory bias (Figure 1). In unimodal trials, no auditory stimuli were presented during the trial.
However, in bimodal trials, auditory stimuli accompanied the visual ones according to three different conditions:
“longer”, “same” and “shorter”. In the “longer” condition, the first tone appeared 50 ms before the visual onset

marker and the second one 50 ms affer the visual offset marker. In the “shorter” condition, the tone appeared 50

ms after the visual onset marker and 50 ms before the visual offset. In the “same” condition, the auditory stimuli
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appeared simultaneously with both visual markers. All four conditions (unimodal, longer, shorter, and same)
were equally likely and randomized across trials.

The visual offset marker was followed by a 500-ms blank screen. Then, the word “Jetzt” (“Now’) was
displayed at the center of the screen requesting the participants to reproduce the visually marked empty interval
duration with a single key press of their right index finger. This response prompt disappeared as soon as the key
was pressed. Then, the screen remained empty and the next trial started 500 ms after the key was released.

The experiment consisted of two practice blocks and 16 experimental blocks composed of 32 trials each. At
the end of each block, the absolute percentage of deviation of the reproduced durations from the presented
interval durations was presented. This feedback information prevented any hint of whether participants had over-
or underestimated the interval durations. Participants were instructed to keep this score as low as possible during
the experiment, since lower values would correspond to more accurate reproductions. Finally, participants could

initiate the next block by pressing the space bar.

Results

Practice blocks did not enter data analysis. For each participant and condition, mean and
standard deviation (SD) of the reproduced duration were computed. Trials with reproduced
durations below or above the condition mean +/- 2*SD were discarded from data analysis
(4.3% of trials). Repeated-measures analyses of variance (ANOVA) were conducted with the
factors Bias Condition (unimodal, longer, shorter, and same conditions) and Stimulus
Duration (500, 753, 1,000, and 1,253 ms) for the mean reproduced duration, the Constant
Error, and SD.

Reproduced Duration. Participants reproduced longer durations with increasing stimulus
duration, F(3, 33) = 108.7, p < .001. Furthermore, reproduced duration was longest in the
“longer” condition (858 ms), intermediate in the “same” condition (816 ms), and shortest in
the “unimodal” (767 ms) and in the “shorter” (764 ms) condition, F(3, 33) = 50.87, p <.001.
Additional bonferroni-corrected post-hoc #-tests for this main effect of bias condition (long vs.
same vs. short vs. unimodal) showed significant differences for every comparison (all p <

.01), except for the difference between the unimodal and the shorter condition, which was not

10
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significant (p = 1.00). Most importantly, the ANOVA revealed a significant interaction
between Stimulus Duration and Bias condition, (9, 99) = 3.03, p = .003.

To investigate this interaction in more detail, two additional analyses were conducted.
First, a repeated-measures ANOVA was performed on a subset of the data that included
reproduced duration for the “longer” and the “shorter” condition only. This analysis again
showed that reproduced duration increased with increasing stimulus duration, F(3,33) =
114.9, p < .001. Longer reproductions were observed in the “longer” than in the “shorter”
condition, F(1,11) = 90.43, p < .001. These two factors interacted, F(3,33) = 6.80, p = .001.
Surprisingly, the difference in reproduced duration between the “longer” and “shorter”
condition decreased with increasing stimulus duration (see Figure 2). Nonetheless, post-hoc #-
tests revealed that the difference between the “longer” and “shorter” condition was highly
significant for the shortest stimulus duration (500 ms), #11) = 7.62, p < .001, as well as for

the longest stimulus duration (1,253 ms), #(11) =4.69, p = .001.
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Figure 2. Mean reproduced duration in Experiment 1 as a function of Bias Condition (longer,
shorter, same, and unimodal) and Stimulus Duration. Error bars represent the standard error of

the mean. The veridical line is depicted in gray.

Second, we assessed the bias effect by computing the difference between the mean of
reproduced durations for each bias condition (longer, shorter and unimodal) and the “same”
condition, which served as baseline against which the magnitude of the multimodal bias effect
was assessed. An ANOVA was conducted on these data with the novel factor Bias Condition
(longer-same, shorter-same and unimodal-same) and Stimulus Duration (500, 753, 1,000 and
1,253 ms). The results showed that the overall bias effect remained constant across stimulus
duration, F' < 1. Furthermore, the “longer-same” condition showed an overestimation (41.91
ms), whereas the “shorter-same” and the ‘“unimodal-same” condition showed an
underestimation of perceived duration with respect to the same condition (-52.05 ms and -
48.66 ms, respectively), F(2, 22) = 56.71, p < .001. Most importantly, both factors interacted
significantly, F(6, 66) = 3.69, p <.01 (see Figure 3).

To investigate this interaction in more detail, further repeated-measure ANOVAs with the
factor Stimulus Duration were individually performed on the bias effect of the “longer-same”,
the “shorter-same” and the “unimodal-same” conditions. First, the bias effect of the “longer-
same” condition decreased with increasing stimulus duration, F(3, 33) = 4.78, p < .0l.
Second, the bias effect of the “shorter-same” condition also showed a decrement with
increasing stimulus duration (see Figure 3) although this difference only approached
significance, F(3, 33)=2.27, p=.10. Finally, the bias effect of the “unimodal-same” condition,

in contrast to the previous ones, remained constant across stimulus duration, F<I.
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Figure 3. Bias Effect in Experiment 1 for the longer-same, shorter-same, and unimodal-same

conditions and for each stimulus duration. Error bars represent one standard error of the mean.

Constant Error. An ANOVA was performed on the absolute deviation of the reproduced
duration from the veridical duration (i.e., Constant Error, CE). This analysis showed a
pronounced effect of stimulus duration on CE, F(3,33) = 40.62, p < .001, that is, a Vierordt
effect (Lejeune & Wearden, 2009; Vierordt, 1868). Specifically, this effect reflects an
overestimation of the shortest stimulus duration by 46.23 ms and an underestimation of the
longest stimulus durations by 237.22 ms. This analysis also confirmed an effect of Bias
Condition, and an interaction of both factors (both p <.01), which basically correspond to the

multimodal bias effects reported above.

Variability of Reproductions. The ANOVA on SD of reproduced duration revealed that the
variability of reproductions significantly increased with increasing stimulus duration, (3, 33)

=14.36, p < .001. Furthermore, there was a significant main effect of Bias Condition, F(3, 33)

13
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= 4.63, p = .01. The variability of reproductions was largest in the “longer” (153 ms) and
“unimodal” (150 ms) condition, intermediate in the “same” (145 ms) condition, and smallest
in the “shorter” (132 ms) condition. Finally, the interaction between Stimulus Duration and
Bias Condition was not significant, even though a slight tendency was present, F(9,99) =

1.74, p = .09 (see Figure 4).
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Figure 4. Mean standard deviation (SD) of reproduced duration in Experiment 1 as a function
of Bias Condition (longer, shorter, same, and unimodal) and Stimulus Duration. Error bars

represent the standard error of the mean.

Discussion

The results of Experiment 1 replicated previous studies (Chen & Yeh, 2009; Klink et al.,
2011; Romei et al.,, 2011) showing a strong effect of auditory bias on perceived visual
duration. Specifically, participants reproduced the longest durations when visual intervals
were accompanied by “longer” auditory ones and the shortest reproduced durations when

visual intervals were accompanied by “shorter” auditory ones. Since the true physical
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difference between the auditory intervals in the “shorter” and “longer” conditions was 200
ms, the observed difference of 94 ms between the reproduced duration in these two conditions
amounts to an observed multimodal bias effect of 47 %. Thus, the auditory intervals strongly
affected the perceived duration of the visual intervals, even though this effect was not as
strong as the one observed in a previous study using the paired comparison method
(Bausenhart et al., submitted). Nonetheless, a strong multisensory integration of temporal
intervals of conflicting duration could be observed with the present time reproduction method.
Interestingly, the observed multimodal bias in perceived duration decreased with
increasing interval duration, when comparing the “shorter” and the “longer” bias condition.
This is most certainly inconsistent with the assumption that multimodal integration evokes its
biasing effect through an increase in pacemaker rate, because this account predicts an increase
of the multimodal bias with increasing interval duration. According to the alternative
hypothesis, multimodal bias effects are due to temporal ventriloquism effects operating on the
switch component of the pacemaker-accumulator model. In this case, the bias effect should be
of comparable size independent of interval duration. Again, this has not been observed in the
present experiment.
How can the observed underadditivity of the biasing effect with interval duration be
explained? Regarding this question, it is interesting to note that the physically longest
presented interval was clearly underestimated by participant’s reproductions, whereas there
was a slight overestimation of the shortest physical interval duration (cf. the corresponding
analysis on CE). This effect is consistent with Vierordt’s law (Vierordt, 1868) and has
repeatedly been demonstrated in studies using reproduction methods (Wearden, 2003;
Woodrow, 1934; for an overview, see Lejeune & Wearden, 2009). We suggest that it is
possible that such a Vierordt effect could distort the effects of an experimental manipulation
across different temporal intervals. Specifically, a “true” biasing effect of a given magnitude

might be enlarged at short interval durations because of the general overestimation of short
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intervals. At the same time, it might be decreased at long interval durations because of the
general underestimation of such long intervals. Therefore, a truly additive (or even

overadditive) effect might become underadditive in the presence of a Vierordt effect.

Based on the present data, it cannot be decided whether this explanation is actually feasible or
not, yet it might provide an account of why we observed an underadditive interaction of
multimodal bias condition and interval duration, rather than the expected patterns of additivity
(in case of a switch effect) or overadditivity (in case of a pacemaker rate effect). Therefore, it
is difficult to clearly interpret our observed pattern of results in favor of any of these two
hypotheses. Nonetheless, the sizable magnitude of the observed underadditivity of the
multimodal bias effect renders an underlying additive pattern of results more plausible. This is
because a very strong Vierordt effect would be necessary to counteract an overadditive effect
and even reverse it to an underadditive effect. However, this would be a clearly speculative

interpretation.

In this regard it is interesting to examine the difference between the “same” and the
“unimodal” conditions of the present experiment. In support of previous studies (Chen & Yeh,
2009; Walker & Scott, 1981), unimodal visual intervals were reproduced as shorter than
“same” intervals, that is, bimodal audiovisual intervals with congruent duration. As has been
suggested repeatedly (e.g., Wearden, Norton, Martin, & Montford-Bebb, 2007), the auditory
portion of the stimulation might have led to increased arousal. But, in contrast to these
previous studies, in our Experiment 1 this effect was additive with increasing interval duration
rather than overadditive (even though a slight numerical trend towards overadditivity was
observed, cf. Fig. 3). There are several possible explanations for this discrepancy. First, and as
discussed above, the existence of a Vierordt effect might have counteracted a similar
overadditivity in our experiment, thus leading to an additive pattern of results. Second, both

previous studies employed filled durations instead of empty intervals. It is possible that
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especially filled auditory intervals evoke more arousal than intervals that are only marked by
short auditory pulses (Wearden et al., 2007). The enhanced arousal associated with filled
auditory stimuli would lead to an increase in pacemaker rate, and thus, the effect of the
combined audiovisual intervals should increase with increasing interval duration, while such
an effect would not be observable for empty intervals. Indeed, some indirect evidence for this
claim can be found in Experiment 4 of Walker and Scott (1981), which showed no such
overadditivity when participants had to reproduce the duration of gaps in otherwise
continuous tones and lights. Therefore, to investigate the discrepancy between our results with
empty intervals and those reported for filled duration, we conducted a second experiment

which employed filled auditory and visual intervals with conflicting durations.

Experiment 2

In Experiment 1, two important results were found: a pattern of underadditivity when
comparing the “longer” and the “shorter” condition and an additive effect when comparing
the “same” and the “unimodal” condition. This would suppose that different mechanisms are
underlying the crossmodal integration of congruent and conflicting interval durations. It is
possible that a Vierordt effect might have prevented, on the one hand, a possible additive
effect (based on temporal ventriloquism effect) between long and short bias conditions and,
on the other hand, a possible underlying overadditivity (based on a pacemaker effect) between
congruent (“same”) and unimodal intervals. However, it might also be possible that
multimodal integration of empty intervals is mediated by different mechanisms than
multimodal integration of filled intervals (e.g., because empty intervals might produce less
arousal than filled ones), and thus produces different pattern of results (Wearden et al., 2007).
Therefore, we replicated Experiment 1 with the sole difference of using filled instead of

empty intervals. Returning to our main hypotheses, if filled auditory durations are really
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associated with an increase in arousal that consequently increases the pacemaker rate,
especially the difference between the “same” and the “unimodal” condition should increase

with stimulus duration.

Method

Participants. A fresh sample of twelve undergraduate students (12 females; age range: 19-44 years; mean age:
23 years) from the University of Tiibingen voluntary participated in Experiment 2 in exchange of either course

credits or money.

Apparatus, Stimuli, and Procedure. Stimuli, apparatus and procedure were identical to those employed in
Experiment 1 except for the use of filled (continuous) auditory and visual intervals of either 500, 753, 1,000 or
1,253 ms, (each +/-100 ms for the conflicting biasing intervals), instead of empty intervals marked by brief

pulses.

Results

For each participant and condition, mean and standard deviation (SD) of the reproduced
duration were computed. 4.3% of trials were discarded from data analysis employing the same
outlier criteria as in Experiment 1. Repeated analyses of variance (ANOVA) were conducted
with the factors Bias Condition (unimodal, longer, shorter, and same condition) and Stimulus

Duration (500, 753, 1,000, and 1,253) for the mean reproduced duration, CE, and SD.

Reproduced Duration. Participants reproduced longer durations with increasing stimulus
duration, F(3, 33) = 95.33, p < .001. Reproduced duration was longest in the “longer”
condition (1,051 ms), intermediate in the “same” condition (985 ms), and shortest in the
“shorter” (913 ms) and in the “unimodal” (819 ms) condition, F(3, 33) = 38.72, p < .001.
Additional bonferroni-corrected post-hoc #-tests for the main effect of Bias Condition (longer
vs. same vs. shorter vs. unimodal) showed significant differences for every comparison (all p
< .05). Importantly, the interaction between Stimulus Duration and Bias Condition was

significant, F(9, 99) = 5.66, p <.001.
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As Experiment 1, we conducted two additional analyses to investigate this interaction. First, a
repeated-measures ANOVA with the factors Bias Condition (longer vs. shorter) and Stimulus
Duration (500, 753, 1,000, and 1,253 ms) showed that reproduced duration increased with
increasing stimulus duration, F(3, 33) = 106.9, p < .001. Reproduced durations were longer in
the “longer” condition than in the “shorter” condition, F(1, 11) = 77.67, p < .00l.
Furthermore, the interaction between these two factors was significant, F(3, 33) = 5.24, p <
.01. As Experiment 1, the difference in reproduced duration between both conditions
decreased with increasing stimulus duration (see Figure 5). However, subsequent post hoc #-
tests showed that the difference between the “longer” and “shorter” condition was significant
for the shortest stimulus duration (500 ms), #(11) = 9.96, p < .001, as well as for the longest

stimulus duration (1,253 ms), #(11)=6.08, p <.001.

o
o |
<
—
- > T
(=3 - e -
I i e
— .- o
— 2
[ U g e
- e _
st T .-
= o _| gt s o
O o K3
= T e L W
[m) P 5% .
- e "/
Q it 4 2=
g -
2 8 , T x
° = o L
a - .
8 4 &
o ;
c
g };‘
= 8-
‘ i
Bias Condition
- Bias longer
o -0~ Same
gr T -# - Bias shorter
—&—  Unimodal

T T T T
500 753 1000 1253
Stimulus Duration (ms)

Figure 5. Mean reproduced duration in Experiment 2 as a function of Bias Condition (longer,
shorter, same, and unimodal) and Stimulus Duration. Error bars represent the standard error of

the mean. The veridical line is depicted in gray.
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Second, and similarly to Experiment 1, an additional repeated-measures ANOVA was
performed on the bias effect computed as the difference of reproduced duration in each
condition (longer, shorter and unimodal) from reproduced duration in the “same” condition.
The corresponding ANOVA showed that the bias effect differed slightly between stimulus
durations, F(3, 33) = 3.02, p = .04. Specifically, it was smallest (-22.94 ms) for the 500 ms
stimulus, intermediate (-59.8 ms) for the 1,253 ms stimulus and largest for the 753 ms (-70.04
ms) and the 1,000 ms stimulus (-78.19 ms). Moreover, the bias effect of the “longer-same”
condition showed an overestimation of perceived duration (65.69 ms), whereas the bias effect
of the “shorter-same” and the “unimodal-same” condition showed an underestimation (-72.33
ms and -166.59 ms, respectively), F(2, 22) = 41.46, p < .001. Most importantly, both factors
interacted significantly, (6, 66) = 6.72, p < .001 (see Figure 6).

Further repeated-measures ANOVAs with the factor Stimulus Duration were individually
performed for the bias effect in the “longer-same”, the “shorter-same” and the “unimodal-
same” conditions. First, the bias effect of the “longer-same” condition decreased with
increasing stimulus duration (except for the longest stimulus duration), F(3, 33) = 3.76, p <
.05. Second, the bias effect of the “shorter-same” condition also showed a slight decrement
with increasing stimulus duration (see Figure 6), but this effect was not significant, (3, 33) =
1.71, p = .18. Finally, the bias effect of the “unimodal-same” condition, in contrast to the
previous ones, significantly increased with increasing stimulus durations, F(3, 33) = 6.25, p <

01.
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Figure 6. Bias Effect in Experiment 2 for the longer-same, shorter-same, and unimodal-same

conditions and for each stimulus duration. Error bars represent one standard error of the mean.

Constant Error. As Experiment 1, a repeated-measures ANOVA was performed on the CE.
This analysis also showed a pronounced Vierordt effect, that is, an effect of stimulus duration
on CE, F(3,33) = 7.94, p < .001. Specifically, the short stimulus duration was overestimated
by 123.21 ms and the longest stimulus duration was underestimated by 36.97 ms. This
analysis also confirmed an effect of Bias Condition, and an interaction of both factors (both p

<.001), which basically corresponds to the multimodal bias effects reported above.

Variability of Reproductions. The ANOVA on SD of reproduced duration revealed that the
variability of reproductions significantly increased with increasing stimulus duration, (3, 33)

=13.96, p <.001.
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However, neither the main effect of Bias Condition nor the interaction between both factors
showed a significant result, F(3, 33) = 2.02, p = .13 and F(9,99) = 1.17, p =.32, respectively

(see Figure 7).
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Figure 7. Mean standard deviation (SD) of reproduced duration in Experiment 2 as a function
of Bias Condition (longer, shorter, same, and unimodal) and Stimulus Duration. Error bars

represent the standard error of the mean.

Discussion

The strong effect of auditory bias on perceived duration was again observed in Experiment 2,
which replicated our main finding of Experiment 1. Accordingly, reproduced duration was
prolonged in the “longer” and shortened in the “shorter” condition, in comparison to the
“same” condition. Importantly, the mean observed difference between reproduced durations
for the “longer” and the “shorter” condition was 138 ms, which constitutes an observed

multimodal bias effect of 69%. Thus, an even stronger multisensory integration of conflicting
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temporal intervals than in Experiment 1 was obtained in Experiment 2 employing filled
audiovisual durations (see also Footnote 3).

In contrast to Experiment 1, however, the difference between the “same” and the “unimodal”
condition showed a clear pattern of overadditivity across stimulus duration, which supports
previous studies with congruent filled auditory and visual intervals (Chen & Yeh, 2009;
Walker & Scott, 1981). Thus, our results add evidence in favor of an increased arousal evoked
by filled auditory intervals (Wearden et al., 2007), which leads to an accelerated pacemaker
rate, which in turn increases the effect of combined audiovisual intervals across stimulus
durations. Accordingly, different mechanisms might be at play for the integration of filled
(Experiment 2) vs. empty (Experiment 1) congruent intervals. Moreover, these results
demonstrate that our experimental design is appropriate to reveal an existing overadditivity.
Specifically, even though in this Experiment a Vierordt effect was also present, the
overadditivity was strong enough to be still pronounced and well observable.

Regarding the observed multimodal integration of conflicting filled intervals, however, again
a tendential (in comparison to the “same” condition) or significant (comparison of the
“longer” and the “shorter” condition) underadditivity was observed with increasing interval
durations. Thus, for multimodal intervals of conflicting duration, the integration process
seems to be similar for empty and filled intervals. As discussed in Experiment 1, this pattern
of results is neither consistent with the pacemaker rate notion by which an overadditivity
would be expected, nor with the notion of a temporal ventriloquism effect on the switch
component. Unfortunately, it is still hard to interpret the underadditive bias effect. Again, the
observed Vierordt effect might have reduced an underlying additive bias effect, but this is still
fairly speculative. Therefore, since Experiment 1 and 2 are inconclusive with respect to our
hypotheses regarding the crossmodal integration of conflicting interval durations, we
conducted a third experiment by employing a method that is less likely to be affected by

distortions such as the Vierordt effect.
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Experiment 3

In Experiment 1 and 2, the effect of bias condition on reproduced duration unexpectedly
decreased with increasing interval duration. Speculatively, this pattern of results may be
codetermined by the employed duration reproduction method, which can be subject to severe
distortions as, for example, the Vierordt effect (Vierordt, 1868). To overcome this
methodological limitation, we conducted a third experiment by employing a reminder task
(cf., Bausenhart et al., submitted) in which a standard duration is always presented before a
variable comparison stimulus. In this task, participant’s judgments about perceived duration
are always based on a direct comparison between a standard and a comparison interval, and
thus, the judgments are less prone to biasing influences like the Vierordt effect. Furthermore,
in this experiment, we increased the range of the employed interval durations from 500 —
1,253 ms in Experiment 1 and 2 to 500 — 2,000 ms. Any interaction of perceived duration
with interval duration that is due to an increased pacemaker rate should thus get more easily
evident for this larger range of interval durations. Since a much larger number of trials is
typically required for the paired-comparison method, we also decided to omit the “same”
condition and base our analysis on comparisons between a “unimodal”, “shorter”, and a
“longer” condition only. These three conditions were presented in random order, whereas the
three standard durations were tested in separate experimental sessions. Such blocking of
stimulus duration might also help to prevent the occurrence of a Vierordt effect (Bausenhart,
Dyjas, & Ulrich, in press; Jazayeri & Shadlen, 2010; but see Woodrow, 1934).

Method
Participants. Twelve participants (8 female; age range: 19-31 years; mean age: 22.58 years) took part in

Experiment 3 in exchange of either course credits or money. Two of them had previously participated in
Experiment 1. Two participants were excluded from data analysis because they had performed close to chance

level in at least one experimental condition, thus leading to unrealistically large estimates of JND (> 1,000 ms).
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Stimuli & Apparatus. All employed stimuli and apparatus were identical to the ones employed in Experiment 1,

with the following exception: Responses were collected via the y and the m key of a standard German keyboard.

Procedure. Each participant performed three experimental sessions on separate days which differed in the
duration of the employed standard and comparison intervals. The order of the three sessions was
counterbalanced across participants. Apart from this, task and procedure were identical for all three sessions.
Participants were instructed to ignore the auditory stimuli presented during the experiment and to base their
responses on the visual stimulation only.

At the beginning of each experimental trial, a fixation dot was presented at the center of the screen for 1,000
ms and was then replaced with a white disc (standard onset marker) for 13.3 ms. Then, the screen remained
empty for the standard duration, which varied between 500, 1,000, and 2,000 ms in different experimental
sessions. After the standard duration, the white disc (standard offset marker) was again presented for 13.3 ms,
before the fixation point reappeared for an interstimulus interval of 1,500 ms. Afterwards the white disc
reappeared for 13.3 ms (comparison onset marker). When this marker disappeared, the comparison interval
started. In the 500 ms standard session, the duration of this comparison interval varied randomly from trial to
trial, in 11 equally spaced comparison levels ranging from 300 to 700 ms. In the 1,000 and 2,000 ms standard
sessions, comparison levels ranged from 600 to 1,400 ms and from 1,200 to 2,800 ms, respectively. These ranges
were chosen as to cover +/- 40 % of the standard interval duration. After the comparison interval duration, the
white disc (comparison offset marker) was presented for 13.3 ms. Following the offset marker of the comparison
interval, the fixation dot reappeared and remained on the screen until participants gave their response.
Participants were asked to press the ‘y’ key with their left index finger if they judged the first interval as longer
and the ‘m’ key with their right index finger if they had had perceived the second interval as longer. The next
trial started 500 ms after the key press.

Multimodal bias was manipulated in three different conditions: “unimodal”, “shorter”, and “longer”. To
foster multisensory integration in all three conditions, auditory markers were always presented simultaneously
with the visual onset and offset markers of the standard interval. For the comparison interval, multimodal bias
was introduced similar as in Experiment 1: (1) Only visual marker stimuli were presented in the “unimodal”
condition, (2) auditory markers were presented 50 ms after and before the visual onset and offset markers in the

“shorter” condition, respectively, (3) auditory markers were presented 50 ms before and after the visual onset
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and offset markers in the “longer” condition, respectively. All three bias conditions were presented in random
order.

In each of the experimental sessions, that is, for each of the three standard durations, participants performed
20 practice trials (picked at random from all possible trials) and 15 blocks of 33 trials each (11 Comparison
Durations * 3 Bias Conditions). After each block, written feedback containing the percentage of correct
responses in the last block was presented. Overall, participants performed 495 experimental trials, thus yielding

15 trials per comparison level in each of the experimental conditions.

Results

For each participant, standard duration and bias condition, the percentage of “comparison
longer” responses was computed separately for all comparison durations. Then, a logistic
psychometric function (Bush, 1963),

1
P(x;) = 1+ ¢ (0 PSEY(OSTIAD)

was fitted to these data by employing a maximum-likelihood procedure. In this logistic
function, the probability P of the response “comparison longer” is associated with the
comparison level x;. The Point of Subjective Equality (PSE) is defined as the location of this
psychometric function, that is, the duration at which the probability for a “comparison longer”
response amounts to .5, and thus, the duration at which the participant perceives the
comparison to be equal in duration to the standard stimulus. Thus, the PSE reflects the
perceived duration of the comparison stimulus, with smaller PSEs corresponding to longer
perceived duration of the comparison stimulus. The Just Noticable Difference (JND) amounts
to half the interquartile range of the psychometric function. It reflects the steepness of the
psychometric function, and thus, the sensitivity with which a participant can discriminate
between the standard and the comparison stimulus. The lower the value of JND, the higher the
discrimination sensitivity. Subsequently, separate repeated-measures ANOVAs with the
factors Bias Condition (“unimodal”, “shorter”, and “longer”) and Standard Duration (500,

1,000, and 2,000 ms) were conducted on the estimates of PSE, the Constant Error, and JND.

26



MULTIMODAL INTEGRATION OF INTERVAL DURATION

Point of Subjective Equality. PSE increased with increasing standard duration, F(2, 18) =
517.02, p <.001. Specifically, mean PSE values of 490, 978, and 1,913 ms were observed for
the 500, 1,000, and 2,000 ms standard condition. Accordingly, participants generally
performed well in the discrimination task, with a slight overestimation of the comparison
stimulus for all three standard durations. Furthermore, PSE was strongly affected by Bias
Condition, F(2, 18) = 61.25, p <.001. Mean PSE was largest in the “shorter” bias condition
(1,212 ms), intermediate in the “unimodal” condition (1,124 ms), and smallest in the “longer”
condition (1,046 ms). Bonferroni-corrected post-hoc #-tests indicated that all bias conditions
differed significantly from each other (all p < .01). Most importantly, these differences in
perceived duration were completely independent of standard duration, F(4, 36) = 0.10, p = .98

(see Figure 8).
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Figure 8. Mean PSE in Experiment 3 as a function of Bias Condition and Standard Duration.

Error bars represent the standard error of the mean. The veridical line is depicted in gray.
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Constant Error. CE in each condition was computed as the difference between PSE and the
standard duration. In contrast to Experiments 1 and 2, a repeated-measures ANOVA with
factors Standard Duration and Bias Condition did not show an effect of standard duration on
CE, F(2, 18) = 1.68, p = .22. Thus, no Vierordt effect was present in this experiment. In
addition, this analysis showed an effect of Bias Condition (p < .001), and no interaction of

both factors (¥ < 1), thus replicating the main results of the previous analysis of PSE.

Just Noticeable Difference. Unsurprisingly, JND increased with increasing standard duration,
F(2,18)=100.49, p <.001, with mean values of 52, 101, and 196 ms for the 500, 1,000, and
2,000 ms standard durations. These values correspond to a constant Weber Fraction close to
0.1 for each of the different standard durations. Furthermore, there was a main effect of Bias
Condition on JND, F(2, 18) = 11.04, p < .001, and in contrast to PSE, this effect was
modulated by Standard Duration, F(4, 36) = 3.43, p = .02. This interaction seems to be mainly
caused by JND in the “longer” bias condition for the 1,000 ms standard (cf. Figure 9). Indeed,
a separate ANOVA comparing JNDs in the “unimodal” and the “shorter” bias condition for
the three different standard durations revealed consistently larger JNDs, and thus, worse
discrimination performance, for the “unimodal” condition, F(1, 9) = 15.65, p < .01, and no
interaction of these conditions with standard duration, F(2, 18) = 2.33, p =.13. A parallel
ANOVA on JNDs of the “unimodal” and the “longer” bias condition also showed larger JNDs
in the “unimodal” condition, F (1, 9) = 9.55, p = .01, and in addition, an interaction of these
conditions with standard duration, F' (2, 18) = 3.72, p = .04. Post-hoc #-tests confirmed higher
JNDs in the “unimodal” condition than in the “longer” condition for the 500 ms, #9) = 3.54, p
< .01, and the 2,000 ms standard duration, #9) = 2.89, p = .02, but not for the 1,000 ms

standard duration, #9) = 0.21, p = .84.
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Figure 9. Mean JND in Experiment 3 as a function of Bias Condition and Standard Duration.

Error bars represent the standard error of the mean.

Discussion

The overall effect of bias condition is consistent with the outcome of our previous
experiments. Most importantly, bias condition affected perceived duration, as indexed by
PSE, such that perceived duration of the visually marked temporal intervals was biased
towards the duration of the conflicting auditory intervals. This multimodal bias effect was
even more pronounced than in Experiments 1 and 2. Specifically, the true physical difference
between the auditory intervals in the “shorter” and “longer” conditions again was 200 ms.
Thus, the observed difference of 166 ms between PSESs in these two conditions amounts to an
observed multimodal bias effect of 83 % of the true physical difference. Therefore, in this
experiment, the auditory information seemed to dominate the visual temporal information

almost completely.
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Most importantly, and in contrast to Experiment 1, this multimodal bias effect was highly
similar for all employed standard durations. Thus, irrespective of interval duration, a physical
asynchrony between the onset and offset markers of audiovisual intervals translated to
changes in perceived duration of comparable magnitude. This is highly consistent with the
notion of a temporal ventriloquism effect in perceived duration (Klink et al., 2011; Morein-
Zamir et al., 2003). Moreover, this result weakens the alternative account, according to which
differences in pacemaker rate play a major role in the perception of audiovisual conflicting

intervals.

General Discussion

The present experiments were designed to investigate which mechanisms underlie the
multisensory integration of temporal intervals. To this end, we employed a reproduction task
(Experiment 1 and Experiment 2) and a paired-comparison task (Experiment 3) to investigate
perceived duration of multimodal audiovisual intervals with congruent (same) and conflicting
(shorter or longer) durations.

Overall, all Experiments show a strong influence of asynchronously presented auditory
intervals on the perceived duration of visual intervals. Specifically, independent of the method
used to assess duration perception, perceived duration of visual intervals appeared longest
when the irrelevant auditory intervals were longer, and it appeared shortest when the
irrelevant auditory intervals were shorter than the relevant visual ones. This pattern of results
indicates a multisensory integration of the audiovisual temporal information, such that the
auditory duration strongly affected the visual percept. Especially for the paired-comparison
task, the auditory duration almost completely dominated the perceived visual duration,
whereas this influence was less strong, yet still pronounced, for the reproductions in
Experiment 1 and intermediate in Experiment 2°. These results therefore support previous

evidence (Bausenhart et al., submitted; Klink et al., 2011; Romei et al., 2011) on the
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multisensory integration of conflicting audiovisual time intervals. Alternatively, however, the
results could also be interpreted as reproductions based on the auditory intervals instead of the
visual ones in part of the trials. This is rather unlikely, however, because in all Experiments, a
high (25% in Experiment 1 and 2, and 33% in Experiment 3) percentage of randomly
interspersed unimodal trials would have made such a strategy quite detrimental to
performance. Interestingly, the strongest multimodal bias was observed in the Experiment 3,
which included the highest proportion of unimodal trials — and in which it would therefore be
most harmful to attend only to the auditory stimulation. In addition, Bausenhart et al.
(submitted) employed a similar paired-comparison task as in Experiment 3, but presented only
one auditory marker (e.g., onset marker alone). Thus, there were no auditory intervals to
which participants could respond to. Interestingly, an auditory biasing effect on perceived
visual duration was still observed. Therefore, this finding also supports the notion the
multisensory bias effect is indeed due to a biased perception of the visual intervals rather than
a mere reproduction or judgment of the auditory intervals alone.

Most important for the purpose of the present study was the examination of this
multisensory integration effect across a wide range of interval durations. As outlined in the
Introduction, the multisensory integration effect should increase with increasing interval
duration if it is based on an influence of the auditory information on the pacemaker rate of a
pacemaker-accumulator model, whereas an influence on the switch component of this model
would lead to a constant effect across interval durations. Surprisingly and contrary to these
predictions, the observed multimodal bias in reproduced duration (Experiment 1 and 2)
decreased with increasing interval duration. Since this result might have been codetermined
by the existence of a pronounced Vierordt effect (Vierordt, 1868), it is hard to draw any
decisive conclusions about the mechanisms underlying this effect (see Discussion of
Experiment 1 and 2). However, the paired-comparison method with blocked standard

durations employed in Experiment 3 prevented the occurrence of a Vierordt effect, and most
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crucially, the multisensory integration effect was clearly additive with interval duration. Thus,
this latter result is highly consistent with the assumption that multimodal integration of
conflicting audiovisual time intervals affects the switch component of a pacemaker-
accumulator model. Specifically, according to this explanation, in “longer” trials, the switch
that regulates the start and end of the accumulation of pulses generated in the pacemaker
would close earlier and open later than in “same” trials, and this would result in a higher
number of accumulated pulses for a given interval duration. Likewise, in “shorter” trials, the
switch would close with some delay and open earlier than in “same” trials, and thus, this
would result in a smaller number of accumulated pulses. As suggested by, for example, Klink
et al. (2011), this might be caused by a temporal ventriloquism effect (Bertelson &
Aschersleben, 2003; Morein-Zamir et al., 2003). Accordingly, if the auditory and visual
marker stimuli are presented slightly asynchronously, the perceived onset and offset of the
visual interval would be shifted in time towards the onset and offset of the auditory interval.
As a consequence, closing and opening of the switch, and thus the number of accumulated
pulses, would be determined by the onset and offset of the combined audiovisual percept and
not by the physical onset and offset of the visual interval alone. Thus, temporal ventriloquism
could readily account for the observed multisensory integration effects on perceived duration
of conflicting audiovisual intervals.

Another important theoretical aspect of our data is concerned with the observed difference
between the “same” and the “unimodal” conditions. In Experiment 1, this difference was
additive with increasing stimulus duration and thus seemed to be at odds with the
overadditivity reported in previous studies (Chen & Yeh, 2009; Walker & Scott, 1981).
However, this might be explained by the use of empty intervals instead of filled ones as in
these previous studies. For that reason, we conducted Experiment 2 by using filled visual and

3

auditory intervals. Here, the difference between the “same” and the “unimodal” condition

showed a clear overadditivity with stimulus duration. This result is consistent with the notion
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of an enhanced arousal evoked by continuous auditory stimuli (Wearden et al., 2007), which
leads to an increased pacemaker rate. Finally, however, one might argue that the results of
Experiment 3 are at odds with the observed underestimation of “unimodal” compared to
“same” intervals in Experiments 1 and 2. Specifically, even though a “same” condition was
omitted in Experiment 3, a similar situation was produced in the “unimodal” condition, when
participants had to discriminate between the audiovisual congruent standard and the unimodal
comparison. In that case, a smaller PSE than the standard duration was observed, indicating
that participants judged the unimodal visual comparison even as slightly longer than the
audiovisual standard interval. Particularly, this result might be interpreted as either an
overestimation of the unimodal visual comparison or an underestimation of the audiovisual
standard, and it is not possible to distinguish these alternatives. Since a reminder design was
employed in Experiment 3, in which the order of the standard and the comparison is fixed
across trials, PSE values could have even been inflated by simple response biases (see Green
& Swets, 1966) or time order errors (Hellstrom, 1985; Michels & Helson, 1954). Therefore, in
this paradigm, absolute PSE values, and thus, the appearent overestimation of unimodal
intervals, should not be interpreted. Most importantly, however, this does not hamper the
interpretation of our results, because our conclusions are not based on absolute PSE values,
but on a relative comparison of PSE values, which are all assessed in comparison to a
standard stimulus that is identical across conditions. Thus, taking the results of all three
Experiments together, unimodal visual intervals are perceived as shorter than bimodal
congruent ones. For filled (Experiment 2), but not for empty (Experiment 1) intervals, this
effect seems to be caused by an increase in pacemaker rate.

More central to the aim of the present study is the multimodal integration of conflicting
bimodal intervals. Interestingly, even though the irrelevant auditory information in these trials
was different from the relevant visual duration information, and thus potentially misleading,

this discrepancy did not lead to a decline of discrimination sensitivity. Specifically, the
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variability of duration reproductions in bimodal trials of Experiment 1 and 2 was consistently
similar to or even smaller than the variability of unimodal visual reproductions. Likewise, in
Experiment 3, JNDs were generally larger in the “unimodal” condition than in the bimodal
conditions. The only exception from this pattern was found for the combination of the
“longer” condition and the 1,000 ms standard duration, in which JND did not differ from JND
of the “unimodal” condition. This effect appears rather unsystematic and is therefore hard to
interpret. If this effect was directly associated with the specific 1,000 ms standard interval
duration, it should have been observed for the “shorter” bias condition as well. Likewise, it
cannot be due to the presentation of irrelevant auditory stimuli, which might have a distracting
influence, because then it should also be evident for other standard interval durations. Even
though we have no conclusive explanation for this effect, it should be stressed, however, that
there was no cost associated with the presentation of conflicting auditory information. Thus,
all experiments suggest that multisensory integration of conflicting intervals leads to
relatively stable percepts without accompanying costs, but rather benefits, regarding
discrimination sensitivity (Bausenhart et al., submitted).

This finding is also consistent with previous studies from other domains, such as spatial
localization or size discrimination (Alais & Burr, 2004; Ernst & Banks, 2002; Ernst &
Bulthoff, 2004). Specifically, Ernst and Banks (2002) investigated the crossmodal integration
of visual and haptic stimuli in size discrimination. These authors quantified the degree to
which vision or haptics dominate the resulting multimodal percept by measuring the variances
associated with each modality. Based on a Maximum-Likelihood process, they suggested that
the variance associated with a given modality determines the degree of dominance exerted by
this modality, in a statistically optimal fashion. Applying this model to our results, it might be
suggested that smaller variability observed in bimodal intervals might be attributed to the
typically smaller variance associated with auditory duration judgments compared to visual

duration judgments, and the resulting relative auditory dominance over visual information. A
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dedicated investigation of this account, however, would require the assessment of the
variability of unimodal visual and auditory as well as bimodal (audiovisual) stimuli. Since we
did not include a unimodal auditory condition, we cannot ascertain whether our data conform
to the principle of statistically optimal integration or not, even though the general pattern of
results seems to be well in line with this assumption. Future studies might address this issue in
more detail, and try to determine whether temporal ventriloquism, for example, is mediated
by such a statistically optimal integration process.

The present results are not only important regarding multisensory integration of temporal
information, but they also may be especially interesting from the viewpoint of time perception
research, because eventually they may inform about more basic mechanisms of time
perception per se. Specifically, even though there is evidence for effects of several
manipulations on pacemaker speed (e.g., Chen & Yeh, 2009; Penton-Voak et al., 1996;
Wearden & Penton-Voak, 1995), there is astonishingly little research on the role of the switch
mechanism of the pacemaker-counter model. This is especially surprising with regard to the
central role of this model component for the perception of time. The switch mechanism is
typically assumed to be triggered directly by physical input (e.g., stimulus onset or offset).
The timing of physical stimulus input, however, cannot be manipulated independently of
interval duration. If a stimulus is, for example, modified to end later, its duration will
consequently also be longer. This natural confound might actually have prevented researchers
from paying much attention to a more direct investigation of the role of the switch mechanism
for time perception so far (for a rare exception, cf. Bendixen, Grimm, & Schroger, 2006).
Establishing temporal-ventriloquism-like effects for conflicting multimodal intervals might
thus not only be interesting with regard to multisensory integration, but eventually also
provide a means to manipulate and study the proposed switch mechanism of the pacemaker-

counter model more directly.
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In summary, we demonstrated that auditory information influences perceived visual
duration, such that visually marked intervals were biased towards conflicting auditory ones
and, more importantly, these bias effects showed a decreasing or constant magnitude with the
lengthening of interval duration. Thus, our study supports the existence of a temporal
ventriloquism effect in perceived multimodal duration. This effect biases the moment at
which the switch of a pacemaker-accumulator mechanism opens and closes towards the

auditory interval markers and consequently, evokes a biased perception of visual duration.
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Footnotes

' Yet, due to the nature of the oddball task employed by Chen and Yeh (2009), it remains
somewhat unclear whether the observed difference in perceived duration between unimodal
visual and bimodal stimuli emerged because the auditory information within the bimodal
stimuli increased the pacemaker rate. Alternatively, adding the auditory information to the
visual stimulus might have also increased the perceived “oddness” of the oddball stimulus. In
this case, the increase in pacemaker rate would be due to an enhanced oddball effect rather

than to the multimodal stimulation per se.

? This and following experiments were conducted in accordance with the Helsinki Declaration

and the ethics guidelines for scientific work of the University of Tiibingen.

3 This was supported by Bonferroni corrected two-sample #-tests conducted on the amount of
multisensory bias. Therefore, the observed difference between the auditory intervals in the
“shorter” and “longer” conditions was converted into a percentage, with the true physical
difference of 200 ms corresponding to 100%. According to these analyses, the multimodal
bias in Experiment 3 was more pronounced than in Experiment 1 (p <.01). In Experiment 2,
the multimodal bias tended to be larger than in Experiment 1 (p = .08), but did not differ from

Experiment 3 (p = .51).
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SOUND ENHANCES LETTER IDENTIFICATION 2

Abstract

Previously it has been shown that the concurrent presentation of a sound can improve processing of
visual information at higher perceptual levels, for example, in letter identification tasks. Moreover,
increasing the duration of the concurrent sounds can enhance performance in low-level tasks as
contrast detection, which has been attributed to a sustained visual activation corresponding to the
duration of the sound. Yet, the role of sound duration has so far not been investigated in higher-level
visual processing. In a series of five Experiments, we again demonstrated that the mere presence of a
concurrent sound can enhance the identification of a masked, centrally presented letter compared to
unimodal presentation, even though this benefit was absent in one experiment for high-contrast letters
yielding an especially high level of task-performance. In general, however, the sound-induced benefit
was not modulated by a variation of target contrast or by the duration of the target-to-mask
interstimulus interval. Taking individual performance differences into account, a further analysis
suggested that the sound-induced facilitation effect may nevertheless be most pronounced at specific
performance levels. Beyond this general sound-induced facilitation, letter identification performance
was not further affected by the duration of the concurrent sounds, even though in a control experiment
it could be established that letter identification performance improved with increasing letter duration,
and perceived letter duration was prolonged with increasing auditory duration. The results and their
interpretation with respect to the large observed interindividual performance differences are discussed
in terms of potential underlying mechanisms of multisensory facilitation, as preparedness

enhancement, signal enhancement, and object enhancement.

Keywords: backwards-masking paradigm; letter identification; multisensory integration; duration

perception
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Enhancement of Letter Identification by Concurrent Auditory Stimuli of Varying Duration

Research on multisensory perception has shown that concurrent auditory stimulation can facilitate
visual perceptual sensitivity. Importantly, existing evidence shows that this auditory benefit can be
observed at different levels of visual perceptual processing, from simple detection of separable
features at low-level perceptual stages to identification of complex object representations comprised of

combinations of stimulus features at higher-level perceptual stages.

For example, sounds facilitate low-level perceptual processes, resulting in an increased sensitivity for
rather simple near- or supra-threshold visual stimuli such as Gabor patches, lines, or simple shapes,
defined by elementary features as luminance, contrast, color, or orientation (Y. C. Chen, Huang, Yeh,
& Spence, 2011; de Haas, Cecere, Cullen, Driver, & Romei, 2013; Frassinetti, Bolognini, & Ladavas,
2002; Lippert, Logothetis, & Kayser, 2007; Ngo & Spence, 2010; Noesselt et al., 2010; Noesselt,
Bergmann, Hake, Heinze, & Fendrich, 2008; Pérez-Bellido, Soto-Faraco, & Ldpez-Moliner, 2013;
Senkowski, Saint-Amour, Hofle, & Foxe, 2011; Stein, London, Wilkinson, & Price, 1996; Vroomen &
Gelder, 2000; Vroomen & Keetels, 2009). More scarce is evidence regarding the influence of sounds
on processing in higher stages of visual perception, regarding processing of more complex stimuli
(such as, e.g., letter identification). Yet, Y. C. Chen & Spence (2011) were able to demonstrate such
an influence by employing a backward masking paradigm. They presented a peripheral target letter for
40 ms, followed by a masking letter after a variable interstimulus interval (ISI) between 0 and 133 ms.
Importantly, the target letter was presented either alone or together with a 27-ms sound, synchronized
to letter onset. The authors found that the presence of the sound enhanced letter identification
performance, but only in a specific range of ISI durations between 27 and 40 ms (Experiment 1).
Similar facilitatory effects at the 40-ms ISI were observed for high-intensity targets combined with
low-intensity masks and for low-intensity targets combined with high-intensity masks (Experiment 2).
Moreover, the authors found that presenting the sound concurrently with the masking letter also
improved target letter identification (Experiment 3). Additionally, this crossmodal facilitation
depended on a reliable temporal coincidence of the target letter and sound (Experiment 4) but,

otherwise, their spatial consistency was not crucial (Experiment 5).
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Taking together these results, the authors concluded that concurrent sounds facilitate the identification
of masked letters by two mechanisms. First, a bottom-up mechanism might serve to produce
crossmodal facilitation within a specific range of ISI durations. Accordingly, whenever the ISI is long
enough to warrant that the target can be temporally segregated from the mask, such that two separable
object representations are created, sounds would automatically enhance letter identification by
strengthening the object representation of the target letter. This object-enhancement account was
preferred over a simpler signal-enhancement account and a preparedness-enhancement account. The
former idea would imply performance improvements not at intermediate but especially at very brief
ISIs, when the perceptual signal corresponding to the target is most weakened by the masking
stimulus. The latter idea, in contrast, would imply performance improvements based on improved
alertness or preparation for target processing, across a wide range of ISIs from very brief to longer
ones - as long as performance is below ceiling. Furthermore, the authors assumed a second, more
controlled top-down process, which might underlie the necessary reliable temporal coincidence of
target and sound for crossmodal facilitation. Specifically, this mechanism would be based on a “unity
assumption” (Y. C. Chen & Spence, 2017; Welch & Warren, 1980). According to this assumption, an
integration of auditory and visual stimuli only takes place if they are assumed to emerge from the

same perceptual object.

This finding on crossmodal facilitation of letter identification implies that higher-level visual
perceptual processes, involved in combining simple features to create complex object representations
(e.g., Madec, Rey, Dufau, Klein, & Grainger, 2011; Treisman & Gelade, 1980), under certain
conditions, can be affected by the concurrent presentation of uninformative sounds. In their study,
however, Y.-C. Chen & Spence (2011) only employed a single duration (27 ms) for sounds which was
shorter than letter duration (40 ms). Based on their finding that reliable temporal coincidence is crucial
to observe the crossmodal facilitation effect, one might wonder whether masked letter identification
might be modulated by varying the duration of the concurrent sound relative to the visual target
duration. Actually, several previous studies have demonstrated that not only the presence, but also the

duration of accompanying sounds can affect perception of visual stimuli. For example, perceived
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duration of visual intervals is strongly biased by concurrently presented auditory intervals with
conflicting durations (Asaoka & Gyoba, 2016; Bausenhart, De la Rosa, & Ulrich, 2014; K. M. Chen &
Yeh, 2009; De la Rosa & Bausenhart, 2013; Hartcher-O’Brien, Di Luca, & Ernst, 2014; Klink,
Montijn, & van Wezel, 2011; Walker & Scott, 1981). Specifically, visual intervals are perceived as
longer or shorter, compared to a unimodal visual baseline, when they are accompanied by longer or
shorter auditory intervals, respectively. Based on the observation of constant effect magnitudes across
different interval durations, this effect has been explained in terms of a temporal ventriloquism effect
(Bertelson & Aschersleben, 2003; Morein-Zamir, Soto-Faraco, & Kingstone, 2003). Hereby, it is
assumed that the onset/offset of the visual stimulus is biased towards the auditory on- and offset (De la
Rosa & Bausenhart, 2013; see also Klink et al., 2011), and thus, the visual duration percept is biased

towards the auditory duration.

Importantly, de Haas et al. (2013) investigated the effect of sound durations also on the sensitivity of
visual perceptual processing by employing a low-level perceptual task. Specifically, their participants
had to detect a Gabor patch that could be presented in one of two consecutive intervals of dynamic
white noise. The task was divided into two different conditions. In the unimodal condition only the
Gabor patch was presented, lasting for one of eight different durations between ~24 and ~190 ms. In
the audiovisual condition, the Gabor patch lasted for a fixed duration of ~24 ms and was always
accompanied by a continuous pure tone whose duration varied between the same eight durations as the
visual target in the unimodal task. Unsurprisingly, in the unimodal task, target detection sensitivity
increased with increasing duration of the visual target. More important, also in the audiovisual
condition, detection sensitivity for the 24-ms Gabor patch increased with increasing sound duration
from 24 ms up to 60 and 96 ms. The authors concluded that early audiovisual interactions might be
responsible for this effect. Specifically, the increasing sound duration might have produced sustained
visual activation, resulting in a longer visual target representation, which in turn would facilitate target
detection. Thus, this proposed mechanism is basically consistent with the temporal ventriloquism
explanation of biased duration perception as outlined above. However, a controversial aspect of the

results concerns the comparison across the unimodal and the audiovisual condition at the shortest
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stimulus duration (24 ms). This comparison showed that visual detection sensitivity was actually
impaired by presenting a same duration auditory stimulus, in comparison to the unimodally presented
visual stimulus. This finding seems somewhat inconsistent with previous studies reporting sound-
induced facilitation of stimulus processing (e.g., Frassinetti et al., 2002; Noesselt et al., 2010, 2008),
and presumably points to an additional disruptive effect of sound presentation on the processing of the

visual information.

In summary, the presentation of concurrent sounds can influence different stages of visual perceptual
processing: from rather low-level processing such as detection of simple stimuli defined by elementary
features, to higher-level processing required for the identification of complex stimuli, such as letters.
Importantly, it has been also shown that the duration of the sound can further modulate low-level
processing by improving contrast detection with increasing sound duration. However, no such

evidence has been reported so far for higher-level visual processing.

The aim of the present study was two-fold. First, we attempted a conceptual replication of the sound-
induced enhancement of letter identification observed by Y. C. Chen & Spence (2011) in order to
investigate whether this effect is robust to variations of the specific conditions of stimulation. In fact,
only few studies have so far reported related sound-induced effects on processing of rather complex
stimulus configurations, but within rather dissimilar experimental paradigms (i.e., letter processing
within the attentional blink, Kranczioch & Thorne, 2013; or discrimination of complex dot
configurations, Takeshima & Gyoba, 2014). Therefore, we combined a letter identification task with a
backwards-masking paradigm (Kinsbourne & Warrington, 1962; Rolke, 2008; Turvey, 1973).
Specifically, participants had to identify a centrally presented letter followed by a mask consisting of
visual random noise (masking-by-noise). Similar to the study of Y. C. Chen & Spence (2011), the
target letter could be either presented unimodally or accompanied by a concurrent sound. Second, we
wanted to investigate whether the duration of the concurrent sounds would further modulate the
influence of the sound on letter identification. Therefore, we employed sound of either the same
duration as the visual target or conflicting (shorter or longer) durations. Based on Y. C. Chen &

Spence (2011), the presentation of any sound should strengthen the object representation of the target
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letter, and thus facilitate letter identification performance compared to the unimodal condition. In
addition, if the duration of the auditory stimulus modulates the persistence of the internal object
representation of the target letter, letter identification performance should be further modulated by

sound duration (cf. de Haas et al., 2013).
Experiment 1

In Experiment 1, we investigated the influence of sound on the identification of letters in a backwards-
masking paradigm. Therefore, the target letter was presented either unimodally or simultaneously
accompanied by a sound with congruent (same) or conflicting (longer or shorter) duration. According
to Y. C. Chen & Spence (2011), the presentation of any sound should increase the accuracy of letter
identification in comparison with the unimodal condition, and this effect should emerge especially at
intermediate ISIs. Additionally, if the duration of the concurrent sound can modulate letter
identification by temporally shortening or expanding the corresponding visual object representation
(cf. de Haas et al., 2013), letter identification performance should increase with the duration of the

concurrent sounds.
Method

Participants. Twenty-four participants (21 female; age range: 18-47 years; mean age: 24.38 years)
from the University of Tiibingen voluntarily took place in Experiment 1 in exchange of either course
credit or money (8€/hour). Please note that this and all following experiments were conducted
according to the ethics guidelines for scientific work of the University of Tiibingen. All participants of
this and the following experiments provided written informed consent before performing the

experiment, and reported normal or corrected-to-normal vision and hearing abilities.

Apparatus and Stimuli. The experiment was run on a Macintosh computer connected to a CRT
monitor (iiyama Vision Master™ Pro 454) running at 150 Hz. The presentation of all stimuli and data
recording were controlled by Matlab with the Psychophysics Toolbox extension (Brainard, 1997,
Kleiner et al., 2007; Pelli, 1997). Participants were seated in a dimly lit room at a viewing distance of

approximately 55 cm from the computer screen.
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All visual stimuli were presented in white (99 cd/m”) on a black background (< 1 c¢d/m?), resulting in a
luminance difference of > 0.98 in units of Michelson contrast (computed as (Lmax - Loackground)/(Lmax +
Lbackeround))- These visual stimuli consisted of a fixation point defined by a small dot (0.10° visual
angle), the target stimuli composed of 8 possible letters (A, S, D, F, G, H, J, or K, all approximately
0.51° x 0.41°), a question mark (0.51° x 0.31° visual angle), and a static random noise mask. This
mask consisted of 200 white squares (0.1° visual angle) which were drawn on the pixel-level (not
smoothed) and randomly distributed on a black square of a 2.05° x 2.05° visual angle. In each trials, a
new random pattern of dot locations was created. All these stimuli were presented at the center of the
screen and, except for the question mark, centered within a white frame (2.05° x 2.05° visual angle) in

order to reduce spatial uncertainty.

Auditory stimuli consisted of pure sinusoidal tones (800 Hz, 65 dB(A)) played binaurally through
headphones. The duration of the tones were 7, 20 or 33 ms', presented with ramped 2 ms on- and
offsets. Participants responded to the target letters by pressing the corresponding adjacent keys of a
standard German keyboard. Correctness of stimulus timing and synchrony / asynchrony between the

visual and auditory stimulation was checked by oscilloscopic measurement.

Procedure. At the beginning of the experiment participants received verbal and written instructions to
press the key corresponding to the perceived target stimulus (i.e., either A, S, D, F, G, H, J or K) as
accurately as possible, as soon as the question mark would appear. They were also informed that

sometimes also sounds would be presented, but that these were task-irrelevant.

Each trial started with the presentation of the fixation point together with the white frame. After 1000
ms, the fixation point was replaced by one of the possible target letters for 20 ms. The target letter
could be presented in four different conditions (Figure 1). In the no-sound condition, the target letter
was presented unimodally. In the audiovisual conditions, the target letter was accompanied by a sound

that varied in duration according to three different conditions: longer, same and shorter. In the longer

'All durations employed in this and the following experiments were multiples of the minimum refresh
duration of the employed display (i.e. 6.667 ms), but were rounded to whole milliseconds in the main
text.
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condition, the (33-ms) sound started 7 ms before the target letter onset and ended 7 ms after the target
letter offset. In the same condition, the (20-ms) sound and the target letter started and ended
synchronously. In the shorter condition, the (7-ms) sound started 7 ms after the target letter onset and
ended 7 ms before the target letter offset. At target stimulus offset, the white frame remained empty
for an ISI of either 0, 7, 13, 20, 27, or 33 ms. At the end of the ISI, the white frame was filled with a
random visual noise pattern for 500 ms. Afterwards, the mask and white frame were replaced by the
question mark which prompted participants to respond, for a maximum response time of 2000 ms.
After the response was registered or after the 2000 ms had expired, participants received feedback
about their responses for 500 ms: the word “Korrekt!” (“Correct”) colored in green indicated a correct
response and “Falsch!” (“False”) colored in red indicated a wrong response. In case of no key pressed,

“zu langsam” (“too slow’”) was presented.

192 different trials resulted from the combination of 8 target stimuli, 4 sound conditions and 6 ISIs.
Each combination was presented 5 times, resulting in 960 trials overall, in random order. The
experiment consisted of a practice block with 20 trials (chosen randomly from all possible trials) and
the 960 experimental trials, subdivided in 24 experimental blocks with 40 trials each. At the end of
each block, participants received feedback about the percentage of correct responses in the preceding

block. The whole experiment took around 1 hour.

Fixation point Visual target Interstimulus Mask Until response Feedback
1000 ms 20 ms interval 500 ms or max. 2 sec 500 ms
N . S—
) —> 0,7,13,20,27,33 ms
7ms
“ 20ms
)
33ms
TIME 5

Figure 1. Schematic representation of events in a trial in Experiment 1.
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Results

Practice blocks and trials with no response (0.02 %) were discarded from data analysis. A repeated-
measures analysis of variance (ANOVA) was conducted with the factors Sound Condition (longer,
same, shorter, and no sound) and ISI (0, 7, 13, 20, 27, and 33 ms) for the mean percentage of correct
responses)”. For the following analyses, when appropriate, p values were adjusted for violations of the

sphericity assumption using the Greenhouse-Geisser correction.

Overall, participants” mean percentage of correct responses was 76.79 %, ranging from 45.93 % to
94.69 % between participants. More correct responses were obtained with increasing ISI, F(5, 115) =
140.33, p <. 001, n2p= .86 (see Fig. 2), with percentages monotonically increasing from 33.04% (SD =
18.41%) at the shortest ISI to 95.57% (SD = 4.17%) at the longest ISI. However, letter identification
was not affected by Sound Condition, even though it showed a tendency, F(3, 69) = 2.45, p = .07, n2p=
.10. Numerically, participants achieved 75.94 (SD = 13.11), 77.08 (SD = 12.35), 76.70 (SD = 12.54),
and 77.43 (SD = 12.59) percent of correct responses in the no-sound, shorter, same, and longer
conditions, respectively. Finally, the interaction between Sound Condition and ISI was not significant,

F(15,345)=0.96, p = .50, 1%, = .04.

Based on the results of Y. C. Chen & Spence (2011), one would expect that the presence of a sound
would affect letter identification performance only at intermediate ISIs producing performance levels
of approximately 60-70%. In our design, this corresponds to an ISI of 7 ms (cf. Fig. 2). Therefore, to
mirror the analysis of Y. C. Chen & Spence (2011), we conducted an additional #-test comparing the
percentage of correct responses between the no-sound and the same condition at this ISI. This analysis
showed only marginally better performance in the same (M = 63.23%, SD = 25.03%) than in the no-
sound (M = 59.48%, SD = 27.50%) condition, #(23) = 2.04, p = .05 (at all other ISIs, this comparison

was far from significant, all ps > .43).

2 An anonymous reviewer pointed out that the observed data could alternatively be analysed by fitting
psychometric functions to the proportion of correct responses (PC) depending on ISI. We have conducted such
analyses and present their results in a supplementary material to this manuscript. In summary, with a single
exception, these analyses are in line with all results of the (pre-planned) ANOVAs on percentage of correct
responses reported in the main text.
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A second pre-planned analysis was conducted to specifically address the influence of sound duration
on letter identification. Therefore, we explicitly compared performance between the three bimodal
conditions with an additional ANOVA. Clearly, letter identification performance did not differ
between the three sound conditions, and this effect was also not modulated by ISI (both Fs < 1), while

overall performance again increased across ISIs, F(5, 115) = 134.22, p <.001, n2p= .85.

100 A
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S 40 - Sound Condition
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30 1 Same
i ——- Shorter
20 —— No Sound
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0 .
0 7 13 20 27 33

ISI (in ms)

Figure 2. Mean percentage of correct responses in Experiment 1 as a function of Sound Condition and
ISI. Error bars represent =1 within-subject standard error of the mean with a correction for between-
subjects variability according to Morey (2008).

Discussion

Experiment 1 was designed to test two major hypotheses: First, we wanted to test for a sound-induced
facilitation of letter identification similar to the one observed by Y. C. Chen & Spence (2011). Second,
we wanted to investigate whether the duration of the concurrent sounds would further modulate their

effect on letter identification.
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The results show only a slight trend for sounds affecting the accuracy of letter identification.
Basically, the mere presence of a sound in the same condition, as compared to the unimodal condition,
produced only a marginal improvement of letter identification performance, and even this weak
influence was constricted to the 7-ms ISI. Clearly, this effect must be interpreted with care, since it is
based on a post-hoc analysis and only marginally significant. Supposing its validity, this result would
reflect the basic result pattern of Y. C. Chen & Spence (2011) quite well: sound-induced enhancement
of letter identification at intermediate ISIs producing about 60-70% of correct responses, but not

briefer or longer ones.

While Y. C. Chen & Spence (2011) found this crossmodal facilitation within a specific range of ISIs
between 27 and 40 ms, participants already reached a similar level of performance at the 7 ms ISI in
our study. For all longer ISIs, accuracy already reached relatively high levels above 80% (83.33,
92.10, 94.04, and 95.57% at ISIs of 13, 20, 27, and 33 ms, respectively). Presumably some aspects of
our specific employed masking paradigm yielded a relative low task difficulty, leading to a much
steeper initial slope of the masking-ISI function, compared to the one of Y. C. Chen & Spence (2011).
This might in turn have hampered the chance to observe a clearer sound-induced enhancement of letter

identification across a wider range of ISIs.

There are several crucial differences between the basic masking paradigms employed in our and Y. C.
Chen & Spence’s (2011) study that might have contributed to the overall higher performance level and
lack of clear multisensory integration effect in our study. First, we presented target letters always at
the screen centre, as opposed to target letters presented laterally at the left or right of fixation. Central
target presentation typically leads to enhanced perceptual performance regarding tasks requiring
spatial resolution such as letter identification, since processing at the fovea is characterized by higher
spatial resolution and contrast sensitivity (e.g., Bouma, 1970; Pointer & Hess, 1989; Rijsdijk, Kroon,
& van der Wildt, 1980). Also, compared to the task of Y. C. Chen & Spence (2011), our stimulus
layout evoked less spatial uncertainty and thus processing may have benefitted from preallocated
spatial attention (e.g., Carrasco, Williams, & Yeshurun, 2002; Henderson, 1991; Pestilli & Carrasco,

2005). Moreover, according to studies investigating the distribution of neurons which are sensitive to
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bimodal stimulation across the visual receptive field, multisensory integration per se may increase
with increasing eccentricity of the target (Allman & Meredith, 2007). Second, we used a random noise
pattern as masking stimulus (i.e., masking-by-noise), as opposed to a structurally similar masking
letter (i.e., masking-by-structure), which was quite often confused with and thus misreported as the
target letter in the study of Y. C. Chen & Spence (2011, cf. Fig. 1). Interestingly, and consistent with
the present results, the largest performance impairment (i.e., the minimum of the ISI-masking
function) is usually obtained at briefer ISIs for noise pattern masks than for structure pattern masks
(see also, Agaoglu, Agaoglu, Breitmeyer, & Ogmen, 2015). Third, we employed a higher contrast
between background and target/mask than Y. C. Chen & Spence (2011). Even though these authors
could demonstrate that at least manipulating the relative luminances of target and mask does not
necessarily affect the sound-induced enhancement effect, their experiment 2 also indicates that a
relatively lower target-background contrast leads to much lower letter identification performance at

brief ISIs (see also Rolke, 2008).

Interestingly, there is empirical evidence that stimulus contrast seems to be an important factor
modulating the sound-induced enhancement of visual processing (Noesselt et al., 2010). Specifically,
some studies report an auditory influence on visual sensitivity exclusively for low or intermediate
levels of stimulus contrast (Y. C. Chen et al., 2011; Noesselt et al., 2010; Senkowski et al., 2011). For
example, Noesselt et al. (2010) measured the sensitivity of participants to detect a Gabor patch
presented either with low or high contrast and presented either unimodally or with a concurrent same-
duration sound. The results revealed an enhancement of visual detection sensitivity specifically when
the sound co-occurred with a low-contrast, but not with a high-contrast visual target. This specific
sound-induced facilitation of low-contrast visual targets is consistent with the principle of “inverse
effectiveness” (Meredith & Stein, 1983, 1986; Stein & Meredith, 1993). Considered as a principle of
multisensory integration, this phenomenon describes that the maximal enhancement of a multisensory
response occurs when the constituting unisensory stimuli evoke a weak response in isolation, and thus
implies early multisensory interactions through which a sound may boost the perceptual representation

of a relatively weak visual signal. Accordingly, it might be possible that the high-contrast letter
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identification required in our study did not strongly profit from the sound presentation because the
unisensory visual signals provided reliable information that led to high accuracy by itself. In other,
rather descriptive, terms, the sounds in our study may not have led to clear sound-induced benefits
because of a ceiling effect, as is indicated by the asymptotic course of the ISI-masking function

starting from an ISI duration of approximately 20 ms (cf. Fig. 2).

Given this result, it is also not possible to evaluate our second empirical question: Since the sound did
not or at best slightly modulate letter discrimination performance, one cannot draw any conclusions
concerning the (lack of) effect of sound duration on discrimination performance. Therefore, in
Experiment 2, we employed a lower contrast between target and background, in order to reduce
overall performance levels and obtain a shallower slope of the ISI-masking function indexing

multisensory masked letter discrimination.

Experiment 2

In Experiment 1, there was no clear evidence for a sound-induced benefit on letter identification, and
the duration of the auditory stimuli did not modulate letter identification at all. Possibly, the high
contrast letters employed in Experiment 1 yielded a high performance level, thus preventing clear
additional benefits evoked by the concurrent sound presentation. Therefore, we conducted a second
experiment employing the same masked visual letter identification task as Experiment 1, but
presenting letters at a lower contrast. Returning to our main hypothesis, we expected that the
presentation of any sound would produce an enhancement of letter identification compared with the
unimodal condition. Moreover, if sound duration can modulate the duration of the perceptual
representation of the letter, letter identification performance should also increase with increasing

sound duration.

Method

Participants. Twenty-four participants (19 female; age range: 18-33 years; mean age: 22.42 years)

from the University of Tiibingen voluntarily took place in Experiment 2 in exchange of either course
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credit or money (8€/hour). Three participants with an average percentage of correct responses below

25% were discarded from data analyses. Therefore, 21 participants remained for data analyses.

Apparatus, Stimuli, and Procedure. Apparatus, stimuli und procedure were identical to those
employed in Experiment 1, with the following exceptions: Different luminances for the target stimulus
(97 c¢d/m?) and for the background (46.6 cd/m®) were employed, resulting in a Michelson contrast of
0.35, while frame, mask, fixation point and feedback were still presented with 99 cd/m’. Also, the

target stimuli were presented with a slightly smaller size of 0.41° x 0.31° visual angle.

Results

As in Experiment 1, practice blocks and trials with no recorded response (0.09%) were discarded from
data analyses, and a repeated-measures analysis of variance (ANOVA) was conducted with the factors
Sound Condition (longer, same, shorter, and no sound), and ISI (0, 7, 13, 20, 27, and 33 ms) for the
mean percentage of correct responses. Again, whenever appropriate, p values were adjusted for

violations of the sphericity assumption using the Greenhouse-Geisser correction.

In Experiment 2, mean percentage of correct responses for the final sample was 62.11 %, ranging from
32.85 % to 82.08 % for individual participants. Letter identification performance again improved with
increasing ISI, F(5, 100) =233.04, p <. 001, nzp = .92, with percentages monotonically increasing from
24.11% (SD = 9.13%) at the shortest ISI to 88.10% (SD = 10.78%) at the longest ISI. Moreover,
Sound Condition showed a significant main effect, F(3, 60) = 7.00, p < .001, nzp = .26. Numerically,
participants achieved 62.88 (SD = 12.97), 63.31 (SD = 12.64), 62.07 (SD = 13.73), and 60.17 (SD =
13.54) % of correct responses in the longer, same, shorter, and no-sound conditions, respectively.
Finally, the interaction of Sound Condition and ISI was not significant, F(15, 300) = 1.04, p = .42, nzp

=.05.

Additional ANOVAS were conducted to investigate the main effect of Sound Condition in more
detail. First, an ANOVA comparing the no-sound vs. same condition revealed that the no-sound

condition differed significantly from the same condition: F(1, 20) = 19.47, p <.001, n2p= .49. Second,
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an ANOVA including all bimodal conditions showed no effect of the sound duration, F(2, 40) = 1.64,
p = .21, nzp = .08. Consistent with the omnibus ANOVA above, in none of these analyses, the

interaction of sound condition with ISI was significant (all ps > .22).
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Figure 3. Mean percentage of correct responses in Experiment 2 as a function of Sound Condition and
ISI. Error bars represent +1 within-subject standard error of the mean with a correction for between-
subjects variability (Morey, 2008).

Discussion

Overall, performance in Experiment 2 (M = 62.11%) was clearly impaired in comparison to
Experiment 1 (M = 76.79%), demonstrating that, as expected, presenting the visual target letters at a
lower contrast hampered letter identification. Most importantly, in this experiment, the presentation of
any sound enhanced letter identification performance across a broad range of ISI durations in
comparison with the unimodal condition. This result indicates that concurrent sounds facilitate letter
identification, at least when the target is presented at a comparably low contrast and therefore, the

target provides a relatively weak visual signal, resulting in performance well below ceiling. This
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interpretation is consistent with the principle of “inverse effectiveness” for multisensory integration
that has been already demonstrated employing low level tasks as contrast detection (Noesselt et al.,

2010; Senkowski et al., 2011).

However, despite the clear sound-induced benefit on letter identification, performance in this task
again was not modulated by the duration of the concurrent sounds. This contrasts with the evidence in
favour of such a duration-dependent improvement for low-level perceptual tasks as detection of Gabor
patches (de Haas et al., 2013). Therefore, it seems that at least for higher-level perceptual tasks as
letter discrimination, sound duration does not modulate the duration of the internal representation of
the target letters. As mentioned in Introduction, many previous studies have already shown that the
duration of concurrent sounds can bias the perceived duration of a visual stimulus (e.g., Bausenhart et
al., 2014; De la Rosa & Bausenhart, 2013; Klink et al., 2011; Walker & Scott, 1981). The present
experiment suggests that this, however, does not necessarily change the duration for which the internal
perceptual representation is available to extract and combine complex feature information, as required

for letter identification. This notion will be more directly investigated in Experiment 5.

Taken together, Experiments 1 and 2 provide mixed evidence concerning the effects of concurrent
sound presentation on identification of masked letters. A tentative conclusion might be that such a
sound-induced benefit indeed can be observed, as long as the visual signal is comparably weak, and
thus does not enable asymptotic performance levels (i.e., a ceiling effect) by itself. To consolidate our
findings, we conducted a third experiment which employed a within-subject manipulation of letter

contrast.

Experiment 3

Previously, we found that the presentation of concurrent sounds clearly facilitated identification of
letters presented at a low contrast (Experiment 2), but not (or at most marginally) at a high contrast
(Experiment 1), in which overall performance was rather high and thus a ceiling effect might have

prevented the occurrence of a sound-induced benefit. In Experiment 3, we aimed at providing further
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evidence regarding the effects of sound on the identification letters under different contrast conditions.
Thus, the same masked letter identification task was used as in the previous experiments, but the letter
was now randomly presented either at a low or high contrast letter against a uniform dark background.
In contrast to the previous experiments, only two sound conditions were employed: either the target
stimulus was presented unimodally (no sound) or a synchronous sound accompanied the target (sound

present).
Method

Participants. Forty-eight participants (34 female; age range: 18-33 years; mean age: 22.42 years) from
the University of Tiibingen voluntarily took place in Experiment 3 in exchange of either course credit
or money (8€/hour). Four participants with an average percentage of correct responses below 25%

were discarded from data analyses. Thus, 44 participants remained for data analyses.

Apparatus, Stimuli, and Procedure. Apparatus, stimuli und procedure were identical to those
employed in Experiment 2 except for the luminance of target and background and the sound duration.
In Experiment 3, the target stimulus was presented with a luminance of 90 cd/m”* (high contrast) or 40
cd/m” (low contrast) on a background of 6 cd/m’, resulting in a Michelson contrast of 0.88 and 0.74,
respectively. Moreover, only two different sound conditions were employed: sound and no sound. In
the no-sound condition, the target stimulus was presented unimodally for 20 ms. In the sound
condition, a 20-ms sound was presented synchronously with the target stimulus. The combination of
six ISI durations, two sound conditions and two contrast levels resulted in 24 different experimental
conditions. Each of these conditions was repeated 40 times, and all of the resulting 960 experimental
trials were presented randomly intermixed and subdivided into blocks of 40 trials each. At the
beginning of the experiment, participants performed 20 additional practice trials picked at random

from all experimental trials.
Results

The practice block and trials without responses (0.17 %) were discarded from data analyses. A

repeated-measures analysis of variance (ANOVA) was conducted with the factors Sound Condition
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(sound and no sound), Contrast (high and low contrast), and ISI (0, 7, 13, 20, 27, 33 ms) for the mean
percentage of correct responses. For the following analyses, when appropriate, p values were adjusted

for violations of the sphericity assumption using the Greenhouse-Geisser correction.

In Experiment 3, mean percentage of correct responses for the final sample was 63.38 %, ranging from
38.96 % to 81.77 % for individual participants. As expected, participants responded more accurately to
letters presented at high contrast (M = 73.35%, SD = 11.40%) than to letter presented at low contrast
(M = 53.42%, SD = 11.91%), F(1, 43) = 730.20, p < .001, 1, = .94 (cf. Fig. 4). Letter identification
accuracy increased monotonically with increasing ISI, F(5, 215) = 784.67, p <. 001, nzp = .95, from
19.12% (SD = 6.79%) at the shortest IST to 91.57% (SD = 9.72%) at the longest ISI. The interaction of
Contrast and ISI was significant, F(5, 215) = 46.02, p < .001, nzp = .52, reflecting that the largest
effects of contrast emerged at intermediate ISIs (12.04, 30.91, 37.32, 21.86, 11.35, and 6.12%
difference between the high and the low contrast condition at the 0, 7, 13, 20, 27, and 33 ms ISIs,

respectively).

Most importantly, performance was also influenced by Sound Condition, F(1, 43)=10.41, p <.01, nzp
= .19, with higher accuracy in the sound condition (M = 63.94%, SD = 11.34%) than in the no-sound
condition (M = 62.83%, SD = 11.58%). Even though the sound-induced benefit in the high contrast
condition was numerically smaller (0.75%) than in the low-contrast condition (1.47%), there was no
significant interaction of Sound Condition and Contrast, F(1, 43) = 1.28, p = .26, nzp = .03. Also, none
of the other interactions involving Sound Condition was significant (Sound Condition x ISI: F(5, 215)

= 1.64, p = .15, %, = .04; Sound Condition x ISI x Contrast: F(5, 215) = 0.63, p = .65, n°, = .01).
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Figure 4. Mean percentage of correct responses in Experiment 3 as a function of Contrast, Sound
Condition and ISI. Error bars represent £1 within-subject standard error of the mean with a correction
for between-subjects variability (Morey, 2008).

Discussion

In Experiment 3, the within-subjects-variation of stimulus contrast produced, as expected, a
pronounced difference in letter-identification performance, with high target-to-background contrast
yielding better performance than low target-to-background contrast. Numerically, the performance
level for the high contrast level (around 73%) was quite comparable to the one obtained in Experiment
1 (77%), while the performance level achieved for the low-contrast letters was even slightly lower

(53%) than in Experiment 2 (62%).

Therefore, if the explanation of our previous results in terms of inverse effectiveness holds, one should
expect a sound-induced benefit on masked target letter identification for the low-contrast condition,
but not, or to a reduced extent, for the high contrast condition. This is not clearly supported by our

results, however. Statistically, the presence of a sound-induced benefit confirmed the results of
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Experiment 2, but even though this benefit was numerically about twice as large in the low- than in the
high contrast condition, the corresponding interaction effect (Sound Condition x Contrast) failed to
reach significance. Therefore, in this within-subjects experiment and despite the increased sample size
compared to Experiments 1 and 2, the sound-induced benefit on letter identification was not reliably
reduced under conditions of high target contrast and consequently, high performance levels. However,
the lack of interaction should also be viewed in the light of the overall rather small sound-induced
benefit on letter identification in Experiment 3 (on average around 1.1% improvement), and thus
might have failed significance due to a lack of experimental power. Unfortunately, our results
therefore remain somewhat inconclusive regarding the role of target contrast and thus, the principle of

inverse effectiveness.

Yet, returning to the main research question of the present study, Experiments 2 and 3 provide quite
clear evidence for a small, but reliable, sound-induced benefit on letter discrimination with centrally
presented letters followed by a noise-pattern mask. Interestingly, even though the ISI manipulation
produced a large span of performance levels from near-chance performance to about 90% accuracy in
letter identification, so far, none of the previous experiments showed a reliable variation of the sound-
induced benefit with ISI duration, as would be expected based on previous results (Y. C. Chen &
Spence, 2011; Takeshima & Gyoba, 2014). Therefore, in the next experiment, we aimed at further
broadening the database regarding the sound-induced facilitation effect by employing two even lower

contrast levels for the target letter, again presented across varying ISIs.

Experiment 4

So far, with the exception of Experiment 1, the present study provides some evidence for a sound-
induced benefit on masked letter identification. However, this effect is rather small compared to the
sound-induced benefit observed in previous studies (Y. C. Chen & Spence, 2011; Takeshima &
Gyoba, 2014). So far, we observed the largest sound-induced benefit (~ 3 % improvement) in

Experiment 2, in which the target stimuli were presented with a consistently low contrast. Therefore,
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in Experiment 4, we aimed at further corroborating the evidence for sound-induced facilitation in the
current masking task by testing two conditions with a rather low contrast, and by keeping contrast

constant across subsequent trials (as in Experiment 1 and 2).

Furthermore, the data from the previous experiments did neither show any clear relation between the
sound-induced facilitation effect and contrast, nor between the sound-induced facilitation effect and
ISI, even though especially an interaction with ISI (i.e., largest facilitation for intermediate ISIs)
would be expected based on the existing evidence from previous studies (Y. C. Chen & Spence, 2011;
Takeshima & Gyoba, 2014). As the data from the previous experiments showed, there was an
especially large interindividual variation in overall accuracy for the task employed in our study.
Unfortunately, such interindividual differences might complicate data analysis and the respectively
drawn conclusions, especially regarding the expected interaction between ISI and sound condition.
Specifically, if the sound-induced facilitation effect is not associated with a specific ISI duration, but
rather is most pronounced at a certain level of performance (e.g., for the specific task employed by
Chen and Spence, 2011, cf. their Figure 1, one might suggest around 60-70% percent of accurate
responses), large interindividual differences in the level of accuracy might, in turn, produce the largest
sound-induced facilitation effects at very different ISI durations. Consequently, on average, the sound-
induced facilitation effect would “smear” across the whole ISI-masking function. This then might
result in the observed statistical invariance of the sound-induced facilitation effect across ISIs.
Therefore, in Experiment 4, we a priori planned an additional analysis of the sound-induced
facilitation effect to explore its relation to individual performance levels, rather than to fixed ISIs and

contrast levels.’

* We thank an anonymous reviewer of a previous version of this manuscript (including Experiments 1-3) for
pointing us to the role of interindividual variability and possible alternative forms of data analysis, such as
regression/trend analysis.
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Method

Participants. Forty-eight participants from the University of Tiibingen voluntarily took place in
Experiment 4 in exchange of either course credits or money (8€/hour). Seven participants with a
percentage of correct responses below 25% in the low-contrast condition were discarded from data
analyses, and replaced by additionally tested participants in order to maintain an adequate sample size.
The final sample consisted of 45 women and 3 men; with age ranging between 18-35 years (mean age:

21.67 years, SD = 3.26).

Apparatus, Stimuli, and Procedure. This experiment was similar to Experiment 3 except for the
following changes: Due to technical reasons, all stimuli were displayed on a Samsung SyncMaster
1100 MB monitor running at 150 Hz, but stimulus sizes were identical as in Experiment 3. The target
stimulus was presented with a luminance of 70 cd/m” (high contrast) or 55 cd/m® (low contrast) on a
background of 25 cd/m’, resulting in Michelson contrasts of 0.47 and 0.38, respectively. Frame, mask,
fixation point and feedback were presented at 90 cd/m? Unlike in Experiment 3, the two target
contrast conditions were presented in separate blocks of the experiment (and thus, as in Experiments 1
and 2, target contrast was constant across subsequent trials). Each block consisted of 480 trials (6 ISI
durations % 2 sound conditions x 8 target letters x 5 repetitions). The order of the two blocks was
counterbalanced across participants, and each block was preceded by 20 practice trials picked at
random from all trials of the subsequent block. Again, a self-terminated break and blockwise feedback

was administered after each 40 trials of the experimental blocks.

Results

Practice blocks and trials without recorded responses (0.04%) were discarded from data analyses. Two
main analyses were conducted in this experiment. First, as in Experiment 3, a repeated-measures
analysis of variance (ANOVA) was conducted with the factors Sound Condition (sound and no
sound), Contrast (high and low contrast), and ISI (0, 7, 13, 20, 27, 33 ms) for the mean percentage of

correct responses. For this analysis, when appropriate, p values were adjusted for violations of the
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sphericity assumption using the Greenhouse-Geisser correction. Second, we conducted a regression
analysis of the magnitude of the sound effect depending on the underlying baseline performance (for

details, see below).

ANOVA analysis. On average, mean percentage of correct responses for the final sample was 58.63
%, ranging from 35.62 % to 82.60 % for individual participants. Again, participants’ mean percentage
of correct responses was higher for letters presented at high contrast (M = 66.14%, SD = 11.83%) than
for letter presented at low contrast (M = 51.11%, SD = 12.03%), F(1, 47) =294.79, p < .001, nzp = .86
(cf. Fig. 5). Letter identification accuracy increased monotonically with increasing ISI, F(5, 235) =
869.49, p <. 001, n’,= .95, from 16.69% (SD = 7.71%) at the shortest ISI to 90.74% (SD = 8.64%) at
the longest ISI. As in Experiment 3, the interaction of Contrast and ISI was significant, F(5, 235) =
29.40, p < .001, nzp = .38, reflecting that the largest effects of contrast emerged at intermediate ISIs
(5.74, 20.91, 25.02, 19.46, 11.48, and 7.59 % difference between the high and the low contrast
condition at the 0, 7, 13, 20, 27, and 33 ms ISIs, respectively). Most importantly, performance was
again influenced by Sound Condition, F(1, 47) = 15.61, p <.001, nzp = .25, with higher accuracy in the
sound condition (M = 59.38%, SD = 11.67%) than in the no-sound condition (M = 57.87%, SD =

11.57%). Again, none of the interactions involving Sound Condition was significant (all Fs < 1).
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Figure 5. Mean percentage of correct responses in Experiment 4 as a function of Contrast, Sound
Condition and ISI. Error bars represent £1 within-subject standard error of the mean with a correction
for between-subjects variability (Morey, 2008).

Regression analysis. For this analysis, we first computed the magnitude of the sound-induced
facilitation effect (% correct goung - % correct no sound) S€parately for each participant and combination of
ISI and Contrast condition. These data, related to baseline performance (i.e., % correct no sound) are
depicted in Figure 6. Several aspects are evident from these figures: Clearly, there is a large overall
variability in the magnitude of the sound effect across performance levels. ISI duration is encoded in
greyscale, with longer ISIs corresponding to darker colors. The effect of ISI thus gets evident in
increasing number of dark colors towards higher performance levels along the x-axis. For
convenience, contrast levels are depicted in separate panels. The overall effect of contrast on
performance gets especially evident in the relatively higher point density at the left-hand side of the x-
axis for low- contrast than for high-contrast trials, and vice versa at the right-hand side. In both

figures, a LOESS (locally weighted scatterplot smoothing, Cleveland, 1979) line fitted to the
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respective data indicates a non-linear relation between baseline correctness and the magnitude of the
sound effect. The sound effect seems generally present for small performance levels at or around
chance performance followed by a decrease of the sound effect with increasing baseline performance”.
This initial decrease cannot be unequivocally attributed to an influence of sound, however, since it
might be an artifact caused by the low performance levels in the baseline condition (e.g., the sound
effect can, by definition, only be zero or positive, if the baseline performance is zero). More notably,
however, the LOESS fit indicates a second increase with a peak in the magnitude of the sound effects
around a performance level of around 50-60 % correct responses. Despite overall differences in
performance level, this curvilinear trend is quite similar for the two different target contrasts. Thus, it
seems that the sound-induced facilitation effect observed in the present experiment indeed depends to
some extent on the specific level of baseline performance, being especially pronounced at intermediate
performance levels, rather than depending on a specific target contrast level or on specific ISI

durations.

To investigate this observed curvilinear relationship statistically, we performed a linear regression
analysis with the sound effect as criterion and the baseline correctness as predictor. In fact, there were
small but significant linear (5 = -1.38, SE = 0.12, #(572) = 11.84, p < .001), quadratic (f = 0.03, SE =
0.003, #(572) = 11.06, p < .001), and cubic (f = -0.0002, SE = 0.00002, #572) = 10.55, p < .001)
trends, F(3, 572) = 58.4, p < .001, thus corroborating the observed curvilinear relationship between
performance level and sound effect magnitude described above. It must be acknowledged that this
relationship, however, only accounts for a small proportion of variability in the sound effect, as

indicated by an R? of .23.

4 Note that similar results were obtained in an alternative analysis where data points indicating below chance
performance, presumably due to sampling noise, were fixed to the chance performance level of 12.5 %.
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Figure 6. Sound effects in Experiment 4 for each combination of participant, ISI and contrast, plotted
against baseline performance (i.e., % correct in the no-sound condition). The upper panel depicts data
from the low contrast condition, the lower panel from the high contrast condition. The continuous
lines depict the corresponding LOESS (locally weighted scatterplot smoothing, Cleveland, 1979) fits
along with their confidence intervals. Data points are slightly jittered to give a better impression of
their distribution in case of overlap.

Discussion
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As in our previous experiments, the manipulation of contrast and ISI produced also in Experiment 4
pronounced modulations of letter identification performance, with performance improving with
prolonging ISI and with higher contrast. Most importantly, we again observed a sound-induced
facilitation of letter identification. As in Experiment 3, no direct evidence for the principle of inverse
effectiveness was observed in this experiment, since again, this facilitation effect was not modulated
reliably by target contrast. Likewise, ISI duration did also not modulate the sound-induced benefit.
Therefore, following the reasoning from Chen and Spence (2011), one might attribute the presently
observed sound effect to mere preparedness enhancement rather than to signal enhancement or object
enhancement. Additional pre-planned analyses taking interindividual variability in accuracy into
account, however, redeem the object-enhancement account to some extent. Hence, these analyses
provide some evidence that the sound-induced facilitation effect is especially pronounced for targets
which, for whatever reasons, are processed with intermediate (around 50-60 % of correct responses)

accuracy. We will return to this issue in the General Discussion.

Experiment 5

In this experiment, we finally return to the second original question of the present study: whether
sound duration modulates the sound-induced benefit. In summary, so far, a reliable sound-induced
benefit was observed in every experiment except Experiment 1. In Experiment 2, the manipulation of
the duration of the sounds, however, did not produce any additional modulation of accuracy. The
interpretation of this result is, of course, very speculative, since there are several possibilities to
account for such a null effect: First, in principle, it might be that the sounds were not processed at all
and therefore varying their duration did not affect performance. Second, it might be that the sounds
were processed and their presence affected target identification performance, but the manipulation of
sound duration was not pronounced enough to alter the duration of the multimodal percept. In this
case, manipulation of sound duration should not even affect perceived duration of the visual targets.
Third, it might be that the sounds were processed and the manipulation of their duration indeed

effectively altered perception of the multimodal compound stimulus, but that this did not have any
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beneficial effects on the identification of the target letter (i.e., the sound duration might have affected
the perceived duration of the multimodal compound stimuli, but this did not at the same time alter the
persistence or stability of the visual object representation containing the features enabling

identification of letter identity).

Clearly, the first possibility can be discarded due to the presence of the overall sound-induced
facilitation effect. Distinguishing between the second and third possibility is more difficult. On the one
hand, there is ample existing empirical evidence that sound duration indeed affects perceived visual
duration (Asaoka & Gyoba, 2016; Bausenhart et al., 2014; K. M. Chen & Yeh, 2009; de Haas et al.,
2013; De la Rosa & Bausenhart, 2013; Hartcher-O’Brien et al., 2014; Klink et al., 2011). However, all
these studies employed stimuli lasting at least hundreds of milliseconds. Thus, it remains unclear
whether a similar multimodal bias of perceived duration would be also observed for especially brief
stimuli as employed in the present study. Therefore, in Experiment 5, we tackle this question by
requiring participants to perform two different tasks on the same stimuli. Specifically, participants
were again presented with masked letters accompanied by sounds of varying duration or presented
unimodally. As in our previous experiments, in Experiment 5a, participants were asked to identify
visual letter identity. In Experiment 5b, however, they were asked to identify the duration of the visual

letters.

In both experiments, we also varied visual target duration in order to verify how a physical increase in
visual target duration would affect identification performance and duration perception. Importantly, it
has been suggested that not only the target duration, but the stimulus-termination-asynchrony (STA)
between target and mask determines the efficiency and time course of the masking function (Macknik
& Livingstone, 1998). Accordingly, if, for example, a “longer” sound would increase persistence of
the target representation by means of a temporal ventriloquism effect (Bertelson & Aschersleben,
2003; Morein-Zamir et al., 2003), as outlined in the Introduction , this might correspond to a decrease
in the STA, and thus even hamper target identification. Therefore, the variation of the physical
duration of the visual target was crucial in order to establish the effects of target persistence on letter

discrimination accuracy within our present masking paradigm.
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Method

Participants. Forty-eight participants from the University of Tiibingen voluntarily took place in two
subsequent Experiments (5a and 5b) in exchange of either course credits or money (8€/hour). Based
on the procedure employed in the previous experiments, we adopted as exclusion criterion a value of
less than 25 % of correct responses for the 20-ms visual target letters. According to this procedure, six
participants of the original sample were replaced by additionally tested participants. > The final sample
consisted of 36 women and 12 men; with age ranging between 18-37 years (mean age: 24.04 years, SD

=433).

Stimuli and Apparatus. The apparatus was identical to the one employed in Experiment 4. Target and
background luminance were chosen according to the high contrast condition of Experiment 4, that is,

light grey targets were presented with 70 cd/m? on 25 cd/m? dark grey background.

Procedure. In Experiment 5a, the time course of the trials was similar to Experiment 4, with the
following exceptions. First, now also visual target duration varied randomly from trial to trial (7, 20,
33 ms), while the onset asynchrony between target letter and mask was constantly 33 ms (thus, for 20-
ms targets, this corresponds to the 13-ms ISI condition of Experiment 4). Second, the visual targets
were either presented alone (no-sound condition) or orthogonally paired with auditory intervals of
different duration (7, 20, 33 ms). As in Experiment 4, the participants’ task was to report the identity

of the target letters by a pressing the corresponding key on the keyboard.

Each combination of 3 Target Durations, 4 Sound Conditions and 8 Target Letters was presented for 5
times, resulting in 480 experimental trials, presented in random order. These were subdivided into 12
blocks of 40 trials, with feedback about the percentage of correct responses achieved in the preceding

block. As in the previous experiments, one practice block of 20 trials preceded the experiment.

> It should be noted that additional five participants aborted the experiment after practice of Experiment 5a,
because they did not achieve over-chance performance and/or reported not “seeing” the presented letters, and
thus felt uncomfortable continuing the task.
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Participants were allowed to repeat this practice block in case of low performance levels or whenever

they felt they needed more practice.

The Procedure in Experiment 5b was identical to the one in Experiment 5a except for the participants’
task: Rather than reporting target identity, they were required to report the relative duration of the
target letter in each trial. Specifically, participants were informed that the target letter would be
presented for one of three different durations (“short”, “medium”, or “long”), and they should indicate

which of these target durations they had perceived by pressing “17, “2”, or “3” on the numerical

keypad of the keyboard, respectively.

All participants performed Experiment 5a prior to Experiment 5b, in order to avoid drawing attention
to the duration manipulation of the visual targets and sounds in Experiment 5a. As in the previous
Experiments, participants were again informed that the interspersed sounds were completely task-

irrelevant.

Results
Experiment 5a

Practice blocks and trials with no recorded response (0.29 %) were discarded from data analysis. A
repeated-measures analysis of variance (ANOVA) was conducted with the factors Sound Condition
(no sound, 7, 20, and 33 ms) and Target Duration (7, 20, and 33 ms) for the mean percentage of
correct responses, computed separately for each participant and condition. For the following analyses,
when appropriate, p values were adjusted for violations of the sphericity assumption using the

Greenhouse-Geisser correction.

Averaged across all conditions, participants” mean percentage of correct responses was 49.23 (SD =
24.17 %), with a wide performance range from 25.21 to 81.04 % between participants. The ANOVA
on correct responses showed that accuracy increased with visual target duration, F(2, 94) = 376.27, p <

.001, nzp = .89. Specifically, participants achieved on average 26.28 (SD = 12.66), 57.35 (SD = 19.32),
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and 64.44 (SD = 18.30) % of correct responses for target durations of 7, 20, and 33, ms respectively.
The main effect of Sound Condition was not significant, F(3, 141) = 1.50, p = .216, nzp = .03, but there
was an interaction of Sound Condition and Target Duration, F(6, 282) = 2.48, p = .024, nzp =.05 (cf.

Figure 7, left panel).

To investigate this interaction in more detail, separate ANOVAs with the factor Sound Condition for
each level of Target Duration revealed an effect of sound duration only for the longest (33 ms) visual
target, F(3, 141) =4.11, p = .011, nzp = .08, but not for the shorter ones (all p > .24). To evaluate the
effect of sound presence for the 33-ms target, a paired-samples r-test was conducted to compare
accuracy between the no-sound and the 33-ms sound condition (i.e., the “same”-duration sound).
Participants achieved a higher percentage of correct responses for 33-ms targets accompanied by
sounds of the same duration (M = 65.63, SD = 18.09) than for 33-ms targets presented unimodally (M
=61.70, SD = 19.27), t(47) = 3.30, p = .002. To evaluate the effects of sound duration for the 33-ms
target, a repeated-measures ANOVA on accuracy in the three bimodal conditions was conducted. This
analysis yielded no significant difference in the percentage of correct responses depending on sound

duration, F(2, 94) = 0.87, p = 41, 1%, = .02.
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Figure 7. Mean percentage of correct responses in Experiment 5a (letter identification task) and
Experiment Sb (interval identification task) as a function of Target Duration and Sound Condition.
Error bars represent =1 within-subject standard error of the mean with a correction for between-
subjects variability (Morey, 2008).

Experiment 5b

Practice blocks and trials with no recorded response (0.31 %) were discarded from data analysis. A
repeated-measures analysis of variance (ANOVA) was conducted with the factors Sound Condition
(no sound, 7, 20, and 33 ms) and Target Duration (7, 20, and 33 ms) for the mean percentage of
correct responses in the duration identification task, computed separately for each participant and
condition. For the following analyses, when appropriate, p values were adjusted for violations of the

sphericity assumption using the Greenhouse-Geisser correction.

The ANOVA yielded a main effect of target duration, F(2,94) = 167.06, p <.001, nzp = .78, reflecting
that participants were most accurate in identifying the shortest target duration (M = 71.41%, SD =
11.23), followed by the medium (M = 46.55%, SD = 11.49) and the long duration (M = 29.20%, SD =
14.06). Sound Condition alone did not influence accuracy, F(3, 141) = 1.19, p = .32, nzp =.02. Most
importantly, however, there was a pronounced interaction of target duration and sound condition,
F(6,282) = 30.79, p < .001, nzp = .40. Specifically, for the 7-ms target, participants’ achieved the
highest duration identification accuracy when it was presented unimodally (M = 79.16%, SD = 17.40)
or paired with a 7-ms sound (M = 81.33, SD = 11.23), intermediate accuracy when it was paired with a
20-ms sound (M = 66.50%, SD = 14.54), and lowest accuracy when it was paired with a 33-ms sound
(M = 58.64%, SD = 19.31). For the 33-ms target, this pattern reversed: participants’ achieved the
highest duration identification accuracy when the 33-ms target was presented with a 33-ms sound (M
= 41.80%, SD = 20.47), intermediate accuracy when it was paired with a 20-ms sound (M = 33.20%,
SD = 18.65), and lowest accuracy when it was paired with a 7-ms sound (M = 20.44%, SD = 16.45) or

presented unimodally (M =21.35%, SD = 15.57, cf. Figure 7, right panel)
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Discussion

In Experiments 5a and 5b, several important findings could be established. Experiment 5a was
designed to establish the effects of a physical duration manipulation of the visual target letter on
identification performance, while reassessing the potential effects of sound presence and sound
duration on this measure. The results show that a physical manipulation of target duration in the
present masked letter identification paradigm indeed leads to a pronounced change in letter
identification accuracy. On average, participants achieved 38% more correct responses when target

duration was increased from 7 ms to 33 ms.

A sound-induced facilitation of letter identification was also observed, however, unexpectedly, only
for visual targets of 33 ms duration. Identification of unimodally presented letters was worse than
identification of the same letters accompanied by sounds of congruent duration. At the same time,
varying the duration of the sounds did not modulate performance levels. Therefore, and consistent
with the results of Experiment 2, the presence of sound, but not the duration of the sound, altered

identification of the visual target letters.

We expected a similar effect to occur at least also for the 20-ms visual target, since this condition
attempted to replicate the high-contrast/ 13-ms ISI condition of Experiment 4. We can only speculate
that the different results may be due to contextual changes introduced from Experiment 4 to
Experiment 5a. For example, in Experiment 4, target duration was consistently 20 ms, and sound
duration in bimodal trials was always congruent with visual target duration. In Experiment 5, different
target durations and sound durations were intermixed, and some combinations of visual and auditory
duration now differed quite substantially (e.g. 7-ms visual targets were sometimes presented with 33
ms sounds and vice versa, resulting in discrepancies of up to 26 ms). When comparing the
corresponding conditions of Figure 4 (13 ms ISI, high contrast) and Figure 5 (20 ms visual target), it
gets evident that the random intermixing of different target durations and auditory durations in
Experiment 5 was quite detrimental to performance: participants achieved approximately 10 % less
correct responses than in Experiment 4 despite these trials were identical except for their experimental

context. One crucial factor in this result might be the inclusion of the visual 7-ms target, which
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produced very low identification performance, and might have led to a high experienced task difficulty
(which is also evident in the relatively high drop-out rate of participants), which in turn may have

affected motivation and thus performance also for the other conditions of stimulation.

Clearly, more research is needed to investigate how trial-by-trial variation in target duration, sound
duration, and ISI duration, affects overall performance and multisensory benefits in the case of masked
letter identification. Regarding the effect of multisensory stimulation on perceived duration, for
example, it is quite well established that the congruency between the inputs of different modalities
may affect the efficiency of integration (Bausenhart et al., 2014; Klink et al., 2011; Sarmiento, Shore,
Milliken, & Sanabria, 2012). It is therefore conceivable that similar congruency effects may be
observed concerning the identification of letters accompanied by uninformative sounds, as in the

present study.

Nonetheless, in the present study, a sound-induced benefit was reliably observed at least for the
longest visual target duration. Still, the duration of the sounds did not affect identification
performance. Relating this finding to the pronounced effect that a physical manipulation of visual
duration exerts on performance, is seems likely that the manipulation of sound duration did not alter
the duration of the internal representation containing the features defining the target letter. To
recapitulate, there might be several explanations for a null effect of sound duration: a) the sounds
might not have been processed, or not integrated with the visual target. We can refute this finding
based on the effects of sound presence on identification performance described above. b) The sounds
may have been processed and integrated with the visual targets, but the manipulation of sound
duration was not strong enough to elicit any effect on the duration of multimodal percept — and
consequently also not on letter identification. ¢) In principle, the manipulation of sound duration was
strong enough to affect judgments regarding the duration of the visual stimulus, but this does not

change the processing of information about letter identity.

Experiment 5b was designed to shed some light on the potential explanations b) and c¢). The results are
clear-cut: If participants are asked to identify the visual target duration instead of letter identity, the

sound duration modulated performance in a very pronounced manner. 7-ms visual targets
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accompanied by sounds of longer duration were substantially often misidentified as being of longer
duration, and 33-ms targets accompanied by shorter durations as being of shorter duration. Thus, we
extended the results of previous studies on the auditory influence on perceived visual duration (Asaoka
& Gyoba, 2016; Bausenhart et al., 2014; K. M. Chen & Yeh, 2009; de Haas et al., 2013; De la Rosa &
Bausenhart, 2013; Hartcher-O’Brien et al., 2014; Klink et al., 2011), which typically employed much
longer interval durations, and correspondingly, larger duration discrepancies between the modalities,
to a range of much briefer visual and auditory durations (7 — 33 ms). Accordingly, it is evident that
explanation b) from above does not hold — duration judgments for the visual targets were indeed
substantially affected by the duration of the accompanying sounds. Yet, this did not elicit any changes
in letter identification performance. It should be considered that it is possible that the effect of sound
duration on visual duration judgments did not originate as a consequence of a genuine sensory
integration, but rather resulted from a cue combination at later (i.e. decisional) stages (but see,
Bausenhart et al., 2014; Hartcher-O’Brien et al., 2014; Klink et al., 2011, for relevant evidence against
a purely decisional effect). Yet, in any case, this control experiment indicates that the lack of effect of
sound duration on audiovisual letter identification cannot be attributed to the possibilities that sound
durations were not processed, could not be discriminated, or that the discrepancy between visual and

auditory duration was not large enough to affect judgments of visual duration.

Taken together, the results from Experiments 5a and 5b basically support and extend the results of
Experiment 2, suggesting that sound presence may indeed facilitate letter identification performance,
but that multimodally induced changes in perceived duration are not to be equated with altered

persistence of the visual representation of the letter percept.

General Discussion

The two major aims of the present study were, to replicate the sound-induced facilitation of
performance in a higher-level perceptual task as masked letter identification (Y. C. Chen & Spence,

2011) and to assess whether varying the duration of the concurrently presented sounds would
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modulate the sound-induced benefit in this task, similar to what has been observed recently for a low-

level contrast detection task (de Haas et al., 2013).

In the present study, with exception of Experiment 1, we showed that the mere presence of a sound
can indeed enhance letter identification performance compared to unimodal letter presentation, and
thus we have replicated and extended this basic finding from Y. C. Chen & Spence (2011), to
identification of centrally presented letters followed by random-dot noise masks. In contrast to these
previous results however, this sound-induced facilitation of masked letter identification seemed quite
invariant across a wide range of target-to-mask ISIs. In addition, it was also largely resistant to the
manipulation of contrast (perhaps with the exception of very high contrast levels leading to high
performance levels as in Experiment 1). A further difference is that the facilitation effects in the
present study were generally smaller in magnitude than those observed by Y. C. Chen & Spence
(2011). As an anonymous reviewer pointed out, spatial alignment of auditoy and visual stimuli may
determine early audiovisual interactions (e.g., Frassinetti et al., 2002; Meredith & Stein, 1986; Meyer,
Wuerger, Rohrbein, & Zetzsche, 2005) and thus our use of headphones for sound presentation, as
opposed to speakers positioned above and below the monitor, might have compromised multisensory
integration. However, spatial coincidence of audiovisual stimulation seems to be most important in
tasks that require spatial judgements, but only of subordinate importance for tasks requiring temporal
judgments or target identification (see also Experiment 5 in Y. C. Chen & Spence, 2011; for an
overview, see Spence, 2013). The sound-induced enhancement of letter identification as well as the
sound-induced changes in duration judgments observed in the present study add evidence to the notion

that spatial alignment is not a crucial prerequisite for multisensory integration effects to occur.

Basically, three different mechanisms have been proposed for such sound-induced enhancements of
visual perception (Y. C. Chen & Spence, 2011). First, according to a preparation enhancement
mechanism, a nonspecific processing benefit should emerge through arousal evoked by the concurrent
sound presentation. Such an enhancement should be present across a wide range of ISIs. Second,
according to a signal-enhancement mechanism, the neural signals of visual and auditory stimuli would

interact at an early perceptual stage of processing, resulting in a boost of the visual signal especially
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when this signal is rather weak (see also, Frassinetti et al., 2002; Meredith & Stein, 1983; Noesselt et
al., 2010, 2008; Senkowski et al., 2011; Stein & Meredith, 1993). Thus, this account would predict
sound-induced facilitation especially at low performance levels associated with short ISIs.
Interestingly, pattern masking by noise masks, as employed in the present experiments, has been
recently attributed to a masking-related increase in perceptual noise, resulting in a reduced signal-to-
noise ratio for target processing (Agaoglu et al., 2015). Thus, in turn, such a masking-related
performance impairment might be counteracted by a sound-induced enhancement of the target signal.
Third, according to an object-enhancement account, the concurrent sound would facilitate letter
identification at a later stage of perceptual processing, by fostering the consolidation of a perceptual
object representing the visual target, whenever this representation can be perceptually segregated from
the object representation of the mask. Consequently, the masking stimulus would less likely interfere
with or substitute the perceptual representation of the target letter, thus reducing the masking effect on
the target letter. This account was supported by the results of Y. C. Chen & Spence (2011), since
sound-induced facilitation was only observed at intermediate ISIs but not very brief ones and basically
independent of low-level factors as the relative luminance of target and mask. Given the different
mask types employed in our vs. Chen and Spence’s study (i.e., random dot masking vs. structure
masking by letters), which typically lead to ISI-masking functions with different time courses and
potentially different underlying forms of masking interference (e.g., Agaoglu et al., 2015), it is quite
possible that different mechanisms (as preparedness enhancement, signal enhancement, or enhanced
object consolidation) may have contributed to the effects of concurrent sound presentation in both

studies.

Specifically, based on the invariance of the sound-induced facilitation effect across ISIs and contrasts
observed in the present study, one may conclude that it originates from simple preparedness
enhancement through the concurrent sounds. Thus, rather than a genuine multisensory interaction, one
might conceive the sound effect as mediated by attentional enhancement. Specifically, the abrupt
presentation of a sound might produce an alerting effect that would draw attention towards the time

point of letter presentation, thus reducing temporal uncertainty. This would in turn facilitate letter
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identification. Indeed, many previous studies on the effects of warning and accessory signals have
shown that visual or auditory warning signals presented before or in close temporal proximity with a
target can enhance target processing at early perceptual stages (e.g., Bausenhart, Rolke, & Ulrich,
2007; Correa, Lupiafiez, & Tudela, 2005; Hackley & Valle-Inclan, 2003; Lange, Rosler, & Rdder,
2003; Rolke, 2008; Rolke & Hofmann, 2007). Hence, it is possible that the concurrent sound
facilitated target processing through an improved allocation of attentional resources rather than
multisensory binding. However, these two possible mechanisms are not necessarily incompatible or
mutually exclusive. For example, Y. C. Chen & Spence (2011) suggested a perceptual processing
system underlying the sound-induced enhancement on letter identification that includes both
audiovisual binding and attention at an object processing level. Specifically, when the presentation of
the letter and sound coincide, both stimuli might first be bound to form a multisensory object
representation (for an overview, see Alais, Newell, & Mamassian, 2010). This multisensory object
representation is supposed to be especially salient and thus attracts attention, which in turn would

facilitate visual target processing.

The interpretation of our results in terms of unspecific preparedness enhancement, however, may be
reconsidered when interindividual differences are taken into account. As outlined and discussed in
Experiment 4, we observed especially large interindividual differences in baseline performance in the
employed backwards masking task. This in turn, might result in a smearing of the sound-induced
benefit along the ISI-masking function and thus obliterate any evidence for accounts that predict more
specific patterns of performance enhancement through sound, as signal- or object-enhancement. In
fact, when the sound effect was explored depending on individual baseline accuracy rather than
depending on fixed ISI or contrast levels, we observed some evidence for a nonlinear relationship of
both measures. While the first peak in the accuracy-effect function at low baseline performance levels
(which would imply a signal-enhancement account) cannot be unequivocally interpreted due to
potential baseline effects, the second peak of this function might be theoretically more informative.
Specifically, the sound-induced enhancement appears to be especially pronounced for stimulation

conditions evoking intermediate performance levels. This would be consistent with an object
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enhancement account, considering that object formation might not follow a fixed time-course but
rather depends on individual differences in processing speed. This alternative interpretation must be
taken with care, certainly, since the observed relationship was not especially pronounced. Yet, we
would like to suggest for future research that it might be informative to examine sound-induced
benefits in terms of such accuracy-effect functions rather than depending on fixed experimental
variations, especially in the presence of large interindividual performance differences. A second
potential methodological implication is that sound-induced facilitation effects might be more reliably
and efficiently investigated by employing adaptive testing schemes. Specifically, our analysis suggests
that sound-induced facilitation would be most reliably observed if the specific parameters of
stimulation, such as ISI or contrast, were adjusted individually for each participant, such that
comparable performance levels can be obtained (see, e.g., de Haas et al., 2013; Noesselt et al., 2010,

for similar procedures).

In any case, however, the observed sound-induced enhancement on masked letter identification again
demonstrates auditory influences on visual perceptual processing, which result in enhanced letter
identification performance through the mere presence of sound. Importantly, the employed sounds did
not provide any information about the response dimension (i.e., letter identity). Therefore, an
interpretation of the effect of sound presence in terms of later, purely decisional effects or biases (as
responding to the information provided in the auditory modality) can be safely ruled out (cf. Y. C.

Chen & Spence, 2011, p. 1785).

In contrast to the effect of sound presence, the duration of the sounds did not differentially affect letter
identification in Experiments 1, 2, and 5, even though two important prerequisites for such an effect
could be established in Experiment 5. First, manipulating the duration of the visual targets directly, by
employing the same durations as for the sounds in the bimodal conditions, affected letter identification
severely (Exp. 5a). Second, manipulating the duration of the sounds altered duration judgements for
the visual targets severely (Exp. 5b). Thus, even when concurrent sound duration is processed and the
multimodal discrepancy is large enough to affect judged visual duration, there is no evidence that this

goes along with changes in the persistence of the internal target representation from which letter
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features are extracted and bound into more complex perceptual objects. This contrasts with a previous
study which demonstrated a modulation of contrast detection through the duration of accompanying
sounds (de Haas et al., 2013). Since our study is not a direct replication of this prior work, our results
of course do not dispute these previous findings. Yet, one may speculate that the mechanisms
underlying low-level perception such as contrast detection may be different from those involved in
higher-level perceptual tasks as masked letter discrimination. Also, it is of course possible that an
effect of sound duration on letter identification might emerge for different set of temporal parameters
of stimulation, for example, if numerically longer durations or larger discrepancies between sound and
letters were employed (e.g., in the study of de Haas et al., 2013, significant enhancement was observed
for a sound 48 ms longer than the 24 ms visual target). Yet, severe discrepancies may likely also
hamper the assumption of unity, which is often conceived as a prerequisite of multisensory integration
(Y. C. Chen & Spence, 2017; Welch & Warren, 1980). Moreover, in the present masking paradigm,
we avoided larger discrepancies between visual and sound duration, since these would inevitably
result in temporal overlap of the sound not only with the target but also the masking stimulus. This, in
turn might hinder perceptual segregation of the two stimuli and thus counteract any benefit introduced
by the sound (cf., Y.-C. Chen & Spence, 2011). Nonetheless, given the pronounced dissociation
between the effects of sound duration on identification of (a) letter duration and (b) letter identity, is
safe to conclude that at least for the present conditions of stimulation, both types of judgment did not
draw on a common (inseparable) and unified object representation (e.g., as if perceived duration and
letter identity were both inferred from the clarity or saliency of the same multimodal perceptual
object). In other words, duration and identity of a visual perceptual object presumably are separable
aspects of perception, which can be differentially modulated by concurrent presentation of sounds of

different duration.

In summary, we showed that the mere presence of a sound facilitated identification of noise-masked,
centrally presented letters in comparison to unimodally presented letters. Manipulating sound duration
did not alter letter identification, while eliciting a pronounced effect on judgments of the duration of

the letters. A further interesting aspect of the present results is that the magnitude of the sound-induced
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facilitation effect appeared to be invariant across ISIs and contrast levels, but rather varied depending
on the specific performance level. Accordingly, in order to distinguish between potential mechanisms
of multimodal facilitation, as preparedness enhancement, signal enhancement, and object

enhancement, it may be necessary to take interindividual performance differences into account.
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Abstract

In studies on temporal order perception, immediate as well as sustained effects of multisensory
integration have been demonstrated repeatedly. Regarding duration perception, the corresponding
literature reports clear immediate effects of multisensory integration, but evidence on sustained
effects of multisensory duration integration is scarce. In fact, a single study [Heron, J., Hotchkiss, J.,
Aaen-Stockdale, C., Roach, N. W., & Whitaker, D. (2013). A neural hierarchy for illusions of time:
Duration adaptation precedes multisensory integration. Journal of Vision, 13, 1-12.] investigated
adaptation to multisensory conflicting intervals, and found no sustained effects of the audiovisual
conflict on perceived duration of subsequently presented unimodal visual intervals. In two
experiments, we provide independent evidence in support of this finding. In Experiment 1, we
demonstrate that adaptation to audiovisual conflict does not alter perceived duration of subsequently
presented visual test intervals. Thus, replicating the results of Heron et al. (2013), we observed no
sustained effect of multisensory duration integration. However, one might argue that the prolonged
exposure to consistent multisensory conflict might have prevented or hampered multisensory
integration per se. In Experiment 2, we rule out this alternative explanation by showing that
multisensory integration of audiovisual conflicting intervals is still effective after adaptation to
audiovisual conflict. This further strengthens the conclusion that multisensory integration of interval

duration affects perception in an immediate, but not in a sustained manner.

Keywords: Time perception, multisensory integration, temporal ventriloquism, duration adaptation,

recalibration.



Still no evidence for sustained effects of multisensory integration of duration

Human temporal perception is highly susceptible to distortion, such that the perceived temporal
characteristics of a stimulus often do not correspond to its physical duration. Such perceptual
distortions can be triggered, for example, by the context of stimulus presentation (e.g., Bausenhart,
Bratzke, & Ulrich, 2016; Shi, Chen, & Miiller, 2010). Specifically, temporal perception of a target
stimulus can be altered by accompanying (e.g., Bausenhart, De la Rosa, & Ulrich, 2014; K. M.
Chen & Yeh, 2009; De la Rosa & Bausenhart, 2013; Klink, Montijn, & van Wezel, 2011; Romei, De
Haas, Mok, & Driver, 2011; Walker & Scott, 1981) or even preceding (Dyjas, Bausenhart, & Ulrich,
2014; Heron et al., 2012; Penton-Voak, Edwards, Percival, & Wearden, 1996) stimulation. One
example for such context effects evoked by preceding stimulation is the phenomenon of duration
adaptation, in which the perceived duration of a target interval is prolonged (shortened) after
repeated exposure to an adaptation interval of shorter (longer) duration (Heron et al., 2012).
Interestingly, this repulsive aftereffect is only observed when adaptation and test intervals stem
from the same modality, that is, duration adaptation is modality-specific (Heron et al., 2012; Walker,
Irion, & Gordon, 1981).

Nonetheless, there is also ample evidence for context effects under conditions of multisensory
stimulation. In the domain of multisensory integration, such context effects are addressed in
situations where the target and the irrelevant stimulation emerge from different modalities. In the
following, we will distinguish between immediate effects and sustained effects (i.e., aftereffects) of
multisensory integration on temporal perception (cf. L. Chen & Vroomen, 2013). Immediate
multisensory effects refer to changes in the perception of a current event caused by multimodal
stimulation (e.g., when a visual stimulus is perceived differently depending on whether it is
accompanied by an auditory stimulus or not). Sustained multisensory effects refer to changes in the
perception of a current event that are caused by previous multimodal stimulation (e.g., if repeated

presentation of a certain multimodal stimulus induces changes in the perception of a subsequent



event).

First, immediate multisensory integration effects become clearly evident when the different
modalities provide conflicting information. One prominent example for this is the temporal
ventriloquism effect (Bertelson & Aschersleben, 2003; Keetels, Stekelenburg, & Vroomen, 2007;
Morein-Zamir, Soto-Faraco, & Kingstone, 2003; Vroomen & de Gelder, 2004). Specifically, the
time point at which a visual stimulus is perceived can be biased towards the time point of an
accompanying auditory stimulus presented slightly before or after the visual one, as indicated by
studies on temporal order perception. It has been suggested that this effect emerges in perceptual
stages of processing, since even the perception of non-temporal features of the visual target
stimulus can be altered by auditory temporal information presented slightly before or after the
visual one (Morein-Zamir et al., 2003; Vroomen & Keetels, 2009). Moreover, a related effect also
emerges in duration perception (rather than order perception). Specifically, the perceived duration
of a visual target interval is biased towards the duration of an accompanying auditory interval with
slightly shorter or longer duration (Bausenhart et al., 2014; Heron et al., 2013; Klink et al., 2011;
Romei et al.,, 2011). Typically, the reversed effect, that is, an influence of visual irrelevant
information on perceived duration of auditory target intervals is much smaller (Bausenhart et al.,
2014) or even absent (Klink et al., 2011) This suggests that auditory temporal information,
presumably due to the typically higher temporal resolution of the auditory compared to the visual
system (Bertelson & Aschersleben, 2003; Getzmann, 2007; Morein-Zamir et al., 2003), usually
takes a predominant role in the multisensory percept. However, this typical auditory predominance
is not “hardwired”. In fact, when the reliability of the presented auditory temporal information is
degraded, the impact of the visual information on audiovisual duration estimates increases
(Hartcher-O’Brien, Di Luca, & Ernst, 2014). This is in line with a Bayesian cue combination
account of multisensory integration, which assumes that the modalities’ contributions to the
combined multisensory percept are determined on basis of their inverse variances, thus leading to

statistically optimal multisensory estimates (Ernst & Banks, 2002).
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Additionally, by demonstrating in a reminder task that the auditory bias on perceived visual
duration remains constant over a large range of durations of the target interval, De la Rosa et al.
(2013) attributed this phenomenon to a temporal ventriloquism effect operating on perceived onset
and offset of the interval, and thus, the switch latency of a pacemaker-accumulator mechanism
(Gibbon, 1977; Gibbon, Church, & Meck, 1984; see also Hartcher-O’Brien et al., 2014, for a related
idea framed within the concept of Bayesian cue integration). Thus, similar cognitive mechanisms
might underlie the immediate multisensory effects on the perception of temporal order and of
duration.

Second, there is also evidence for sustained changes of temporal perception, which are
induced by preceding multisensory stimulation (Di Luca, Machulla, & Ernst, 2009; Fujisaki,
Shimojo, Kashino, & Nishida, 2004; Hanson, Heron, & Whitaker, 2008; Harrar & Harris, 2008;
Heron, Roach, Whitaker, & Hanson, 2010; Heron, Whitaker, McGraw, & Horoshenkov, 2007,
Keetels & Vroomen, 2007; Machulla, Di Luca, Froehlich, & Ernst, 2012; Vatakis, Navarra, Soto-
Faraco, & Spence, 2007; Vroomen, Keetels, De Gelder, & Bertelson, 2004). For example, Vroomen
et al. (2004) repeatedly presented a brief audiovisual stimulus pair with a slight, but consistent
conflict between the modalities (e.g., the auditory stimulus always preceded the visual one by 100
ms). During prolonged exposure to this asynchrony, the perceptual system “recalibrated”, which
became evident as a shift of the psychometric function in a subsequent test phase. For example, a
physically simultaneous audiovisual stimulus pair was then judged as non-simultaneous, such that
the visual stimulus appeared to precede the auditory one. Such flexibility of perception to
recalibrate to persistent multisensory asynchrony was since then consistently demonstrated in a
large number of studies involving temporal order judgments (e.g., Di Luca et al., 2009; Hanson et
al., 2008; Harrar & Harris, 2008; Heron et al., 2010, 2007; Keetels & Vroomen, 2007; Machulla et
al., 2012; Vatakis et al., 2007). Moreover, there is also ample evidence regarding multisensory
recalibration and its underlying mechanisms in the spatial domain (e.g., L. Chen & Vroomen, 2013;

Witten & Knudsen, 2005; Zaidel, Ma, & Angelaki, 2013; Zaidel, Turner, & Angelaki, 2011), and
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thus, recalibration seems to be a general phenomenon in perceptual processing of conflicting
multisensory stimulation.

Nonetheless, comparable evidence regarding such sustained multisensory effects in the
domain of duration perception is much sparser. In fact, we are aware of only one published study
which addressed this issue (Heron et al., 2013). In two main experiments (and a series of clever
control experiments), these authors basically replicated the aforementioned immediate multisensory
effects, and demonstrated the lack of sustained multisensory effects on perceived duration.
Regarding immediate effects, visually marked target intervals of 320 ms duration were presented
and their corresponding perceived duration was assessed in a 2AFC task employing the method of
constant stimuli. Importantly, these task-relevant target intervals were accompanied by either
shorter (200 ms) or longer (510 ms) task-irrelevant auditory intervals. Perceived duration of these
visual target intervals was biased towards the duration of the auditory intervals. Specifically, the
Point of Subjective Equality (PSE) for a unimodal visual test stimulus with the aforementioned
multimodal intervals was 277 ms for shorter and 375 ms for longer auditory accompanying
durations.

To test for sustained multisensory effects, the same conflicting audiovisual intervals as
described above were presented repeatedly in an adaptation phase. In a subsequent test phase,
participants had to reproduce the duration of visual unimodal test intervals of either 160, 320, or
640 ms duration. According to Heron et al. (2013), two potential outcomes were hypothesized,
depending on the hierarchical order of duration adaptation and multisensory integration in stimulus
processing. On the one hand, the audiovisual stimuli in the adaptation phase might be perceptually
integrated before duration adaptation occurs. Consequently and in accordance with the multisensory
integration results reported above, perceived duration of the visual adapting intervals would be
biased towards the duration of the accompanying auditory ones. Participants would then adapt to
these either prolonged or shortened perceptual representations, and consequently, in the test phase,

repulsive adaptation aftereffects on reproduced duration should be observed. On the other hand,
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duration adaptation might precede multisensory integration — such that adaptation would operate on
the separate, modality-specific representations of the adaptation stimuli. Consequently, the adapted
modality-specific representation of the visual 320 ms adaptation interval would not be biased
towards the shorter or longer auditory duration, and the unimodal visual 320 ms test interval could
be reproduced without any repulsive aftereffect.

Alternatively, one might consider another potential sustained effect of multisensory
integration: participants might not adapt to the bimodal integrated durations, but adjust perception
to reduce the multimodal conflict between the interval markers. Consequently, they would adapt a
tendency to perceptually expand (condense) any visually marked interval, according to whether it
was previously presented along with a longer (shorter) auditory one. Then, the unimodal visual test
stimuli in the test phase should also be perceived and consequently reproduced as longer (shorter),
respectively. This “perceptual attraction” hypothesis was not considered by Heron et al., and it
seems rather unlikely given that the phenomenon of duration adaptation is quite well established
and even has been replicated under bimodal stimulation conditions (cf. Figs. 1C and 5B in Heron et
al., 2013).

The results of Herons et al.’s (2013) experiment were consistent with their second hypothesis,
that is, unimodal reproductions in the test phase were not affected by the multimodal conflicting
intervals presented during duration adaptation. Consequently, the authors argued that duration
adaptation precedes multisensory integration in the processing chain, and this interpretation
received further support in a series of control experiments. Important for the present purposes, the
authors could also exclude the possibility that during the adaptation phase, participants simply
ignored the biasing auditory stimulation — which otherwise also might explain why no sustained
effects of multisensory integration were observed. Specifically, in a control experiment, audiovisual
adaptation intervals were repeatedly presented with identical durations of either 640 or 160.
Subsequently, test stimuli could be either 320 ms unimodal auditory, bimodal, or unimodal visual

durations. Therefore, if participants simply ignored the biasing auditory stimulation during the
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adaptation phase, then a repulsive duration aftereffect should be only observed when the test stimuli
contained visual durations. Likewise, if attention was only directed towards the auditory stimulation,
then a repulsive duration aftereffect should be only observed when the test stimuli contained
auditory durations. Interestingly, for all three types of test stimuli repulsive duration aftereffects
were observed, which indicates that neither auditory nor visual stimulation was ignored during
duration adaptation. Therefore, this result rules out the possibility that ignoring biasing auditory
stimulation explains the lack of repulsive adaptation aftereffect, as well as that directing attention
only towards auditory stimulation (and thus, ignoring visual stimulation) explains the lack of
sustained effect of multisensory integration

Heron et al.’s (2013) results are highly interesting for two reasons: First, they close the
research gap regarding sustained effects of multisensory integration on duration perception. Second,
they inform about the hierarchical order of duration adaptation and multisensory integration — two
phenomena that had only been regarded in isolation so far — and thus, provide important and novel
insights into the cognitive architecture of temporal processing. The aim of the present study is
twofold: In Experiment 1, we aim to provide independent evidence regarding whether or not
sustained effects of multisensory integration can be observed'. This seems especially important
since the respective conclusion is based on a null effect. We chose a set of conditions that are
presumably even more effective in producing multisensory integration effects than the ones in the
study of Heron et al. (2013), and we employed a larger sample size, thus yielding higher
experimental power. In Experiment 2, we aim to rule out an alternative explanation according to
which prolonged exposure to multisensory conflict might attenuate or even eliminate multisensory
integration. To this end, we introduce a novel and crucial control condition to ensure that
multisensory integration mechanisms are potentially effective even after prolonged exposure to

multisensory conflict.

! In fact the present experiments were designed independently and prior to publication of Heron et al.’s (2013) study
and thus should not be viewed as a direct replication attempt.



Experiment 1

This experiment is similar to the main adaptation experiment of Heron et al. (2013). Audiovisual
interval pairs with a persistent conflict were repeatedly presented during an adaptation phase. In
each trial of a subsequent test phase, a unimodal visual test interval was presented after several top-
up presentations of the adapting stimuli and participants had to reproduce the duration of the test
interval. As hypothesized by Heron et al. (2013), if multisensory integration precedes duration
adaptation, perceived duration of the visual adaptation stimuli should be biased towards the auditory
conflicting durations, and consequently, repulsive duration aftereffects should be observed in the
reproductions of the test phase. If multisensory integration operates after duration adaptation, no
repulsive aftereffects would be observed in the test phase, since the adapted duration within the
visual modality would not differ from the visual unimodal duration in the test phase. Finally, if
participants would recalibrate perceived duration in the sense of a multisensory conflict reduction,
but no duration adaptation occurs, sustained multisensory effects in the form of perceptual attraction
(rather than repulsion) should be observed.

The specific duration of the visual intervals and the auditory conflict were chosen such that
the expected multisensory integration effects would be especially pronounced. Specifically, a 753
ms visual interval was combined with sounds of either 653, 753, or 853 ms in the adaptation phase.
That is, the difference between auditory shorter and longer conflicting intervals, and thus the
maximal biasing effect due to multisensory integration, was Apax = 853ms - 653 ms = 200 ms and
the proportional conflict (i.e. the auditory bias in relation to visual interval duration) amounted to
(853 ms — 753 ms) / 753 ms = 0.13. Under similar conditions, De la Rosa et al. (2013, Experiment
2), found that the observed bias in reproduced duration amounted to approximately 70 % of Apax.

In Heron et al.’s study, Apax was 510 ms - 200 ms = 310 ms, and the maximal proportional
conflict was (510 ms — 320 ms) / 320 ms = 0.59. The observed multisensory integration effect (i.e.,

the PSE difference between the longer and shorter auditory condition in the multisensory
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integration experiment) amounted to 98 ms, and thus to only about 32 % of An.x. Somewhat
counterintuitively, one plausible account for this comparably small integration effect is the
pronounced proportional conflict between visual and auditory information in Heron et al.’s study. In
fact, multisensory integration is especially effective within a rather small “window of integration”
(Asaoka & Gyoba, 2016; Klink et al., 2011). When the conflict between two modalities gets too
pronounced, an important prerequisite of multisensory integration, the assumption of unity (i.e., the
assumption that the input from the different modalities stems from a single object; Welch & Warren,
1980) is violated. As a consequence, the modalities’ inputs are no longer or, at least, less effectively
integrated to a common multimodal percept. It may well be that the large multimodal conflict in
Heron et al.’s study, especially with regard to the relatively brief visual interval duration, might
have produced comparably small and less stable integration effects. This in turn, might also reduce
the potential for eliciting and observing sustained effects of this integration. Thus, maximizing the
effect of multisensory integration during the adaptation phase might increase the potential for

observing any sustained effects of multisensory integration in the test phase. >

Method

Participants. 18 participants (16 females) between 18 and 30 years (M = 22.06, SD = 3.34 years)
voluntarily took part in Experiment 1 in exchange of either course credit or money. For this sample
size, a power of .82, and thus a probability for a Type II error of 8 = 1 - .82 = .18 is achieved with
df,= 2, dfs= 34, and o = .05 for the main effect of multisensory bias condition, if we assume a
medium effect size (f = 0.3 or #’ »= .08, computed with pwr.f2.test of the pwr package for R. Note

that this effect size estimate is very conservative, compared to the large achieved effect size of Bias

? It should be noted that in a further control experiment, Heron et al. (2013) tested for “physical” adaptation effects by
presenting visual unimodal adaptation stimuli which physically corresponded to the multisensory biased durations that
were assessed in the multisensory integration experiment. Such “physical” adaptation effects were clearly observed —
thus demonstrating that the evoked multisensory bias was, in principle, large enough to induce observable effects of
duration adaptation. Nonetheless, it remains unclear whether the observed effects of multisensory integration in the
dedicated multisensory integration experiment are identical to those presumably evoked in the adaptation phase of the
adaptation experiment. In Experiment 2 of the present study, we will address this issue more directly.
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condition in the present Experiment 2, which amounts to f = 1.25 or ;72,, =.61).

Apparatus and Stimuli. The experiment was run on a Macintosh computer connected to a CRT
monitor running at 150 Hz. The presentation of all of stimuli and data recording were controlled by
Matlab with the Psychophysics Toolbox extension (Brainard, 1997; Kleiner et al., 2007; Pelli, 1997).
Participants were seated in a dimly lit room at a viewing distance of approximately 55 cm from the
computer screen.

Visual stimuli consisted of a small white dot (1.8 mm diameter, 0.19° visual angle) used as
fixation point, a white disc (6.4 mm diameter, 0.66° visual angle) which was used to demarcate the
visually defined intervals, and an empty green square (4.5 mm diameter, 0.47 visual angle), which
was employed as a target stimulus for a control task. All these visual stimuli were presented at the
center of the screen on a black background. The auditory intervals were defined by a pure
sinusoidal tone (800 Hz, 79 dB) played binaurally through headphones with ramped 5 ms on- and
offset.

Responses were collected with a standard German keyboard. Participants were requested to
use the m key for the reproduction task, and the numeric keypad for the control task. Correctness of

stimulus timing and audiovisual (a)synchronies were verified with an oscilloscope.

Procedure. During the whole experiment, adaptation and test phases alternated (cf. Figure 1). The
experiment always started with an adaptation phase. At the beginning of the experiment,
participants received written instructions on two different tasks they would have to perform during
the experiment. For the counting task (which applied to the adaptation phases), participants had to
watch the repeated presentation of a visual stimulus while counting green squares presented
randomly among these visual stimuli. Later they were required to enter their count through the
keypad. For the timing task (which applied to the test phases), participants were instructed to make

temporal reproductions as close as possible to the duration of a visually defined interval. In both
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tasks, participants were instructed to ignore any sounds that were presented along with the visual
stimuli. Prior to each phase, participants were informed about which of two tasks would follow in

the next block.

CONDITION ADAPTATION PHASE
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Figure 1. Schematic representation of adaptation and test phases in the different bias conditions for

Experiment 1.

Adaptation phase

In each adaptation phase, the white disc was repeatedly presented for 100 times with a constant

duration of 753 ms. The interstimulus interval (ISI) between two subsequent visual interval

presentations varied randomly within a range of 240 — 747 ms. Concurrently to the presentation of

each visual interval an auditory stimulus was presented with a duration according to three different

multisensory bias conditions: “longer”, “same”, and “shorter”. In the “longer” condition, the tone

started 50 ms before the onset and ended 50 ms after the offset of the visual interval. In the “shorter”
condition, the tone started 50 ms after the onset and ended 50 ms before the offset of the visual

interval. In the “same” condition, the auditory and visual intervals started and ended simultaneously.

The three multisensory bias conditions were presented in separate adaptation phases whose order of
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presentation was counterbalanced between participants.

In order to ensure that participants attended to the visual stimulation in the adaptation phase,
they were instructed to count green squares which were randomly interspersed among the
audiovisual intervals. The number of green squares varied randomly between 5 and 9 in each
adaptation phase and the squares were presented for a random duration between 120 and 373 ms
within randomly picked ISIs.

At the end of the train of audiovisual interval stimuli, the question “Wie viele griine Quadrate
hast du gesehen?” (“How many green squares did you see?”’) was displayed at the center of the
screen and remained until the participant typed a digit with the keyboard. Afterwards, feedback

'9’

information was given about the response for 5 sec: the word “Korrekt!” indicated a correct
response and the word “Falsch!” indicated a wrong response. Then, participants were informed of

the end of the block and that they could start the next block (requiring the timing task) by pressing

any key. With this information, each adaptation phase ended and the subsequent test phase began.

Test phase

Each trial of each test phase started with the presentation of a blank screen for 1000 ms. Then, a
series of three audiovisual top-up intervals was presented with stimuli, duration, audiovisual bias
and (randomly varying) ISIs exactly as in the immediately preceding adaptation phase. After the
third audiovisual top-up interval, a small fixation dot was displayed for 1000 ms. Then, a unimodal
visual stimulus was presented as test stimulus for an interval duration of either 500, 753, or 1000 ms.
These durations were equally likely and randomized across trials.

200 ms after the end of this interval, the word “Jetzt” (“Now”) was displayed at the center of
the screen requesting the participant to reproduce the duration of the visual stimulus with a single
press of the m key. This response prompt disappeared as soon as the key was pressed. Then, the
screen remained empty and the next trial started 500 ms after the key was released.

Each test phase consisted of a block of 90 trials. A short break was inserted after each 15 trials,
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and the mean absolute percentage of deviation of the reproduced durations from the visual test
duration in the preceding 15 trials was presented as feedback. This information prevented any hint
of whether participants had over- or underestimated the visual stimulus durations. Participants were
instructed to keep this score as low as possible during the experiment, since lower values would
correspond to more accurate reproductions. Participants could self-terminate the breaks by pressing
any key. After all 90 trials of the test phase were performed, participants were informed about the
end of the current phase and that they could initiate the next phase (requiring the counting task) by
pressing any key.

The experiment consisted of overall 4 cycles of adaptation and test phase. The first cycle
constituted practice and consisted of 20 repetitions of the audiovisual interval in the adaptation
phase and 15 trials in the test phase. Each of the three experimental cycles consisted of 100
repetitions of the audiovisual interval in the adaptation phase and 90 trials in the test phase (3 test
interval durations * 30 repetitions), and the order of the audiovisual bias conditions was
counterbalanced between participants. The bias condition employed in the practice cycle

corresponded to the one of the first experimental cycle.

Results

Data from the practice block were discarded from analysis. For each participant and condition,
mean and standard deviation (SD) of the reproduced duration were computed. Trials with
reproduced durations below or above the individual condition means + 2*SD were discarded from
data analysis (4.30 % of trials). A repeated-measures analysis of variance (ANOVA) was conducted
with the factors Bias Condition (longer, same, and shorter) and Interval Duration (500, 753, and
1000 ms) on the individual mean reproductions. Greenhouse-Geisser adjusted p-values are reported
whenever appropriate.

The results show that mean reproduced duration increased with increasing Interval Duration,
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F(2,34)=225.64, p <.001, ;72p= .93 (Figure 2). Specifically, the 500 ms, 753 ms, and 1,000 ms test

intervals were on average reproduced as 531.05 ms (SD = 103.02 ms), 750.80 ms (SD = 123.73 ms),
and 914.63 ms (SD = 143.71 ms), respectively. However, neither a significant effect of Bias
Condition nor an interaction between both factors was observed (both F < 1).

Following the suggestion of an anonymous reviewer, we also conducted an additional analysis
of reproduced duration employing the “BayesFactor” package for R. The results of this analysis are
consistent with the ANOVA results reported above. Specifically, comparison against a null model
yielded the highest Bayes Factor (BF;y = 3.69¢™ + 1.96%) for a model only including the factor
interval duration. Setting this model as the new null model and comparing it to fuller models
including additionally (A) a main effect of bias condition, and (B) a main effect of bias condition
and an interaction of interval duration and bias condition, yielded BF;¢ of 0.069 + 5.09% for (A)
and 0.004 + 1.93% for (B). Restating in terms of BFy;, the present data are 14.5 times more likely
under the model only including interval duration than under (A), and 277.8 times more likely than

under (B).
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Figure 2. Mean reproduced duration as a function of Bias Condition and Interval Duration in
Experiment 1. Error bars represent £1 within-subject standard error of the mean with a correction
for between-subjects variability (Morey, 2008) and the continuous black line depicts the identity

line.

An analogous repeated-measures analysis of variance was conducted on the standard deviation (SD)
of the individual reproductions to inform about the variability of perception. This analysis showed a
main effect of Interval Duration, F(2, 34) = 23.36, p < .001, nzp = .58, which reflects increasing
variability with increasing interval duration. Specifically, SDs amounted to 96.84, 115.26, and
121.23 ms for the 500, 753, and 1000 ms interval durations. Neither the main effect of Bias
Condition F(2, 34) = 0.11, p = .896, 772p = .01, nor the interaction of Bias Condition and Interval

Duration, F(4, 68) = 2.35, p =.097, 772p = .12, were significant.

Discussion
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As expected, reproduced duration clearly increased with the duration of the test interval. Most
importantly, however, there was no effect of the auditory bias presented in the preceding adaptation
block on reproduced duration. Accordingly, no sustained effects of multisensory integration, neither
in the form of repulsion nor attraction, were observed. Thus, the present findings are consistent with
the respective results of Heron et al. (2013) and also with their interpretation that multisensory
integration emerges rather late (i.e., after duration adaptation) in the processing stream. Importantly,
the specific set of visual and auditory durations chosen for stimulation elicits especially strong
immediate multisensory integration effects (De la Rosa & Bausenhart, 2013, Exp. 2) and the size of
the tested sample yielded sufficient power to observe a potential sustained effect of this integration.
Therefore, on basis of the present results there is no reason to reject the null hypothesis that
multisensory integration of audiovisual intervals has no sustained effects on the perceived duration
of subsequently presented unimodal intervals.

However, both Heron et al.’s (2013) adaptation experiment as well as the present Experiment
1 are vulnerable to a crucial alternative explanation. This alternative is based on existing evidence
that multisensory integration per se can be hampered or suppressed under certain conditions of
stimulation (e.g., Mahani, Sheybani, Bausenhart, Ulrich, & Ahmadabadi, 2017; Powers, Hillock, &
Wallace, 2009; Sarmiento, Shore, Milliken, & Sanabria, 2012). Specifically, the repeated
presentation of the multisensory biased stimuli during the adaptation phase might actually affect the
efficacy of the multisensory integration mechanisms, and thus, even prevent immediate effects of
this integration. Consequently, if there was no “immediate” multisensory integration in the
adaptation phase, no sustained effects of this integration could be expected as well. Even though the
specific audiovisual stimulus combinations evoked clear immediate effects of multisensory
stimulation in the dedicated multisensory integration experiments of Heron et al. (2013) and De la
Rosa et al. (2013), these experiments were fundamentally different from the experiments that tested
for sustained effects. Specifically, in the former experiments, various stimulus durations and

multisensory conflicts were presented randomly interleaved. In the latter experiments, participants
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were exposed to a long and repetitive stimulation with a large and consistent audiovisual conflict
during the adaptation phase.

Crucially, such exposure to consistent conflict might actually decrease the likelihood of
multisensory integration per se. For example, it has been argued that participants may change their
multisensory processing strategy from integration to selective processing of the modalities during
prolonged exposure to multisensory conflicting stimulation (Mahani et al., 2017). Moreover,
extensive perceptual training of an audiovisual simultaneity judgment task narrows the temporal
window of multisensory binding (Powers et al., 2009) and consequently might also affect
multisensory integration, even though this relation is not firmly established. Finally, in duration
perception it has been shown that the proportion of conflicting versus congruent audiovisual
interval pairs affects multisensory integration. Specifically, the more conflicting intervals are
presented, the smaller the observed multisensory integration effect - and crucially, this reduction of
multisensory integration even aggravates with prolonged exposure to the multisensory stimulation
(e.g., when comparing the 2nd to the 1st half of trials) (Sarmiento et al., 2012). Consequently, one
might argue that the prolonged exposure to a consistent and pronounced multisensory conflict, as in
the adaptation phase of the present Experiment 1 and of Heron et al.’s (2013) adaptation experiment,
by itself prevented multisensory integration of interval duration. Consequently, neither immediate
nor sustained effects of integration would be observed after duration adaptation. In this case,
however, the lack of effect of the multisensory bias after duration adaptation should be attributed to
absence of multisensory integration in general, rather than absence of sustained effects of

multisensory integration. In Experiment 2, we test whether this alternative explanation holds.

Experiment 2

In this experiment, we assessed whether the prolonged exposure to consistent multisensory conflict,

as administered in Experiment 1, prevents multisensory integration in general. To this end, we
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replicated Experiment 1 with one crucial change. The visual test interval in the test phase of the
experiment was now also accompanied by an auditory stimulus. If the prolonged exposure to
multisensory conflict during the adaptation phase indeed prevents multisensory integration, then no
immediate effects of the multisensory stimulation should be observed during the test phase. On the
other hand, if such immediate effects are observed, this would imply that multisensory integration
was also effective in Experiment 1, but without evoking any sustained effect on perception of the

test intervals.

Method
Participants. 18 participants (15 females; age range: 18 — 41 years; mean age: 21.89 years)

voluntarily took part in Experiment 2 in exchange of either course credits or money.

Apparatus and Stimuli. Stimuli, apparatus, and procedure were identical to those employed in
Experiment 1, with only one exception: in the test phase of Experiment 2, each visual test interval
was presented concurrently with an auditory interval. As in Experiment 1, the visual interval
duration could be either 500, 753, or 1000 ms. The duration of the auditory interval varied relatively
to this test interval according to the same audiovisual bias condition as employed in the
immediately preceding adaptation phase and the top-up pairs. Consequently, the audiovisual bias
condition of the visual test stimulus was manipulated blockwise and always coincided with the
audiovisual bias condition in the preceding adaptation phase. Specifically, in the longer condition,
the auditory intervals were 600, 853, and 1100 ms for the 500, 753, and 1000 ms visual intervals,
respectively. In the same condition, the auditory intervals were identical to the visual durations.
Finally, in the shorter condition, the auditory intervals were 400, 653, and 900 ms for the 500, 753,
and 1000 ms visual intervals, respectively. As in Experiment 1, participants were instructed to

reproduce the duration of the visual intervals and ignore any sound.
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Results

The practice block was discarded from data analysis. For each participant and condition, mean and
standard deviation (SD) of the reproduced duration were computed. Trials with reproduced
durations below or above the individual condition means + 2*SD were discarded from data analysis
(4.32 % of trials). A repeated-measures analysis of variance (ANOVA) was conducted with the
factors Bias Condition (longer, same, and shorter) and Interval Duration (500, 753, and 1000 ms) on
the individual mean reproductions. Greenhouse-Geisser adjusted p-values are reported whenever
appropriate.

The results showed significantly longer reproduced duration with increasing Interval Duration,
F(2,34)=318.18, p <.001, 772P= .95. Specifically, participants reproduced the 500, 753, and 1,000
ms intervals on average as 515.51 ms (SD = 163.76 ms), 829.14 ms (SD = 181.80 ms), and 1026.42
ms (SD = 203.23 ms), respectively. Theoretically most important, reproductions were longer in the
longer condition (M = 856.63 ms, SD = 273.38 ms), intermediate in the same condition (M = 802.17
ms, SD = 265.25 ms), and shorter in the shorter condition (M = 712.26 ms, SD = 283.77 ms), F(2,
34) = 26.65, p < .001, 772p = .61 (Figure 1). Furthermore, there was a marginal interaction of both
factors, F(4, 68) =2.55, p = .078, 772,, = .13. This interaction reflects a slight decrease in the effect of
bias condition (A=M,nger — Mshorier) On reproduced duration with increasing interval duration (Asoo ms
=188.40 ms, A7s3 ms= 127.08 ms, and Ajppoms= 117.63 ms) cf. Figure 3). On average, the observed
multisensory conflict effect amounted to A = 144.37 ms, and thus (144.37 ms / 200 ms) * 100 =72 %
of Apax.

Again, these ANOVA results were basically corroborated by an additional BayesFactor Anova.
This analysis yielded the highest Bayes Factor (BFo = 3.80e®® + 3.4%) for the model with main
effects of interval duration and bias condition in comparison to the null model. Additional
comparisons of a model only including interval duration with models including additionally (A) a
main effect of bias condition, and (B) a main effect of bias condition and an interaction of interval

duration and bias condition, yields BF o of 762,701,262,322 + 1.12% for (A) und 121,265,608,053
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+ 1.77% for (B). That is, the data are most likely under a model including main effects of interval
duration and bias condition (around 762 billion as likely as under a model only including a main
effect of interval duration). Restating in terms of BFy, the likelihood of the data given a model only
including interval duration is very close to zero (<<1/1000 in both cases) compared to models

including effects of bias condition.
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Figure 3. Mean reproduced duration as a function of Bias Condition and Interval Duration in
Experiment 2. Error bars represent £1 within-subject standard error of the mean with a correction
for between-subjects variability (Morey, 2008) and the continuous black line depicts the identity

line.

An analogous repeated-measures analysis of variance on the standard deviation (SD) of the

individual reproductions again showed a main effect of Interval Duration, (2, 34) = 6.92, p = .008,

772p = .29, which reflects increasing variability with increasing interval duration. Specifically, SDs
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amounted to 117.39, 136.98, and 144.14 ms for the 500, 753, and 1000 ms interval durations. In

addition, there was a small main effect of Bias Condition F(2, 34) = 3.82, p = .032, 772p = 18,
basically reflecting numerically smaller SD in the shorter (120.48 ms) than in the longer (135.79 ms)
and the same (144.14 ms) condition. However, according to Bonferroni-corrected pairwise
comparisons, SDs in none of the conditions differed significantly from each other, all p >. 50. There

was no interaction of Bias Condition and Interval Duration, F' < 1. 3

Discussion

The auditory biasing stimulation presented concurrently with the visual test intervals clearly led to a
pronounced bias on reproduced durations. This bias amounted to 72 % of the Anax, and thus is
almost identical to the observed bias in a previous reproduction experiment (~70 %) which
contained similar interval durations and bias conditions, but no preceding adaptation phase or top-
up-stimulation (De la Rosa & Bausenhart, 2013, Exp. 2). Therefore, we conclude that the exposure
to persistent conflict during the adaptation phase did not hamper multisensory integration of
audiovisual interval duration in the present experimental setup. This also strengthens the
interpretation of Experiment 1. Specifically, even though immediate multisensory integration
presumably emerged during the adaption phase, no sustained effects of this integration could be

observed in the test phase.

General Discussion

® As an anonymous reviewer pointed out, the provided blockwise feedback about the magnitude (but not the direction)
of the reproduction biases (i.e., the absolute deviation from veridical) might have caused participants to adjust their
reproductions from block to block in “an unspecified direction” in order to reduce the reproduction bias. Accordingly, in
conditions with large reproductions biases, large variability of reproductions should be observed. However, the
numerically largest SD of reproductions was observed in the “same” condition, while the perceptual bias associated
with this condition was clearly smaller than the one observed in the long condition. Moreover, a very similar pattern
regarding the magnitude of perceptual bias and reproduction variability with respect to bias condition was observed in a
previous, comparable study (De la Rosa & Bausenhart, 2013, cf. Figs. 2 & 4), in which bias condition varied randomly
from trial to trial and thus no differential adjustment of the reproductions for the different bias conditions following
blockwise feedback was feasible. In any case, this issue does not hamper our main conclusions of the presence of
pronounced immediate multisensory effects in Experiment 2, but the absence of sustained effects in Experiment 1.
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The present study addressed immediate and sustained effects of multisensory duration integration.
Two conducted interval reproduction experiments provided clear-cut results: First, adaptation to
audiovisual conflicting intervals did not alter perceived duration of subsequently presented visual
test intervals. Second, adaptation to audiovisual conflicting intervals did not prevent, however,
multisensory integration per se. Specifically, for subsequently presented audiovisual conflicting
intervals, a strong multisensory bias effect on reproduced duration was observed. Thus, replicating
the results of Heron et al. (2013), we observed no sustained effect of multisensory duration
integration. In addition, and extending this previous study, we demonstrate clear immediate effects
of multisensory integration even after prolonged exposure to consistent multisensory conflict.

Heron et al. (2013) already suggested that multisensory integration follows lower-level
perceptual effects as duration adaptation within the processing hierarchy. Thus, the multisensory
integration effect might be allocated in higher perceptual stages of processing. On the basis of the
present and Heron et al.’s results, one cannot rule out, however, an even later locus within a post-
perceptual, decisional processing stage. Specifically, the audiovisual conflict might not have altered
perceived duration of the visual intervals, but participants might have just reproduced the auditory
temporal information rather than an integrated multimodal percept. This interpretation seems rather
unlikely, however, since multisensory duration integration can also be observed under a number of
conditions that cannot easily be reconciled with a simple decisional bias.

First, Bausenhart et al. (2014) demonstrated that multisensory duration integration also occurs
when a high proportion of unimodal intervals is unpredictably interspersed within the multimodal
trials, or when the auditory modality only provides a single pulse-like stimulus which biases either
the onset or the offset of the visual interval. Under such conditions, responding to the auditory
information alone is hindered or at least requires effortful intermodal attentional shifts between or
even within trials, which are typically detrimental to duration discrimination performance (Grondin,
Ivry, Franz, Perreault, & Metthé, 1996; Rousseau, Poirier, & Lemyre, 1983; Ulrich, Nitschke, &

Rammsayer, 2006). Second, perceived duration of audiovisual intervals does not increase linearly
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with auditory biasing duration, but remains constant or even decreases again if the audiovisual
conflict exceeds a certain value (e.g., Klink et al., 2011) — which is in line with an interpretation in
terms of a limited temporal “window of integration” (e.g., Meredith, Nemitz, & Stein, 1987; Spence
& Squire, 2003). Finally, there are no auditory bias effects on perceived duration of audiovisual
intervals when the auditory stimuli are intra- rather than intermodally grouped (Asaoka & Gyoba,
2016; Klink et al., 2011). Taken together, all these findings indicate that the biasing effect of
conflicting auditory interval duration reflects a genuine perceptual integration rather than a simple
decisional strategy of responding to the auditory information alone.

Considering the wider context of multisensory integration in the temporal domain, one
remaining question is why there are sustained effects in perception of temporal order (Fujisaki et al.,
2004; Keetels et al., 2007), but apparently not in duration perception? As outlined in the
Introduction, a similar mechanism, that is, temporal ventriloquism, might be responsible for
integration of interval duration as well as temporal order (Asaoka & Gyoba, 2016; De la Rosa &
Bausenhart, 2013). In temporal order recalibration, participants adapt to a consistent audiovisual
conflict between two brief stimuli (e.g., auditory always before visual). For interval duration, there
is also a consistent audiovisual conflict (e.g., auditory always longer than visual), but the temporal
markers of the interval (i.e., onset and offset) are biased in opposing directions. For example, for
longer auditory intervals, the auditory onset is before the visual onset, but the auditory offset is after
the visual offset. Thus, multisensory integration might evoke immediate effects on perceived
duration, but since the audiovisual conflicts associated with the intervals’ on- and the offsets oppose
and thus compensate each other, this would prevent sustained effects as temporal order recalibration.

An interesting future research avenue would be to investigate whether the present conclusion
regarding absence of sustained multisensory integration effects would still hold, if attention was
allocated to the temporal properties of the adapting stimulation. In the present experiments, an
additional task was administered to ensure that participants do not ignore the visual input and

moreover, attend to the location of the visual adapting stimulation. However, participants were not



25

required to explicitly attend to the duration of the auditory, visual or combined input, and
consequently neither to potential conflicts between the modalities’ contributions. Even though there
is evidence that visual temporal information is automatically processed even in the absence of
attention to temporal features (Y. Chen, Huang, Luo, Peng, & Liu, 2010; Heron et al., 2010),
allocating attention to temporal features may further enhance the processing of temporal
information. Consequently, one might hypothesize that sustained effects of multisensory duration
integration might become evident when participants actively process the audiovisual temporal
properties of the stimulation during the adaptation phase (even though, as briefly outlined above,
awareness of an audiovisual conflict might likewise provide a violation of the unity assumption and
thus hinder any multisensory integration after all).

The present data reveal another interesting multimodal effect on reproduced duration, which
concerns the difference between reproductions of the “same” bias conditions between Experiments
1 and 2. When comparing Figures 2 and 3, it is evident that the slope of the reproduction function
(especially between the 500 and 753 ms interval durations) is much steeper for the reproduction of
audiovisual congruent intervals (“same” condition of Exp. 2) than for the reproduction of unimodal
visual intervals (“same” condition of Exp. 1). This was confirmed by a significant interaction, F(2,
68) =9.56, p <.001, 772p = .22 in additional ANOVA conducted on reproduced duration with interval
duration as within- and bias condition (uni- vs. bimodal) as between-subjects factor. This finding
replicates the well-known effect of interval modality on duration perception, namely, that auditory
(or in this case, audiovisual) perceived duration is perceived as longer than unimodal visual
duration, and this effect increases with increasing interval duration (e.g., K. M. Chen & Yeh, 2009;
De la Rosa & Bausenhart, 2013; Penton-Voak et al., 1996; Walker & Scott, 1981; Wearden,
Edwards, Fakhri, & Percival, 1998). This effect has been attributed to an increase of the pacemaker
rate of a pacemaker-accumulator mechanism of duration perception (Wearden et al., 1998), as a
consequence of increased arousal caused by the auditory stimulation (Wearden, Norton, Martin, &

Montford-Bebb, 2007). The present results demonstrate such an increase even under conditions of
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repeated preceding auditory stimulation. That indicates that the sound-based increase in pulse rate is
(at least partly) rather short-lived and does not spill over from immediately preceding sound
presentations (e.g., through the audiovisual top-up pairs) to a unimodal test stimulus. Interestingly,
this finding contrasts with related results showing prolonged perceived interval duration caused by
immediately preceding click trains, which may be due to the higher temporal frequency of the click
trains (Penton-Voak et al., 1996; Wearden et al., 1998).

In conclusion, we demonstrated that multisensory integration of audiovisual intervals of
conflicting duration leads to pronounced immediate effects on perceived duration, but does not
affect perceived duration in a sustained manner. This finding replicates and extends previous studies
(Bausenhart et al., 2014; Heron et al., 2013) on multisensory interval integration. Thus, the present
findings once more demonstrate that temporal judgments can be quite sensitive to the experimental
context (e.g., concurrent incongruent or congruent multimodal stimulation), but at the same time
also purport an important limitation of this context-sensitivity (that is, preceding multimodal

stimulation does not affect currently perceived duration).
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