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Glossary of abbreviations
EEG - Electroenchephalography
ERP – Event-related potential
GD – Gap detection
ISI – Inter stimulus interval
ms – milliseconds
SLI – Specific language impairment
SOA – Stimulus onset asynchrony
TOJ – Temporal order judgment
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Abstract
A crucial aspect of adaptive behavior is the representation of our environment
in a manner that allows the adequate preparation of responses. Organizing
the incoming signals into objects is not a trivial task since the various inputs
(auditory, visual, top-down context) not necessarily arrive simultaneously to
the critical cortex area. What principles can help the grouping of these
signals? The current work discusses the most basic integration principle that
precedes even the Gestalt rules. Psychophysical and electrophysiological
results led to the assumption that there is a minimal integration window or
system state in which the incoming signals are atemporal. The duration of
this window defines the resolution of the given processing system (audition,
vision or multisensory integration). Measuring this aspect is far from easy.
This work is going to discuss results obtained with the spatial temporal order
judgment task (TOJ), and also its relationship to electrophysiological
measures.
It can be concluded that the TOJ threshold is highly sensitive to repeated
measurements, it deteriorates surprisingly quickly, but that also makes this
task useful for evaluating even small manipulations, like short pauses or
different types of feedback.
The electrophysiological data shows that just above the average behavioral
TOJ thresholds, around 60 ms, there is a qualitative change in the neural
processing of tone pairs, which is related to the behavioral threshold.
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Kivonat
Az adaptív viselkedés feltétele környezetünk olyan módon való mentális
leképezése, amely lehetővé teszi adekvát válaszok előkészítését. A
receptoraink által feldolgozható információk tárgyakba rendezése nem
triviális feladat annak fényében, hogy a különböző jellegű információk
(hallási, látási, top-down) nem feltétlen érkeznek egyidőben a feldolgozásban
kritikus agykérgi területre. Milyen elvek alapján történhet a csoportosítás?
Jelen dolgozat a legalapvetőbb integrációs folyamatokat tárgyalja, amelyek
még a Gestalt elveket is megelőzik. Pszichofizikai és elektrofiziológiai adatok
ugyanis arra engednek következtetni, hogy van egy minimális időablak, amin
belül a bejövő jelek időtlenek. Ezen ablak szélessége megadja a rendszer
(adott modalitás vagy intermodális feldolgozás) felbontóképességét. Ezen
felbontóképesség

mérése

azonban

egyáltalán

nem

triviális.

Jelen

dolgozatban azt járom körül, hogy milyen eredményekre juthatunk a téri
időbeli sorrendiségi döntés feladat (SDF) alkalmazásával és a viselkedéses
eredmények hogyan viszonyulnak az elektrofiziológiai mutatókhoz.
Megállapíthatjuk, hogy az SDF érzékeny az ismételt mérésre, meglepő
módon

gyorsan

leromlik,

viszont

így

érzékeny

különböző

kisebb

manipulációk (pl. rövid szünet, visszajelzés jellege) hatásának vizsgálatára.
Elektrofiziológiai eredményeink azt mutatják, hogy kicsivel az átlagos
viselkedéses küszöb felett, olyan 60 ms környékén, történik egy jelentősebb
változás a hangpárok feldolgozásában, amely mértéke a viselkedéses
küszöbbel is együttjárást mutat.
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1. Introduction
1.1. Auditory perception is profoundly temporal
Perception of the environment is mainly based on stimuli changing either in
space or in time, and of course, frequently in space and time (Shinozaki,
Yabe, Sato, Hiruma, Sutoh, Matsuoka, & Kaneko, 2003; Fishbach, Nelken, &
Yeshurun, 2001). Another source of information can be the pattern of
chemical stimuli that differentiate one smell or taste from the other, but even
in the case of chemical receptors, changes in time are highly important, the
mere presence of stimuli does not translate to the same percept irrespective
of exposure time (e.g. habituation).
However, what does it mean "temporal information processing"? There can
be many approaches: (I) the stimuli change in time (e.g. the light or
mechanical pulses), (II) the detection of the stimulus unfolds in time or (III)
the stimulus triggers a neural response that is coded in time (e.g. through a
neural oscillation). From the point of view of human functioning, the first
approach might not be considered temporal processing as different receptors
are sensitive to the different wavelength ranges. The specialized rhodopsin
molecules of the retina respond to preferred wavelengths or the inner cells of
the cochlea respond to a frequency range, but these receptors did not
transmit the temporal pattern of the signal to the nervous system, only its
existence or its intensity. Therefore, information is considered spatial if the
identity of the receptors (or receptor population) is important (e.g. my left arm
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sensed something) and it is considered temporal if the receptors activity in
time is meaningful for the cognitive system (e.g., there were two quick
successive touches). The literature differentiates the above mentioned
second (II) and the third (III) approaches as "temporal processing" versus
"temporal coding". Temporal processing is defined as the decoding of
temporal information (Mauk & Buonomano, 2004), at least in perception.
Typically, the "amplitude envelope" of the signal is treated as temporal
information (Rosen, 1992).
The current work focuses on temporal processes in the context of auditory
perception.
While in vision even information gathered during a few milliseconds can be
rich in details due to synchronous spatial cues, the signals of sound sources
and their meaning however unfold in time (Demany, & Semal, 2008). For
example, the perception of loudness depends on the duration of the sound,
up until about 200 ms (Zwislocki, 1969). This phenomenon also implies that
auditory perception is strongly related to information retention processes
even for the analysis of basic auditory features.
Unlike in vision, where different receptors correspond to different spatial
locations, in hearing, spatial information needs to be computed in the central
nervous system, for example based on intensity differences or time
differences of the incoming information of the two ears (Jessel, Kandel &
Schwartz, 2013). Moreover, the spatial inferences of hearing are frequently
less precise than the inferences of vision, for example because in a closed
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space, not just the original mechanical wave but also its many reflections
reach the ears. Therefore it is not surprising that hearing utilizes many
temporal cues and is better in identifying what is happening than where it is
happening.
It was demonstrated that even perceptual features like pitch or timbre that
are based on spectral information also require temporal cues for effective
processing (Rosen, 1992). Furthermore, the results gained with single
channel cochlear implants allowing no place-based analysis, helped their
user understanding even unknown sentences (Hochmair-Desoyer, Hochmair,
& Stiglbrunner, 1985). This means that the time envelope of the signal is
highly informative for perception.
In order to understand better the neural processing of complex sounds,
researchers tested neural responses triggered by different changing stimuli,
inspired by the edge detectors of vision. In vision, edge detectors show
increased firing rate or inhibition to brightness gradients (changes in space).
In audition this role was assigned to changes in time as it was demonstrated,
that there are cells sensitive to amplitude transients (Fishbach, Nelken, &
Yeshurun, 2001). The spectrotemporal receptive fields (STRFs) are
calculated via reverse-correlation that is averaging the sound spectrograms
that trigger a neuron (David, 2018). Most neurons show differentiation in time
and frequency, with time constants around 30 ms (Nelken, 2004). However,
these neurons can be precise (fast changes around 1-10 ms) or sluggish (10100 ms) differentiators. This is not because the transduction precision is lost
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in the cortex as cortical neurons can be locked to the fine structure of the
sound envelope up to 200Hz (Elhilali, Fritz, Klein, Simon, & Shamma, 2004).
It was noted, that neurons having an STRF in the auditory cortex most likely
are the results of plastic brain mechanisms influenced by the auditory and
behavioral context (David, 2018), so the time delay they are sensitive to is
relevant to the given organism.

In summary, we can conclude that hearing strongly relies on temporal
information and the better understanding of temporal constrains (like
integration windows) and temporal cues are essential in understanding
auditory perception.
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1.2. Temporal phenomena in auditory perception
Temporal information is processed on many different scales (see Figure 1);
humans utilize information over a scale of about 12 orders of magnitude
(Mauk & Buonomano, 2004).

Figure 1. Temporal processing on different time scales
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The sub millisecond level temporal differences help the computation of sound
location. Time differences that range between a few milliseconds to a few
hundred milliseconds influence many different perceptual processes the
categorization of which is not straightforward at all. However, attempts to
meaningful categorization have been made. Wittmann (1999) highlights two
temporal boundaries that separate simultaneity (two tones perceived as one),
succession (two sounds without distinguishable order) and temporal order
perception; the first separator being the fusion threshold. Between the fusionand the temporal order thresholds the multiplicity of sounds can be
established but not their temporal order. It have to be noted that the term
"fusion" was used in many different contexts, sometimes even instead of the
order threshold. Cutting (1976) enumerates six types of dichotic fusion
phenomena

just

in

relation

to

speech

stimuli:

sound

localization,

psychoacoustic fusion, spectral fusion, spectral/temporal fusion, phonetic
feature fusion, and phonological fusion. According to his suggestion, the first
two levels are related to perceptual integration and the others to perceptual
recombination. The upper time limits of these phenomena vary between 2
and 200 ms. Around 200 ms is the time range of backward masking effects
(Massaro, 1972), acoustic energy or loudness summation (Zwislocki, 1969),
the long integration window (Poeppel, 2003; Yabe, Tervaniemi, Reinikainen,
& Näätänen, 1997) and the assumed minimal duration of the "short auditory
store" of Cowan (1984) that is used in stimulus recognition. In addition to
these perceptual phenomena, other temporal experiences are duration
estimation and the subjective present (Wittmann, 1999; Pöppel, 1997). The
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relationship of all these phenomena are far from understood but their
existence clearly suggests that there are temporal constrains in auditory
perception in building an auditory representation. One main question is
whether the processing of incoming stimuli is entirely continuous or it
happens in somewhat discrete chunks (VanRullen, 2003; Poeppel, 2003;
Pöppel, 1997; Stroud, 1956). If there is a minimum time window that is
necessary to form an auditory event before it is submitted to further amodal
manipulations, then the individual differences of this limit or its contextual
dependencies could be important predictors of higher cognitive functions
(Szymaszek, Sereda, Pöppel, & Szelag, 2009; Humes, Busey, Craig, &
Kewley-Port, 2013).
Another classification of sub second events worth mentioning can be:
stimulus detection, stimulus individuation, temporal order judgment, and
sequence matching or discrimination (Farmer & Klein, 1995). Compared to
the above enumerated processes stimulus individuation seems to be the new
concept needing clarification. According to the authors of the cited review,
several tasks are related to this function, like the fusion tasks and the not yet
mentioned gap detection (GD) tasks. The latter has again many versions
(Phillips, Hall, Harrington, & Taylor, 1998; Phillips & Hall, 2002), but the
general principle is that a threshold is computed based on how long should
be a gap (mostly silent interval) in noise or between two sounds in order to
be detected (Williams & Perrott, 1972; Ross, Schneider, Snyder, & Alain,
2010). In humans, this threshold is mainly below 10 ms (Harris, Eckert,
Ahlstrom, & Dubno, 2010; Gold, Nodal, Peters, King, & Bajo, 2015). Higher
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thresholds around 50 ms yielded by some GD task setup rather reflect
masking effects (Lochner, & Burger, 1958).

1.3. The work definition of an auditory event
What can be considered an auditory event? Multiple definitions are possible.
One candidate might be information chunks as small as it is defined by the
gap detection threshold, if some argue that the detection of the gap is an
auditory entity. However, differentiating two sound pairs separated or not by a
short gap, does not mean the two sounds plus the gap corresponds to three
different events, only that the whole pattern can be distinguished from the
other pattern. The correctly measured GD threshold reflects some aspect of
the acuity of the given auditory system, but most likely not the minimal
duration of an independent auditory event. What can be considered an
independent event? One approach is that it can be distinguished from other
events having an own temporal stamp (a temporal property that makes the
event comparable in the time domain) and that it can be the subject of higher
level computations (e.g. an object in short-term memory). In this respect, the
Temporal Order Judgment (TOJ) threshold seems to be a promising
candidate to capture the minimal time necessary for the formation of such an
event. This is also the preferred task of the theoretical line assuming discrete
perceptual events most likely defined by brain oscillations (Pöppel, 1997,
2004; VanRullen, & Koch, 2003; Poeppel, 2003, discussed in more detail in
section 1.4). However, even if there is no discrete sampling, but above
threshold salient changes in the input define new events (Roseboom,
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Fountas, Nikiforou, Bhowmik, Shanahan, & Seth, 2019), the TOJ threshold
can still be predictive to the discriminative capacity of the individual. That is
because, the order of the tones can only be judged after the separation of the
composing tones; ideally at least (see later on the discussion about the
different versions of this task).
As an auditory event can be conceptualized as an object that has distinctive
properties and therefore separable from other objects, we should discuss the
auditory event definition of this work in contrast to the auditory streams that
were also labeled auditory objects (Bregman, 1994). Auditory streams are
formed by the association of consecutive tones that are close in a
spectrotemporal space (see Figure 2 and Figure 3). In this respect an
auditory event is just an element of the stream and the stream is defined by
the temporal behavior of this element (e.g. its repetition with a given time
constant). In our first study (Thesis I) we explored the relationship of these
two phenomena, how the time needed to form an event influences the effect
of the Inter Stimulus Interval (ISI) on streaming. Longer intervals promote
integrated perception, but short intervals were not discussed.
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Figure 2. Auditory streaming. The pentagons represent tone elements that
build up auditory streams based on spectral or temporal proximity. Wider
spectral

and

shorter

temporal

differences

promote

streaming

(the

identification of more sources than one); at least at onset differences above
~60 ms (see also Thesis I).
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Figure 3. Van Noorden Bifurcation Diagram (based on Almonte, Jirsa,
Large, & Tuller, 2005). The presentation of alternating A and B sounds
(sometimes with the omission of each second B sound) can be perceived as
one galloping stream or two streams (the stream of A sounds connected and
the stream of B sounds connected). The higher the spectral difference (yaxis) between the A and B sounds, stream segregation is more likely; the
higher the temporal distance between the consecutive tones, the integrated
percept is more probable. The mixed zone allows the experience of various
combination of percepts, like a galloping stream with a stream of B sounds,
or different rhythms than the typical galloping sequence of an integrated
percept.
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1.4. Discrete versus continuous perception
One major question of perception is whether the perceptual events reflecting
the changes of the environment build up continuously or there are temporal
constrains that led to discrete events that can be connected within the
restrictions of the specimen’s auditory memory. The former hypothesis is
more in line with our subjective experience of the world, but since the
introduction of motion pictures (cinematography) one can more easily accept
the possibility of information chunks being the building blocks of perception
(Pöppel, 1997, 2004; VanRullen & Koch, 2003). But why should the human
brain discretize the incoming information? One major reason is that the
inputs contributing to a single representation do not reach a cortical site
synchronously. The visual information arrive earlier to the receptors than the
auditory information, yet they are perceived as simultaneous (Pöppel, 2004),
if the distance of the object is not too far from the observer (like in the case of
thunder and lightning). Furthermore, the different properties of an object are
processed in different brain areas and the convergence of all the relevant
information to a given cortical region is unlikely to be precise without an inner
gating mechanism that is responsible for the properly timed information
transduction (meaning the next processing area does not continuously
receive inputs but in time points when it is most effective for binding
information that belongs together). Neural oscillations are proposed to be the
candidate mechanisms that define system states around 30 ms (Pöppel,
1997). The incoming input with this short time interval is considered
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atemporal, namely, the before-after relationship of the different stimuli cannot
be defined. Two stimuli can be perceived as one or two events depending on
the phase of the relevant neural oscillation (see Figure 4).

Figure 4. Brain oscillations define whether two incoming stimuli are
treated as a single event or two sequential events (or a moving event).
The figure is the auditory analogue of the Figure 2 of VanRullen and Koch
(2003). The oscillation phase is indicative of the receptiveness of the neuron
population. Incoming inputs separated by a peak are perceived as separate
events (presumably because the inhibition is on maximum between their
arriving time, so they result in two activations instead of one more
pronounced generated by the inputs of two sounds arriving both during a
through).
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One nice example in favor for a discrete sampling hypothesis in contrast of a
continuous integration mechanism that behaves like a low-pass filter, is the
wagon-wheel illusion (VanRullen & Koch, 2003; Purves, Paydarfar, &
Andrews, 1996). This illusion emerges when discrete elements rotate with
various speeds. At a given speed the direction of the rotation inverts. The
most favored explanation is that this happens because at a specific speed
the position of consecutive events captured in an event state indicate
opposite direction (see the illustration on Figure 5).

Figure 5. The Wagon Wheel Illusion. The first frame is black, the next
frame is gray. At a given speed, the evaluation of consecutive frames can
lead to the perception of a reverse motion. (The illustration reproduces the
figure on page: https://www.scienceabc.com/eyeopeners/wheels-appearspinning-backwards-high-speeds.html)
If there are system states that contain the grouping of incoming information,
than it is possible that the resolution of the system is different in species,
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between people, or even between different situations. Under anesthesia, the
fast oscillations proposed to define time windows around 30 ms disappear
along with the possibility of conscious recollection of events during the effect
of the drug (Schwender, Madler, Klasing, Peter, & Pöppel, 1994). This does
not happen if the anesthetic was receptor specific that did not eliminate the
oscillatory activity (e.g. ketamine).
Measuring the resolution of the auditory system in different groups and in
different situations can be informative to understand the prerequisites of
various tasks. It can be assumed that sometimes a high resolution is the
most fitting to achieve adaptive behavior, but sometimes a wider window is
better as it allows the combination of information from more distant cortical
regions. In order to illustrate the effect of window length, Figure 6
demonstrates the effect of shutter speed in photography. When the time of
exposition is short we can see a sharp picture about one position of the
windflower. However, when there is more time for the sensor to collect
photons, the motion can be captured and only the stationary elements are
sharp.
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Figure 6. The effect of shutter speed in photography is analogous to the
effect of window length during discretization of incoming stimuli in the
nervous system. If the temporal window is longer (corresponding to the right
side of the picture), more information is combined. (The picture is from the
site: https://www.swedishnomad.com/beginners-guide-to-shutter-speed/)
Various experimental paradigms lead to the hypothesis of distinct system
states lasting about 30 ms (it should be noted that this is not a time constant
but an operating range around this value), like the response distribution of
reaction times (Jokeit, 1990; Pöppel, 1970) or pursuit eye movements
(Pöppel, & Logothetis, 1986) that show a multimodal distribution of repeating
peaks separated by about 30-40 milliseconds (Pöppel, 1997).
However, the main paradigm for measuring the duration of a system state is
the temporal order judgment task. It should be noted though, that the
behavioral thresholds gained with this paradigm are also influenced by the
individual’s ability to represent successive events with proper time
tags/stamps. An ability that is selectively lost in many patients having for
example Korsakoff syndrome (Pöppel, Held, Leibowitz, & Teuber, 1978).

1.5. Temporal order judgment
Among temporal processing functions, one of the most important is
succession perception measured by temporal order judgment tasks
(Wittmann, 1999; Fink, 2006b), as it is essential for higher cognitive abilities
(Tallal, Merzenich, Miller, & Jenkins, 1998; Fink, 2006b). One of the most
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popular theoretical framework proposes that the processing of incoming
information is not continuous but it is realized in temporal chunks around 30
ms and events falling in the same window of about 20-40 ms are atemporal,
their succession cannot be judged (Pöppel, 1997). Unlike the fusion
threshold indicating the simultaneity versus nonsimultaneity of perceptual
events, the temporal order threshold is more similar across modalities,
therefore a central time organizing system is assumed behind it (Pöppel
1997; Wittmann, 1999).

Figure 7. Temporal Order Judgment Task. The same tone is played
dichotically through headphones, the participants have to decide in which of
their ears the first tone was presented. The tones are frequently 1 ms clicks,
but we used 10 ms tones having an 800 Hz frequency in order to have a
version more compatible with the ABA paradigm utilized in Study I.
In a typical temporal order judgment task, the participants have to decide the
order of at least two stimuli (clicks, tones – see one example in Figure 7,
flashes, and dermal stimulation). Using stimuli having constant tone duration
but varying ISIs, the threshold is defined as the ISI where the performance is
75% or 50% (or any other convention, Fostick, & Babkoff, 2013). Another
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approach is implementing adaptive procedures when the ISI is manipulated
as a function of response accuracy. In a three-step approach, the ISI gets
shorter after three correct responses, but it gets longer after even a single
error. The average of the last six or eight turning points' ISI is computed as a
threshold measure. Studies differ in the details of the application of such
algorithms. For example the two-step procedure (tracking 75% performance
level) is quite common, but we have chosen the three-step version (tracking
79.4% performance level) as it was reported most efficient (Fink, 2005;
Kollmeier, Gilkey, & Sieben, 1988).
The threshold is traditionally computed based on the ISI values, therefore
that is how we report our results as well, but recent work suggests that
Stimulus Onset Asynchrony (SOA) might be a better estimate of the length of
an event as TOJ threshold are invariant of tone duration within the range of
10-40 ms when ISI and duration are summed to yield a SOA (Babkoff &
Fostick, 2013).

1.5.1. Differences between simultaneity judgment and
order judgment
The paradigms "Simultaneity Judgment" and "Temporal Order Judgment"
were considered to measure the temporal window in which the cognitive
system integrates consecutive stimuli into a single event, however many
studies pointed out the fact that these paradigms measure at least partially
different underlying constructs (Love, Petrini, Cheng, & Pollick, 2013; García-
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Pérez, & Alcalá-Quintana, 2012; Wittmann, 1999). While in a multisensory
integration study is not that trivial that these tasks measure different
processes, the discrepancy between the simultaneity and order thresholds
are more conspicuous in the auditory modality. The echo threshold is the
time asynchrony between sounds when the two sounds no longer fuses into
a single sound whose location is determined by the leading sound (also
known as precedence effect - Litovsky, Colburn, Yost, & Guzman, 1999). The
echo threshold is around 5-10 ms, while the order threshold is mostly above
that, around 20-60 ms (Hirsh, 1959; Efron, 1973; Kanabus, Szelag, Rojek, &
Pöppel, 2002; Szelag, Kanabus, Kolodziejczyk, Kowalska, & Szuchnik, 2004;
Babkoff, Zukerman, Fostick, & Ben-Artzi, 2005; Ben-Artzi, Fostick, & Babkoff,
2005; Fink, Churan, & Wittmann, 2005, 2006a; Szymaszek, Szelag, &
Sliwowska, 2006; Szymaszek, Sereda, Pöppel, & Szelag, 2009; Kiss,
Cristescu, Fink, & Wittmann, 2008; Fostick, & Babkoff, 2013; see also a
summary on Figure 8). The average spatial TOJ threshold of a healthy young
adult participant is around 50 ms (Babkoff, & Fostick, 2013). The average
behavioral thresholds of our studies were slightly below 50 ms, around 40
ms.
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Figure 8. The mean TOJ thresholds of different studies. The error bars
represent one standard deviation (except at Fostick et al. (2011) where only
the range was published). These thresholds are ISI based, whenever they
were given as a function of SOA, the duration was extracted from those value
to calculate an ISI based threshold.
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The above thresholds are calculated based on the ISI of the sounds.
Versions of Temporal Order Judgment tasks that utilize overlapping sounds
can lead to extremely small thresholds (~2 ms), because the decision is
based on different spectral patterns, not on the separation of sound events
(Efron, 1973).

1.5.2. Differences between spatial and -spectral order
judgements
The Temporal Order Judgment task has multiple versions leading to the
interpretation of group differences very problematic, as it is arguable that
these versions measure different underlying constructs or mobilize different
problem solving strategies (Fink, Churan, & Wittmann, 2005, 2006b).
One version of the task is the spectral TOJ task when the tones are
presented binaurally and have different spectral properties (leading to
discriminable pitches). Participants have to answer whether they heard highto-low or a low-to-high sound pairs. It is characteristic to this task that some
participants can reach extremely small thresholds (around 5 ms), that can
only be explained by a strategy based on holistic pattern perception (Warren,
1993; Ben-Artzi, Fostick, & Babkoff, 2005; Fostick, & Babkoff, 2013), that is
based on one sound percept instead of two.
The other version of the task is the spatial TOJ. In this task the two tones are
identical and are presented dichotically. The participant has to decide
whether they heard the sounds propagating from left-to-right or to right-to-left.
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This version seems to be a better tool to assess the time needed to order
consecutive auditory events, but shows worse test-retest reliability than the
spectral version of the task (Fink, Churan, & Wittmann, 2005). However,
since we were interested in the time requirements of event separation, the
spatial version of the task was used in our studies. To handle the problem of
within-subject variability, the TOJ threshold was measured multiple times.

1.5.3. Electrophysiological measures of the Temporal
Order Judgment task
Electroencephalography allows the measurement of the summarized activity
of neuron population via electrodes attached to the hairy scalp in a non
invasive way, mainly via a conductive gel or sponges soaked in salty water.
The averaged voltage change in time that follows a stimulus onset is the
event related response (ERP), that has positive and negative peaks. The
early auditory responses like the P1 (first positive peak), N1 (first negative
peak around 100 ms post stimulus), P2 (with latencies around 160-270 ms)
are considered obligatory exogenous responses that follow each stimulation.
They N1P2 complex is so strongly related to the stimulus, that it can be used
in audiometric procedures (Dabbous, El-Shennawy, Hamdy, & Nabieh,2020).
However, it is also sensitive to arousal and spatial attention (Heacock,
Pigeon, Chermak, Musiek, & Weihing, 2019). Both the N1 and the P2 peaks
correspond to more than one cortical components originating from the two
Heschl’s gyrus and show tonotopy. They differ however in their maturation,
as P2 has near-adult latency by age 2, but N1 mature into the teens
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(Lightfoot, 2016).
There were attempts to study the electrophysiological correlates of two-tone
processing around the temporal order threshold, but the studies are scarce
and only one group used the spatial TOJ task (Bernasconi, Grivel, Murray, &
Spierer, 2010a, 2010b; Bernasconi, Manuel, Murray, & Spierer, 2011). This
group explored the potential correlates of an accurate TOJ judgment, but not
the electrophysiological correlates of the threshold itself. They nicely showed
the role of the left posterior Sylvian region's (PSR) in this task. More
specifically, the pre-stimulus beta oscillation was stronger in this region
compared to its right counterpart during accurate trials (Bernasconi, Manuel,
Murray, & Spierer, 2011). Also, the functional decoupling of these homotopic
regions predicted better behavioral performance (Bernasconi, Grivel, Murray,
& Spierer, 2010b). In line with these findings, when participants were trained
with feedback, brain responses of the right and left PSR went from correlated
to un-correlated as the experiment progressed in time (Bernasconi, Grivel,
Murray, & Spierer, 2010a). However, accurate responses are not equivalent
to the perception of two separate events, therefore we do not know that these
physiological responses are the correlates of event separation or they
indicate the best conditions for pattern discrimination. The mean threshold in
SOA of the group was 26.15 ms (in ISI that is 16.15 ms) that is below the
average of ~50 ms threshold of dichotic TOJ (Babkoff & Fostick, 2013). The
tones were presented with an ISI corresponding to the threshold of the
individual, therefore it is possible that some of the participants always
perceived fused tones, but sometimes they were able to differentiate the
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sound pattern generated by a left-to-right tone pair from the neural pattern
generated by the right-to-left tone pair. Hence, it is still a question what are
the electrophysiological correlates of threshold passing (the difference
between the neural representation of fusion and successiveness). Therefore,
we tried an approach when we presented tone pairs parametrically varying in
ISI and being around the expected mean average threshold (see Thesis III
and IV).
Lewandowska and her colleagues (2008) used tones differing in their
frequency, but their study is interesting because they presented to their
subjects two pairs of them, one with an ISI = 20 and another pair with an ISI
= 60 ms. The former was called the 'difficult', the latter the 'easy' condition.
They found that there is a P2 attenuation in the difficult condition, whose
amplitude correlated with the behavioral performance (the smaller the P2, the
more often was correct the subject). These results were interpreted as
decreased cognitive resource allocation in the 'easy' condition. However, we
replicated the P2 attenuation during passive recording when the participants
concentrated to a silent movie with subtitles. Although it is not impossible that
the tones were processed consciously even in this situation, we proposed the
alternative explanation of the increased negativity during the time interval of
the P2 component being the index of a second onset processing (possibly a
second N1).
Another group presented tone pairs varying in ISI to their participants while
EEG was recorded (Bishop & McArthur, 2004, 2005). They also used tones
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differing in frequency, but their results are worth mentioning here, because
while the behavioral response patterns are different due the potential
application of different strategies, electrophysiological indices of event
separation might be similar in both versions of the paradigm (spectral and
spatial). Unfortunately, their tone duration was 25 ms and the shortest ISI
studied was 20 ms that leads to a SOA of 45 ms that might be above
threshold in a lot of normal adult subjects. However they worked with children
(between 10-19 years old) whose discrimination threshold can be much
longer than the threshold of adults (Berwanger et al, 2004). In line with this
maturational change hypotheses of temporal discrimination, they found that
at ISI = 50 ms the ERP responses of tone pairs were similar to the ERPs of a
single tone in younger subjects. Furthermore, they found that the ERPs of
SLI children resembled more the ERPs of younger children than that of their
age-matched controls. Although, these results still cannot answer what is the
electrophysiological index of crossing the temporal order threshold.
Fox et al. (2010) also examined the effect of parametrically changing ISI of
tone pairs during EEG recording. They even used identical tones but not
dichotically presented as in a spatial TOJ task. The shortest ISI in their study
was 25 ms, the duration of the tone was 20 ms leading to a sum of 45 ms for
SOA. They measured children between 7-9 years (N = 28) and an adult
group (N = 15). While in the adult group even the ERP of the tones having an
ISI = 25 ms differed from the ERP of a single tone, this difference appeared
only around ISI = 100 ms in the child group. These results nicely show the
developmental trajectory of two-tone processing, but do not anchor the
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electrophysiological indices to behavior and do not show the interval length at
which the threshold is in adults. We managed to find correlation between the
behavioral TOJ performance and the P2 attenuation between the ERPs of ISI
= 55 ms and ISI = 65 ms, the poorly performing group showing a more
pronounced change (Thesis IV). The change around 60 ms is in agreement
with the typical mean behavioral threshold in this task. It is a bit higher but
some of the participants can achieve extremely slow thresholds that is
unlikely their discrimination threshold and more likely the result of a holistic
strategy based on fine pattern discrimination. These participants might be
able to lower the average threshold of the sample. Given the marked
difference between the ERP responses of tone pairs having an ISI = 25 ms
(SOA = 45 ms) and the ERP of a single tone in the Fox et al study in the adult
group, it is an open question whether that reflects a group having a better
discrimination ability than our subjects or it only reflects an enhanced single
N1. Therefore looking for a non-linearity in ERP amplitudes (a more
pronounced change between ERPs of tone pairs differing in one ISI step than
between any other comparisons differing in only one step) as a function of ISI
between the presented tones seems to be a better strategy to detect a
physiological threshold than to contrast a few ISI conditions with the
electrophysiological responses generated by a single sound.
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1.6. Practical relevance of measuring the
discrimination ability
1.6.1. Dyslexia
Children

with

developmental

dyslexia

are

characterized

with

age

inappropriate reading skills despite otherwise normal development (Curtin,
Manis, & Seidenberg, 2001) and adequate learning environment. This
condition is identified with an elimination method, when the poor reading
performance cannot be accounted to impaired peripheral sensory systems,
attentional deficit, motivational or socioeconomic factors; therefore, it is not
surprising that the underlying causes of developmental dyslexia are poorly
understood (Tallal, 1980). Furthermore, developmental dyslexia is not a
homogeneous category; multiple variants have been described (Farmer &
Klein, 1995). The two main categories seem to be phonological- and surface
dyslexia. While the former group shows specific deficits in phonemegrapheme correspondence, the errors of the latter group resemble more to
the errors of younger, normally developing children (Curtin, Manis, &
Seidenberg, 2001).
There is a consensus in the literature even amongst scientists with
contrasting views that the reading difficulties of a subgroup of people with
dyslexia stems from phonological processing deficits (Tallal, 2004; StuddertKennedy, & Mody, 1995), that is the correct identification of speech sounds is
impaired. One leading theory, the rapid temporal processing deficit
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hypothesis, claims that this deficit is not language specific but it is the
consequence of deficient processing of rapidly presented sensory stimuli
(Tallal, 2004). This theory has gained considerable support (Farmer, & Klein,
1995; Hari, & Kiesilä, 1996; De Martino, Espesser, Rey., & Habib, 2001; Rey,
De Martino, Espesser, & Habib, 2002; Ben-Artzi, Fostick, & Babkoff, 2005;
Gaab, Gabrieli, Deutsch, Tallal, & Temple, 2007; Fostick, Bar-El, & Ram-Tsur,
2012; Fostick, Eshcoly, Shtibelman, Nehemia, & Levi, 2014), but also
criticism (Studdert-Kennedy, & Mody, 1995). To better understand the nature
of this debate, it is necessary to analyze the main findings in a little more
detail.
The first high impact study was of Tallal (1980), who developed the "Rapid
Perception Test" and demonstrated not only that reading-impaired children
perform worse than normal control, but also that the performance in this task
was strongly related (r = .81) to the results of the phonics reading test. In this
task, children were presented with two different 75 ms long computergenerated complex tones varying in ISI from 8 to 428 ms and had to
reproduce their presented order by pressing two buttons in the right order. In
an "Association subtest" they learned which tone corresponds to which
button. While at ISI = 428 the groups did not differ (suggesting the proper
understanding of the task by both groups), the reading-impaired group made
significantly more errors than the control at shorter ISIs. However, it should
be mentioned that similar group by ISI interaction was found when the
children had to decide whether the tones were the same or different.
Therefore, the conclusion is that these children have problems with stimulus
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identification if fast presentation rate is applied, not only with order
judgments. This conclusion and the stop consonant (e.g. ba versus da)
differentiation problem labeled as temporal processing deficit led the critiques
to the statement that there is no temporal deficit in dyslexia, only that
dyslectics cannot differentiate spectrally similar sounds (Studdert-Kennedy, &
Mody, 1995). They argued that formant transitions are not series of rapidly
changing acoustic events, but "integral spectral sweeps". Even though their
concern regarding conceptual clarity is justifiable, they seem to dismiss the
somewhat hidden assumption behind this theory that the brain forms a
couple of tens of ms long chunks from the incoming stimuli (Pöppel, 1997,
2004) and in that framework if a spectral change is quicker than the event
window, that can lead to blurred representations. Studdert-Kennedy and
Mody (1995) also run a control experiment showing that non-speech like
synthetized formant transitions with temporal parameters similar to the ba-da
contrast were equally well differentiated by poor readers as normal
developing controls. However, the results might be explained by their specific
sample (second grade children only 5 months below grade level), therefore it
does not prove that individual differences in temporal processing are not
important. Similar sounds can be better differentiated if more time is
available, that implies that the time needed to process an incoming signal
and prepare for the next step in the hierarchy of processing is important. In
line with this assumption Farmer and Klein (1995) reviewed evidence that
while children with dyslexia almost always perform poorly in order judgment
and individuation tasks, they are not worse than control in single stimulus
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identification tasks (with one exception when the stimuli are peripheral
flashes presented to a single eye, which may lead to very weak input).
However, considering the pioneering studies (Tallal, 1973, 1980, 1984),
which used spectrally different sounds it cannot be excluded that the main
cause of the deficiency is worse differentiation of spectral patterns.
Later on, multiple studies showed that dyslexic people are impaired even in
the dichotic TOJ tasks (using the same stimuli alternately presented in the
two ears) and training with this task leads to improvement in phonological
awareness suggesting a causal role for rapid temporal processing function
(Fostick, Eshcoly, Shtibelman, Nehemia, & Levi, 2014). In this study, a
control group was trained with an intensity discrimination (non-temporal) task
that did not affect the post training results of the phoneme deletion task that
was used as a proxy of phonological awareness. In the phoneme deletion
task, participants were instructed to repeat a word omitting the first, the
middle or the last phoneme of it. The participants were young adults (64
dyslexic readers and 47 normal readers) and the training lasted 5 days,
therefore the results are promising regarding the brain plasticity of the
auditory cortex since the transfer effect of TOJ training to phonological
awareness appeared within a week.
Another study implies causal relationship between rapid temporal processing
and language development (as dyslexia is considered only quantitatively
different from language learning impairment – Tallal, 2004) by training infants
and following their development (Benasich, & Tallal, 2002). The single best
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predictor of the language outcomes of two years old children (measured by
the Preschool Language Scale-3) was their rapid auditory processing skill at
7.5 month, which also predicted the CDI (MacArthur Communicative
Development Inventories) scores at 12 and 16 months. At 7.5 months, the
babies were trained to turn their heads right to an AB sound sequence and
left to a BA sequence. The AB/BA sequences were made of two 70 ms long
sounds having 100 and 300 Hz fundamental frequencies. In the training
phase the ISI between the sounds was 500 ms, in the test phase ISI varied
between 8 and 500 ms. A baby entered the test phase only after being
correct six times out of seven consecutive trials. The correct response was a
head turn following the presentation of a sound pair toward the box
containing a clown or a bear that was illuminated and started to move if the
infant looked at it and it was the box associated with the presented sound
order.
Based on the promising association between rapid sound processing ability
and language outcomes, the Tallal group (2004) developed a training
program for children at risk, called Fast ForWord® (Scientific Learning
Corporation). The program contains a series of gamified auditory tasks. The
difficulty of the judgment tasks and the temporal and amplitude manipulation
of speech segments change as a function of the child's performance. Despite
the initial promising results (Temple, Deutsch, Poldrack, Miller, Tallal,
Merzenich, & Gabrieli, 2003) later studies questioned the effectiveness of the
program (Gillam et al., 2008; meta-analysis: Strong, Torgerson, Torgerson, &
Hulme, 2011).
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In conclusion, it can be stated that auditory temporal processing abilities can
be related to written or spoken language processing, but the exact nature of
this relationship needs to be better understood in order to develop effective
intervention programs. As of now, it is debated, which are the best attack
points in terms of cognitive functions.

1.6.2. Aging
There is a consensus in the literature that order thresholds tend to be higher
in the elderly (Fink, Churan, & Wittmann, 2005; Szymaszek, Szelag, &
Sliwowska, 2006; Kolodziejczyk, & Szelag, 2008; Szymaszek, Sereda,
Pöppel, & Szelag, 2009; Fogerty, Humes, & Kewley-Port, 2010; Humes,
Busey, Craig, & Kewley-Port, 2013) even if the variance of the thresholds is
high. However, it is important to take into consideration the type of the task
applied. The spectral TOJ task with differing tone stimuli is more sensitive to
age than the spatial version (Fink, Churan, & Wittmann, 2005; Szymaszek,
Szelag, & Sliwowska, 2006; Szymaszek, Sereda, Pöppel, & Szelag, 2009;
Fogerty, Humes, & Kewley-Port, 2010); performance decline starts around 40
years (Szymaszek, Sereda, Pöppel, & Szelag, 2009). In contrast,
performance deterioration starts around 60 years in the spatial TOJ task
(Szymaszek, Sereda, Pöppel, & Szelag, 2009) and is pronounced in the very
old population, around the age of hundred (Kolodziejczyk, & Szelag, 2008).
This later version also correlates with decline in general cognitive
competences (Szymaszek, Sereda, Pöppel, & Szelag, 2009). The spatial
TOJ task’s relation to general cognitive fitness is also in line with the results
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of Fink et al. (2005). They showed no main difference between the two age
groups (20-35 years, 55-70 years) in the first two sessions of the dichotic
task but a decline appeared in the third session, where elderly participants
had significantly higher thresholds than young participants. It is important to
better understand the various central perceptual functions as it was reported
that the decline in the global perceptual processing (corrected to peripheral
acuity) correlates with age even after correcting to the global cognitive
functioning. Moreover, the correlation between age and cognition disappears
after correcting to the global perceptual processing factor (Humes, Busey,
Craig, & Kewley-Port, 2013). The wider integration window characterizing
elderly people seems to indicate a general central slowing of cognitive
processing as it is not modality specific, and present with preserved hearing
(Saija, Başkent, Andringa, & Akyürek, 2019).

1.7. Conclusions from aphasia studies
Studies conducted with aphasia patients nicely complement the non-invasive
imaging methods in respect with the neural basis of temporal order
judgments. It was reported that only patients with fluent aphasia having a
lesion in the left posterior hemisphere show elevated TOJ thresholds. The
thresholds were measured with a spatial TOJ task utilizing dichotic click
sounds (the mean threshold was 117.5 ms in the paper of von Steinbüchel,
Wittmann, Strasburger, & Szelag, 1999; a median of 140 ms in Swisher, &
Hirsh, 1972). These results led to the hypothesis that the left hemisphere has
better temporal resolution than the right hemisphere, which integrates
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spectral information in longer time intervals, and that these differences
underlie lateralized language processing functions (Poeppel, 2003).
A more detailed analysis of the anatomical data of von Steinbüchel et al.
(1999) revealed that there is a significant moderate correlation between
lesion size and the behavioral TOJ threshold and this correlation is most
pronounced in the group of participants having a right anterior lesion
(Wittmann, Burtscher, Fries, & von Steinbüchel, 2004). The most
straightforward interpretation of these results is that task performance also
depends on higher cognitive functions, such as attention or working memory.
Therefore, the more extensive is the damage in the frontal regions the worse
is the TOJ performance irrespective of the temporal resolution of the given
brain (Wittmann, Burtscher, Fries, & von Steinbüchel, 2004). The
dependence of TOJ task on frontal functions is in line with our results
showing short-term fatigue effects with repeated threshold measurements
(Thesis II).

1.8. The susceptibility of the TOJ threshold to other
factors
It should be highlighted that every behavioral threshold is a result of a
combination of abilities. A high TOJ threshold does not always reflect a low
resolution at the level of the auditory cortex, as the incorrect answers can
result

from

the

reporting

process

(inattention,

left-right

confusion,

communication inefficiencies between cortical regions). The sub-functions of
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this reporting process are also not constant, but can be a function of the
energetic

background

(motivations

and

emotions)

of

the

subject.

Performance deterioration can be a result of cognitive fatigue.
Fatigue is a poorly defined concept in psychology and scholars might use
different definitions of it (Hornsby, Naylor, & Bess, 2016; Åkerstedt, Knutsson,
Westerholm, Theorell, Alfredsson, & Kecklund, G., 2004; Chalder et al.
1993). The dictionary definition of fatigue is "a feeling of being extremely
tired,

usually

because

of

hard

work

or

exercise"

(https://www.oxfordlearnersdictionaries.com/definition/english/fatigue).

A

definition of this type accentuated the exertion and the decrease in
willingness to continue a task. This fatigue definition corresponds to
subjective fatigue, while cognitive fatigue refers to a measureable
performance decline (Ackerman, & Kanfer, 2009). The latter usually appears
after long hours of task execution, and sometimes cannot be detected at all
(Takács, Barkaszi, Altbäcker, Czigler, & Balázs, 2019). Therefore, it was
surprising, that the repeated measurement of the spatial TOJ task led to
performance deterioration in less than 10 minutes (Simon & Winkler, 2018;
Simon, Takács, Orosz, Berki, & Winkler, 2020). These results clearly show
that the TOJ threshold is not highly robust, that is in line with its lesser testretest reliability than its spectral version (Fink et al, 2005). However, that
should not mean that the spatial TOJ is useless, as the sensitivity of this
threshold can be used to assess the effect of performance influencing
variables during a relatively short experimental session (see Thesis II).
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1.9. Summary of open questions
Due to the conflicting views in literature (discrete vs continuous perception
(VanRullen and Koch, 2003;), integration windows vs sampling or peak
activities (Pöppel et al, 1978; Szymaszek et al, 2009; Viemeister and
Wakefield, 1991; Roseboom et al, 2019), the existence of a short integration
window (around 20-70 ms) that defines a perceptual chunk is still an open
question. A strongly related issue is how to measure this assumed
physiological constrain in rapid temporal processing. Precise definitions and
well-tested paradigms are necessary to develop training programs that can
improve e.g. speech perception of people having problems with rapid
auditory processing in the auditory domain (Tallal, 1990; Strong et al, 2008).
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2. Synopsis and rationale of theses
2.1. Thesis I. The ability to discriminate consecutive
auditory events is related to stream segregation
at short onset asynchronies

Inter-individual differences in the chunking mechanism of auditory inputs
potentially influence the consecutive grouping of sound events and therefore
one’s stream segregation ability. In auditory scene analysis (Bregman, 1994),
sounds are grouped together based on temporal and/or spectral proximity. In
a typical paradigm for studying auditory scene analysis, the ABA0 task, two
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sounds alternate with the omission of every second B sound. At fast
presentation rates, the A sounds and the B sounds form distinguishable
auditory streams, while at slow presentation rates only one stream can be
heard, that corresponds to a galloping rhythm. Assuming that there is a
minimal time interval during which the signals are atemporal, we
hypothesized, that at very high presentation rates, the general tendency to
hear separate streams inverts and the smaller the ISI between the
consecutive sounds, the more likely it will be that listeners report hearing the
integrated percept. Also, we expected to find correlations between one’s
ability to discriminate consecutive sounds measured by the spatial TOJ task
and their ability to hear segregated streams at very fast presentation rates.
These assumptions were supported by our results, as at the fastest rates, the
ratio of integrated/segregated percept reports did increase. In addition, just
around the ISI of the inversion, the percept ratios and the TOJ thresholds did
show a significant correlation.
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2.2. Thesis II. The Temporal Order Judgment Task is
susceptible to fatigue

The TOJ task not only measures ones discrimination ability, but also the
ability to correctly report the sound sequence. It can be assumed that the
task requires higher order processes, such as attention, and hence it is
susceptible to cognitive fatigue. Our previous findings were surprising in the
respect that repeating the threshold measurement only four times in a row
already led to performance deterioration. We wanted to replicate this result
and also show that the effect can be eliminated by mandatory pauses
between measurements and also by a motivating feedback (comparing the
performance to a reference value). The performance deterioration was
replicated multiple times and even the subjective fatigue increased during the
experiments. However, we were not able to find correlation between the
performance deterioration and subjective fatigue. One possible reason is that
subjective fatigue is a result of cost-benefit evaluation that is not strictly
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related to the actual depletion of cognitive resources. Our results showed that
subjective fatigue could be predicted by the change in positive affectivity, by
the experienced fatigue at the beginning of the experiment, or by one’s
sensitivity to criticism.
It was interesting that the TOJ threshold was predictive of the attentional
performance but not vice versa. This means that attentional performance is
either related to the temporal discrimination ability of the participant or that
the TOJ threshold is highly sensitive even to the small lapses in attention,
more so than the applied attention task (flanker).
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2.3. Thesis III. Event-Related Potentials to tone pairs
show a boundary-like effect at ca. 60 ms withinpair ISI

If there is a qualitative change between processing two sounds as one
auditory event versus two successive events, then the parametric
manipulation of the ISI should reveal a non-linear change in the
electrophysiological response to the tone pairs. While recording EEG, we
presented tone pairs differing in their within-pair ISI (from 25 ms to 75 ms in
10 ms steps) in a pseudorandom order during a passive listening condition
when participants were attending a silent movie with subtitles. The probability
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of tone pairs having short or long ISIs was also manipulated in order to
examine the flexibility of a possible event boundary. Comparing differences of
ERPs of tone pairs differing in neighboring ISI values a qualitative change
was revealed between the ERPs of tone pairs having 55 and 65 ms of ISIs.
This electrophysiological marker was a negative component in the time
interval of the P2 component and it appeared earlier (between 45 and 55 ms)
when the short ISI pairs were presented in higher proportion. However, we
were not able to find correlation between the participants' behavioral TOJ
threshold and the ERP difference wave where the qualitative change
occurred.
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2.4. Thesis IV. The pronounced amplitude change at
about 60 ms is related to behavioral performance
in the Temporal Order Judgment task

Based on the conclusions of Thesis II, it can be assumed that the behavioral
TOJ threshold is highly sensitive to the actual state of the participant, and
that makes it hard to find correlation between the electrophysiological
markers obtained in a passive condition and the behavioral threshold, which
requires strong attentional focus. Therefore, an active condition was
designed to measure the electrophysiological correlates of boundary crossing
(from fused to double events as a function of ISI). The inferred ISI at which
the transition from perceiving one to two events occurred was not calculated
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as it did not seem sufficiently reliable, and instead the amplitude of the
negative difference between the ERPs of tone pairs having an ISI = 55 ms
and ISI = 65 ms was measured. Other adjacent ERP differences were not as
relevant as at short ISIs where almost everyone hears fused tones, while at
the longest ISIs most people hear successive tones. This approach turned
out to be valid, as a significant medium-size correlation was found between
the behavioral TOJ threshold and the amplitude decrease in the P2 region
between the ERPs elicited by tone pairs having an ISI = 55 ms and ISI = 65
ms. This correlation was present even in the passive condition, but with a
smaller effect size.
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3. Studies
3.1. The role of temporal integration in auditory
stream segregation

The accepted manuscript starts on next page.
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Abstract
Grouping distinct, temporally separated sounds is assumed to follow Gestalt
principles, such as similarity or proximity. In the auditory streaming paradigm,
the probability of perceiving all sounds as part of the same repeating pattern
(the integrated percept) increases when the inter-stimulus interval (ISI) is
increased from medium to long intervals. However, ISIs shorter than 50 ms
have not been systematically explored. Here we show that below ca. 60 ms
intervals the direction of the effect of ISI on perception is reversed compared
to longer ISIs: decreasing the ISI increases the probability of the integrated
percept. This suggests that temporal proximity plays a different role in
auditory stream segregation at very short than at longer ISIs. As the effect of
temporal proximity may vary among individuals, we tested whether the
proportion of the integrated reports with short ISIs could be associated with
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individual differences in the temporal resolution of the central auditory
system. We found that individual differences in the temporal integration
threshold (as measured by a Temporal Order Judgment task) correlated with
the percentage of integrated percept reports in some of the short-ISI regions.
Although this result cannot be regarded as strong evidence, it is compatible
with the notion that temporal integration plays a role in auditory stream
segregation at short ISIs.
Keywords: auditory streaming, temporal integration, temporal order
judgment, spectral similarity, Gestalt
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Public Significance Statement
One of the main functions of the human auditory system is to parse the
sounds reaching the ears, separating them according to their source. If nonadjacent but spectrally similar sounds are in close temporal proximity, they
are frequently grouped together and segregated from the other tones of the
sequence. We explored this function for sounds delivered at very close
temporal proximity, which has not been explored systematically before. The
results showed that sounds delivered in very close succession are likely to be
grouped together even when they substantially differ from each other.
Therefore, temporal proximity not always favors segregation. We also found
that listeners’ individual temporal resolution in discriminating consecutive
sound events is associated with how they segregate sounds into different
sources at some fast presentation rates.

Word count: 8468
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Introduction
Temporal integration is a grouping mechanism merging stimuli presented in
close succession into a single chunk such that the temporal properties of the
constituent events cannot be reliably distinguished (Cowan, 1984). Proximity
is one of the Gestalt principles of perception (Köhler, 1947) contributing to
object formation. Its influence however depends on the applicability of other
principles, such as similarity. In this study, we explore an interaction between
proximity and similarity in auditory object formation.

One prerequisite of veridical auditory perception is the separation of coherent
sequences of sounds (termed auditory streams) from the mixture of sounds
typically reaching the ears. This function has been termed “auditory scene
analysis” (Bregman, 1990). In order to identify the possible mechanisms and
important cues of this function, simplified paradigms having the most
important features of everyday scenes with multiple sound sources are
employed. Studies of auditory stream segregation widely utilize the ABA(auditory streaming) stimulus paradigm (van Noorden, 1975; Bregman et al.,
2000; Moore and Gockel, 2012), where ‘A’ and ‘B’ denote two different short
sounds (most often pure tones) and ‘-‘ stands for a silent interval equaling the
common duration of the two sounds. Large differences between the two
tones (the difference between two pure-tone frequencies is denoted as ∆f 1)
together with short intervals between the successive tones (inter-stimulus
interval; ISI) favor the “segregated percept”, which corresponds to
1

For other features supporting auditory streaming, see Moore and Gockel (2002, 2012).
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experiencing this stimulus configuration in terms of two homogeneous
isochronous sequences: a faster paced A-A- and a slower B-B- stream.
When A and B are similar (e.g., low ∆f) and/or they are delivered with long
ISIs, a single stream emerges in perception (the “integrated percept”)
experienced as a ‘galloping’ rhythm. Thus, similarity and temporal proximity
both play a role in how sequences of the auditory streaming paradigm are
perceived.

Bregman and his colleagues (2000) found that the ISI-within (ISI between
consecutive identical sounds) is the parameter 2 with the most direct effect on
perception. They explained this finding by suggesting that the gradual
decrease of the neural activity evoked by a tone constrains the time during
which a link can form between similar tones. The strength of a perceptual link
is thus a function of the time elapsed since the end of the first tone and the
spectral similarity between this and some later tone. Within a ca. 1 s long

2

There are four types of temporal parameters in the ABA- paradigm: ISI-within, ISI-across,

SOA-within and SOA-across. ISI (inter-stimulus interval) refers to the time between the end
of a tone and the beginning of the following one. SOA (stimulus onset asynchrony) is the interval between the onsets of the consecutive tones. Consecutiveness can be regarded in
terms of the presentation (A followed by B: ISI/SOA-across) or in terms of the putative
streams (i.e. consecutive A tones: ISI/SOA-within). While our own approach can be better
expressed in terms of ISI-across (and thus we will refer to ISI-across as ISI throughout the
text), van Noorden (1975) used the SOA-across for describing his results. We, therefore, use
the term SOA (for SOA-across) while referring to work originally describing effects in terms
of SOA.
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time window, multiple links are formed. These links compete with each other
with the strongest determining the percept. This theory suggests that shorter
ISIs favor segregation, because reduced ISI-across increases the ratio
between the ISI-within and ISI-across (Bregman, 1990). With a constant
spectral make-up of the sounds this results in a greater increase in the
strength of the A-A compared to the A-B links.

Figure 1. Schematic diagram of the effects of ∆f and SOA on auditory
streaming. See the text for an explanation. Based on van Noorden, 1975.
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Using short (<30 s) ABA- sequences of pure tones and asking listeners to
mark their perception after the end of the stimulus, van Noorden (1975) found
three regions in the SOA /frequency-difference space (Figure 1): a region in
which listeners could not perceive segregation (termed the “Integrated”
region), another in which they could not perceive integration (“Segregated”
region), and a third in which they could voluntarily decide between the two
percepts (“Ambiguous” region). The “temporal coherence boundary”
separates the latter two. There is a trade-off between ∆f and SOA: with
longer SOAs, the temporal coherence boundary appears at higher ∆fs.
Studies presenting substantially longer sequences than those of van
Noorden (1975) and asking listeners to continuously mark their perception
found that perception fluctuates between the segregated and the integrated
percept at any combination of ∆f and SOA (e.g., Deike et al., 2012; Denham
and Winkler, 2006; Kondo and Kashino, 2009; Pressnitzer & Hupé, 2006).
Denham and colleagues (2013) found that the probability of reporting
segregation vs. integration as the first percept after the onset of the
sequence is in good agreement with the findings of van Noorden (1975).

Previous studies did not thoroughly explore the auditory streaming paradigm
at very short SOAs (i.e., <50 ms).

The hierarchical model of temporal

perception (Pöppel, 1997) posits that the auditory input is processed in
different time windows in parallel, with the shortest temporal window having
ca. 30 ms duration. If this window enforced a strong link between sounds
presented within it, it is possible that close temporal proximity might facilitate
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grouping together consecutive ‘A’ and ‘B’ sounds even when there is large
spectral separation between them. Indeed, Shinozaki and colleagues (2003)
found magnetoencephalographic evidence indicating that even pure tones
separated by 2500 Hz are likely integrated when they follow each other with
less than 5 ms ISI (20 ms SOA). Although sound-pairs were used in
Shinozaki and colleagues’ study, the relatively short inter-pair SOA (250 ms)
could promote streaming as long as the two tones of the pair did not fuse into
a single perceptual unit and the spectral separation between the two tones
was large. Streaming would eliminate MMN elicitation to omissions of the
second tone of the pairs, because the omission did not violate the regularity
of the stream made up from the first tones. However, when the two tones
were fused, no streaming could occur. Thus omissions of the second tone
violated the regularity of the sequence even with high spectral separation
between the two tones, and MMN was elicited.

If temporal integration occurs at short ISIs, then the temporal coherence
boundary in the auditory streaming paradigm (Figure 1) cannot be described
by monotonic functions (but should be actually ‘U’-shaped): at very short
SOAs (<50 ms), the ∆f of the temporal coherence boundary should increase
with decreasing SOA-s. Another way to describe this is that at very short
SOAs, the probability of hearing an integrated percept at a given ∆f should
increase with decreasing SOAs. These would also suggest that temporal
proximity and similarity play at least partly separate roles in auditory stream
segregation. This suggestion contrasts with the prediction from the
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assumption that similarity and proximity affect auditory streaming through the
rate of change (Mill et al., 2013). The Gestalt rule of proximity that was
initially described in the visual modality is not necessarily analogous to
temporal proximity in audition, because space in vision is not equivalent to
time in the auditory modality (for a discussion, see Kubovy and van
Valkenburg, 2001). Based on findings qualitatively showing that perception in
the auditory streaming paradigm is determined by the product of ∆f and SOA,
Mill and colleagues suggested that instead of separate similarity and
proximity effects, auditory streaming is governed by the rate of change (∆f
/SOA), which would be similar to the Gestalt rule of good continuation.
However, this rule would not explain a ‘U’ shaped response function.
Bregman and his colleagues’ (2000) explanation would not be able to
account for a possible increase in integrated reports at very short time
windows either, because the relative change in the ISI-within/ISI-across
predicts a monotonic increase of segregation.

The extreme case of temporal proximity, the systematic temporal coincidence
of spectral components, has been discussed within the framework of the
Temporal Coherence theory of auditory scene analysis (Elhilali, Ma, Micheyl,
Oxenham &Shamma, 2009; Shamma & Micheyl, 2010; Shamma, Elhilali &
Micheyl, 2011; Krishnan, Elhilali & Shamma, 2014). These studies provided
evidence that even highly different spectral components do not form separate
streams if they are presented synchronously. This does not mean that the
synchronous components cannot be distinguished by the auditory system,
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because the A component from an AB complex sound can be captured in an
already present stream of A sounds (Darwin, Hukin & al-Khatib, 1995;
Micheyl, Hunter & Oxenham, 2010). According to the Temporal Coherence
theory, streams are formed based on systematic coincidence (temporal
coherence) of sound components with coherence being analyzed on multiple
time scales. In its current form, the temporal coherence theory always
predicts the formation of separate streams when spectrally different sounds
alternate at a fast pace (i.e., they do not coincide). However, it should be
noted that temporal coherence models were not designed to account for
alternations for intervals of 30 ms or shorter. This boundary was justified by
the assumption that the cortical neurons underlying temporal coherence
models don’t tune to temporal modulations higher than 32Hz (Ma, 2011),
although population codes could have a better temporal resolution. One
could potentially extend temporal coherence models so that these “sluggish”
neurons would produce integration. However, the published models do not
include this idea.

The effects of temporal proximity on auditory perception can also be
assessed through studying individual differences. Humes et al. (2013)
suggested that higher-level perceptual functions might mediate performance
degradation in tasks requiring various cognitive processes. One such
function is temporal integration that has been shown to differentiate groups of
healthy young listeners from dyslexic (Fostick et al., 2013), schizophrenic
(Capa et al., 2014), and healthy elderly groups (Szymaszek et al., 2009).
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Therefore, individual differences in temporal integration might reveal the
effects of temporal proximity on auditory stream segregation.

Incoming sounds within very short temporal windows are perceived as cotemporal, that is their before-after temporal relationship cannot be
established (Cowan, 1984; Pöppel, 1997). Accepting this assumption, one
can consider the Temporal Order Judgment Task (TOJ) as a measure of
temporal integration (Szymaszek et al., 2009). In this task, listeners are
required to judge the order between two successive sounds with a short
silence period between them. The basis of this measure is that if the ISI is
sufficiently short, the order between the two sounds cannot be established,
because they are integrated into a single auditory event. Two main variants
of the TOJ task have been tested in the literature. In the binaural or spectral
TOJ, the two sounds differ in pitch and they are presented binaurally.
Listeners have to decide whether they heard a high-low or a low-high
sequence. In the monaural or spatial TOJ (referred to as MTOJ), the same
sound is presented twice, once in the left and once in the right ear; listeners
judge whether they heard a left-right or a right-left progression of the sounds.
The two measures are presumed to reflect different functions (Bao et al.
2013, Fostick and Babkoff, 2013). The binaural TOJ task can be treated as a
pattern discrimination task and accordingly, correct responses can be
expected even when the two sounds are experienced as a single sound
event. Since the binaural variant of TOJ might be more sensitive to spectral
than to temporal discrimination, we employed the monaural variant in the

61

current study for assessing individual differences in temporal integration.

We hypothesized that at very short ISIs(-across), temporal proximity plays a
different role in auditory stream segregation than at medium and long ISIs,
which results in a non-linear, U-shaped response function for frequency
differences promoting segregation at short/medium ISIs (>3 semitones [ST]
at <100 ms ISI). We further expect that at the putative negative slope of the
response function, the MTOJ threshold correlates with the amount of
integrated percept reported. The latter expectation relies on the assumption
that at the shortest ISIs perceptual grouping is inevitable, whereas, at
substantially longer ISIs the individual’s temporal resolution does not play an
important role in determining the perceptual outcome. Individual differences
in temporal resolution should thus play a more important role below the point
at which the polarity of the slope of the function changes, i.e., in the time
range in which temporal integration may start to override the effects of the
putative link strength suggested by Bregman and colleagues (2000). In order
to be able to link the results obtained from the ABA- paradigm with the
discrimination threshold obtained from the Temporal Order Judgment task,
we present our data in terms of the ISI-across parameter (referred to as ISI).

Methods
Participants. 41 (29 female) healthy young adults participated in the study.
Another two participants’ data were not included in the analyses: one session
was disrupted; the other participant reported being too tired to focus on the
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task. The participants’ average age was 21.97 years (SD = 2.18) with 90.2%
of them being right handed. 61% of the participants did not have musical
training beyond classes attended in school; the remaining ones played some
instrument for an average of 4.87 (SD = 3.63) years. Pure-tone audiometry
was conducted before the experiment: No participant had a hearing threshold
higher than 25 dB SPL or a between-ears difference higher than 15 dB SPL
at 250, 500, 1000 and 2000 Hz. All participants signed an informed consent
form approved by the United Ethical Review Committee for Research in
Psychology (EPKEB); they received modest payment for their participation.
Stimuli, materials, and procedure
Monaural Temporal Order Judgment task (MTOJ)
The stimuli were pairs of 10 ms long 800 Hz pure tones (with 1-ms rise and
1-ms fall times) delivered at 69 dB SPL with a variable silent interval between
the two tones (Fig. 2A). Participants were asked to press button ’1’ with the
index finger of their right hand on a standard IBM PC keyboard if they heard
that the tone-pair started in their left ear and button ‘2’ with their middle finger
if the pair started in their right ear.
The MTOJ threshold was measured with a 3-down 1-up staircase procedure.
The initial ISI was 120 ms. The first trial was initiated by the participant by
pressing the SPACE key. Subsequent trials were started between 600-900
ms after the participant’s response to the previous trial. (The built-in Matlab
random function was applied to generate the jitter.) After three correct
responses, the ISI was shortened by the step size; it was increased by the
step size after each error. The step size was initially 20 ms, which was halved
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after each downward step until it reached 5 ms. The algorithm stopped after
the participant reached eight incorrect responses overall or when three errors
occurred in a row at the same ISI. The threshold was calculated as the
average ISI of the last six error trials. (The current version of the paradigm
has been derived from those of Fink et al. (2005) and Fostick et al. (2013).)
The MTOJ threshold measurement has been reported to have a lower
reliability than the binaural TOJ (Fink et al., 2005). Therefore, it was
measured once at the beginning of the experiment and four times at the end
of the experiment (after the ABA- task was completed). At the latter time, a
small reward (chocolate baton) was offered for good performance in order to
maximize motivation and feedback about the performance was provided after
each measurement of the threshold. Each participant received the reward
irrespective of their performance.
Participants received practice before the first MTOJ measurement. First they
were presented with six tone-pairs with a constant ISI (150 ms) and were
instructed to judge their order as was described for the threshold
measurement. Right-wrong feedback was provided after each response
through the short messages “Right!” or “Error.” presented at the center of the
screen. In the second practice phase, 12 pairs were presented (6x ISI = 100
ms and 6 x ISI = 150 ms in random order) without immediate feedback, but
with the overall performance shown to them at the end of the train either by
showing them the percentage of the correct responses or with an
encouraging sentence that they can now continue with the main task. If their
performance was lower than 90%, they were required to repeat the practice
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session. A performance above 75% was accepted after three such trials, as
by then they were familiar with the procedure.
The MTOJ task is one of the most widely accepted tool for measuring
temporal discrimination. We also employed two other similar measures
(three-tone temporal order judgement and duration discrimination; see next
subsections), because they assess somewhat different aspects of temporal
discrimination and we wished to thoroughly explore the relationship between
temporal resolution and stream formation.
Three-tone Temporal Order Judgment task (TTMTOJ)
The three-tone version of the MTOJ task is more demanding than the
standard two-tone one, as the introduction of the delayed third tone reduces
the efficacy of a possible memory-comparison strategy based on subtle cues
of pattern to memory discrimination. For example, a right-to-left tone pair with
x ms ISI is similar to the right-to-left tone pair with ISI = x – n and close
succession of such samples could help some listeners to make a correct
decision even at very short ISIs when they actually hear the two tones as
integrated. The introduction of the third, clearly separate tone makes this
strategy more difficult to use. The trial structure is similar to the MTOJ task,
except that the two tones of the basic MTOJ are followed by a third 10 ms
long tone after a 350 ms silent period (Fig. 2B). The ear of the third tone was
randomized with equal probability. Participants were instructed to judge the
ear of the first tone, but they also had a third response option: the first tone
was presented to both ears. All other parameters and procedures (including
the establishment of the threshold) were identical to those described for the
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two-tone MTOJ task, except that in the practice, but not during the threshold
measurement

phase,

participants

also

received

genuine

‘both-ears’

examples. 20 practice trials with immediate feedback were delivered to them.
Duration discrimination task (DUR)
MTOJ performance might be influenced by one’s ability to differentiate
between left and right. Therefore a duration discrimination paradigm was also
delivered to participants. They were asked to judge whether the first or the
second of two sounds was longer. It was assumed that participants with a
lower temporal sampling rate would show lower performance in judging small
duration differences than those with denser temporal sampling. Two white
noise segments were presented binaurally at 66 dB SPL and 1-1 ms linear
rise and fall times with an ISI of 300 ms (Fig. 2C). One of the two noise
segments always lasted for 250 ms; the duration of the other segment varied
from 10 ms (starting point) to 250 ms. Participants responded with the keys
‘1’ or ‘2’ marking whether they heard the first or the second sound as longer,
respectively. The order of the fixed and the variable duration sound was
randomized with equal probabilities of the two possible orders. The staircase
procedure and the evaluation of the threshold (expressed as the difference
between the fixed and the variable duration) was identical to that described
for the MTOJ task except that “3-up 1-down” staircase was used, because
the variable duration segment was always shorter or equal to 250 ms. Since
the beginning of the task was extremely easy (10 ms vs. 250 ms), no practice
was held.
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Auditory streaming task (ABA-)
The ABA- task comprised five stimulus blocks, each with 36 trials. Each trial
presented a 5 s long ABA- sequence (Figure 2D, examples can be found on
https://osf.io/a5r28/?view_only=6b0cab545a7346c295990503363c4495).
Between trials, random 2 - 2.2 seconds long pauses were inserted in order to
attenuate the effect of the previous trial (see, for example, Snyder & Alain
2007). The A tone was always an 800 Hz sinusoid tone; the B tone frequency
was 880 (<2 ST difference), 980 (>3 ST difference), or 1200 Hz (~7 ST
difference) on different trials. Tones were presented at 72 dB SPL level. The
duration of each tone was 10 ms (with 1-1 ms linear rise and fall times). In
each block, trials with each combination of the three B-tone frequencies and
12 different ISIs (10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 200 and 300 ms)
appeared in an order separately randomized for each block/participant (3 Btone frequencies × 12 ISIs = 36 trials; 1 trial for each combination in each
stimulus block). The two longest ISIs were only included for the purpose of
comparing the shape of the response curves with previous results from the
literature, by covering a larger ISI range. Listeners were asked to press one
of three keys on a standard IBM PC keyboard with the index finger of their
right hand (1 – integrated, 2 – segregated, 3 – neither). The third option was
designated for cases when the listener could not decide between the two
percepts. The instructions emphasized that there was no right or wrong
response, and that the participant should try to decide between the two
alternatives if possible. Listeners were asked to respond as soon as they
reached a decision (during or shortly after the stimulus). The instructions
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were based on informing listeners about the concepts of integrated and
segregated percepts (as opposed to the original instructions of van Noorden
(1975), who only asked listeners to tell whether they heard a galloping
rhythm or not). This type of instructions have been developed in our lab
(Denham et al., 2013; Farkas et al., 2016a, 2016b) following a pilot
experiment in which listeners were asked to freely describe the patterns they
encountered while listening to long (4-10 minute) sequences of the ABAtype. As it turned out, listeners experience these sequences in multiple ways
and integrated types of percepts can occur without hearing the galloping
rhythm.
The current instructions were modified from those of Denham and colleagues
(2013) to accommodate likely changes in perception with faster presentation
rates (i.e., that individual tones may not be easy to separate). Therefore, the
current instructions asked listeners to decide whether they heard a single
repeating pattern or multiple concurrent patterns. In terms of actual
instructions, we asked listeners to decide whether they had the impression of
all sounds originating from the same source or different sounds/patterns
appeared as if arriving from different sources (e.g., “decide whether one or
multiple machines produced the sounds you heard”). That is, our instructions
directly addressed the issue of auditory stream segregation.
Participants received practice before the task. They were presented with a
visual demonstration of the paradigm together with multiple sound examples.
In the first practice session, examples strongly promoting one or the other
percept were presented in a randomized manner with equal probability
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(integrated samples: 800 and 860 Hz for the A and B tones with SOA = 80 ms
and 800 and 940 Hz tones with SOA = 200 ms; segregated samples: 800
and 1000 Hz tones with SOA = 80 ms and 800 and 1200 Hz tones with SOA
= 100 ms). They were asked to respond as described above for the main
session. The presentation of practice samples stopped when 8 out of the last
9 answers were correct. In the second practice session, participants received
two series of stimuli, one in which the parameters adaptively changed from
trial to trial promoting a transition from the integrated to the segregated
percept and the other from segregated to integrated. The ISI was constant at
100 ms and the ∆f was varied in the 0.5-7 semitone range. After three correct
responses in a row with the same parameters, the ∆f was increased (when
starting from the unambiguously integrated) or decreased (when starting from
the unambiguously segregated) by a step of half semitone until the
participant reported changes in the percept 8 times. If the participant did not
start the first trial of the series with the expected response or he/she did not
report a change in perception after ~3 minutes, they received additional
explanations and this practice session was repeated.
Questionnaire (PANAS)
The Positive and Negative Affect Schedule (PANAS - Gyollai et al., 2011)
questionnaire was filled out after the first and the last MTOJ measurement,

in order to test the

contribution of the emotional state of the participants to the potential
relationship between auditory streaming and temporal discrimination
in the Supplementary material).
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(see details

Equipment
All sounds were generated in the Audacity 2.1.1. software (© 1999-2017
Audacity Team), with a 44100 Hz sampling frequency at 16-bit resolution.
They were delivered through a Creative SB X-Fi sound card and a
Sennheiser HD 600 headphone by Matlab R2014a software (PsychtoolBox
3.0.12; Brainard, 1997; Pelli, 1997; Kleiner et al, 2007). Responses were
made on a standard IBMP PC keyboard and measured by a custom MATLAB
script.
The experimental session
Participants signed the informed consent form after the general goal and the
methods used in the experiment were explained to them. Next the
audiometry was conducted and 10-15 demonstrations of the auditory
streaming paradigm were presented together with explanations. The
experiment started with the completion of the first PANAS questionnaire.
Their first psychophysics task was the MTOJ followed by the DUR and the
TTMTOJ. Each of these tasks lasted for about 3-4 minutes (the practice
sessions included). The second phase of the experiment commenced with
the practice of the auditory streaming task followed by the five blocks of this
task. Finally, four consecutive MTOJ measures took place. The experimental
session ended with the participant completing the PANAS questionnaire a
second time. Participants were allowed to rest between the tasks as long as
they needed and they were assured that there was no time pressure. In order
to encourage participants taking advantage of these breaks, snacks were
provided to them.
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Figure 2. Schematic illustration of the stimulus paradigms employed.
(A) Monaural Temporal Order Judgment: the same pure tone was played to
one ear, and after a short delay (ISI) to the other ear. Participants were asked
to judge whether they heard the first sound in the left or the right ear. (B)
Three-tone MTOJ: like the two-tone version, but delivering a third tone on
each trial following the two tones of the basic MTOJ paradigm; in addition to
the alternatives in the basic MTOJ, listeners also had the option to respond
by ‘in both ears’. (C) Duration discrimination: the task was to judge whether
the first or the second binaurally delivered white-noise segment lasted longer.
(D) The ABA- paradigm: time flows from left to right, tone frequency is
schematically depicted on the y axis.
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Statistical analysis
In order to examine the effects of temporal and spectral separation as well as
their interactions, a repeated measures ANOVA was conducted with the
factors: ∆f (three levels) and ISI (10 levels). The assumption of similar
dependencies between measurements was tested with Mauchly’s Test of
Sphericity and in case of significant results, degree of freedom values were
Greenhouse-Geisser corrected and the ε correction factor provided. The
shape of the psychometric functions was tested with Contrast tests. For
testing parametric changes, only the ISIs up to 100 ms were included,
because the ISIs below 100 ms were evenly spaced.
As not all the variables met the assumption of normality, the non-parametric
Spearman’s correlation was employed for testing the relationship between
different variables. Given the high number of conditions in the ABA- task,
each condition was presented only five times. In order to improve the
reliability of these measures, the responses for three neighboring ISIs were
averaged together before correlating them with the MTOJ thresholds. (Note
that averaging responses from neighboring ISIs was only introduced for the
correlational analyses.) Thus, 15 measurements contributed to the estimates
of perception in the streaming task by sacrificing some of the temporal
resolution. Estimates for the following bands were calculated: 10-30, 20-40,
30-50, 40-60, 50-70, 60-80, 70-90 and 80-100 ms. For example, the 60-80
band estimate was calculated as the average from the responses to the ISI =
60 ms, ISI = 70 ms, and ISI = 80 ms conditions (3 × 5 = 15 responses,
altogether). Only reports for ∆f2 and ∆f 3 were tested, because our
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hypothesis only referred to ∆fs promoting segregation at <100 ms SOAs (> 3
ST). From the 5 MTOJ threshold values, the minimum was included in the
correlations, because it better represents the limit of the participant’s ability
(at least within the current experiment) than the average, which is often
supposed to be affected by fatigue. Calculations were repeated for the
average, for compatibility with some previous procedures. This variable did
not meet the assumption of normality (Shapiro-Wilk Statistic =.883, df = 41, p
=.001, Skewness = 1.118 with SE =.369). The correlations are presented
both with and without Bonferroni correction for full disclosure.
Exploratory tests were conducted to investigate the applicability of the other
two paradigms for assessing temporal integration (TTMTOJ and DUR). The
first question was whether there are strong correlations between these and
the original MTOJ and if so, which of them reveals a stronger relationship
with the two main variables, temporal integration and auditory streaming.
Spearman’s correlation was performed in all of the cases.
Finally we also explored the relationship between affective changes during
the experiment and the psychophysics measurements. A repeated measures
ANOVA with the factors POS_NEG (positive and negative affectivity) and
BEG_END (beginning and end of the experiment) was conducted to explore
changes in affectivity. Spearman’s rank correlations were then performed
between baseline affectivity and its change during the experiment on one
side and the psychophysical measures on the other side for exploring
associations between these sets of variables. Due to the high number of
tests, only results with a p value lower than 0.01 are presented, but no other
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corrections were applied (as these tests were only exploratory and thus
provide no conclusive evidence).
Results
Descriptive statistics. The mean MTOJ threshold at the beginning of the
experiment was M= 45.38 ms (SD = 30.70), whereas the four consecutive
threshold measurements in the challenge condition after the ABA- task
resulted in the following means: M1 = 44.98 ms (SD = 29.89), M2 = 57.18 ms
(SD = 33.20), M3 = 58.38 ms (SD = 34.38) and M4 = 62.86ms (SD = 38.24).
The apparent trend in these means will be discussed in another paper along
with follow-up experiments. The mean of the individual minimum values of
the four thresholds was M = 35.57 ms (SD = 26.91), the maximum values
had a mean of M = 77.74 ms (SD = 34.92). The mean of the TTMTOJ
threshold was 90.48 (SD = 39.57), and the mean of the DURL threshold was
M = 53.73 (SD = 22.86). At the beginning of the experiment, the average
positive affectivity of PANAS was M = 36.02 (SD = 6.44) while the average of
the negative affectivity was M = 14.27 (SD = 4.59). These values changed to
M = 33.15 (SD = 8.06) and M = 12.97 (SD = 4.42) by the end of the
experiment, for positive and negative affectivity respectively. The reported
subjective fatigue measured on a 5 point Likert scale was M = 1.95 (SD
= .95) at the beginning of the experiment and it was M = 2.80 (SD = 1.22) at
the end of it. Due to recording errors, we had missing values regarding the
affectivity measures, therefore N = 6 participants were not included in the
affectivity analyses.
In the ABA- task, participants gave ‘neither’ responses in 1.72% of the cases
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(see Table 1. for the exact values). Because, as a consequence, segregation
and integration was reported in the remaining percentage of the responses,
we only present the percentage of reported integrated percepts (Figure 3).
∆f/ISI
∆f1
∆f2
∆f3

10

20

30

40

9.27 7.32 3.41 3.41
7.80 7.80 3.90 1.95
3.90 3.41 .98
.49

50

60

70

80

90

100 200 300

.49
.98
.49

1.46
.98
.49

.00
.00
.00

.49
.49
.00

.00
.49
.00

.00
.00
.00

.49
.49
.49

.00
.49
.00

Table 1. Percentages of the ‘neither’ response in the different ABAconditions.
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Figure 3. Percentage of reporting integration as a function of temporal
proximity (ISI-across in ms; x axis) at the three different ∆fs (shown by
line colors). The error bars represent 1 SE (standard error).
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Planned statistical tests. Repeated measures ANOVA yielded a main effect of
∆f (F(1.72, 69.05) = 181.20, ε =.86, MSE = 1901.80, p <.001, pη 2 =.81) and
an interaction between ∆f and ISI (F(10.37, 414.87) = 7.99, ε =.57, MSE =
589.01, p <.001, pη2 =.16). The contrast tests revealed a cubic function of the
ISI factor (F(1,40) = 11.96, MSE = 669.80, p =.001) and a linear + quadratic
function of the ∆f *ISI interaction (F(1,40) = 34.91, MSE = 425.38, p <.001).
These results confirmed the nonlinear change of perception as a function of
the ISI. The significant linear + quadratic contrast result reflects the finding
that the convex (‘U shaped’) function describing the ISI effect becomes less
pronounced with decreasing frequency separation. The cubic response
function of the ISI factor partly stems from the shortest ISI conditions showing
convergence at 50% with the shortest ISIs instead of a continuous increase
of the percentage of integrated reports with decreasing ISI.
The percentage of integrated reports was correlated with the minimum MTOJ
threshold for ∆f2 and ∆f3. Significant correlations were found for ∆f2 at ISI7090 (r(39) =.32, p =.041) and for ∆f3 at ISI50-70 (r(39) = .35, p =.024) and at
ISI60-80 (r(39) =.45, p =.003) (see the full set of correlations in
Supplementary Table 1). After Bonferroni correction (threshold lowered to p =
.003), only the last result was accepted (see the correlation plot for the
significant correlation in Supplementary Figure 3). Qualitatively similar
correlation (r(39) = .404, p = .009 for ∆f3 at band 60-80 ms) was obtained
using the average MTOJ thresholds (see Supplementary Table 2). The data
are

available

at

view_only=6b0cab545a7346c295990503363c4495.
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https://osf.io/a5r28/?

Power analysis. The observed power for the ∆f x ISI interaction was 1 (effect
size f = .44). Using the setup of the current experiment a significant (p < .05)
effect can be reached with .95 power at N = 10. We used G*Power 3.0.10
and the correlation between the repeated measures was set to 0 (worst case
scenario). We confirmed this result with a simulation in which 10 subjects
was selected 3000 times from the sample. This resulted in a 99.5% power
(with Greenhouse-Geisser correction employed).
The observed power in the within-subject contrast test was .92 (the effect
size f = .54) regarding the ISI effect (cubic contrast) and 1 (the effect size f
= .93) regarding the ∆f xISI (linear + quadratic contrast) effect. Both of these
results should be achieved with N = 10 (at least after proper training).
The observed power for the correlation between the MTOJ threshold and the
ISI60-80 perceptual reports was .94. The N = 41 sample allows the detection
of correlations higher than .36 with a power of 0.8. We aimed at finding at
least medium-size correlations, because weak correlations would not support
strong theoretical conclusions from or clinical relevance of the results.
Statistical analyses testing possible effects of increased uncertainty at fast
presentation rates. Within-subject contrasts revealed a linear decrease of the
percentage of the “neither” responses with increasing ISIs (F(1,40) = 7.759, p
= .008) and ∆f (F(1,40) = 11.748, p =.001). Bonferroni corrected post hoc
tests revealed a significant difference between the Δf3 and Δf1 conditions
(mean difference = 1.34, SD = .39, p = .004) as well as between Δf3 and Δf2
conditions (mean difference = 1.26, SD = .35, p = .003), participants being
the most certain in the Δf3conditon. Further, including the average
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percentage of ‘neither’ responses as a covariate in the above presented
ANOVAs of the integrated responses did not yield any significant effect.
In order to examine the effect of a possible tendency toward chance level at
the fastest presentation rates, we examined two subgroups of participants.
The inclusion criteria was whether the segregation/integration ratio was
above or below chance level (50 +/- 20%, which is more than three S.E.’s) at
the Δf1 ISI = 10 ms (Group I) or in the Δf3 ISI = 10 ms condition (Group II).
The non-monotonic response function can be identified in both cases (see
supplement Figure 1 and 2).
Finally, a two-step cluster analysis of the integrated responses failed to find
more than one cluster either with the inclusion of the ISI = 10 ms to ISI = 100
ms conditions or with only the inclusion of the conditions with the five shortest
ISIs.
Explorative statistical tests. There was positive correlation between MTOJ
and TTMTOJ (rho(39) =.48, p =.001), but not between MTOJ and DUR (r(39)
=.17, p =.27). Neither TTMTOJ nor DUR correlated with the percentage of
reported integrated percept at any of the ISI bands.
The reported emotional states did not show significant correlation with either
the minimum MTOJ threshold or the percentage of integrated percept, except
that the attenuation of positive affectivity was significantly associated with an
increase in the percentage of integrated reports with ∆f2 (r(39) = .534, p
= .001 at the time band 30-50 ms and r(39) = .49, p = .002 at the time band
40-60 ms) (for additional analysis see also the Supplement).
Significant negative correlation was obtained between the change in positive
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affectivity and the change in subjective fatigue during the experiment (r(39) =
-.59, p < .001), but the change in subjective fatigue did not show correlation
with the MTOJ threshold.
Discussion
With decreasing short (<100 ms) ISIs we found ∆f-dependent non-linear
changes in the percentage of the reported integrated percept as a function of
the ISI. Further, the threshold of temporal integration as assessed by MTOJ
was correlated with the percentage of reported integrated percept within
some <100 ISI ranges.
These results support our hypothesis that at very short inter-stimulus
intervals, the effect of temporal proximity on auditory stream segregation is
different than at longer ISIs: it promotes the integration of the adjacent
sounds rather than linking consecutive tones of similar features. This can
lead to more integrated reports even when the adjacent sounds markedly
differ from each other. On the other hand, short ISIs can also reduce the
probability of a coherent percept when the tones are more similar, probably
by allowing links to be formed between various combinations of the tones
and fused percepts (e.g., AB to AB, leaving every second A to form its own
stream – these percepts also appear with longer ISIs, although with lower
probabilities; see Denham et al., 2014). The interaction between ∆f and ISI
suggests that, in agreement with Shinozaki et al.’s results (2003), temporal
integration depends on spectral separation between the two tones (similarity)
even at the short ISIs. However, the convergence of the proportions of
integrated responses in the three conditions differing in spectral similarity
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below 30 ms suggests that the processing of sounds presented with high
temporal proximity is less sensitive to the amount of spectral separation.
Although the percentage of the reported integrated percept measured here is
not equivalent either to the coherence or the fission boundary, it is likely that
these boundaries are also not monotonic functions of the ISI (SOA). This
conclusion contrasts with the assumption that temporal proximity and
spectral similarity affect auditory stream segregation through the rate of
change, at least for sequences presented at fast rates.
The role of temporal integration in determining perception of the ABA stimuli
at short ISIs is compatible with the observed correlation between the
temporal order judgment threshold (indicating the individual’s temporal
resolution) and the percentage of reporting integration with short, but not the
shortest ISIs (60-80 ms; somewhat modulated by the ∆f). However, in
contrast to our hypothesis that the correlation should be primarily found at
even shorter ISIs (where the ISI effect shows a negative slope), significant
correlation was observed close to the point where the least percentage of
integration was reported – i.e., the point below which temporal integration
may start to play a more important role in perceiving the ABA stimuli.
Therefore the interpretation offered below is post-hoc and thus the correlation
result cannot be regarded as strong evidence. It is reasonable to assume that
the highest correlations between the MTOJ threshold and reporting
integration appear where some of the participants can discriminate the
consecutive events, while others integrate them into a single chunk. Below
and above this range, more and more listeners process the stimuli in the
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same way. If the process used by listeners above the threshold conforms to
the classical interpretation of auditory streaming, then we should have seen
increasing proportions of perceiving integration with increasing ISIs.
Conversely, if at short/intermediate ISIs (30-80 ms) temporal integration
supports integration, then more and more listeners switching to processing
successive sounds as unitary events will gradually increase the percentage
of reporting of integration at the group level (the negative-slope ISI effect).
Combining the two effects thus produces a minimum of integration in the 50100 ms range with a maximum correlation with the temporal integration
threshold close to this minimum. However, there are other plausible
explanations. For example, more effort/stronger focus on the task could
promote temporal discrimination as well as quicker buildup of separate
streams (Cusack et al., 2004; Snyder, Alain & Picton, 2006). The possible
mediating role of effort/attention is supported by the lack of significant
correlation between the TTMTOJ threshold measure and streaming
performance, because the modified paradigm blocked the use of pattern-tomemory discrimination strategies, the use of which could be a sign of the
listener being more focused on the task. However, the lack of correlation
between TTMTOJ and streaming can also be explained by the noisier
TTMTOJ than MTOJ threshold estimation.
Finally, there is a legitimate concern about how well the participants wished
or were able to follow the instructions, as subjective reports cannot be
directly validated. Thus it is theoretically possible that fast presentation rates
increased the randomness of the responses due to increasing uncertainty of
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the listeners in categorizing their perception according to the available
alternatives. A general defense of subjective measures can be found in
Bregman (2015). Specifically, Farkas et al. (2016b) showed that subjective
perceptual reports of auditory stream segregation (using similar instructions
to the ones employed in the current study) were not significantly biased by
perceived (implicit) expectations from the experimenter. Therefore, it is not
likely that listeners were reluctant to mark the “neither” alternative, when they
could not decide between the two main percepts. Taken together with the
lack of effect of the number of “neither” responses as a covariate and that
listeners used the fewest number of “neither” responses in the ∆f3 condition,
which showed the largest effect, it is not likely that the effects were due to
increased randomness of the responses at fast presentation rates. This
conclusion is further supported by the lack of clusters amongst the listeners
in terms of their pattern of responses as well as that listeners with the least
uncertainty showed the same pattern of response as that found for the whole
group.
One should note that the choice of subjective measure for assessing auditory
stream segregation may determine the outcome. In the current study, we
employed a direct subjective measure of auditory stream segregation (asking
listeners to decide whether they heard one or multiple coherent sound
sequences) for testing the effects of fast presentation rates on the listener’s
perception. One could ask the same question regarding the perceived
presentation rate (and possibly also other measures of perceptual
experience). Compatible results would strengthen assumption that these
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types of perceptual decisions rely on the outcome of the same analysis. In
contrast, incompatible results could suggest that these aspects of perceptual
experience rely on different analyses. While at slower stimulus presentation
the number of sources can be mapped to the perceived rates, at fast
presentation, dissociation between the number of streams and rate
perception is conceivable. Such a conclusion might require a new
conceptualization of what is meant by auditory stream segregation.
The current results thus suggest that the processing of sounds with small
temporal separation cannot be described by a single function. The result that
the ISI main effect can better be described by a cubic function whereas the
interaction between ISI and ∆f is closer to linear + quadratic suggests a
qualitative change at the shortest ISIs. Below ~30 ms, perceiving segregation
and integration tend to become approximately equally probable and the
uncertainty of responses starts to increase as reflected by the increasing
number of ‘neither’ responses (see Table 1 and the corresponding results of
the statistical analysis). One possible explanation is that nearby sounds and
silent periods can be grouped in various ways in order to form distinctive
elements. For example, the A and B sounds might fuse into one event and
the A sound with a pause into a different event which are then segregated
from each other. Another possibility is that the whole ABA triplet is integrated
into a single event (and thus produces an integrated percept), as all the tones
occur within 150 ms. Thus perception of the ABA stimulus is multistable even
with these parameters, although with different alternatives than those
described for longer ISIs (Denham et al., 2014). It is also possible that there
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are different processes associated with different time windows, as was
suggested by Pöppel (1997). One of the windows could be ca. 30 ms long
(as suggested by Pöppel, 1997). Another window could be 60 ms or longer.
The non-monotonic function observed with short ISIs for auditory recognition
masking (see, e.g., Figure 6 in Winkler et al., 1993), another perceptual task
affected by temporal integration (Cowan, 1984) also supports the existence
of a window of this length. The idea of multiple different short processing
windows would also align well with the different behavior of cortical gamma
and theta band activity (Poeppel, 2003). Several previous studies explored
an even longer (150-200 ms) temporal processing window in auditory
perception and deviance detection (see Cowan, 1984 for behavioral and
Yabe et al., 2001 for electrophysiological evidence). Unlike the dominance of
integration over segregation observed for the shortest window in the current
study, evidence from multiple studies suggests that in this longer window,
segregation by spectral differences precedes temporal integration (Sussman,
2005; Winkler, Takegata & Sussman, 2005). This suggests that these
different windows have different sound processing characteristics or that the
relative “strength” of integration and segregation changes non-linearly as a
function of temporal proximity.
In an animal study Lu and colleagues (2017) measured electrical brain
responses in a stimulus condition where the onset of the consecutive A and B
sounds was 40 ms with sound durations of 75 ms. When the sounds were
task-irrelevant, the neural response to this ABAB… stimulus was midway
between the activation measured to complete synchrony and to alternating
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sound sequences with longer SOAs. During active behavior, the neural
response was found to be more similar to the synchrony condition. Although
these results may be due to the partial overlap between consecutive sounds
(in line with the prediction of the temporal coherence model), it is also
possible to regard them as effects of close temporal proximity.
The studies of Fishman et al. (2001, 2004) also used invasive
electrophysiology and they tested the effect of different presentation rates
(PR) on neural responses of the primary auditory cortex of macaque
monkeys. They showed that the increase of PR leads to a greater
suppression of the neural response to the non-preferred tone than to the
preferred ones at a given electrode site. As a consequence, at PR = 40, the
neural responses are similar to the scenario when only the preferred tones
are presented with PR = 20. In our study, an SOA of 25 ms sometimes led to
integration even at high spectral separation. This contrast may stem from
differences between the species as well as from differences in the stimuli
employed in the two studies: 1) Fishman and colleagues (2004) used longer
tones than the tones presented in the current study, and they found that tone
duration was a predictor of the suppression of the non-preferred tone; 2)
there were no pauses between the alternating tones at PR = 40 in Fishman
et al.’s study, which could have further facilitated segregation. Thus the
insertion of pauses may facilitate the formation of a coherent stream of
triplets, a feature that was not tested in the current study. It is not yet possible
to decide whether or not their model could account for the current results. A
promising starting point for understanding the changes in neural encoding as
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a function of fast PR’s can be found in Lu and colleagues’ (2001) paper.
The increase of integration below ca. 60 ms ISI with relatively large spectral
separation (800/1200 ms) as well as the decrease in integration at the
smallest spectral separation (800/880 ms) of the current data would be
difficult to explain without assuming a strong temporal grouping process
operating at very small temporal separations. Temporal integration at the
shortest ISIs with the energy of the consecutive tones combined into a single
sound event could explain this effect. Assuming that the two consecutive
tones form one event and the other tone together with the silence forms
another, this sequence would be heard as two alternating sounds of differing
timbre/pitch. One observation supporting this suggestion is that in the
temporal order judgment task, some participants asked whether the pitch of
the sounds was increased at very short intervals. Such a perceptual change
could only result from some strong form of grouping, such as temporal
integration. Possibly, in accordance with the temporal coherence explanation
(Elhilali, Ma, Micheyl, Oxenham &Shamma, 2009), systematic coincidence of
spectral components results in the formation of events. However, for very fast
changes, this would require one to further assume that temporal coherence
does not need to be exact; rather it would allow some delay between
components (i.e., non-zero lag correlations). Given the observed ISI x ∆f
interaction effect, the length of the delay may be a function of the spectral
separation between the components. Whether or not this assumption is valid,
it appears that the ISI effects described and explained previously (Bregman,
1990; van Noorden, 1975) only apply when separate representations have
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been formed for the A and B tones.
A limitation of our approach is how well MTOJ (or TTMTOJ) assesses the
threshold of temporal integration. We have seen that the correlation between
reported perception in the ABA paradigm and measures of the temporal
integration threshold depends on the method used. This suggests that these
measures reflect at least partially different processes. Physiological
measures may be used to reduce the effects of attention and strategies used
by the listeners. Another possibility would be to compare perception between
groups with larger differences in these measures, such as schizophrenic
patients or dyslexic individuals. Nevertheless, the current results suggest that
at least one component of the inter-individual variance in perceiving the ABA
stimuli stems from differences in temporal processing.
In summary, we found that temporal proximity and spectral similarity play
separate roles in determining auditory stream segregation, at least for stimuli
presented with fast presentation rates. We have also shown that two or more
different algorithms are used by the brain in processing sequences of
temporally proximal discrete sounds. Finally, we found evidence that
individual temporal processing abilities might affect auditory stream
segregation.
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Supplementary table 1
Correlations Between The Percentage Of Integrated Responses And The
Minimum MTOJ Measure

Δf2

Δf3

ISI

ISI

ISI

ISI

ISI

ISI

ISI

ISI

10-30

20-40

30-50

40-60

50-70

60-80

70-90

80-100

rho

.078

.213

.165

.264

.254

.300

.320

.288

p

.628

.181

.303

.095

.109

.056

.041

.067

rho

.081

.043

.054

.141

.353

.457

.286

.152

p

.641

.789

.739

.380

.024

.003

.070

.343

Supplementary table 2
Correlations Between The Percentage Of Integrated Responses And The
Average MTOJ Measure

Δf2

Δf3

ISI

ISI

ISI

ISI

ISI

ISI

ISI

ISI

10-30

20-40

30-50

40-60

50-70

60-80

70-90

80-100

rho

.098

.204

.134

.218

.195

.224

.188

.121

p

.542

.200

.405

.170

.221

.158

.240

.452

rho .075

.108

.154

.184

.318

.404

.244

.105

p

.503

.338

.251

.043

.009

.124

.515

.640
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Supplementary Figure 1. Percentage Of The Integrated Percept In A
Subgroup Of Participants (N = 24). Participants with below 70% or above
30% integrated reports in the Δf1 ISI = 10 ms condition were excluded.
Because the quantity of ‘neither’ responses influences the overall percentage
of integrated reports, we considered the threshold passed whenever the
percentage + half the amount of ‘neither’ responses exceeded our criteria
(70% and 30%). The +/− 20% from the chance level thrice exceeds the S.E.
(standard error of the means, which was in this condition 5.58). Therefore,
this threshold likely indicates a true bias in one or the other direction.
A repeated measures ANOVA yielded the main effect of ∆f, F(2, 46) = 97.162,
MSE = 1581.42, p <.001, pη 2 =.81, and interaction between ∆f and ISI,
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F(7.04, 170.22) = 4.97, ε =.26, MSE = 809.89, p <.001, pη 2 =.17. The
contrast tests revealed a linear + quadratic function of the ∆f *ISI interaction,
F(1,40) = 20.14, MSE = 467.05, p <.001. The cubic change of the ISI effect
did not reach significance, F(1,23) = 2.114, p = .159. The correlation between
the minimum MTOJ and the percentage of integrated responses was rho(22)
= .617 (p = .001) in the Δf3 60-80 ms band.

Supplementary Figure 2. Percentage Of The Integrated Percept In A
Subgroup Of Participants (N = 30). Participants with below 70% or above
30% integrated reports in the Δf3 ISI = 10 ms condition were excluded.
The procedure was the same as described below the previous figure. A
repeated measures ANOVA yielded the main effect of ∆f (F(2, 58) = 142.999,
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MSE = 1556.36, p <.001, pη 2 =.83) and an interaction between ∆f and ISI
(F(9.54 ,276.56) = 5.58, ε =.53, MSE = 629.94, p <.001, pη 2 =.16). The
contrast tests revealed a cubic function of the ISI factor (F(1,29) = 11.70,
MSE = 735.86, p =.002, pη 2 =.28) and a linear + quadratic function of the ∆f
*ISI interaction (F(1,29) = 37.75, MSE = 295.54, p <.001). The correlation
between the minimum MTOJ and the percentage of integrated responses
was rho(22) = .393 (p = .032) in the Δf3 60-80 ms band.

Supplementary Figure 3. Listeners Placed On The Percentage Of
Integrated Responses—MTOJ Minimum Threshold Space In The
Auditory Streaming Paradigm (∆f3 and 60-80 ms time).

Questionnaire (PANAS)
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Participants filled the computerized Hungarian version of the Positive and
Negative Affect Schedule (Gyollai et al., 2011) questionnaire. The
questionnaire presents descriptions of 10 positive and 10 negative emotional
states. Participants reported how their actual state matched with each of the
20 items on a 5 point Likert scale (from ‘Not at all’ to ‘Very much’). At the end
of the questionnaire the word ‘fatigued’ was added in order to register a proxy
measure of subjective fatigue. The positive affectivity index was calculated as
the sum of the response values of the 10 positive emotional states and
similarly the negative emotional affectivity index was based on the responses
of the 10 negative states. This questionnaire was introduced in order to test
the contribution of the emotional state of the participants to the potential
relationship between auditory streaming and temporal discrimination (i.e.,
participants being in a more positive emotional state being more thorough in
both tasks).
Additional analysis
Repeated measures ANOVA yielded significant main effect of POS_NEG,
F(1,34) = 154.55, MSE = 95.70, p <.001, pη 2 =.82, and BEG_END,
F(1,34) = 18.70, MSE = 9.90, p < .001, pη 2 =.35, but no interaction,
F(1,34) = 2.64, MSE = 12.10, p =.11, pη 2 =.072. These results
revealed a general attenuation in perceived emotional intensity.
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3.2. Short-term cognitive fatigue effect on auditory
temporal order judgment task

The accepted manuscript starts on next page.
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Abstract
Fatigue is a core symptom in many psychological disorders and it can
strongly influence everyday productivity. As fatigue effects have been
typically demonstrated after long hours of time on task, it was surprising that
in a previous study, we accidentally found a decline of temporal order
judgment (TOJ) performance within 5-8 minutes. After replicating prior
relevant findings we tested whether pauses and/or feedback relating the
participant’s performance to some “standard” can eliminate or reduce this
short-term performance decline. We also assessed whether the performance
decline is specific to the processes evoked by the TOJ task or it is a product
of either general inattentiveness or the lack of willingness to thoroughly follow
the task instructions. We found that both feedback and introducing pauses
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between successive measurements can largely reduce the performance
decline, and that these two manipulations likely mobilize overlapping
capacities. Performance decline was not present in a similar task when
controlling for the TOJ threshold and it was not a result of uncooperative
behavior. Therefore, we conclude that the TOJ threshold decline is either
specific to temporal processing in general or to the TOJ task employed in the
study. Overall, the results are compatible with the notion that the decline of
TOJ threshold with repeated measures represents a short-term cognitive
fatigue effect. This objective fatigue measure did not correlate with subjective
fatigue. The latter was rather related to perceived difficulty/effort, the
reduction of positive affectivity, heightened sensitivity to criticism, and the
best TOJ threshold.
Keywords: Fatigue; Performance deterioration; Temporal order judgment;
Subjective fatigue; Feedback valence
1 Introduction
Fatigue is one of the most common symptoms of patients seeking
professional care (Stadje et al. 2016; Menting et al. 2018) and common
cause of lost working hours (Ricci et al 2007; Deligkaris et al. 2014). Yet, we
understand little of its underlying mechanisms (Gergelyfi et al. 2015). Fatigue
experiments usually require long hours of testing and the effect sizes are
often rather small (Takács et al. 2019), which may contribute to the problem
of revealing the underlying mechanisms. Here we describe a paradigm that
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allows

relatively

quick

detection

and

examination

of

performance

deterioration.
1.1. Fatigue and boredom
Fatigue is still lacking a clear or standardized scientific definition (Hornsby,
2016; Åkerstedt et al, 2004; Chalder et al, 1993). The common ground
seems to be that it is a subjectively negative, although adaptive
psychophysiological sensation caused by exertion/effort (Philips, 2015).
Contrary to the once popular energy conservation metaphor, current lines of
research assume that fatigue is not a sign of resource depletion rather than
an adaptive signal that arises when there is a conflict between current and
alternative goals (Hockey, 2011). Fatigue can manifest in performance
decline (cognitive fatigue or muscle fatigue depending on the type of the
task), in subjective reports, or in both (Ackerman, 2009). The two measures
do not necessarily correlate with each other (Ackerman & Kanfer 2009;
Leavitt & DeLuca 2010; Gergelyfi et al. 2015; Hornsby 2016; Takács et al.
2019), but correlation between them has been found in some studies (Moore
et al., 2017; Hopstaken et al., 2014). The lack of close correlation between
the two can be explained by a two-choice strategy: perception of difficulty can
lead to increased effort to maintain performance or to goal aspiration
reduction (Hockey, 2011). Another possible source of discrepancy could be
that fatigue is a “feeling” and it is by definition a result of a cognitive
evaluation: The same physiological state might be interpreted differently
depending on someone’s perceived control, effectivity, expectancies, or the
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individual’s evaluation of task difficulty or even what one considers fatigue.
Boredom can also lead to performance decline and can be defined as an
“emotional cue that one needs to pursue a goal different from what one is
currently pursuing” (Raffaelli 2017). Note that this is the same function as
was also proposed as possible source of fatigue. Boredom’s distinctive
features are proposed to be unpleasantness and that it is accompanied by
low arousal (Vogel et al 2011). Boredom and fatigue are theoretically
differentiated from each other by assuming that boredom is caused by
underload, while fatigue is caused by overload (Pan 1994). However, fatigue
can be accompanied by decreased arousal (Moore 2017) while boredom can
be accompanied by increased arousal (Bailey et al, 1976 cited by Smith
1981). Noting the ambiguity in the literature, we take the perspective of
Grandjean (1979 cited by Lal 2001) that boredom can be considered a
special type of fatigue, and thus we will refer to the term “fatigue” within this
paper as also including “boredom”.
1.2. Temporal discrimination
Temporal processing in the auditory domain proceeds on multiple time scales
in parallel (e.g., Nelken 2004). Temporal discrimination measured with the
spatial temporal order judgment (spatial TOJ) task (Fostick & Babkoff 2013;
Bernasconi et al. 2011; Szymaszek et al. 2006, 2009; Fink et al. 2005)
reveals a temporal window of 20-70 ms duration, below which listeners are
not able to reliably judge the order of two consecutive identical tones
presented to different ears (Fostick & Babkoff 2013; VanRullen & Koch 2003;
Szymaszek et al. 2009; Pöppel, 1997, 2004). In the spatial TOJ task,
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listeners are instructed to judge the order of two short tones delivered to
different ears by reporting the ear of the first tone. Compared with the spatial
TOJ, the spectral version of this task is likely less sensitive to temporal and
more to pattern discrimination (i.e., at short intervals, low-high and high-low
pairs can be distinguished by pitch alone, because temporal integration is
weighted towards the more recent sound input – see, e.g., Zwislocki 1960),
an assumption supported by the finding of short term learning in the spectral
but not in the spatial version of the task (Fostick, Wechsler, & Peretz 2014a;
Fostick & Babkoff 2013).
1.3. Continuous performance in the TOJ task
The spatial TOJ threshold has been shown to be sensitive to sleepdeprivation (Fostick et al. 2014b; Babkoff et al. 2005) but not to the time on
task (two repetitions of the threshold measurement: Fostick & Babkoff 2013
and Fostick, Wechsler, & Peretz 2014a; three repetitions: Fink et al. 2005). In
another study, performance even improved when participants repeatedly
judged the order between two tones presented with fixed inter-stimulus
interval (ISI) set at their individual threshold level (Bernasconi et al. 2010a).
This is in stark contrast to the short-term performance decline observed in
our previous study (Simon & Winkler 2018). While in Bernasconi and
colleagues’ study (2010a), feedback was provided after each trial, this was
not the case in our previous study. The feedback could have provided
additional motivation and/or could have better separated the trials.
Furthermore, because in Bernasconi and colleagues’ study (2010a), each
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participant was tested only at one ISI, fine-pattern differentiation learning
could have taken place.
1.4. The current study
Our primary goal was to replicate the previously observed performance
deterioration and to test whether it can be considered a genuine fatigue
effect. Because Simon and Winkler (2018) did not use mandatory pauses
between successive TOJ measurements, we will test the above questions by
asking whether the task decrement can be eliminated by longer intermeasurement breaks. These breaks will allow task-goals to be replaced by
competing goals that can also be pursued in the experimental environment
(such as drinking water, mind- wandering, etc.). Based on the goal-conflict
approach explanation of fatigue (Hockey 2011), rest periods have the
potential to protect against performance decline.
As feedback was the most likely candidate that could explain the differences
between our previous results and those of the studies of Bernasconi (2011),
we will also test the effects of performance-feedback by providing feedback
that compares the participants’ performance to a standard. This procedure is
expected to increase the participants’ motivation, as it can be assumed that
they do not want to perform below average (Garcia & Gonzalez 2006) and
thus the need to protect their self-image can strengthen the relative
importance of task-performance. In line with both the motivation control
theory (Hockey 2011) and the cost-benefit evaluation approach (Boksem and
Tops, 2008), strengthening the current goal can reduce fatigue effects.

108

Therefore, we tested the effects of feedback and longer pauses between the
repeated TOJ measurements in a 2x2 design. It was hypothesized that both
of these manipulations can reduce or even eliminate the performance
deterioration, because rest and motivation have been shown to be effective
factors for reducing mental fatigue (Bills 1931; McCormick et al, 2015;
Blasche et al. 2017).
Furthermore, we explored whether there is also a long-term decline in
performance or the floor has been reached after only four measurements. To
test this putative longer-term effect, the order of different conditions was
balanced across participants allowing us to measure the time on task effect
on the TOJ thresholds on both shorter and longer time-scales: the 4
threshold measurements within each condition (ca. 5-8 minutes versus all 16
measurements throughout the whole session (ca. 25-30 minutes). The
presence of a long-term performance decline would appear as larger
performance decrement over all 16 than over 4 measurements. Note that this
procedure does not accurately assess longer term decline, because
participants were allowed to rest between measurements, which could have
reset fatigue. On the other hand, finding a long-term decline even under
these circumstances would suggest the likely presence of a stronger longterm effect.
Finally, we tested whether the performance decline was due to a general
decline in attention or the performance deterioration was specific to
processes involved in the TOJ task. To this end an auditory flanker task was
completed four times in a row with participants controlling the rest time
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between
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task

blocks,

(similarly

to

the

TOJ

threshold

measurement). The flanker task was similar in its makeup (stimuli and
procedure) to TOJ task but did not depend on the threshold of temporal
discrimination (it differed from the TOJ in having a fixed ISI [100 ms] and in
delivering also trials in which both tones presented to the same ear
[congruent trials]). Thus while the TOJ and the flanker task share their
requirements of executive control processes, only TOJ involves testing the
acuity of perceptual processes. Therefore, employing the flanker task allowed
us to test whether the performance decline previously observed for TOJ was
due to decline in general executive control processes or processes specific to
the TOJ task. In the first case, one should expect an increase of the flanker
effect (increased reaction time difference between the congruent and
incongruent trials) within a period comparable to that found for the TOJ task
which correlates with the TOJ threshold increase. Because attentional
decline typically becomes detectable only after time-on-task periods which
are longer than the duration of our 4 successive TOJ measurements (Faber
et al. 2012), we do not expect to find significant increase of the flanker effect.
Three new experiments were run. The first one can be considered as a pilot
of the second. However, because it has been completed on a group of
reasonable size, thus providing value in terms of replicating the main findings
of the second experiment, it is presented, but only in the Supplementary
Material (Section A). Here we start with a short description of the relevant
incidental finding of our previous study (Simon & Winkler, 2018) including
details not described in the original report.
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2

Experiment I (Initial findings)

Simon and Winkler’s study (2018) tested the correlation between the
temporal discrimination threshold and perception in the auditory streaming
paradigm (Bregman 1990). The first task in the experiment was a TOJ
measurement that was followed by different psychometric tasks and
questionnaires. Previous reports suggested that the spatial TOJ paradigm
has lower test-retest reliability than the spectral version of TOJ (Fink et al.,
2005). Therefore, Simon and Winkler study (2018) measured the spatial TOJ
threshold again four times in a row after all the other psychometric tasks
were completed (approximately 1 hour from the beginning of the experiment).
2.1

Methods

All methods are fully described in Simon and Winkler (2018). Here we only
repeat those relevant for the current analysis.
2.1.1 Participants
Forty-one (29 female) healthy young adults participated in the study. They
received financial compensation for their participation. All of them had normal
hearing, as none of them had a hearing threshold higher than 25 dB HL and
the difference between the two ears did not exceed 15 dB HL at the
measured frequencies (250, 500, 1000 and 2000 Hz). The average age of
the participants was 21.98 (between 18 and 27 years). Participants provided
written informed consent to the procedure, which was approved by the
institutional Ethical Board (EPKEB). The experiment took place in a soundattenuated laboratory.
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2.1.2 Stimuli and procedures
Temporal Order Judgment task (TOJ)
Participants were instructed to judge the order of two short (10 ms, 1 ms
rise/fall times) pure tones (800 Hz) delivered to different ears by reporting
whether the sequence started at their right or left ear. The sounds were
presented via headphone at 69 dB SPL. The goal of the test is to find the
minimal ISI allowing a listener to reliably judge the order of the two tones.
Practice was administered in two phases before the threshold measurement
reported in the study. In the first phase, feedback was provided after each
response (ISI fixed at 150 ms; six repetitions). In the second phase, a
summary of the performance was provided after each practice block. Practice
blocks consisted of 6 pairs with ISI = 150 ms and 6 pairs with ISI = 100 ms,
delivered in a randomized order. There was no time pressure for responding:
the next pair was presented 500 ms after the response to the previous pair.
During the main threshold measurements, the stimuli were presented 600900 ms after the response (pressing the “1” or “2” keys on a standard IBM
PC keyboard with the index/middle finger for pairs starting at the left or right
ear, respectively) to the previous sound pair was registered. The threshold
was measured with a three-down-one-up adaptive algorithm that is: after
three correct responses, the ISI was shortened by one step; after an error,
the ISI was increased by one step. The threshold measurement was stopped
after eight errors, and the individual’s threshold was calculated as the
average of the last six ISIs at which the individual committed an error. The

112

initial ISI was 120 ms, the initial step size was 20 ms that was halved after
each error until it reached the minimum step size of 5 ms. The maximum ISI
was 200 ms. One threshold measurement lasted for about 2 minutes.
Procedure
The TOJ threshold was measured five times altogether: first at the beginning
of the experimental session and four times after all other measurements. In
order to maintain motivation and attentional focus, the four successive
measurements at the end of the session were introduced as a ‘challenge’: a
small prize was offered for exceptional performance (less than 15 ms) in the
form of a chocolate bar and after each threshold measurement (referred
hereafter as “run”) the measured threshold was presented on the screen.
Participants were allowed to do the tasks at their own pace: they started the
next run by pressing the SPACE key whenever they felt that they are ready
for it.
Equipment (applicable to all experiments in this study)
All sounds were generated in the Audacity 2.1.1. software (© 1999-2017
Audacity Team), with 44100 Hz sampling frequency at 16-bit resolution.
Sounds were delivered through Creative SB X-Fi sound card and Sennheiser
HD 600 headphone by Matlab R2014a software (PsychtoolBox 3.0.12;
Brainard 1997; Pelli 1997; Kleiner et al. 2007). Responses were measured by
a custom MATLAB script.
Questionnaire (PANAS)
The Hungarian version of the Positive and Negative Affect Schedule (PANAS
- Gyollai et al. 2011 based on Watson et al. 1988) questionnaire was
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administered after the first and the last TOJ measurement. The questionnaire
presents descriptions of 10 positive and 10 negative emotional states (e.g.,
excited, vigilant, nervous, vigorous, tense). Participants reported how their
actual state matched with each of the 20 items on a 5 point Likert scale (from
‘Not at all’ to ‘Very much’). The state “fatigued” was appended to the states
tested by the questionnaire in order to register a proxy measure of subjective
fatigue. The positive affectivity index was calculated as the sum of the
response values of the 10 original positive emotional states and similarly the
negative emotional affectivity index was based on the responses of the 10
original negative states.
Statistical analysis common to all experiments
Spearman’s Rank correlation was applied for all correlational analysis (even
when the two variables met all the prerequisites of a parametric probe) for
better comparability across the different results (see Supplementary Tables 9
and 10 for a comparison between Spearman’s and Pearson’s correlation
results for all correlations tested).
Repeated measures ANOVAs were used to test the effects of the main
variables. The Mean Difference (MD), and partial eta square effect size (pη 2)
are reported for each analysis. Whenever Mauchly’s Test of Sphericity was
significant, the degree of freedom was Greenhouse-Geisser corrected and
the ε coefficient is reported. The alpha level for statistical tests was set at
0.05. Post-hoc pairwise comparisons were Bonferroni corrected.
2.2. Results (initial findings)
The data is available on the following site: https://osf.io/rauwb/
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The average thresholds are shown on Fig. 1. The one-factor rmANOVA of
the five TOJ measures was significant (F(4,160) = 6.212, p < .001, pη 2 =
0.134). Post-hoc comparisons yielded the following significant differences:
between runs number 0 and 4 (MD = -17.48, p = .001), between runs number
1 and 2 (MD = -12.19, p = .04), and between runs number 1 and 4 (MD = 17.87, p = .004).

Fig. 1. TOJ thresholds from the initial experiment. The first measurement
(run = 0) took place at the beginning of the experimental session, whereas
the other four were administered without long breaks at the end of the
session (ca. one hour later). Participants received feedback after runs 1-4.
The vertical axis shows the average TOJ thresholds with +/- 1 SE (standard
error).
The change in subjective fatigue was also significant (t(39) = -4.207, p
< .001).
Correlational analyzes
Significant correlation was found between the change (end-minus-beginning)
in subjective fatigue (measured together with PANAS) and the change in
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positive affectivity (rs(39) = -.404, p = .016) but not between the change in
subjective fatigue and the change in negative affectivity (r s(39) = .192, p
= .236).
No significant correlation was found between performance deterioration in
TOJ (threshold at the 4th minus the 1st measurement) and subjective fatigue
either at the beginning (r s(39) = .128, p = .426) or at the end of the session
(rs(38) = -.053, p = .746) or the change in subjective fatigue during the
session (rs(38) = -.066, p = .688).
2.3. Discussion (initial findings)
There was a significant increase of the threshold during the four consecutive
measurements, even though one measurement lasted only for ca. 1-2
minutes, there was no time-pressure for the responses, and participants
themselves determined when to start the next measurement (i.e., the intermeasurement interval). On the other hand, there was no significant difference
between the threshold found during the first TOJ measurement at the
beginning of the experimental session and the first of the last four TOJ
thresholds measured at the end of the experimental session. This suggests
that general increase in sleepiness or task-disengagement did not
significantly influence the participants’ performance in the threshold
measurement between the beginning and the end of the session. Therefore,
three main non-exclusive explanations can be offered: 1) The TOJ task
requires some perceptual process (such as the subtle discrimination
required), which cannot be maintained without resting or strong effort; 2)
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Performance deterioration is the result of decline in control mechanisms
(e.g., attention). 3) Participants commitment to do the task properly
(thoroughly as opposed to formally following the instructions) decreased
during the successive measurements.
3. Experiment II
In a pilot experiment, we replicated the short-term performance deterioration
of the TOJ threshold (see Suppl. Section A). This motivated us to conduct a
full study with a relatively large sample size. If the short-term increase of the
TOJ threshold is a fatigue effect one should expect that proper rest periods
and strong motivation would attenuate or eliminate it. Therefore, we
employed two types of manipulations in a 2x2 design: mandatory resting
periods between consecutive measurements and a false feedback comparing
the participant’s actual threshold to a “standard”. The latter was expected to
provide stronger motivation than only presenting the actually measured
threshold value on the computer screen as it was done by Simon and Winkler
(2018). The effects of the valence of the initial feedback (positive or negative)
were also explored.
Because performance deterioration can be the result of fatigued control
mechanisms without change in temporal processing, an auditory flanker task
was also administered to assess attentional control decline falling outside
changes in the resolution of temporal processing. The flanker task
administered contained stimulus pairs with a long ISI that allowed
participants to make the necessary order judgements without too much effort
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focused on the perceptual aspect of the task (Pöppel 1997). This task was
repeated four times (just as the TOJ measurements) with 40 incongruent
trials (when the sounds were presented to different ears, just like in TOJ) per
run. The number of incongruent trials in the flanker task is roughly equal to
the number of judgements made during a TOJ threshold measurement. Also
similarly to the TOJ threshold measurements, each stimulus block was
initiated by the participant. Performance change from run to run in the TOJ
task should then be corrected with the changes observed in this task for
assessing the role of fine temporal discrimination in performance decline in
TOJ.
Another possible explanation to the performance decline is change in the
participants’ willingness to properly perform the task (i.e., they could abandon
the task and respond randomly). In order to test this, we measured the
strength of task-goals (Elliot, Murayama & Pekrun 2011). This questionnaire
measures the willingness to comply with task demands by presenting items,
such as ‘Do the task correctly’ or ‘Avoid doing the task incorrectly’. The
questionnaire was validated on undergraduate students completing an exam.
If performance deterioration was due to reduced willingness to perform the
task at a high level, then the task-goals score should reflect this.
Furthermore, if a putative motivation reduction in the previous study was at
least partly due to how participants evaluated the difference between the
stated goals (15 ms) and their performance, then participants more sensitive
to criticism would show a larger performance deterioration with the current
procedure (which directly, although falsely, relates their performance to an
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expected level), because they either get more frustrated during the tasks or
less motivated to continue. On the other hand, the rationale for linking the
subjective feeling of fatigue and sensitivity to criticism is that participants
more sensitive to the negative evaluation of their performance could be more
willing to report being fatigued as failure can be attributed to something
unrelated to their abilities. Note that this suggests association between
sensitivity to criticism and subjective, rather than objective fatigue. To test
this possibility, we measured sensitivity to criticism by a new questionnaire
(personal communication by Gábor Orosz). This construct measures the
negative emotional impact of a received critique that manifests either in overengagement with the critique or in the effort to suppress critique-related
thoughts.
Finally we also assessed the relationship between the subjective and the
objective indices of fatigue. Because some previous studies showed that the
two constructs are uncorrelated under non-extreme conditions while others
found correlation (see Section 1.1), here we assumed that subjective fatigue
will be better explained by the sensitivity to criticism than by change in
performance (objective fatigue).
3.1. Methods
3.1.1. Participants
Forty-eight plus one healthy, native Hungarian speaking young adults
participated

in

the

experiment.

They

received

a

modest

financial

compensation (1410 HUF, ~ 5 USD) for their participation through a student
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work organization. One participant reported that she heard the sounds louder
in her left ear (despite normal audiometry), therefore she was excluded and
another participant was recorded with the design parameters (see below)
assigned to her. In the final group of 48 participants, there were 33 females;
the age of participants ranged between 18 and 27. All participants had
normal hearing with a hearing threshold below 25 dB HL at 1000 Hz (mean =
4.58; range: -5 to 25) and the difference between the ears did not exceed 15
dB HL (mean = .416; range: -15 to 20). Participants provided written informed
consent to the procedures, which were approved by the Ethical Board
(EPKEB).
3.1.2. Stimuli and procedures
TOJ task. The same algorithm was used as was employed by Simon and
Winkler (2018). The average number of responses per participant was 37.89
(SD = 4.93; minimum = 19.81, maximum = 44). One run lasted typically less
than 2 minutes (most frequently just about 1 minute).
In two conditions, mandatory pauses were inserted between runs: for one
minute classical music was played and a natural scene was presented on the
monitor in front of the participant, which has been shown to have good
restorative effect (Berto, 2005). The music was selected on the basis of the
ratings from 12 young adults (none of whom participated later in the
experiment). Three samples out of 12 were selected for the study, the three
most neutral (details in Suppl. Section G).
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In two conditions, feedback was provided after each threshold measurement.
In the mandatory pause + feedback condition, the feedback followed the rest
period. Thus the four conditions were: F-P (condition with feedback and
mandatory pauses between the measurements), F – NP (condition with
feedback but no mandatory pause), NF – P (condition without feedback but
with mandatory pauses) and NF – NP (a condition without feedback or
mandatory pauses). The feedback was false, one variant being positive, the
other negative.
Positive: Congratulations! You performed better than the average of young
adults.
Negative: Regrettably, you performed worse than the average of young
adults.
Two groups of participants were formed. The experimental procedure for the
groups only differed in the feedback they received. Within the two blocks
(conditions) with feedback, one group received positive feedback after the
first run (measurement; “positive start” group), while the other group received
negative feedback first (“negative start” group). Both groups then received
negative feedback after the 2 nd and 3rd run and positive feedback after the 4 th
run.
Participants were informed that accuracy is more important than speed in
making their judgments.
Situational Subjective Fatigue Questionnaire. The participants were asked to
answer on a 7 point Likert scale (1– ‘not at all true’, 7- ‘absolutely true’) to the
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Hungarian version of the following questions: ‘I felt like my brain got tired
during the tasks.’, ’I frequently felt exhausted during the tasks.’, ’I felt like I
lost efficacy with time on task.’, ’I became indifferent regarding my
performance.’, ’Sometimes I felt like I want to quit trying.’, ’It became harder
to focus on the task’. As responses to the second item did not correlate with
those to the other items, the average of the remaining five items was treated
as a proxy of task-related fatigue. The Cronbach’s Alpha of the five-item
questionnaire was .836.
Achievement Goals Questionnaire (AGQ). This questionnaire has been
adapted to Hungarian by Urban et al. (2014) from Elliot, Murayama, and
Pekrun’s (2011) original measure. It consists of 18 items evaluated on a 7
point Likert Scale (e.g., ‘My goal was to perform well in the task.’; response
alternatives: 1– ‘Not true in my case’ to 7– ‘Excessively true in my case’). The
following subscale scores can be computed: Task-approach, Task-avoidance
(in the sense that someone wanted to avoid failure in the task), Otherapproach, Other-avoidance, Self-approach and Self-avoidance. In this study,
we focused on the first four subscales to assess consistency in the
motivation to perform well in the different tasks (Task-goals) and to test the
effects of our manipulations (Other-goals). AGQ was measured two times:
once after all TOJ measurements and once after the flanker task.
Sensitivity to criticism. As no instrument was readily available to measure
one’s criticism-related engagement, we opted to administer a short
questionnaire that has recently been constructed by Orosz et al. (in
preparation) and validated on >900 Hungarian responders (from adolescence
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to elderly age). For details see Suppl. Section F. In the current study, we only
analyzed items of the Over-engagement and Disengagement subscales and
pooled them as a proxy to sensitivity to criticism, because the two subscales
are positively correlated and they both represent negative aspects of
sensitivity. Over-engagement refers to being overtaken by negative emotions
(such as worry), ruminating on the criticism and being judgmental of oneself
after a negative feedback (e.g. ‘I’m not forgiving with myself, because I
constantly think about what was said to me’). Disengagement is also a
maladaptive form of emotion regulation and it manifests in denial, distraction,
or suppression of the critique-related thoughts (e.g. ‘I do my best in order to
eliminate the pain of the criticism’). The six-item version has an acceptable
level .804 Cronbach’s Alpha.
Auditory Flanker Task. This task was based on the auditory attention
paradigm of Spagna, Mackle, and Fan (2015) but modified to better fit the
current experimental setup: instead of frequency we used spatial congruence
vs. incongruence to better match the TOJ paradigm. Spagna et al.’s
paradigm represents a three-component model of attention: orientation,
alerting and executive attention. We focused on the executive component of
this attention model, because we assumed that this can be most susceptive
to short-term fatigue and it was reported that the measures of the other
attention components had low reliability (Spagna et al., 2015). Therefore,
orienting and alerting cues were not used and the overall measurement
became shorter. Executive attention is reflected in the performance
difference between the congruent and incongruent trials. Participants were
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instructed to judge which of their ears received the first of two successive
sounds. In congruent trials, the two sounds were presented to the same ear;
in the incongruent trials, the two were presented to separate ears. The
sounds and the response buttons were the same as in the TOJ paradigm.
The inter-stimulus interval was always 100 ms between the two tones.
Congruent and incongruent trials were equiprobably intermixed. The
participants performed four runs of this task, each containing 40 congruent
and 40 incongruent trials. Similarly to the TOJ measurements, participants
started the next run by hitting the SPACE key when they were ready to
continue. A practice session preceded the main measurements, 20
repetitions with feedback (at the end of the 20 trials a message about the hit
and miss rate appeared in the center of the screen) was provided.
3.1.3. Procedure. Participants were assigned to the two groups randomly but
with overall equal number of participants being assigned to each. The
session started with the audiometry measurement. Participants then
completed the practice version of the TOJ task followed by the four blocks of
TOJ task (each block containing four runs). The order of the blocks
(conditions) was balanced across participants so that each possible order
was assigned to exactly one participant in each group.
The TOJ measurements were followed by the computerized version of the
questionnaires in the following order: Situational Subjective Fatigue,
Achievement Goals, Mindfulness (see Suppl. Section D) and Subjective
Vitality and General Subjective Fatigue (see Suppl. Section D). After the
questionnaires, participants completed four runs of the Auditory Flanker Task
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followed

by

a

second

administration

of

the

Achievement

Goals

Questionnaire. The experimental session lasted about one and a half hour
(including rests and information at the beginning), taking place on a single
day. The order of the TOJ and Flanker sessions was not counterbalanced
because that would have introduced noise in the correlation between the
potential performance declines measured in the two tasks. With the flanker
task performed close to the end of the session, it was assumed that if there is
a general increase in fatigue by time-on-task, there is a higher chance that it
will manifest in it.
3.2. Statistical principles. The experimental questions were tested with mixed
ANOVAs. For assessing the effect of time on task within a measurement
block, all four measurements have been included in the ANOVA (factor
termed RUN1-4). For testing the manipulation effects, the first runs of the
blocks were excluded as those were not preceded by feedback or controlled
pauses (factor name: RUN2-4). The long term performance decline was
tested on all 16 consecutive TOJ measurements irrespective of the
manipulations, as the order of those was counterbalanced across
participants. Details of the statistical and power analyzes can be found in
Suppl. Section E.
Normality was tested with the Kolmogorov-Smirnov tests as the sample size
is relatively high. The Feedback-effect and the additional Pause-effect
became significant (p = .018, and p = .027 respectively); therefore
Spearman’s rank correlations were conducted.
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3.3. Results
The data is available on the following site: https://osf.io/7832b/
3.3.1. Analysis of TOJ effects. The mean TOJ thresholds in milliseconds in
the “positive start” group were the following: 46.39 (F-P), 52.19 (NF-P), 54.37
(F-NP) and 59.32 (NF-NP). These averages were the following in the
“negative start” group: 46.30 (F-P), 47.70 (NF-P), 46.24 (F-NP) and 54.42
(NF-NP) - see also Fig. 2.

Fig. 2. The mean TOJ thresholds by group and by condition with 1
standard error. (F – feedback, P – pause)
TOJ performance as a function of the run was tested by a mixed model
ANOVA (within-subject factor RUN1-4 × between-subject factor GROUP
[positive vs. negative first feedback]) of the TOJ thresholds measured in ”no
pause, no feedback” condition (which was assumed to be compatible with the
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measurement in Simon and Winkler (2018)): significant main effect of RUN14 (F(3,138) = 3.420, p = .019, pη 2 = .069) and significant RUN1-4 × GROUP
interaction (F(3,138) = 3.309, p = .022, pη 2 = .067) were found. While there
was significant performance deterioration in the “positive start” group
(F(3,51.053) = 4.007, p = .021, ε = .740), only a tendency for deterioration
was observed in the “negative start” group (F(3,69) = 2.705, p = .052).
Neither covariate from the flanker task affected the TOJ threshold
deterioration significantly: a) change from the 4 th compared to the 1st run in
error rate difference between the congruent and incongruent trials
(F(2.59,116.56) = .552, p = .622, pη 2 = .012) and b) mean RT difference
between the congruent and incongruent trials (F(3,135) = .773, p = .511, pη 2
= .017).
There was no significant difference between the two groups in the first (premanipulation) threshold (t(46) = -.374, p = .710, M(positive) = 44.06 ms,
M(negative) = 47.05 ms).
The four-way mixed model ANOVA (within-subject factors PAUSE ×
FEEDBACK × RUN2-4 × between-subjects factor GROUP) testing the effects
of the manipulations yielded significant main effects of PAUSE (F(1,46) =
4.784, p = .034, pη2 = .094) and FEEDBACK (F(1,46) = 8.946, p = .004, pη 2 =
.163) and a significant GROUP × RUN2-4 interaction (F(2,92) = .4.493, p
= .014, pη2 = .170). Both feedback and pause reduced the thresholds (see
also Suppl. Fig. 8). Post-hoc analyses revealed that whereas in the “positive
start” group there was a significant RUN effect (F(2,46) = 5.571, p = .007, pη 2
= .195), this was absent in the “negative start” group (F(2,46) = .603, p
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= .552, pη2 = .026).
The mean pause effect (collapsed across groups and runs 2-4) was 6.92 ms
(NF-NP minus NF-P), the feedback effect was 6.56 ms (NF-NP minus F-NP),
the additional mean pause effect (the pause effect when feedback was
provided) was 3.95 ms (F-NP minus F-P) and the additional mean feedback
effect (the feedback effect when pause was mandatory) was 3.59 ms (NF-P
minus F-P). Correlations between these differences are summarized in Table
1 (see Pearson’s correlations in Supplementary Table 10).
Table 1. Rho correlation coefficients between the manipulation effects. The
abbreviation ‘Add.’ (additional) refers to the feedback effect when also a
pause was mandatory and to the pause effect when also feedback was
provided.

Pause

Feedback

Add. Pause

Add. Feedback

.357 (p = .013)

.434 (p = .002)

-.374 (p = .009)

-.218 (p > .05)

-.155 (p > .05)

Feedback
Add. Pause

.309 (p = .033)

The ANOVA (within-subject factor TIME [N = 16] × between-subjects factor
GROUP) testing TOJ performance change throughout the whole series of
measurements (all 16 runs as a sequence) yielded significant interaction
between TIME and GROUP (F(15,690) = 2.082, p = .009, pη 2 = .043). Fig. 3
shows that the performance differed between the two groups as a function of
the position of the threshold measurement within the whole series.
Performance in the “positive start” group dropped early and stabilized
thereafter, whereas in the “negative start” group, performance started to
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deteriorate only at the end of the series of measurements.

Fig. 3. Group-average (N=24) TOJ thresholds (with +/-1 SE) for the 16
consecutive measurements.
Finally, the mixed ANOVA (within-subject factor ORDER [the first vs. the
second run that included feedback] × between-subject factor GROUP) testing
the immediate effects of the valence of the first feedback yielded no
significant main effect or interaction.
3.3.2. Achievement Goal Questionnaire. The mixed model ANOVA of the
AGQ scores (within subject-factors TYPE [Task-goals vs. Other-goals] ×
QUALITY [approach vs. avoidance] × REPORT-TIME [post-TOJ vs. postflanker task] × between subjects factor GROUP) yielded a significant TYPE
effect, Task-goals scores being higher than the Other-goals scores (F(46) =
34.58, p < .001, pη2 = .429). The TYPE × QUALITY interaction was
significant (F(46) = 14.468, p < .001, pη 2 = .239; stronger avoidance in Othergoals, stronger approach in Task-goals) as well as the REPORT-TIME ×
QUALITY interaction (F(46) = 4.88, p = .032, pη 2 = .096; decreased
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avoidance goals after the flanker than the TOJ task; see also Suppl., Section
C, Fig. 6). No other main effect or interaction was significant. The mean
scores of Task-goals (approach and avoidance combined) were 5.81 and
5.75 in the post-TOJ and post-flanker measurements, respectively, while the
mean scores of Other-goals were 4.67 and 4.35, similarly.
3.3.3. The flanker task. The ANOVA (within subject-factors RUN1-4 ×
CONGRUENCY [congruent vs. incongruent trials] × between subject factor
GROUP) of the median reaction times showed a significant CONGRUENCY
main effect (F(1,46) = 69.239, p < .001, pη 2 = .601), but no RUN1-4 effect
(F(3,138) = .109, p = .95, pη 2 = .002) and no significant interactions. The
mean incongruent-minus-congruent differences in the four consecutive runs
are shown in Suppl. Table 8. The ANOVA of error rates yielded significant
RUN1-4 (F(3,138) = 4.16, p = .007, pη 2 = .083) and CONGRUENCY main
effects (F(1,46) = 63.241, p <.001, pη 2 = .579) and RUN1-4 × GROUP
interaction (F(3,138) = 3.141, p = .027, pη 2 = .064). The mean error rate
differences are shown in Suppl. Table 8, Section C. The effect of the TOJ
threshold covariate on the CONGRUENCY (F(1,45) = 31.850, p < .001, pη 2 =
.414) as well as on the RUN factor (F(3,135) = 2.847, p = .040, pη 2 = .059)
were significant, showing that the TOJ threshold had a significant role in
determining the error rates.
3.3.4. Analysis of individual differences
The subjective situational fatigue showed stronger relationship with the
“sensitivity to criticism” score (r s(46) = .45, p = .001) than with TOJ
performance deterioration (objective fatigue: change from the 1 st to the 4th run
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of the NF-NP condition), the latter not reaching significance (r s(46) = -.21, p =
.15). No significant correlations were found between TOJ performance
deterioration and any of the questionnaire measures or the change from the
1st to the 4th run in the flanker task performance (congruent-minusincongruent RT).
4. Experiment III
The order of the TOJ and the Flanker task was not counterbalanced in
Experiment III, which could have biased some of the Flanker task results by
e.g., carryover from the TOJ task or by knowing that the Flanker is the last
auditory task of the session. Therefore, in Experiment III, the order between
the TOJ and the control task was counterbalanced. Since we did not find a
time-on-task effect on the flanker effect (the congruent-incongruent
difference), we modified the task to be even more similar to a TOJ
measurement by removing the congruent trials. Thus the task only differs
from the TOJ task by having a constant 150 ms ISI (labeled Easy-TOJ). The
ISI was increased compared to that in the previous experiment, because in
Experiment II, some participants’ first TOJ threshold in the NF-NP condition
was higher than 100 ms (but not higher than 150 ms). The benefit of the
change is that the duration of one block of the modified task is equal to that
of the TOJ threshold measurement. Finally, six consecutive blocks were
presented for each task, instead of the four used in previous experiments to
assess whether the trend of performance decline continues beyond four
consecutive blocks. Feedback was only provided at the end of the
experimental session for assessing performance decline effects without the
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feedback effect found in Experiment II.
4.1. Methods
4.1.1. Participants
Two groups of twenty healthy, native Hungarian speaking young adults
participated in the experiment: The 1 st group included 18 females (70% right
handed; age between 18 and 23 years), the 2 nd 18 females (95% right
handed; age between 18 and 28 years). All participants had normal hearing
with a maximum 20 dB HL hearing threshold at 1000 Hz (mean = 4.625 dB;
range: -5 to 20)) and the difference between the ears did not exceed 10 dB
HL (mean = -1.75 dB; range: -10 to 10)). Participants provided written
informed consent and received course credit as compensation for their
participation. The study was approved by the Ethical Board (EPKEB).
4.1.2. Stimuli and procedures
The TOJ task was identical to that employed in Experiment III. The Easy-TOJ
task was a reduced version of the previously used flanker task: There
congruent trials were removed and the constant ISI was set at 150 ms. This
task thus only differs from the TOJ task in that ISI is fixed. One stimulus block
included 40 trials.
Task Specific Fatigue Question. Participants were asked to rate with a 7 point
Likert scale (1 – Not at all, 2 – No, 3 – Rather not, 4 – Yes and No, 5 – Rather
true, 6 – True, 7 – Absolutely true) how much they agree with the following
statement: “I felt like my brain got tired during the tasks”.
Task Specific Effort Question. Participants answered how much effort they
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needed in the previous task using a 9 point Likert scale (1 – Nothing, 9 –
Very much).
Task Specific Difficulty Question. Participants answered using a 9 point Likert
scale (1 – Nothing, 9 – Very much) how difficult the previous task was.
PANAS. The affectivity questionnaire presented in Experiment I with the
change that the expression “bored” was inserted at the 11 th position of the list
(but not used when calculating either of the PANAS affectivity indices).
AGQ. Same as in Experiment II.
Procedure. Participants were briefed at the beginning of the experiment that
performance feedback will be presented only at the end of the experiment
(except for practice blocks) in terms of their average accuracy and average
discrimination threshold. The main experiment consisted of two parts
separated by a 3-minute mandatory pause during which instrumental music
was playing in the background. Listening to music was optional: participants
were told that if they do not like the music, they can take off the headphone.
In each part, there were either six stimulus blocks of the same type: Half of
the participants started with the TOJ threshold measurements (1 st/TOJ-start
group) while the other half with the Easy-TOJ task (2 nd/Easy-TOJ-start
group). The practice sessions were identical to those employed in
Experiment II, with a separate practice presented before the first block in
each part of the experiment. These measurements were preceded and
followed by the PANAS Questionnaire. Before the post-measurement
PANAS, the questions about effort and perceived task difficulty were
presented. The PANAS was followed by the Task Specific Fatigue question.
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Finally, the AGQ questionnaire was to be filled with its questions referring to
all the tasks before.
4.2. Statistical testing. The same principles were applied as in the previous
experiments. As an index of performance decrement, a linear function was
fitted to the six measurements and its slope was calculated (termed TOJtrend and Easy-TOJ-trend).
4.3. Results
The data is available on the following site: https://osf.io/c2hbv/
4.3.1. Descriptive statistics
The average TOJ threshold was 38.45 ms (SD = 26.54 ms) in the first block
and 51.22 ms (SD = 22.86 ms) for all six blocks. The average accuracy was
97.25% (SD = 3.4%, minimum 88%, maximum 100%) in the first block of the
Easy-TOJ task and 96.15% (SD = 4.17%, minimum 83%, maximum 100%)
for all six blocks. The average task-approach goal value was 5.74 out of 7
(SD = 1.33; the other goals are reported in the Supp. Table 14-15), which can
be regarded as rather high, as it is significantly greater than four that is
‘moderately true’ (t(39) = 8.229, p < .001). The mean response to the taskspecific fatigue question after the TOJ measurements was 4.1 (SD = 1.53),
which suggests the presence of subjective fatigue, because this is
significantly (t(39) = 4.53, p < .001) higher than 3 (‘rather no’), which is the
highest no-fatigue response.
4.3.2. Analysis of the time on task effect on the TOJ threshold
Figure 4 shows the TOJ thresholds as a function of the order of
measurements (RUNs), separately for the two groups of participants. An
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ANCOVA was conducted on the TOJ threshold with the within-subject factor
RUN (N = 6), the between-subject factor GROUP (N = 2; TOJ start vs. EasyTOJ start), and the Easy-TOJ-trend as covariant. There was a significant
main effect of RUN (F(5,185) = 4.774, p < .001, pη2 = .114), but no
significant GROUP effect (F(5,185) = .943, p = .943, pη2 = .025) or EasyTOJ-trend effect (F(5,185) = .686, p = .635, pη2 = .018). Exchanging the
covariant to the mean Easy-TOJ accuracy resulted in, the RUN effect no
longer being significant (F(5,185) = .1.37, p = .238, pη2 = .036). However, the
covariant still had no significant effect (F(5,185) = 1.23, p = .296, pη2 = .032).

Fig 4.

Performance deterioration

during

successive TOJ threshold

measurements, separately for the two groups of subjects. The error bar
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reflects the standard error.
4.3.3. Analysis of the time on task effect on the Easy-TOJ accuracy
measurement
Accuracy as a function of the order of measurements (RUNs) is shown on
Supplementary Figure 9. An ANCOVA was conducted on the Easy-TOJ
accuracy with the within-subject factor RUN (N = 6), the between-subject
factor GROUP (N = 2; TOJ start or Easy-TOJ start), and the covariant TOJtrend (to assess the commonality with the slope of accuracy in the Easy-TOJ
task). There was a significant main effect of RUN (F(3.88,143.73) = 4.089, p
= .004, pη2 = .100, ε = .777), but no significant GROUP effect
(F(3.88,143.73) = 1.177, p = .324, pη2 = .031, ε = .777) or TOJ-trend effect
(F(3.88,143.73) = .315, p = .863, pη2 = .008, ε = .777). Exchanging the
covariant to the mean TOJ threshold (to check whether the effects were
dependent on the temporal processing parameter represented by the TOJ
threshold), the RUN effect disappeared (F(3.73,138.34) = .821, p = .536, pη2
= .100, ε = .748) and the covariant effect became significant (F(3.73,138.34)
= 3.692, p = .008, pη2 = .091, ε = .748).
4.3.4. Correlations
There was a significant correlation between the two measures of subjective
fatigue: the PANAS post-TOJ fatigue question and the task-specific fatigue
question after TOJ measurements (r(38) = .488, p = .001). We checked the
correlations of the latter with other variables as it is more specific to the TOJ
task (to assess the commonality with the slope of accuracy in the TOJ task).
There was a significant correlation between the change in positive affectivity
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and subjective fatigue (r(38) = -.346, p = .029), larger decrease in positive
affectivity was related to higher subjective fatigue. However, there was no
significant correlation between the TOJ-trend (a proxy of objective fatigue)
and subjective fatigue (r(38) = -.114, p = .483).
The correlation between mean TOJ threshold and mean Easy-TOJ accuracy
is rho(38) = -.719, p < .001). For a full list of correlations, see Supp. Table 12.
4.3.5. Predictors of subjective fatigue
In order to explain the subjective fatigue measure a linear regression was
conducted using the backward elimination method. The independent
variables were: perceived effort, general perceived fatigue before the TOJ
tasks, change in positive affectivity and the minimum TOJ threshold. These
variables were selected because they had a correlation higher than 0.3 with
the dependent variable and did not have a correlation higher than 0.7 with
each other – due to the latter, perceived effort was included, while task
difficulty was not used in this analysis (see Supp. Section H after Supp. Table
13). The model was significant (F(3,35) = 7.137, p < .001) and had an
adjusted R Square of .386. Based on the standardized coefficient beta (β
= .347, t(35) = 2.70, p = .01) and the semi-partial correlation reflecting the
unique contribution of the variables (part = .340) the most predictive variable
was perceived effort, while the second most predictive one was the minimum
TOJ threshold (β = .325, t(35) = 2.54, p = .016 ; part = .319 ). Before-task
fatigue (β = .260, t(35) = 1.99, p = .054; part = .319) and change in positive
affectivity (β =- .221, t(35) = -1.69, p = .099 ; part = -.212) did not significantly
predict subjective fatigue themselves, but they improved the adjusted square
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and were thus kept in the model. Note that the sample size is small.
Further analyses can be found in the Supplement (Section H).
Discussion
The short-term performance deterioration while repeatedly measuring the
spatial TOJ threshold initially observed by Simon and Winkler (2018) has
been now replicated multiple times in different groups of participants
(including the pilot experiment – see Suppl. Section A). Therefore, it appears
to be a reliable phenomenon.
This performance deterioration was eliminated or at least largely reduced by
mandatory pauses inserted between successive measurements as well as by
a (false) feedback procedure, which strongly motivated the participants to
perform the task to the best of their abilities. Again, the effects of pause and
feedback have been replicated in two groups of participants (including the
pilot experiment – see Suppl. Section A). The effectivity of additional
motivation and rest periods is in line with the notion that the deterioration of
task performance was due to some form of fatigue (Bills, 1931; McCormick,
Meije, & Marcora 2015; Blasche et al, 2017).
An alternative to the fatigue explanation is that the commitment of
participants to thoroughly follow the instructions has diminished during the
repeated measurements. In both the main and the pilot experiment (see
Suppl. Section A), the willingness of the participants to perform the task was
high, ca. 6 out of 7 in the Achievement Goal Questionnaire even after the
TOJ measurement. Therefore, it is unlikely that the quick performance
deterioration was due to a reluctance to follow instructions. Further,
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sensitivity to criticism was not related to performance deterioration. This
result also argues against a decrement in the willingness to perform the task.
Two non-exclusive versions of the fatigue explanation were offered: fatigue
specific to the temporal processing required by the threshold judgments in
TOJ and a general increase of inattentiveness. The lack of performance
decline in the flanker task (no significant change in the congruent-minusincongruent RT difference as a function of the run) and the lack of covariate
effect of the flanker-task performance on the TOJ performance decline
suggest that temporal processing was affected. Note that the error rate
increase could be explained by the level of temporal discrimination ability of
the participants, as the mean TOJ threshold explained considerable variance
in Flanker error rate. However, performance increase is possible when
participants know that they reach the end of work causing mental fatigue.
This may have affected the performance measured in the flanker task. In
order to asses this putative effect, Experiment III counterbalanced the order
of the TOJ and a control task, the latter measuring the accuracy of order
judgements at a supra-threshold ISI. The order of the two tasks did not
significantly affect performance in either task or the time-on-task effects
found for them. Both the TOJ threshold and the Easy-TOJ accuracy showed
significant RUN effects, which were eliminated by including the mean value
of the other as covariant. This suggests a common source for the two RUN
effects. Because only the mean TOJ threshold had a significant covariant
effect, the common source is the TOJ threshold, similarly to the source of the
error increase in the Flanker task in Experiment II. This interpretation is
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further supported by the significant negative correlation between mean TOJ
threshold and the mean Easy-TOJ accuracy, which shows that participants
with a high TOJ threshold (low temporal resolution) were less accurate in the
control tasks based on order judgement (Flanker and Easy-TOJ tasks) and
with the time-on-task increase of the TOJ threshold, they made even more
errors in the control tasks. Therefore, we conclude that the short-term TOJ
threshold increase is likely due to fatigue induced changes in fine temporal
processing. However, this does not mean that attentional processes were
unaffected. During continuous performance, small lapses of attention can
happen that can be compensated in other tasks and do not show on a block
level average (Hockey, 2011). However, the adaptive procedure employed for
the TOJ threshold measurement may be more sensitive to these small
lapses.
Future research may further explore whether temporal processing per se is
highly sensitive to fatigue within such a relatively short period of time or some
process specific to the applied TOJ task causes the performance
deterioration. For example, in the current study participants had to prepare
for the next trial immediately after a response. If they initiated each trial
themselves that would have increased their control, which could have
reduced the performance decline.
Signs of longer-term fatigue were also shown for the TOJ threshold
measurements: Thresholds increased over the whole course of the sixteen
consecutive measurements despite that participants were allowed to rest
between blocks. It is possible that this longer-term threshold increase is
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based on the same temporal-processing specific mechanisms as was
suggested above for the short-term fatigue phenomenon. However, it is also
possible that the longer-term effect has a different source. Note that because
some of the participants did rest between the conditions, fully continuous 16
measurements of TOJ would provide a better assessment of the long-term
fatigue effect.
In the pilot Experiment (see Suppl. Section A) as well as in Experiment II, the
main effects of pause and feedback positively correlated, and the effects of
the additional manipulations were negatively related to each other (e.g.,
when pause had a large effect, an additional feedback resulted in a smaller
increase in performance than when the pause effect was small; see Table 1).
This suggests a common source of residual capacity that can be mobilized
by either manipulation.
The fact that the short-term performance deterioration cannot be explained
by a lack of willingness to perform the task does not mean that it is not
susceptible to motivational factors. While performance decline was present
when only the participant’s actual performance was presented as feedback
(Simon & Winkler, 2018), the evaluation of performance compared to some
“standard” eliminated the performance decline, as proximity to a meaningful
“standard” increases competitiveness (Garcia et al. 2006).
While TOJ thresholds did not initially differ between the two groups of
participants (i.e., similar first TOJ thresholds), the groups with different
feedback valence schedule differed in their trajectory of performance change.
This can be explained by assuming that the influence of negative and
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positive feedback on arousal differ from each other (Venables & Fairclough
2009). The effect of feedback valence was not local, as we found no effect
specific to the valence of the very first feedback received by the participant.
Rather, possibly the overall amount of negative feedback or the overall ratio
between the two types of feedback matters, since the group receiving
negative feedback after the first measurement received more negative
feedback overall than the other group (and no positive feedback). This
explanation is also supported by the finding that the same group difference
(“negative start” group advantage) was found in the no-pause/no-feedback
(NP-NF) condition in which participants did not receive any actual feedback,
because the NP-NF condition appeared after one or both feedback
conditions for many of the participants. Alternatively, one could hypothesize
that the participant’s view of the experiment differed between the groups due
to the different feedback protocols. However, this explanation is incompatible
with the finding that no significant difference was found between the two
groups in their motivation to perform the task.
The current objective index of fatigue (performance decline) showed no
correlation with subjective fatigue. Subjective fatigue correlated with required
effort, initial fatigue (Experiment III), sensitivity to criticism (Experiment II) and
the attenuation of positive affectivity (Experiments I and III). This result is in
line with the prediction from the literature that the two measures (objective
and subjective indices of fatigue) are frequently unrelated (Ackerman &
Kanfer 2009; Leavitt & DeLuca 2010; Gergelyfi et al. 2015; Hornsby 2016;
Takács et al. 2019), as subjective fatigue is rather an adaptive signal that
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reflects the cost/benefit evaluation of continuing to perform a task (Hockey
1997; Boksem & Tops 2008) rather than the actual physiological/source
depletion.
Measuring the TOJ threshold multiple times allows the examination of
performance deterioration within a short period of time, a putative fatigue
effect. This is a promising prospect, given that an average fatigue study
requires several hours without a guarantee for observing a fatigue effect
(Park 2001; Ackerman & Kanfer 2009; Hopstaken et al. 2015). It should be
noted that some studies based on the strength model of self-control
(Baumeister et al. 2007) claim to have found performance degradation after a
few minutes of a depleting task. However, more recent studies argue that no
meaningful effect can be found in these kinds of paradigms (Carter &
McCullough 2014; Hagger et al. 2015). Therefore, the TOJ task may become
a useful tool of assessing fatigue. The current study also found some good
candidates predictors of subjective fatigue, which can be explored in more
detail in longer sessions.
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A)
1. Pilot Experiment
Firstly, we tested whether the quick performance decline can be replicated.
Therefore,

the

experiment

started

with

four

consecutive

threshold

measurements without feedback or mandatory pauses. Furthermore, we
hypothesized that the objective fatigue effect could be eliminated or
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attenuated with either mandatory pauses or motivating feedback. In Simon
and Winkler’s (2018) study feedback consisted of presenting the achieved
threshold to the participant. In this pilot experiment, participants also received
information whether the latest performance was better or worse than the
average threshold of young adults. It is assumed, that this type of feedback
will be more motivating than the simple feedback of the previous study
(Garcia, Tor, & Gonzalez, 2006). A 2x2 design was employed for
manipulating these variables. The design also allowed testing whether the
two variables (rest between measures and feedback) act independently or
activate the same residual resources. Therefore, we analyzed the
correlations between the manipulation effects.
In order to test whether participants experience stress during the
measurements, which could be detrimental to their performance, their stress
level was measured with a short questionnaire. As performance-related
stress might be more predictive than general stress, perfectionism was also
measured (Rice, Richardson, & Tueller, 2013; translated by Orosz and TóthKirály, personal communication). Also, to test the potential change in task
commitment an Achievement Goals Questionnaire (Elliot, Murayama, and
Pekrun, 2011; Urban et al., 2014) was applied three times during the
experiment.
In order to test the task-specificity of the effect (whether a comparable
performance decline can be detected with other auditory tasks given our
participant pool), a Compressed Speech Task (CST) was also measured
three times in a row. Given the implication of the role of the threshold
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measured by TOJ in speech processing (Tallal et al., 1998), possible links
between the two tasks (TOJ and CST) were also explored.
2. Methods
2.1. Participants
The experiment included 32 healthy, native Hungarian speaking young adults
(age 19-27, 17 females), 81.3% right-handed and 50% had practiced music
for a longer period of time. All participants had a hearing threshold below 20
dB SPL at 1000 Hz and the difference between the ears did not exceed 10
dB. Each subject provided written informed consent to procedures approved
by the United Ethical Review Committee for Research in Psychology
(EPKEB) and they received a modest financial compensation for their
participation through a student work organization.
The experiment took place in the laboratory of the Institute of Cognitive
Neuroscience and Psychology of the Research Centre for Natural Sciences
of the Hungarian Academy of Sciences..
2.2. Stimuli and procedures
The same TOJ paradigm and equipment was used as in the first experiment.
2.2.1. Compressed Speech test. We recorded 80 pseudo words of CVCCV
structure with similar phonotactic properties (see Supplementary Material
Section B) with a 44100 Hz sampling rate at 24 bits using an Audio Technica
2020 microphone and an EIE Pro Sound Card. The words were spoken three
times by a native Hungarian male speaker. The second of the three
utterances was selected, because in general, it had the most natural-like
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prosody. For each listener, a random half of the words was compressed by
deleting without replacement 7 segments of 200 data points from the overall
40000 data points. The whole signal was segmented into 200 epochs, a
random 7 of which were deleted. Thus overall 3.5% of the signal was
removed. This method was inspired by Jafari et al. (2013); however, in
contrast to Jafari et al. (2013) we presented two syllable words and 3.5%
compression rate, which was established based on pilot in which we
established that neither ceiling nor floor effect was reached with the
compressed words. The compressed and normal words were presented in a
pseudorandom order and participants had to type in the words they heard
using the keyboard of a personal computer. Their answers appeared on the
screen and the participants were able to edit them until they hit ENTER. All
words (N = 80) were delivered three times. One test block lasted about 6.5
minutes. Because of this, two Compressed Speech tests in a row last longer
than four TOJ threshold measurements. With three successive tests any
time-on-task related performance decrement should be detectable.
2.2.2. Achievement Goal Questionnaire (AGQ). This is an adapted version of
the Elliot, Murayama and Pekrun (2011) questionnaire by Urban et al. (2014).
It consists of 18 items evaluated on a 7 point Likert Scale (e.g., item: ‘My goal
was to perform well in the task.’; response alternatives: 1 – ‘Not true in my
case’ to 7 – ‘Excessively true in my case’). The following subscale scores can
be computed: Task-approach, Task-avoidance (in the sense that someone
wanted to avoid failure in the task), Other-approach, Other-avoidance, Selfapproach and Self-avoidance. In this study, we focused on the first four
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subscales to assess the consistency in the motivation to perform well in the
different tasks (Task-goals) and to test the effects of our manipulations. The
AGQ was measured three times: after the first TOJ, after two blocks (in the
middle) of the four TOJ blocks (see the Procedure section), and at the end of
the experiment.
2.2.3. Experimental Stress Questionnaire. The participants responded to 10
items using a 5 point Likert scale (0 – ‘Never’, 4 – ‘Very often’). Items were
related to the frustration experienced during the experiment (e.g. ‘How
frequently you felt nervous or stressed?’). The test was developed by Orosz
and Tóth-Király (personal communication, see in Supplementary Material
Section D) and the items can be found in the Supplement with non-validated
translations. The Cronbach’s Alpha was .752 in our sample.
2.2.4. Short form of the Revised Almost Perfect Scale (Rice, Richardson &
Tueller, 2013). The Hungarian version (Orosz and Tóth-Király, personal
communication, see in Supplementary Material Section D) of the scale was
employed. The participants marked how well each of the 23 items applied to
them on a 7 point Likert scale (1 – ‘Strongly disagree’, 7 – ‘Strongly agree’).
The scale has two main subscales: Standards (high performance
expectations,

7

items)

and

Discrepancy

(self-critical

performance

evaluations, 12 items). The Cronbach’s alpha of the Standard subscale
was .796 and of the Discrepancy subscale was .905 in this study.
2.2.5. Procedure
After the practice period (see in the Methods of the Initial findings section),
participants completed four TOJ runs without feedback or mandatory pauses
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(condition C0). This was followed by three runs of the Hungarian
Compressed Speech task. In the second phase of the experiment, the order
of the conditions (one block with 4 runs of TOJ threshold measurement,
each) of the 2x2 design (N = 4) was randomized. The four conditions are: F-P
(condition

with

feedback

and

mandatory

pauses

between

the

measurements), F – NP (condition with feedback but without mandatory
pause), NF – P (condition without feedback but with mandatory pauses) and
NF – NP (a condition without feedback or mandatory pauses). At the
beginning of this part, participants were informed that performing above
average would be rewarded. Based on the Simon and Winkler’s (2018)
experiment, the average was 45 ms, and values lower than 45 were regarded
as better than average performance. The structure of the experimental
session is shown in Supplementary Figure 1.

Supplementary Fig.1. The structure of the experimental tasks. Each stack of
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circles in the figure represents one block of TOJ threshold measurements
(four consecutive identical measurements). The grey shade of the circle
marks the condition, where F/NP refers to “feedback/no feedback”, while
P/NP to “pause/no pause”. Participant performed the 4 conditions in a
different order. AGQ marks filling the Achievement Goal Questionnaire, the
number following the abbreviation denotes the 1 st, 2nd, and 3rd assessment of
achievements goals. The “CST” stack of squares represents the 3
consecutive measurements of the Compressed Speech Test.
In two conditions, mandatory pauses were inserted between runs: for one
minute, a picture of mountains appeared and classical music was played
(see a more detailed description in the main test: Section 3.1.2.1.). During
the breaks between blocks (corresponding to a condition), the subjects were
required to rest and in order to facilitate the regeneration process, water,
sweets and crackers were put on the table.
In two conditions, feedback was provided after each threshold measurement.
Whenever there was a mandatory pause inserted, the feedback to the
previous measurement was presented after this rest period. The feedback
was false; its three variants were delivered in random order across the four
runs.
Neutral: ‘Your latest threshold is X+e ms. The average threshold of young
adult’s is 45 ms. You performed better than the average with e ms.’ (2<e<3
ms)
Positive: ‘Your latest threshold is X-e ms. The average threshold of young
adult’s is 45 ms.

You performed better than the average with e ms.’

158

(20<e<25 ms)
Negative: ‘Your latest threshold is X+e ms. The average threshold of young
adult’s is 45 ms.

You performed worse than the average with e ms.’

(20<e<25 ms)
After the fourth measurement there was no performance related feedback.
After the completion of all tasks, all participants received a reward in the form
of a chocolate bar irrespective of their performance and the false feedbacks
received.

2.2.6. Statistical analyzes.
In the descriptive statistics, the average TOJ threshold of the condition is
based on the average of the four measures except the first one that is not
influenced by the condition manipulation.
The effect of repetitions was tested with a repeated measures ANOVA having
the factors RUN (the four consecutive measurements) and CONTEXT (N = 2,
beginning [C0] vs. the end of the experimental session [C1/NF-NP]). Post
hoc pairwise comparisons were Bonferroni-corrected.
In order to test the manipulation effects a repeated measures ANOVA was
run with the factors RUN (N = 3, the first run was omitted from these analysis
as it is not affected by either manipulation, not having been preceded by a
pause or feedback), PAUSE (N = 2, with or without a mandatory pause) and
FEEDBACK (N = 2, with or without feedback).
The two manipulation effects were correlated (Spearman’s Rank correlation)
in order to test whether they mobilized the same residual capacity or not.
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The feedback valence effect was tested with a repeated measures ANOVA
having the factors PAUSE (N = 2; condition with and without mandatory rest
periods) and VALENCE (N = 3; neutral, positive and negative) on the TOJ
threshold measured from the run following the given type of feedback (either
the 2nd, the 3rd or the 4th run, randomly varying across participants).
The potential change in the percentage of the correct responses in the CST
task was examined with a repeated measures ANOVA having the factors
COMPRESSION (compressed versus uncompressed) and RUN (N=3; first,
second and third repetition of the same set).
The potential change in the Achievements Goals was tested with a repeated
measures ANOVA having the factors TYPE (N = 2; Task-goals or Othergoals), QUALITY (N = 2; approach or avoidance) and RUN (N = 3; the three
repetition). We expected no change in the Task-goals but an increase in the
Other-goals due to the feedback manipulation.
All other statistical testing was conducted as described for the Initial findings.
3. Results
The data is available on the following site: https://osf.io/2pbck/
TOJ thresholds. The average thresholds in the five different conditions were
the following: at C01-4 M = 45.067 ms (SD = 24.99, range 6.56-117.5), at
C1/NF-NP2-4: M = 61.95 (SD = 29.99, range 14.58-119.17), at NF-P2-4: M =
52.06 (SD = 24.39, range 6.33-118.33), at F-P2-4: M = 49.19 (SD = 21.97,
range 5.42-86.11) and at F-NP2-4: M = 52.71 (SD = 24.51, range 10.44105.83). The changes over the course of the four runs are shown in Figure 2
and Figure 3. The cross-correlations between TOJ threshold measurements
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can be examined in the Supplementary Material Section C Table 3.

Supplementary Fig. 2. A gradual decline in TOJ threshold performance
is shown without mandatory pause and feedback. The first measure was
taken at the beginning of the experimental session, the second during the
TOJ measurements in the second part of the session (see Supplementary
Figure 1). The means are presented with +/-1 SE (standard error).
A two-way repeated measures ANOVA with factors of RUN (N = 4) and
CONTEXT (N = 2, C0 vs. C1/NF-NP) yielded a significant main effect of RUN
(F(3,93) = 11.199, MSE = 332.110, p < .001, pη 2 = .265). All comparisons
were significant, except the difference between runs 2 and 3 also between 3
and 4. The main effect of CONTEXT was significant (F(1,31) = 12.424, MSE
= 914.574, p = .001, pη2 = .286), suggesting an overall better performance at
the beginning than at the end of the experiment. There was no significant

161

interaction between the two factors (p = .974).
A three-way repeated measures ANOVA of the effects of experimental
manipulations (Figure 3) with factors of RUN (N = 3), PAUSE (N = 2, with or
without a mandatory pause), and FEEDBACK ( N = 2, with or without
feedback) showed a main effect of PAUSE (F(1,31) = 11.666, MSE =
370.123, p = .002, pη 2 = 0.273) and FEEDBACK (F(1,31) = 5.173, MSE =
616.345, p = .023, pη2 = .156), but no significant interactions or main effect of
RUN (all p > .26). Both feedback and pause decreased the threshold
(improved the performance).

Supplementary Fig. 3. The mean TOJ thresholds (with +/-1 SE) in the
four conditions of the 2x2 design. The first run is considered baseline as it
was not preceded by either a pause or feedback. The thick black markers
correspond to the NF-NP (no feedback, no mandatory pause) condition
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showing higher thresholds for repeated runs than any other condition.
The pause effect was 9.88 ms (NF-NP minus NF-P), the feedback effect was
9.23 ms (NF-NP minus F-NP), and the joined effect 12.75 ms (NF-NP minus
F-P) with 3.52 ms additional pause effect on top of the feedback effect (F-NP
minus F-P) and 2.87 ms additional feedback effect (P-NF minus P-F). The
correlations between the pause and feedback effects (both direct and
additional) are summarized in Table 1.

Supplementary Table 1. The rho correlation coefficients calculated between
the various manipulation effects. The abbreviation ‘Add.’ refers additional
effects, see main text.

Pause

Feedback

Add. Pause

Add. Feedback

.678 (p < .001)

-.256 (p >.05)

-.439 (p = .012)

-.538 (p < .001)

-.176 (p > .05)

Feedback
Add. Pause

.602 (p < .001)

The feedback valence effect was examined with a two-way repeated
measures ANOVA with the factors PAUSE (N = 2) and VALENCE (N = 3;
neutral, positive and negative). No main effect or interaction turned out to be
significant (all p > .13).
Compressed Speech test. Accuracy (percentage of correct responses) as a
function of runs did not change for control words (M1 = .941, M2 = .946, M3
= .945), but increased for compressed words: M1 = .503 (range .2-.78), M2 =
.583 (.3-.8), M3 = .592 (.35-.85); see also Figure 4. A repeated measures
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ANOVA of the percentages of the correct responses was conducted with the
factors COMPRESSION (compressed versus normal) and RUN (N=3). All
main effects and interactions were significant: COMPRESSION (F(1,31) =
401.00, MSE = .018, p < .001, pη 2 = .928), RUN (F(1.678,52.029) = 26.911,
MSE = .002, p < .001, pη 2 = .465), and COMPRESSION × RUN (F(2,62) =
22.275, MSE = .002, p < .001, pη2 = .418).

Supplementary Fig. 4. Accuracy in the Compressed Speech task. Black
markers indicate the average (+/- 1 SE) percentage of the correct
identification of ‘compressed words’ grey markers for control words.
Correlations between the results of the Compressed Speech Test and TOJ
thresholds. The correlations are summarized in Table 2.
Supplementary Table 2. The rho coefficients and their corresponding p
values of the correlations between the CST and TOJ task performances. C0
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det. – performance deterioration in the first four measurements (4 minus 1),
C1 det. – performance deterioration in the NF-NP condition from the second
part of the experiment, Mean C0 – the average TOJ threshold based on the
first four measurements, Comp. – accuracy in the compressed trials,
Uncomp. – uncompressed trials, Comp2-1 – accuracy difference between the
second and first measures.

Comp. 1

C0 det.

C1 det.

Mean C0

Comp. 2

Comp. 3

Uncomp

Comp2-

Comp3-

1

1

1

-.070

-.023

.013

-.263

.258

.233

.703

.903

.942

.147

.154

.199

-.425

-.432

-.477

-.139

-.129

-.084

.015

.014

.006

.448

.481

.646

-.130

-.130

-.111

-.159

.053

.023

.477

.477

.547

.385

.772

.899

Achievement Goal Questionnaire. The repeated measure ANOVA having the
within subject factors TYPE (N = 2: Task-goals, Other-goals), RUN (N = 3)
and QUALITY (N = 2; approach or avoidance) showed a main effect of TYPE
(F(31) = 31.00, MSE = 8.142, p < .001, pη 2 = .500), participants having
higher Task-goals than Other-goals. There was also a main effect of RUN
(F(2,45.994) = 6.10, MSE = 1.227, p = .009, ε = .742, pη 2 = .164) that
reflected an overall increase in motivation and an interaction effect of TYPE ×
RUN (F(2,47.681) = 4.86, MSE = .689, p = .019, ε = .769, pη 2 = .136). There
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were no significant changes through the three measurements in the Taskgoals (p = .153; M1 = 5.82 (3.5-7), M2 = 5.91 (3.83-7), M3 = 5.97 (3.67-7)),
but a significant increase in the Other-goals subscale (p = .011; M1 = 3.86 (16.83), M2 = 4.47 (1-7), M3 = 4.48 (1-7)) (see also Supplementary Material
Section C Figure 5). Finally, there was a main effect of QUALITY × RUN
(F(62) = 12.23, MSE = 1.908, p = .001, pη 2 = .283). From the second to the
third measurement, the approach goals decreased and the avoidance goals
increased. No other main or interaction effects were found.
The TOJ performance deterioration did not show significant correlation with
any of the achievement goals or their change (see Supplementary Material
Section C Table 4 and 5).
Experimental Stress Questionnaire. The mean score was 1.36 (SD = .48,
minimum = .4, maximum = 2.3; the theoretical maximum was 4). The results
of this questionnaire did not show significant correlation either with TOJ
performance deterioration or with the manipulation effects (pause, feedback)
(see Supplementary Material Section C Table 6).
Revised Almost Perfect Scale. There was a medium correlation between the
two subscales (Standards and Discrepancy) (r s(30) = .499, p = .004). Neither
subscale was significantly predictive for the TOJ performance (mean,
condition effects, performance deterioration, see Supplementary Material
Section C Table 7). The discrepancy subscale had a positive correlation with
the of the Experimental Stress score (rs(30) = .479, p = .005).
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4. Discussion
We replicated the previously found short-term performance deterioration in
the TOJ task. This effect could be eliminated with mandatory pauses or
comparative feedback. The simple threshold presentation was not effective in
the initial experiment but an evaluation of the performance as worse or better
than average turned out to be efficient. The correlations of the manipulation
effects suggest the existence of an absolute threshold as the additional
pause effect negatively correlate with the feedback effect and the additional
feedback effect negatively correlate with the pause effect. Furthermore, the
pause and feedback effect show a strong positive correlation that can signal
the exploitation of a common residual capacity
Neither the average TOJ task performance, nor its deterioration show
significant correlation with the measured experimental stress, perfectionism
or achievement goals. The lack of these correlations together suggests that
the observed performance deterioration is a genuine fatigue effect instead of
a change in dispositions. In fact, the task motivation as measured by the
AGQ Questionnaire even increased during the experiment, especially the
avoidance in the Other-goals factor (i.e., participants did not want to perform
worse than others), which may reflect an effective feedback manipulation.
The measured increase in the CST task also argues against a nonspecific
time-on-task effect, like decreased willingness to pay attention. However, the
CST task might have been more interesting to the participants than the TOJ
task. Therefore, a comparison with the results of an attention task would be
required in the future.
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Interestingly, there was a negative correlation between the CST accuracy
and performance deterioration in the manipulation free condition (a better
performance in speech perception predicts less performance deterioration in
the TOJ task). However, this relationship was not found in relation with the
performance deterioration in the very first block of four TOJ measurements.
Therefore, no clear relationship can be identified between the two tasks.

Supplementary References
Jafari Z, Omidvar S, Jafarloo F (2013). Effects of ageing on speed and
temporal resolution of speech stimuli in older adults. Med J Islam
Repub Iran.27 (4) :195-203
Rice, K., Richardson, C., & Tueller, S. (2013). The Short Form of the Revised
Almost Perfect Scale. Journal of Personality Assessment, 96(3), 368–
379. doi:10.1080/00223891.2013.838172
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B)
Pseudo words in the CST:
Kamla, kamdu, kangu, karbe, kemga, kemgu, kamde, kerga, kerdo, kombu,
konle, konbu, kongu, kunla, kunbo, kunga, tambo, tange, terba, tarbe, tarbo,
temlu, tomlu, tomga, tonbe, turge, pamle, pamlo, pagme, pagma, panbu,
parbe, parbu, pemda, perda, ponle, ponlu, porbu, punbo, purge, kalma,
kadmu, kagnu, kabre, kegma, kegmu, kadme, kegra, kedro, kombu, kolne,
kobnu, kognu, kulna, kubno, kugna, tabmo, tagne, tebra, tabre, tabro, telmu,
tolmu, togma, tobne, tugre, palme, palmo, pamge, pamga, pabnu, pabre,
pabru, pedma, pedra, polne, polnu, pobru, pubno, pugre
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C)

Supplementary Fig. 5. The results of the Hungarian 3x2 Achievement Goal
Questionnaire in three time points (1 - after the first four measurements, 2 after two blocks of the randomized four conditions and 3 - at the end of the
experiment). The maximum point is 7, therefore it can be seen that the
participants reported high Task-orientation.
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Supplementary Fig. 6. The results of the Hungarian 3x2 Achievement Goal
Questionnaire at two time points (1 - after the TOJ measurements and 2 after the Flanker task). The maximum point is 7, therefore it can be seen that
the participants reported high Task-orientation.
Supplementary Table 3. Spearman correlation coefficients (rho values)
between MTOJ measurements. The bold numbers indicate significant
correlations after fdr correction with q = 0.05. C0: first block, at the beginning
of the experiment; NF-NP: no feedback and no mandatory pauses; NF-P: no
feedback and mandatory pauses between consecutive measurements; F-P:
feedback and mandatory pauses; F-NP: feedback and no mandatory pauses.
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Supplementary Fig. 7. The structure of the experimental session. The
session started with practicing the TOJ measurement task. Each stack of
circles in the figure represents one block of TOJ threshold measurements
(four consecutive identical measurements). The grey shade of the circle
marks the condition, where F/NF refers to “feedback/no feedback”, while
P/NP to “pause/no pause”. Two groups of participants’ data were collected
(“positive start” vs. “negative start”) and each group consisted of 24
participants, corresponding to the 24 possible orders of the 4 different
conditions (each participant of each group performed the 4 conditions in a
different order). Q1 stands for the following series of questionnaires:
Situational Fatigue, AGQ, Sensitivity to Criticism, Mindfulness, and
Vitality/General Fatigue. Q2 marks to the second AGQ measure. The
“Flanker” stack of squares represents the 4 consecutive measurements of
the auditory flanker task.
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Supplementary Fig. 8. Group-average (N=24) TOJ thresholds (with +/-1
SE), separately for the four conditions, four runs, and two groups. The
first run is considered baseline as it was not preceded by a pause or
feedback. Conditions are marked by line color (grey for pause [P], black for
no pause [NP]) and the center mark (“x” for feedback [F], “•” for no feedback
[NF]).
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Supplementary Table 4. The relationship between the Achievement
Goals and the objective fatigue in the TOJ task. C0 – the first block of the
experiment, without feedback or mandatory pauses. NF-NP – the “no
feedback, no pause” condition of the 2x2 design. 4-1 refers to the subtraction
(the TOJ threshold of the last run minus the TOJ threshold of the first run).
Task represents the Task Goals, Other represents the Other goals. The
number represents the serial position of the measurements.
Task-1

Task-2

Task-3

Other-1

Other-2

Other-3

-.043

-.127

-.332

.018

-.018

.036

p = .813

p = .489

p = .064

p = .921

p = .924

p = .846

-.109

.091

.080

-.073

-.116

.034

p = .553

p = .622

p = .665

p = .693

p = .526

p = .855

C0 4-1

NF-NP 4-1

The performance deterioration in TOJ is not related to the strength of the
achievement goals.
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Supplementary Table 5. The manipulation effects in TOJ are not related
to the change in Task-goals or Other-goals. The Spearman’s rho
correlation coefficients are presented with the corresponding p value. C0 –
the first block of the experiment, without feedback or mandatory pauses. NFNP – the “no feedback, no pause” condition of the 2x2 design. 4-1 refers to
the subtraction (the TOJ threshold of the last run minus the TOJ threshold of
the first run).
Pause
C0 4-1

NF-NP 4-1

Feedback

Feedback

effect

add.

Pause add.
effect

.129

.287

.045

.167

-.107

-.068

p = .483

p = .111

p = .807

p = .362

p = .560

p = .711

-.165

-.016

-.193

.032

-.192

-.342

p = .367

p = .931

p = .289

p = .862

p = .292

p = .055

.116

.369

-.210

.073

-.006

-.083

p = .529

p = .037

p = 250

p = .691

p = .972

p = .652

-.258

.200

-.191

.264

.080

-.370

p = 154

p = .271

p = .294

p = .145

p = .663

p = .037

Other 3-1

Other 3-2

Task 3-1

Task 3-2

Nothing can be considered significant after correction (alpha = .002 after
Bonferroni correction).
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Supplementary Table 6. The experimental stress and the manipulation
effects in the TOJ task. C0 – the first block of the experiment, without
feedback or mandatory pauses. NF-NP – the “no feedback, no pause”
condition of the 2x2 design. 4-1 refers to the subtraction (the TOJ threshold
of the last run minus the TOJ threshold of the first run).
NF-NP

Pause

C0 4-1

Feedback

Feedback

effect

add.

Pause add.
4-1

effect

-.124

.220

-.038

.048

.037

-.043

p = .499

p = .226

p = .837

p = .793

p = .840

p = .814

Stress

The experimental stress did not show a significant relationship with TOJ
performance deterioration or with the manipulation effects in the pilot
experiment.
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Supplementary Table 7.

The relationship of the two perfectionism

subscale with the TOJ performance. C0 – the first block of the experiment,
without feedback or mandatory pauses. NF-NP – the “no feedback, no
pause” condition of the 2x2 design. 4-1 refers to the subtraction (the TOJ
threshold of the last run minus the TOJ threshold of the first run).
FeedMean

C0 4-

NF-NP

Pause

Feed-

pause
16

1

4-1

back
add.

back
add.

Standard

.145

-.073

.032

-.024

-.097

.203

.099

Discrepancy

.267

-.043

.293

-.013

.014

.201

.050

There is no significant correlation even without correction between
perfectionism and TOJ performance.
Supplementary Table 8. Mean (N=48) incongruent-minus-congruent
differences in the Flanker task with the standard deviation in
parenthesis.
Run 1

Run 2

Run 3

Run 4

RT (ms)

85 (89)

95 (87)

100 (86)

90 (97)

Error (%)

5.0 (5.9)

4.5 (4.6)

6.4 (6.6)

5.4
(5.8)

Miss (%)

1.8 (4.3)

1.3 (2.9)

1.4 (3.7)

2.1
(5.4)

The mixed ANOVA of the miss rates showed a significant CONGRUENCY
(F(1,46) = 13.8, MSE = .002, p = .001, pη 2 = .231) but no significant RUN1-4
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effect (F(3,138) = 2.518, MSE = .001, p = .061, pη 2 = .052) or interaction.
Supplementary Table 9 and 10. Comparison between Spearman’s and
Pearson’s correlation results for all correlations tested
Initial findings
Correlation between variables
1

Pearson

Spearman

Change in subjective fatigue r = -.467 (p = .005)

r = -.404

and

(p = .016)

change

in

positive

affectivity
2

Change in subjective fatigue r = .261 (p = .261)

r = .192

and

(p = .236)

change

in

negative

affectivity
3

Change in subjective fatigue r = -.039 (p = .810)

r = -.066

and

(p = .688)

change

in

performance

objective
(threshold4-

threshold1)
4

Change
performance

in
and

objective r = .169 (p = .292)
subjective

r = .128
(p = .426)

fatigue at the beginning of the
session.
5

Change
performance

in
and

objective r = .000 (p = 1)
subjective

r = -.053
(p = .746)

fatigue at the end of the
session.
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Main experiment
Correlation

between Pearson

Spearman

variables
1

Pause effect and Feedback r = .277 (p = .057)

r = .357 (p = .013)

effect
2

Pause effect and additional r = .532 (p < .001)

r = .434 (p = .002)

pause effect
3

Pause effect and additional r = -.433 (p = .002)

r = -.374 (p = .009)

feedback effect
4

Feedback

effect

and r = -.191 (p = .194)

r = -.218 (p = .137)

and r = .205 (p = .163)

r = .156 (p = .290)

additional pause effect
5

Feedback

effect

additional feedback effect
6

Additional

pause

and r = .294 (p = .042)

r = .309 (p = .033)

additional feedback effect
7

Subjective

situational r = .460 (p = .001)

r = .450 (p = .001)

fatigue and sensitivity to
criticism
8

Subjective
fatigue

situational r = -.229 ( p = .117)
and

performance

objective
deterioration

(threshold4-threshold1, NFNP condition)
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r = -.211 (p = .150)

D)
Additional Methods
Additional Questionnaires in the Main Experiment
Mindfulness measurement. The Hungarian version (Orosz et al., in
preparation) of the ‘Cognitive and Affective Mindfulness Scale-Revised
(CAMS-R)’ was used to measure the participants’ mindfulness (Feldman et
al., 2007). Ten statements should have been scored on a 4-point Likert scale
(1 – ‘Rarely/Not at all’, 4 – ‘Almost always’). An example statement is: “I am
able to focus on the present moment”. The 10-item version had a Cronbach’s
Alpha of .802.
Feldman G, Hayes A, Kumar S, Greeson J, & Laurenceau JP (2007)
Mindfulness and emotion regulation: The development and initial
validation of the Cognitive and Affective Mindfulness Scale-Revised
(CAMS-R). Journal of Psychopathology and Behavioral Assessment,
29(3), 177-190.
Subjective Vitality and General Subjective Fatigue. The 7 items of Subjective
Vitality Questionnaire (Ryan & Frederick, 1997) was used intermixed with the
items of Subjective Fatigue Questionnaire (see the questions in D 3.5.). The
latter differed from the Situational Subjective Fatigue Questionnaire only in
the instruction. The subjects were told to consider their answers in regard
with their experiences from the last month. The Subjective Vitality
Questionnaire had a Cronbach’s Alpha of .903 (that might suggest a little
redundancy in the questionnaire). The Cronbach’s Alpha of the General
Subjective Fatigue Questionnaire was .675 what is below optimal and it could
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not been meaningfully improved by the exclusion of any of the items.

Additional Results
Mindfulness. The mindfulness scores did not show significant correlations
with any of the TOJ measures of interest (mean, performance deterioration,
first measure), but negatively correlated with the situational subjective fatigue
(rs(46) = -.388, p = .019), general subjective fatigue (rs(46) = -.392, p = .006)
and with the sensitivity to criticism (r s(46) = -.642, p < .001). However, it
showed a positive correlation with general vitality (r s(46) = .465, p = .001).
Fatigue and Vitality. Furthermore, the reported general fatigue showed a
negative (rs(46) = -.29, p = .044) and general vitality showed a positive (r s(46)
= .344, p = .017) correlation with the objective performance deterioration.
Meaning, participants considering themselves more energetic performed
worse at the fourth measure compared to the first. These variables (vitality
and general fatigue) were not predictive to the mean thresholds, although
there was a modest positive correlation between the minimum threshold and
general vitality (rs(46) = .343, p = .017).

E)
Unpublished Questionnaires
1. Experimental Stress Questionnaire
Hungarian version with non-validated translations
Instructions:
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Az alábbi kérdések azokra az érzésekre és gondolatokra vonatkoznak,
amelyek a feladat során tapasztalhattál. Kérjük, hogy minden egyes
kérdésnél írd be, hogy a feladatok elvégzése során milyen gyakran volt
jellemzõ rád az adott érzés vagy gondolat!
Néhány kérdés ugyan hasonlónak tûnik, de valójában különbözõek,
ezért kérjük, hogy valamennyit külön kérdésként kezeld!
Tehát ne próbáld megszámolni, hogy hányszor érezted magad egy
adott módon, hanem írd be azt a választ, ami a leginkább jellemzõnek
tûnik!
Nincsenek jó vagy rossz válaszok, ezért kérlek, legyél nyitott és õszinte!
(Tovább - SPACE)'
(The following questions refer to your experiences during the task.
Please, respond to each question indicating how applicable was the
given feeling or thought to you during task performance. Some
questions seem similar but they are actually different, please try to treat
them as separate questions.
Do not try to count how many times you felt as described, but chose the
option most applicable.
There are no good or bad answers, therefore please be honest! Next SPACE)

Responses:
0 – Soha, 1 - Szinte soha, 2 – Elõfordult, 3 - Elég gyakran, 4 - Nagyon
gyakran
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(0 – Never, 1 – Almost never, 2 – Sometimes, 3 – Often, 5 – Very often)

Items:

1

A feladat során milyen gyakran voltál feszült valamilyen váratlan
esemény miatt? (How frequently were you tense because of a sudden
event?)

2

A feladat során milyen gyakran érezted úgy, hogy képtelen vagy
kézben tartani azokat a dolgokat, amelyek kellenek a feladat
elvégzéséhez? (How frequently did you feel like you are not able to
control the things necessary to resolve the tasks?)

3

A feladat során milyen gyakran érezted magad idegesnek és
„stresszesnek”? (How frequently you felt nervous or stressed?)

4

A feladat során milyen gyakran bíztál magadban, hogy képes vagy
megoldani az (esetlegesen) felmerülõ problémákat? (How frequently
did you trust in yourself that you are able to handle the incidental
problems during the tasks?)

5

A feladat során milyen gyakran érezted úgy, hogy a dolgok a kedved
szerint alakulnak? (How frequently did you feel like everything
progress as you like?)

6

A feladat során milyen gyakran érezted úgy, hogy nem tudsz eleget
tenni a követelményeknek? (How frequently did you feel like you
cannot fulfill the requirements?)
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7

A feladat során milyen gyakran tudtad kezelni az (esetleges)
bosszúságokat? (How frequently could you handle the incidental
annoyances during the task?)

8

A feladat során milyen gyakran érezted, hogy a helyzet magaslatán
állsz? (How frequently you felt like you have the control?)

9

A feladat során milyen gyakran érezted, hogy egyéb (a feladattal nem
kapcsolatos) elvégzendõ feladatokon gondolkodsz? (How frequently
you felt like you are thinking of tasks unrelated to the current task?)

10 A feladat során milyen gyakran érezted, hogy olyan nehézséggel

találkoztál, amelyen nem tudsz úrrá lenni? (How frequently you felt
you encountered a difficulty you could not handle?)

Items 4, 5, 7 and 8 should be mirrored during calculation (the given
value should be subtracted from the maximum).
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2. Short Form of the Revised Almost Perfect Scale
The English version is available (Rice, Richardson & Tueller, 2013),
therefore only the Hungarian version is presented.

Instructions:
A következõ állítások az emberek saját magukkal, saját teljesítményükkel
és másokkal kapcsolatos viszonyulásukat mérik.
Nincsenek jó vagy rossz válaszok. Kérem, értékeljen minden állítást!
Támaszkodjon az elsõ benyomására és ne töltsön túl sok idõt az egyes
állításokkal!
A válaszadáshoz használja a kijelentések alatti skálát, amely az egyes
állításokkal kapcsolatos egyetértése fokára vonatkozik! Válaszként nyomja
le a megfelelõ számú billentyût!(Tovább - SPACE)
(The following statements measure people’s attitude towards themselves,
their performance and towards others.
There are no good or bad answers. Please, evaluate all the statements!
Lean on your first impression and do not spend too much time with a
single statement. Respond with the corresponding button! Next - SPACE)

Responses:
1 - Egyáltalán nem értek egyet, 2 - Nem értek egyet, 3 - Inkább nem
értek egyet, 4 – Semleges, 5 - Inkább egyetértek, 6 – Egyetértek, 7 Teljesen egyetértek
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Items:
1

Magasra teszem a mércét az iskolai vagy munkahelyi
teljesítményemmel kapcsolatban.

2

Rendszeretõ ember vagyok.

3

Gyakran frusztráltnak érzem magam, mert nem tudom elérni a
céljaimat.

4

A rendezettség fontos számomra.

5

Ha nem vársz el sokat magadtól, soha nem leszel sikeres.

6

A legjobb teljesítményem sem látom soha elég jónak.

7

Úgy gondolom, hogy helyükre kell tenni a dolgokat.

8

Magas elvárásaim vannak magammal szemben.

9

Ritkán érem el azt a magas szintet, amit magamnak állítok fel.

10 Szeretek mindig szervezett és fegyelmezett lenni.
11 Az sem tûnik soha elégnek, amikor a legtöbbet hozom ki
magamból.
12 Nagyon magas mércét állítok fel önmagam számára.
13 Soha nem vagyok elégedett azzal, amit elértem.
14 A legjobbat várom el magamtól.
15 Gyakan aggódom amiatt, hogy nem tudok megfelelni a saját
elvárásaimnak.
16 A teljesítményem ritkán felel meg az önmagam által felállított
mércének.
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17 Még akkor sem vagyok elégedett, ha tudom, hogy a legtöbbet
hoztam ki magamból.
18 Megpróbálom a legtöbbet kihozni magamból mindenben, amit
csinálok.
19 Ritkán tudom elérni az önmagam által felállított magas
teljesítményszintet.
20 Szinte soha nem vagyok elégedett a teljesítményemmel.
21 Szinte soha nem érzem azt, hogy amit csináltam, az elég jó.
22 Erõs szükségét érzem annak, hogy kiválóságra törekedjek.
23 Gyakran érzek csalódottságot egy feladat befejezése után, mert
tudom, hogy jobban is megcsinálhattam volna.
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1 Situational Subjective Fatigue Questionnaire
Instructions:
Mennyire voltak igazak rád a következõ állítások a feladatok végzése
során? (Tovább - SPACE) (How applicable were to you the following
statements?)

Responses:
1 - Egyáltalán nem volt igaz, 2 - Nem volt igaz, 3 - Inkább nem volt igaz,
4 - Igaz is volt, meg nem is, 5 - Inkább igaz volt, 6 - Igaz volt, 7 - Teljes
mértékben igaz volt
(1 – Not at all true, 2 – Not true, 3 – Rather no, 4 – In between, 5 –
Rather true, 6 – True, 7 – Totally true)

Items (the non-validated translations are presented in the main text):
1 Úgy éreztem, hogy ’agyilag’ kifáradtam a feladatok végzése alatt.
2 Közömbös volt számomra, hogy hogyan teljesítek.
3 'Gyakran éreztem magam kimerültnek a feladatok végzése alatt.
4 Úgy éreztem, hogy egy idõ után\n\n már nem igazán voltam
hatékony a feladatvégzésben.
5 Volt, hogy úgy éreztem, feladnám a próbálkozást.
6 Egyre nehezebb volt a feladatra koncentrálni.
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2 Sensitivity to criticism
Instructions:
Most gondolj vissza azokra az eseményekre, amikor számodra fontos
személyektõl számodra fontos dolgokban kritikát kaptál! Válaszolj a
lehetõ legõszintébben az alábbi kérdésekre! Kérünk nyomj gombot
annak megfelelõen, hogy milyen gyakran éled meg ilyen módon a
kritikát!
A következõkben próbálj meg a lehetõ legõszintébb lenni magaddal
szemben!(Tovább - SPACE)
(Now, think back to situations when you received critique in a topic
relevant to you, from people important to you. Please answer most
honestly to the questions! Please respond with the corresponding
buttons: how frequently you experienced the critique in the presented
way.)

Responses:
1 - Szinte soha (0-10%), 2 - Néha (11-35%), 3 - Valamivel
kevesebbszer, mint az esetek felében, 4 - Valamivel többször, mint az
esetek felében (51-65%), 5 – Legtöbbször (66-90%), 6 - Szinte mindig
(91-100%)
(1 – Almost never, 2 – Sometimes, 3 – Bit less than half of the cases, 4
– Bit more than half of the cases, 5 – Often, 6 – Almost always)
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Items (without translation as the reference article is under preparation):
1 'Amikor egy számomra fontos dologban kemény kritikát kapok, akkor
annyira felhúzom magam, hogy már el se jut hozzám, amit mondanak.
2 Amikor egy számomra fontos dologban kemény kritikát kapok, akkor
megtalálom az egyensúlyt, ahol nem emésztem magam a kritikán, de
nem is tolom el annak az élményét magamtól.
3 Amikor egy számomra fontos dologban kemény kritikát kapok, nem
vagyok elnézõ magammal szemben, mivel folyamatosan azon
kattogok, amiket mondtak.
4 Amikor egy számomra fontos dologban kemény kritikát kapok, akkor
annyira felmérgesít az, aki a kritikát mondja, hogy már nem is érdekel,
hogy mit mond.
5 Amikor egy számomra fontos dologban kemény kritikát kapok, akkor
minden tõlem telhetõt megteszek, hogy megszabaduljak az ezzel
kapcsolatos emlékektõl.
6 Amikor egy számomra fontos dologban kemény kritikát kapok,
elítélem magam és az alkalmatlanságomon rágódom.
7 Amikor egy számomra fontos dologban kemény kritikát kapok, akkor
annyira feldühít az, akitõl a kritika jön, hogy legszivesebben
belefojtanám a szót.
8 Amikor egy számomra fontos dologban kemény kritikát kapok, akkor
kívülrõl látom a történteket és különbözõ oldalakról tudom vizsgálni
azt, anélkül, hogy rágódom az érzéseimen és gondolataimon.
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9 Amikor egy számomra fontos dologban kemény kritikát kapok, akkor
mindent elkövetek annak érdekében, hogy teljesen megszabaduljak a
kritika fájdalmától.
10 Amikor egy számomra fontos dologban kemény kritikát kapok, akkor a
kritika feldolgozását kézben tartom, de közben nem vagyok kemény
magammal.
11 Amikor egy számomra fontos dologban kemény kritikát kapok,akkor
minden energiám abba fektetem, hogy úgy ahogy van, kitöröljem a
kritika szavait az emlékezetembõl.
12 Amikor egy számomra fontos dologban kemény kritikát kapok, bíráló
vagyok magammal szemben és azon kattogok, hogy mi bennem a
rossz.
13 Amikor egy számomra fontos dologban kemény kritikát kapok, ami
nagyon igazságtalan is, akkor is az lebeg a szemem elõtt, hogy mit
tanulhatok belõle.
14 Amikor egy számomra fontos dologban kemény kritikát kapok, amit
ráadásul elképesztõ durván közölnek, akkor is azon gondolkodom,
hogy mit tanulhatok belõle.
15 Amikor egy számomra fontos dologban kemény kritikát kapok, ami
ezen felül olyan emberek elõtt történik,akik elõtt nagyon fontos, hogy
jól szerepeljek,akkor is azt elemzem, hogy mit tudok ebbõl tanulni.
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3 Subjective Vitality and General Subjective Fatigue
Instructions:
Mennyire voltak igazak rád a következõ állítások az utóbbi 1
HÓNAPBAN? (Tovább - SPACE)
(How much were true to you the following statements in the last 1
MONTH? (Next - SPACE))

Responses:
1 - Egyáltalán nem volt igaz, 2 - Nem volt igaz, 3 - Inkább nem volt igaz,
4 - Igaz is volt, meg nem is, 5 - Inkább igaz volt, 6 - Igaz volt, 7 - Teljes
mértékben igaz volt
(1 – Not at all, 2 – Wasn’t true, 3 – Rather not true, 4 – Somewhat
true, somewhat not true, 5 – Rather true, 6 – It was true, 7 – Totally
true)

Items:
1

Élettel telinek és elevennek érztem magam. (I felt vivid and full of life.)

2

Gyakran éreztem magam ’agyilag’ fáradtnak. (I often felt mentally
tired.)

3

Nem igazán érztem magam energikusnak. (I not really felt energetic.)

4

Néha kirobbanóan energikusnak érztem magam. (Sometimes I felt
unbelievably energetic.)

5

Gyakran voltam kimerült. (I frequently was exhausted.)
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6

Tele voltam energiával és életerõvel. (I was full with energy and
vitality.)

7

Bizakodóan néztem minden új nap elébe. (I started each of my days
hopefully.)

8

Az utóbbi idõben nem igazán voltam hatékony a feladataim
elvégzésében. (Lately, I wasn’t really effective in the execution of my
tasks.)

9

Majdnem mindig ébernek és élénknek érztem magam. (I almost
always feel vigilant and vigorous.)

10. Közömbösebb voltam, mint korábban. (I was more indifferent than
earlier.)
11. Néha azt éreztem, hogy fel kellene adnom a próbálkozást egy adott
cél esetében. (Sometimes, I felt like I want to give up trying regarding a
given goal.)
12. Energikusnak éreztem magam. (I felt energetic.)
13. Nehéz volt számomra egy dologra koncentrálni. (It was hard to me to
concentrate on one thing.)
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E,
Details of statistical analyzes – Main experiment
The TOJ threshold change in the ”no feedback, no pause” (NF-NP) condition
as a function of the valence of the first feedback was tested by a mixed
model ANOVA with the within subject factor RUN1-4 (N = 4; runs 1–4) and
the between subject factor GROUP (N = 2). These tests were repeated with
the mean error difference change (from the 1 st to the 4th) and the mean RT
difference between the congruent and incongruent trials (as a proxy of the
executive component of attentional control) in the flanker task as covariates
to assess the influence of fatigue in executive functions on the short-term
TOJ threshold change. (Throughout the statistical testing, post-hoc analyses
for interactions involving the GROUP factor were conducted by separate
repeated measures ANOVAs for the two groups.) The possible pretest TOJ
threshold differences between the two groups were tested by an independent
sample t test between the very first TOJ measurements, which preceded any
experimental manipulation.
In the statistical analyses testing the effects of the feedback and pause
manipulations, only TOJ thresholds from runs 2–4 were included, because
the first run was not affected by either of these manipulations. A mixed model
ANOVA of the TOJ thresholds tested the effects of the experimental
manipulations with the within subject factors RUN2-4 (N = 3; runs 2, 3, and
4), PAUSE (N = 2, with vs. without a mandatory pause), and FEEDBACK (N
= 2, with vs. without feedback) and the GROUP between subject variable (N
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= 2, positive start vs. negative start). Correlations between the effects of the
two manipulations were tested with Spearman’s rank correlation.
Long-term fatigue effects on the TOJ threshold were tested by a mixed model
ANOVA with the within subject factor TIME (N = 16; runs 1–16) and the
between subject factor GROUP (N = 2).
Effects of the valence of the first feedback on the TOJ threshold were tested
by a mixed model ANOVA with the within-subject factor ORDER (N = 2; first
run vs. second run including feedback) and the between-subject factor
GROUP (N = 2; “positive start” vs. “negative start”). The ORDER factor
differentiated between the immediate effect of the valence of the feedback
and the effect of feedback later in the sequence (no run with feedback before
vs. one run with feedback before). Runs with and without “pause” were
pooled together for this analysis, because they appeared in equal number as
the first vs. the second TOJ measurement with feedback.
A mixed model ANOVA with the within subject factors TYPE (N = 2; Taskgoals or Other-goals), QUALITY (N = 2; approach or avoidance), and
REPORT-TIME (N = 2; post-TOJ vs. post-flanker), and the between subjects
factor GROUP (N = 2) was performed on the AGQ measures in order to test
a possible change in goals during the experimental session as a function of
the feedback valence.
To test the possible fatigue effect in the flanker-task, a mixed model ANOVA
was conducted, separately on the median reaction times (RT), miss rates
(the number of misses divided by the number of trials – Supplementary
Material after Supplementary Table 8), and error rates (the number of
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incorrect responses divided by the number of trials) with the within subject
factors RUN1-4 (N = 4; runs 1–4) and CONGRUENCY (N = 2; congruent vs.
incongruent trials) and the between subject factor GROUP (N = 2). The
GROUP factor was included because the flanker task always followed the
TOJ tasks and thus the experimental variables could have influenced the
participants’ performance. Because the ISI in the flanker task was 100 ms
and there were some participants, who had a maximum TOJ value higher
than 100 ms, these participants could have influenced the statistical results
obtained for the flanker performance even in the absence of executive
function fatigue. Therefore, we rerun the test with the introduction of the
mean of all 16 TOJ thresholds as a covariate in this analysis.
Correlations were assessed between TOJ threshold performance change
between the 4th and 1st run in the NF-NP condition and questionnaire scores
(situational subjective fatigue, sensitivity to criticism, etc., see Sections
3.1.2.2.-4. and Supplementary Material Sections D) as well as performance
change in the flanker task (RT difference between congruent and incongruent
trials) between the 4th and 1st run.
3.1.5. Power analysis. For the calculations, the G-Power 3.0.10 software
(Faul et al, 2007; Faul et al, 2009) was used. A sample size of 46 is required
to detect an effect of the size obtained for the FEEDBACK main effect in the
pilot experiment (see Supplementary Material Section A; alpha = 0.05, power
95%, repetitions = 3, number of groups = 2). Due to design features (two
groups, counterbalanced order) 48 was the nearest number meeting all
criteria.
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Faul F, Erdfelder E, Lang AG, & Buchner A (2007) G*Power 3: A flexible
statistical power analysis program for the social, behavioral, and
biomedical sciences. Behavior Research Methods, 39, 175-191
Faul F, Erdfelder E, Buchner A, & Lang AG (2009) Statistical power analyses
using G*Power 3.1: Tests for correlation and regression analyses.
Behavior Research Methods, 41, 1149-1160.
F,
Sensitivity to criticism. This scale contains a total of three factors designed to
assess one’s criticism-related over engagement, disengagement, and
constructive engagement. Over engagement refers to the experiences of
getting preoccupied with and overtaken by negative emotions, rumination
and worrying in the case of a negative experience (Hayes & Feldman, 2004).
Its opposite might be disengagement, referring to the intention of suppressing
or erasing the memories related to the negative experience of criticism
(Hayes & Feldman, 2004). Finally, constructive engagement involves keeping
a healthy distance from the negative experience and neither being
overwhelmed by, nor being avoidant of it. Participants are asked to rate on a
6 point Likert scale the (1 – ‘Almost never (in 0-10% of cases)’ to 6 – ‘Almost
always (in 91-100% of cases)’) statements, such as ‘When I receive a selfrelevant critique I’m not forgiving myself, because I constantly think about
what was said to me’ (see also in the Supplementary Material Section E/4).
Each of the three forms of engagement is assessed with three items within
the questionnaire.
Hayes, A. M., & Feldman, G. (2004). Clarifying the construct of mindfulness
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in the context of emotion regulation and the process of change in
therapy. Clinical Psychology: Science and Practice, 11, 255-262.

G,
Music selection for controlled pauses
The music was selected on the basis of the ratings from 12 young adults
(none of whom participated later in the experiment). They rated their
emotional states on a 1-5 scale, where 1 represented the negative emotion
and 5 represented the positive emotion. Three samples out of 12 were
selected for the study, the average rating of which being between 3 and 3.5.
This procedure does not assure absolute neutrality, but excludes the
possibility of inducing strong emotions and it provides more control over the
participants’ resting behavior than a silent pause.
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H,
Additional results of Experiment III
Affectivity changes during the six TOJ threshold measurements
1 Positive affectivity: t(39) = 4.303, p < .001 (decreased)
2 Upset: t(39) = -2.467, p = .018 (increased)
3 Strong: t(39) = 2.399, p = .021 (decreased)
4 Enthusiastic: t(39) = 4.201, p < .001 (decreased)
5 Alert: t(39) = 2.687, p = .011 (decreased)
6 Ashamed: t(39) = -2.223, p = .032 (increased)
7 Inspired/Dedicated: t(39) = 2.481, p = .018 (decreased)
8 Determined: t(39) = 3.365, p = .002 (decreased)
9 Attentive: t(39) = 2.687, p = .011 (decreased)
10 Active: t(39) = 2.926, p = .006 (decreased)
11 Afraid: t(39) = 2.243, p = .031 (decreased)
Bonferroni threshold: .001923
Affectivity changes during the six Easy TOJ threshold measurements:
12 Positive affectivity: t(39) = 2.585, p = .014 (decreased)
13 Interested: t(39) = 2.467, p = .018 (decreased)
14 Scared: t(39) = 2.082, p = .044 (decreased)
15 Inspired/Dedicated: t(39) = 2.511, p = .016 (decreased)
16 Attentive: t(39) = 2.926, p = .006 (decreased)
17 Afraid: t(39) = 2.211, p = .033 (decreased)
Bonferroni threshold: .001923
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Supplementary Table 11. Descriptive statistics of PANAS before and
after the six TOJ threshold measurements
TOJ
feeling

ETOJ

start

SD

group
pre

TOJ

start

SD

group
pre

ETOJ

start

SD

group
post

start
group

SD

post

Interested

4.45

.51

3.45

.94

4.15

.74

3.30

.97

Distressed

1.05

.22

1.00

0

1.30

.65

1.10

.30

Excited

3.25

.91

2.5

1.19

3.55

.88

2.30

1.26

Upset

1.05

.22

1.05

.22

1.45

.60

1.10

.30

Strong

3.15

.933

3.1

1.02

2.95

.88

2.70

1.26

Guilty

1.1

.30

1.25

.91

1.10

.30

1.25

.71

Scared

1.3

.47

1.00

0

1.30

.73

1.10

.30

Hostile

1.05

.22

1.00

0

1.00

0

1.05

.22

Enthusiastic

4.05

.82

3.45

.99

3.65

.87

2.95

.94

Proud

2.60

.88

2.55

1.31

2.35

.98

2.45

1.23

Bored

1.05

.22

1.45

.68

1.30

.65

1.50

.36

Irritable

1.35

.58

1.10

.30

1.40

.59

1.15

.36

Alert

3.75

.44

3.15

.74

3.55

.68

2.85

.93

Ashamed

1.00

0

1.00

0

1.25

.55

1.05

.22

Inspired

3.4

.94

3.35

1.08

3.05

1.14

3.05

1.19

Nervous

1.3

.47

1.10

.30

1.35

.58

1.10

.30

Determined

3.65

.81

3.55

1.09

3.25

1.16

3.20

1.15

Attentive

4.15

.48

3.6

.82

3.75

.55

3.50

1.05

Jittery/Tense

1.40

.59

1.15

.36

1.60

.59

1.30

.47

Active

3.95

.68

3.15

.67

3.60

.82

2.90

.91

Afraid

1.85

.98

1.10

.30

1.45

.75

1.10

.30

Fatigued

2.25

.786

3.00

1.02

2.20

1.05

3.10

1.16
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Supplementary Table 12. Correlations with Specific Subjective Fatigue
variable

rho

p

1

Mean TOJ threshold

.238

.140

2

Minimum TOJ threshold

.474

.002

3

Maximum TOJ threshold

.184

.257

4

TOJ-trend

-.114

.483

5

Mean accuracy in Easy TOJ

-.134

.410

6

Worst accuracy in Easy TOJ

-.164

.312

7

Best accuracy in Easy TOJ

-.332

.036

8

EasyTOJ-trend

.075

.647

9

Max-Min TOJ

-.172

.288

10

Perceived effort during the TOJ

.393

.012

.418

.007

-.346

.029

tasks
11

Perceived difficulty of the TOJ
task

12

Change in positive affectivity
(post-pre)

Interpretation:
18 Better minimal TOJ threshold is linked with less subjective fatigue.
19 More accurate performance in the easy TOJ is kinked with more
subjective fatigue.
20 More perceived effort is linked with more fatigue.
21 The task perceived as more difficult is linked with more fatigue.
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22 More decrease in positive affectivity is linked with more fatigue.
Supplementary Table 13. Perceived effort and difficulty
Difficulty
Effort during

Difficulty of

Effort during

TOJ

TOJ

Easy TOJ

of Easy
TOJ
3.57
Mean (SD)

6.55 (1.73)

6.67 (1.73)

4.35 (1.74)
(1.89)

Correlation between effort and difficulty during TOJ: rho(38) = .839, p < .001
Correlation between effort and difficulty during Easy TOJ: rho(38) = .671, p
< .001
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Accuracy change in the Easy TOJ task

Supplementary Fig. 9. Performance deterioration during the EasyTOJ
order judgement measurements, separately for the two groups of
subjects. The error bar reflects the standard error.
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Supplementary Table 14. Descriptive statistics of the Achievement
Goals Questionnaire
Mean

Std. Dev.

Task-approach

5.74

1.33

Task-avoidance

5.15

1.51

Other-approach

3.56

1.76

Other-avoidance

4.25

1.82

Table
Supplementary Table 15. Task goals by group
Mean TOJ start

Std. Dev.

Mean EasyTOJ

Std. Dev.

start
Task-approach

5.95

.97

5.53

1.62

Task-avoidance

5.76

1.11

4.53

1.63

Other-approach 4.31

1.55

2.81

1.67

Other-

1.33

3.56

2.01

4.95

avoidance
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3.3. Temporal boundary of auditory event formation:
An electrophysiological marker

The accepted manuscript starts on next page.
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Abstract
The formation of auditory events requires integration between successive
sounds. There is a temporal limit below which a single sound event is
perceived while above which a second perceptual event is formed.
Behavioral studies applying the Temporal Order Judgment paradigm showed
that this boundary is between 20 and 70 ms. Here we provide event-related
potential (ERP) evidence from two experiments showing a qualitative change
in the processing of tone pairs between 25 and 75 ms within-pair interstimulus intervals (ISI). We also show that this temporal boundary can be
influenced by the immediate acoustical context, the statistical distribution of
the ISIs within the sequence of tone-pairs.
Keywords: temporal order judgment (TOJ), temporal integration, ERP,
perceptual event formation
1

Introduction
Temporal changes provide essential information for cognition. They are

especially crucial for auditory perception, which substantially relies on
sequential decoding of the incoming stimuli in order to identify objects.
Temporal processing in the human brain can be studied on different time
scales from microsecond resolution allowing sound localization to circadian
rhythms of multiple hours influencing sleep-wake cycles (Mauk &
Buonomano, 2004). The present study focuses on the temporal resolution of
the auditory system determining the limits of perceptual event formation, the
formation of information chunks organized in so called perceptual moments
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(Pöppel, 1997; Stroud, 1956; Kristofferson, 1967; Shallice, 1967), because it
directly influences cognition and motor organization (Pöppel, 1997, 2004;
Humes et al., 2013). The length of the perceptual moment is primarily
estimated through psychophysical methods whose results may also depend
on higher level processes. Therefore, we looked for an electrophysiological
marker/index of the lower temporal limit of the formation of a second
perceptual moment, a qualitative change in the electrophysiological response
as a function of the interval between two sounds (“electrophysiological
boundary”) that would be resistant to individual response strategies. Such a
marker could be utilized for better understanding the properties of auditory
event formation, such as its sensitivity to contextual changes. In two
experiments, we explored these issues.
‘Perceptual moment’’ is a block of information defined by a time interval
that has only one time tag within the auditory system and therefore, the
temporal succession of its constituent physical events cannot be reliably
established. The content of a moment, a unitary perceptual event can reach
consciousness although this is not necessary. Note that a perceptual event is
a result of a cognitive analysis while a physical event is defined through
theoretical (mathematical) separability of the stimulus (e.g., two tones
separated by a silent period). Pöppel (1997) suggested that the length of the
perceptual moment can be assessed by temporal order judgments (TOJ).
Based mainly on such measurements, the length of a perceptual moment
has been estimated to be ca. 20-70 ms (Fostick & Babkoff, 2013; VanRullen
& Koch, 2003; Szymaszek et al., 2009; Pöppel, 1971, 1997, 2004; Hirsh &
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Sherrick, 1961; von Baer, 1864). The accuracy of order judgements
decreases with decreasing inter stimulus intervals (ISI) or with stimulus onset
asynchrony (SOA). The distinction between ISI and SOA is not practically
relevant with non-overlapping stimuli having short durations. However, the
loss of order detection is not equal to the loss of correct cardinality perception
(the perception of one vs. two sounds); indeed, synchrony judgments are
dissociable from order judgments (Binder, 2015; Love et al., 2013; Van Eijk
et al. 2008). The number of sounds can be correctly judged earlier (after 5-10
ms, Litovsky et al., 1999) than their order, therefore it is easier to judge nonsynchrony than the correct order. With the goal of finding a physiological
correlate of the perceptual moment, the current study measured temporal
order judgments.
The grouping of continuous or successive input signals into a unitary
perceptual chunk accompanied by the loss of temporal order has been
referred to as integration or fusion in the literature. However these concepts
have been applied to very different processes. Here we attempt to clarify the
concept of the grouping process assumed to underlie perceptual event
formation by contrasting it with other types of grouping processes.
In the research of sound perception, the term integration usually refers
to the interdependence of consecutive events, while the term ‘temporal
integration window’ refers to a 150-200 ms interval within which sound
energy is summed and constituent events (if any) are strongly associated
(Zwislocki et al., 1960; Pedersen & Salomon, 1977; Saija et al., 2014).
Violating one of the constituent events within this interval elicits the Mismatch
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Negativity (MMN; Näätänen, 1990) event-related brain potential (ERP)
response (Yabe et al., 1997; Yabe et al., 1998; Sussman et al., 1999). This
interval also matches the temporal extent of the “short auditory store”
proposed by Cowan (1984), which can be considered as a process rather
than a static store (for compatible concepts, see Massaro, 1975; Näätänen &
Winkler, 1999). The temporal integration window is known to be sensitive to
spectral grouping, such that probably multiple temporal windows coexist for
the same period, covering widely different spectral ranges of the incoming
stimulus. This explains some auditory streaming phenomena (see, e.g.,
Shinozaki et al., 2003) as well as the lack of masking within continuous
speech (noted by Cowan, 1984). In contrast, the processes associated with
perceptual moment formation, are less dependent on spectral features (see,
e.g., Simon and Winkler, 2018). Further, the minimal interval for perceptual
moment formation is much shorter than the temporal integration window (2070 ms as opposed to 150-250 ms); thus they probably represent two different
time-scales within the temporal structure of perception (see, e.g., Pöppel,
1997). The processes forming perceptual moments are often referred to as
fusion (a strong merging of events) rather than integration. However, fusion is
a concept generally used by the precedence effect phenomena (Litovsky et
al., 1999), the collection of processes requiring shorter onset asynchronies
than perceptual moment formation. The precedence effect refers to the
dominance of the leading sound. If the onset asynchrony is below ~1 ms, a
unitary percept is formed from the two sounds and, although auditory
features of the event, such as its perceived location are influenced more by
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the leading sound, the lagging sound also affects the percept (e.g., a left- and
a right-side sound together is localized to the center). At onset asynchronies
around 5-10 ms, an echo threshold is found with the fused percept splitting
into a percept with two components. This threshold is more or less universal
among vertebrate species (Dent & Dooling, 2004). However, longer
thresholds have also been reported with speech sounds (Haas, 1951). As a
result, Cutting (1976) differentiated six types of fusions in dichotic listening to
linguistic stimuli.
In the current study, we focus on the temporal boundary at which the
unitary perceptual event, characterized by the impression of a coherent
double sound (“integrated pair”), splits into two consecutive perceptual
events, each having ‘time tags’ that allow correct order judgement.
Conceptualizing the temporal resolution of perceptual event formation by
order discrimination has been also used in clinical applications, as temporal
order training was shown lead to performance improvements in patients with
temporal lesions (Steinbüchel & Pöppel, 1993) and with developmental
language disorders (Fostick et al., 2014; Tallal et al., 1996; Merzenich, 1996).
The formation of perceptual units has been proposed to be
implemented in the brain by high-frequency oscillations (Schwender et al.,
1994; Pöppel, 1997), such as the gamma oscillation (Galambos et al., 1981)
or by the half cycle of the alpha rhythm (Kristofferson, 1967). In contrast to a
pure integration process that can be conceptualized as a ‘neural high pass
filter’, discretization of the input by neural oscillations implies that perceptual
event formation is jointly determined by the temporal separation between
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consecutive constituent events and the phase of these events with respect to
an intrinsic neuronal oscillatory process (VanRullen & Koch, 2003). The
notion of discretization by neural oscillations is gaining interest again in
recent research (VanRullen & Koch, 2003; Poeppel, 2003; Cecere et al.,
2014; Florin et al., 2017). However, the separation of consecutive events
does not necessarily require neural oscillations; it might also be the result of
difference

computation

between

changing

system

states

(Mauk

&

Buonomano, 2004). We note that the current study is neutral regarding the
proposed mechanisms of event separation.
Few

electroencephalographic

(EEG)

studies

employed

stimuli

compatible with the spatial version of the temporal order judgment (TOJ)
task, which requires listeners to judge the order of two sounds differing in
their source location. There is also a spectral version of the TOJ task, which
requires listeners to judge the order of two tones of different pitch. However,
recent results suggest that performance in the spectral TOJ task is based on
a holistic processing strategy, rather than pure order judgement (Fink,
Churan & Wittmann, 2005; Szymaszek et al., 2009; Fostick & Babkoff, 2013).
Bernasconi and his colleagues published three studies (2010a, 2010b and
2011) in which they focused on the electrophysiological indices of accurate
TOJ judgments. They showed that the accuracy of TOJ judgements depends
on interhemispheric decoupling at a very early processing stage (40-70 ms
post stimulus), probably providing a clear time tag for the first sound, and it is
also influenced by the pre-stimulus beta-band activity. However, in these
studies, the inter stimulus interval (ISI) varied across participants as it was
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fitted to the participants’ psychophysical threshold. With this procedure, some
late components could be significantly attenuated by averaging across
participants. In the current study, we tested the formation of the second event
by parametrically varying the ISI within the tone pairs. We assumed to find a
qualitative change between the responses evoked by grouped sound pairs
vs. those processed as two separate events. One possibility that could
produce such a qualitative change is based on the notion that two
perceptually distinct sounds evoke two separate onset responses. For
example,

Loveless

and

his

colleagues

(1995)

recorded

magnetoencephalographic responses (MEG) to binaurally delivered tone
pairs in a passive paradigm varying the within-pair SOA between 70 and 500
ms. The responses were dominated by two N100m peaks. The N100m
response provides a good estimate of the auditory cortical component of the
auditory N1 response recorded with EEG. The auditory N1 is a response to
rapid energy change (e.g., an onset response). It peaks ca. 100 ms from the
energy

change

receiving

contributions

from

multiple

brain

sources

(Näätänen, & Picton, 1987; Giard et al., 1994).
Lewandowska and her colleagues (2008) tested ISIs, which are closer
to those of the current study. They compared the responses between ISI =
10 ms and ISI = 60 ms to two binaurally presented pure tones of different
frequencies. They showed a P2 attenuation in the longer compared to the
shorter ISI condition. A possible explanation of this result, is that the P2
overlapped a second distinct N1 response in the ISI = 60 ms condition, which
resulted in the observed reduced P2 amplitude. However, because
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Lewandowska et al’s study (2008) used an active paradigm, a possible
second N1 effect cannot be disentangled from a smaller P2 response to a
perceptually less ambiguous stimulus pair.
In Experiment I, we varied the within-pair ISI between 35 and 75 ms, i.e.,
around the psychophysical threshold previously measured in our lab by TOJ
(Simon and Winkler, 2018). Our test is based on the assumption that when
two constituent events are grouped into a single perceptual event, a single
N1 response is elicited. In contrast, when the two events are perceived
separately, then two successive N1s are elicited. On this basis, we expect a
larger ERP difference between the responses to tone pairs of neighboring
ISIs at the border between grouping and separation than with the same ISI
difference when either both tone pairs are processed as a single event or
both are treated as two separate events. We also tested the sensitivity of the
threshold to the statistical context, because an adaptive event formation
mechanism has ecological plausibility (Winkler et al., 1990; Hermann et al.,
2015). To this end, in Experiment I, we varied the probabilities of the pairs
with different within-pair ISIs across different stimulus blocks. If the
probabilities of the different ISIs within the sequence influence the
electrophysiological

boundary in the given

condition, then

different

boundaries will be obtained across blocks. Specifically, adaptation to the
most frequently appearing ISI or to the probability-weighted average of the
ISIs in the sequence would result in boundaries being close to the frequent
ISI within the sequence. Experiment II, provided controls for the effects found
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in Experiment I. 1) The presence of unequal probabilities of the within-pair
ISIs in the sequences could itself have resulted in finding a threshold-like
electrophysiological effect. Therefore, Experiment II employed equal ISI
probabilities to confirm that the detection of the threshold was not dependent
on unequal ISI probabilities. 2) The context effect found in Experiment I was
compatible with the notion of adaptation to the most-frequent/weightedaverage ISI. By presenting the different ISIs with equal probabilities, we
tested whether the context effect reflected the probability-weighted average
of the ISIs present in the sequence. Thus, the presence of an
electrophysiological boundary in both Experiments would strongly suggest
the existence of qualitatively different processing of sound pairs with different
short ISIs, and that the processing differences are detectable by the ERP
method. Further, finding threshold changes compatible with adaptation to the
probability-weighted average would confirm this hypothesis.
2

Experiment I

2.1. Methods
2.1.1. Participants
Twenty-one healthy young adults (age between 20 and 26 years, 17 righthanded, 13 female) were recruited for this experiment. Participants signed an
informed agreement prior to the experiment. The study was approved by the
United Ethical Review Committee (EPKEB; the institutional review board).
Participants received a modest monetary reward. None of them had hearing
thresholds higher than 30 dB at any of the 250 Hz, 500 Hz, 2000 Hz or 4000
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Hz frequencies, a threshold higher than 15 dB at 1000 Hz, or a between-ear
threshold difference higher than 20 dB. The study was performed in the
sound-attenuated electrophysiology laboratory of the University of Szeged.
2.1.2. Stimuli and procedure
Sound pairs comprised two 800-Hz pure tones of 10 ms duration, each (1-1
ms linear rise and fall times). The sound pairs were produced by an E-MU
1212M sound card at 78 dB SPL (measured with looped tones) with 850 ms
between pair-onsets. They were delivered via Sennheiser HD25-SP II
headphones, the first tone to the right and the second to the left ear. There
were four stimulus conditions, each delivered in a separate stimulus block of
1500 tone pairs.
Three out of the four conditions delivered a sequence comprising five types
of different tone pairs (Table 1). The pairs differed in the within-pair interstimulus interval (ISI: 35, 45, 55, 65, and 75 ms). Four pairs were presented
with 0.1 probability and one pair with p = 0.6 (frequent stimulus). The
frequent-stimulus ISI was in separate blocks either 35, 55, or 75 ms (denoted
as C35, C55, and C75 from here on). The fourth condition was an oddball
sequence with ISI = 55 as the standard (p = 0.9) and ISI = 75 as the deviant
(p = 0.1). The oddball condition was set to test whether the mismatch
negativity (MMN; Näätänen et al., 2007) ERP response was elicited by ISI
differences in this parameter range. The order of the pairs within the
sequences and the condition order were randomized separately for each
participant. During the EEG recording, participants watched a self-selected
silent movie with subtitles. Each stimulus block (condition) lasted about 22
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minutes. Breaks were provided to participants between the stimulus blocks
as needed.
Condition \ ISI (ms)

35

45

55

65

75

Condition I (C35)

0.6

0.1

0.1

0.1

0.1

Condition II (C55)

0.1

0.1

0.6

0.1

0.1

Condition III (C75)

0.1

0.1

0.1

0.1

0.6

0

0

0.9

0

0.1

Condition IV
(Oddball)
Table 1.

Tone-pair (ISI) probabilities in the four experimental

conditions.
Spatial Temporal Order Judgment task
The experimental session started with a behavioral threshold measurement.
The participant was instructed to judge the order of two short (10 ms, 1-ms
rise and 1-ms fall times) pure tones (800 Hz) by marking whether the pair
started at the right or the left ear – trials starting at the left and right ear were
presented with equal probability. There was no time pressure on responding.
Two practice phases were carried out before the threshold measurement. In
the first phase, six ISI = 150 ms pairs were delivered, and after each button
press, feedback was provided at the center of a computer screen placed in
front of the participant and the next trial started 500 ms after the button press.
In the second practice phase, 6 pairs with ISI = 150 ms and another 6 with
ISI = 100 ms were delivered in random order, and a summary of the
performance was provided after each series. With this procedure, all
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participants reached a better than 80% performance in three or fewer series
(the inclusion criterion was 75%) indicating proper knowledge of the
assignment of the response button assignment. The inter-trial interval
measured from the response to the previous sound pair was 600-900 ms
(uniform probability). The threshold was measured using a three-down-oneup adaptive algorithm that stopped after eight errors (“up” turning points), and
the individual’s threshold was calculated as the average of the last six up
turning points or three consecutive errors at the same ISI. The initial ISI was
120 ms and the initial step size was 20 ms. The step size was halved after
each downward steps (three consecutive correct responses) until the
minimum step size of 5 ms was reached. The order of the tones was
randomized and the pair was equally likely to start on either side. The
threshold measurement lasted for about 2 minutes.
2.1.3 EEG recording
The EEG was recorded with a 32 channel Biosemi DC coupled amplifier
(Biosemi,

Amsterdam, Netherlands - https://www.biosemi.com/index.htm).

The placement of the electrodes followed the International 10/20 system with
additional electrodes placed over the two mastoids and the nose. Voltage
was recorded with 1024 sampling rate at 24 bits. The built in low pass filter
had a 5th order sinc response with the ~3 dB point at 1/5 th of the selected
sample rate. In the Biosemi EEG system, an amplifier zero reference setup is
realized through the CMS (active) and DRL (passive) electrodes positioned
on

the

two

sides

of

the
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Cz

electrode

location

(https://www.biosemi.com/faq/cms&drl.htm).

These

contacts

form

a

feedback-loop between the electrode montage and the amplifier replacing the
traditional ground electrode.
2.1.4. EEG analysis
The MATLAB R2014a software (MathWorks Inc.) was used for analysis with
functions from the EEGLAB (Delorme & Makeig, 2004) and ERPLAB
toolboxes (Lopez-Calderon & Luck, 2014). The signal was re-referenced to
the nose electrode and filtered between 1 and 20 Hz with a finite impulse
response filter (Kaiser window = 5.6533). The 1 Hz high pass filter was
chosen because we found slow fluctuations in some of the recordings. The
20 Hz low pass value was necessary because of high-frequency noise, which
was caused by the headphone. ICA analysis was conducted on the filtered
signals and the components related to eye movements were removed based
on the recommendation of the ADJUST 1.1.1 software (Mognon et al., 2011).
Epochs were generated with 100 pre- and 800 ms post stimulus intervals for
each sound pair and baseline corrected to the pre-stimulus interval. Epochs
were rejected from further analysis if their amplitude variation exceeded 100
µV. For each participant, at least 110 trials/condition were retained after
artifact rejection. In order to reduce noise, an artificial fronto-central EEG
channel was averaged from the signals measured at Cz, Fz, FC1, and FC2.
Statistical analyses were performed on amplitude measures from this
channel.
2.1.5. Statistical analysis
For testing the ERP differences between pairs differing by only one ISI step
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(10 ms), irrespective of the probability of the pair, point-by-point
nonparametric t tests using 3000 permuted data sets were performed. Only
significant effects (p < .01) lasting for at least consecutive 20 data points (~20
ms) are reported and interpreted.
The average amplitude measured from the 210-250 ms post-stimulus interval
was selected for further statistical analyses, because it was common to all of
the intervals in which significant difference between the ERPs elicited by
pairs with adjacent ISIs was obtained in the point-by-point t tests. The effects
of ISI and statistical context were tested by a repeated measures ANOVA
(rmANOVA) with the factors CONTEXT (N = 3: C35, C55, and C75) and ISI
(N = 5: 35, 45, 55, 65, and 75 ms). Whenever Mauchly’s test of sphericity
was significant, the degrees of freedom were adjusted by the GreenhouseGeisser correction. The alpha level was set to .05. Pairwise differences were
post hoc tested using the Bonferroni correction.
In order to follow-up the apparent shift in the effects of ISI on the N1
morphology between contexts C35 and C55 (see Figure 1) an additional
rmANOVA was conducted on a subset of the data: CONTEXT (N = 2: ISI 35,
55) and ISI (N = 3: ISI 45, 55, and 65).
Spearman’s rank correlation was employed to test the relationship between
the electrophysiological and behavioral data as the latter could only be
established on an ordinal scale. The individual electrophysiological
boundaries were assessed based on the Chebyshev distance (d = max(|p i qi|)) between ERPs elicited by tone pairs differing in one ISI step; p is the
vector of ERP amplitudes measured from the 210-250 ms interval for the
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shorter-ISI and q for the longer-ISI tone pair of the comparison (difference
based estimation).
3 Results
3.1

Electrophysiological results.

The ‘deviants minus standard’ difference waveforms measured in the oddball
condition did not show significant MMN even when the 20-consecutive-point
restriction was removed (see Supplementary Figure I). Therefore, the
subtractions between tone-pairs with adjacent ISI values are probably not
influenced significantly by contributions from MMN.
The differences between the ERPs of stimulus pairs with adjacent ISI values
(10 ms step) were significantly different from zero (p < .01) for at least 20
consecutive data points in the following comparisons: for 55 vs. 45 ms,
between 211 and 247 ms in the C35 condition; for 65 vs. 55 ms, between 202
and 261 ms in the C55 condition; and for 65 vs. 55 ms between 220 and 248
ms in the C75 condition. Figure 1 shows the ERP response to each soundpair from the artificial fronto-central EEG channel with the scalp topography
of the ERP difference between pairs with adjacent ISIs plotted for the 210250 interval.
The rmANOVA of the 210-250 ms mean ERP amplitudes yielded a significant
effect of ISI (F(4,80) = 27.72, MSE = 1.03, p < .001, pη 2 = .58). Post hoc tests
revealed that only the difference between 65 and 55 ms was significant
(Table 2).
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Lower

Upper

Bound of

Bound of

CI95

CI95

1

-.551

.285

.145

.084

-.881

.033

-.717

.169

.004

-1.251

-.184

-.233

.172

1

-.777

.311

Mean

Standard

difference

Error

45 – 35

-.133

.133

55 – 45

-.424

65 – 55
75 – 65

Adjusted p

Table 2. Mean voltage differences in the 210-250 ms post stimulus
interval between the ERPs elicited by pairs with adjacent ISIs (CI95 =
95% confidence interval).
Neither the main effect of CONTEXT, nor the interaction between CONTEXT
and ISI reached significance. However, Figure 1 appears to show a shift
between the C35 and C55 contexts: whereas in the C35 context, the average
ERP elicited by the ISI=55 ms pairs is similar to those elicited by longer-ISI
pairs, in the C55 and C75 contexts, the ERP for ISI=55 ms is more similar to
those for the shorter-ISI pairs. The rmANOVA conducted on the relevant
subset of data yielded a significant CONTEXT × ISI interaction (F(2,40) =
3.74, MSE = .56, p = .032, pη2 = .158).
3.2. Behavioral results and correlations between the behavioral and ERP
threshold measures
The mean TOJ threshold was 36.07 ms (SD = 23.32, min. = 5, max. = 71.67).
This threshold did not show significant correlation with the
electrophysiological threshold: r(19) = .345, p = .12 .
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Figure 1. Group-average (n=21) ERP responses to individual tone pairs
measured from the artificial fronto-central EEG channel. The three
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panels show the responses for the different frequent-pair conditions: C35,
C55 and C75 (top, middle, bottom panel, respectively). In each panel, one
response was elicited by the frequent tone-pair of the condition, whereas the
other four by infrequent tone-pairs (see Section 3.1) – the lack of MMN in the
control condition allows comparing between ERPs elicited by frequent and
infrequent pairs similarly as between two infrequent pairs. The horizontal linesegments below the waveforms represent intervals with significant (p < .01)
point-by-point difference between ERPs elicited by sound pairs with adjacent
ISIs (differing in 10 ms); the line color of the horizontal segment corresponds
to the color of the ERP waveform representing the pair with the longer of the
two ISIs. On the right side of the figure two columns of scalp-distribution
displays are shown. The rightmost column depicts the scalp distribution of
the ERP amplitude difference between pairs with adjacent ISIs measured
from the 210-250 ms post-stimulus interval. Cold colors indicate that the pair
with the longer of the two ISIs elicited a more negative response than the pair
with the shorter ISI. The left column shows the scalp distribution thresholded
by the significance of the difference (p < .01) between the ERPs elicited by
the same two pairs. Note that the thresholding was based on the comparison
of average amplitude measurements used in the statistical analysis and thus
it does not directly correspond to the point-by-point differences shown below
the ERP responses.
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4 Experiment II
Although, in the first experiment, we did not find MMN in the control
condition, the context manipulation was tied to inequality in the probabilities
of the pairs with different ISIs. This could have affected the finding of an
electrophysiological boundary at least in the C35 and C75 conditions in which
the frequent ISI was at one or the other end of the range. If the auditory
system treated the frequent pair and the nearest one as members of one
category (e.g., ISI = 75 ms along with a similar pair with ISI = 65 ms as “longISI”) and the rest as the other category (“short-ISI in C75), then the contrast
would have resulted in qualitatively differently processing exemplars of the
frequent vs. the rare category and thus possibly in the elicitation of ERPs like
those obtained in Experiment I. Therefore, in Experiment II, we tested
whether the context effect observed in Experiment I was due to unequal
stimulus probabilities or to differences in the mean ISI. Two conditions were
tested: in the first condition, the ISI varied from 25 ms to 75 ms (six different
pairs; Wide ISI range condition), while in the second condition only from 25
ms to 55 ms (four pairs; Narrow ISI range). The order of the first and second
condition was not randomized, because the N1 can get attenuated with time
(Lange, 2009) decreasing the detectability of a boundary, the primary goal of
the second experiment. To assess the effects of time on the position of the
boundary, the stimulus blocks (conditions) were a priori split to two halves.
The fixed order of the presentation of the conditions brings up the possible
confound that auditory temporal resolution changes due to general
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arousal/fatigue level between the two conditions as suggested by previous
behavioral studies (e.g., Babkoff, Zukerman, Fostick, & Ben-Artzi, 2005).
Further, repeated presentations of the stimuli may also influence the ERP
response to sound onsets (Ross & Tremblay, 2009). In order to test the
possible effects of time on task (time elapsed during the repeated
presentation of tone pairs) on the position of the boundary, we separately
analyzed the first and second half of the responses obtained in the two
stimulus conditions. If condition half significantly interacted with the ISI
variable, it would signal that time on the task affected auditory temporal
resolution. Further, we will note the possible effects of the order confound
when discussing comparisons between the responses elicited in the two
conditions.
4.2. Methods
4.2.1. Participants
Twenty healthy young adults were recruited for this experiment (age between
18-29 years, 17 right-handed, 14 female). They signed an informed consent
form and received a modest payment for their participation. The study was
approved by the institutional review board (EPKEB). None of the participants
had a hearing threshold higher than 35 dB at any of the 250 Hz, 500 Hz,
2000 Hz or 4000 Hz frequencies, or a higher threshold than 20 dB at 1000
Hz or a between ear threshold difference higher than 15 dB at 1000Hz. The
study was performed in the sound-attenuated electrophysiology laboratory of
the Research Centre for Natural Sciences, Budapest.
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4.2.2. Stimuli and procedure
The same stimuli and locations were used as in the first experiment, except
that an additional pair (ISI = 25 ms) was introduced and loudness was
decreased to 68 dB SPL, because one participant of Experiment I noted that
the sounds were quite loud. The sound pairs were produced by a Juli@
MAYA44 sound card (High Quality 24-bit 192 kHz 4x4 reference – ESI
Audiotechnik GmbH) and delivered through Sennheiser

HD

600

headphones. Each condition delivered 1800 tone pairs, which resulted in 300
pairs/ISI for the wide range condition, and 450 pairs/ISI in the narrow range
condition given the equiprobable presentation strategy. Each condition,
separately, was delivered as a single continuous stimulus block, which lasted
about 25.5 minutes. A break was provided to participants between the two
conditions.
Before the EEG recording, there were six threshold measurements: three
with a gamified version of the TOJ task and three classic psychophysical
measurements, identical to the procedure described for Experiment I. In the
gamified version, a red balloon was lifted up or descended corresponding to
the performance, thus providing real-time visual feedback. Otherwise the
procedure was the same as in the classical version of the task. The gamified
measurement always followed the classic measurement after a few minutes
break. This way, the classical TOJ measurements are comparable between
experiments. Practice was given as described for Experiment I before the
first TOJ measurement. One threshold measurement lasted for ca. 2
minutes. The behavioral measurement lasted about 10-12 minutes overall.
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Three classical TOJ measurements were used for improving the accuracy of
the TOJ measure, whereas the gamified version was introduced as
preparation for later on-line studies, to be compared with the classic method.
4.2.3. EEG recording
EEG was recorded with BrainAmp DC 64-channel amplifiers (Brain Products
GmbH) and actiCAP active electrodes. A 0.1 Hz high-pass and a 250 Hz lowpass online filters were applied during recording. The placement of the
electrodes followed the International 10/20 system. Three additional
electrodes were employed: one on the tip of the nose, one below the left, and
the third lateral to the right eye. During recording, the FCz electrode served
as the common reference. The EEG was sampled at 1000 Hz with 24 bits
resolution.
4.2.4. EEG analysis
The same pipeline of analysis was followed as in Experiment I. After artifact
rejection,

at

least

100

trials

were

retained

for

each

participant/condition/half/ISI.
4.2.5. Statistical analysis
The

difference

waveforms

were

analyzed

and

electrophysiological

boundaries were identified with the same procedure as was described for
Experiment I. One exception compared to the procedures in Experiment I is
that even significant differences not reaching the 20 consecutive point
criterion are shown for the narrow ISI range condition within the latency
range corresponding to the significant difference found in the wide ISI range
condition.
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The interval for amplitude measurements was set to 170-210 ms post
stimulus, because the difference effects started earlier in this than in the
previous experiment. The effects of the variables were tested by an
rmANOVA with the factors of ISI (N = 4: 25, 35, 45, 55), CONDITION (N = 2:
ISI: Wide vs. Narrow), and BLOCK HALF (N = 2: first vs. second). ISIs that
did not appear in the narrow ISI range condition were not analyzed (but the
responses and their differences are shown in Figure 2).
Spearman’s rank correlation was conducted between the TOJ and the
electrophysiological thresholds.

4.3. Results
4.3.1. Electrophysiological results.
In the Wide ISI range condition, the amplitude difference between the ERPs
elicited by stimulus pairs of neighboring ISIs was significant for the ‘45 – 35
ms’ contrast in the 175-218 ms interval. In the Narrow ISI range condition,
significant difference was again found for the ’45 - 35 ms’ contrast. However,
this difference appeared only in the 183-192 ms time interval, not meeting the
20 consecutive data point criterion.
The rmANOVA of the mean amplitudes yielded a main effect of BLOCK
HALF (F(1,19) = 10.63, MSE = .64, p = .004, pη 2 = .35) and ISI (F(3,57) =
13.24, MSE = .55, p < .001, pη 2 = .41) with no significant interaction between
them and very low effect sizes for the interaction effects (effect sizes < 0.06
for the non-significant interactions: CONDITION x BLOCK HALF pη 2 = .027;
CONDITION x ISI pη2 = .028; BLOCK HALF x ISI pη2 = .057; CONDITION x
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BLOCK HALF x ISI pη2 = .015) suggesting that time on the task did not
influence the amplitude-change as a function of the ISI (although the
absolute values of the responses were significantly affected by the time
elapsed from the onset of the continuous stimulation). Bonferroni post hoc
tests revealed that only the responses to pairs with ISI = 35 and 45 ms
differed significantly from each other (Table 3).

35 – 25
45 – 35
55 – 45

Mean
difference

Standard
Error

Adjusted p

.005
-.470
-.108

.107
.099
.137

1
.001
1

Lower
Bound of
CI95
-.31
-.760
-.511

Upper
Bound of
CI95
.32
-.179
.296

Table 3. Mean voltage differences in the 175-218 ms post stimulus
interval between the ERPs elicited by pairs with adjacent ISIs (CI95 =
95% confidence interval).

231

Figure 2. Group-average (n=20) ERP responses to tone pairs measured
from the artificial fronto-central EEG channel. The two panels show the
responses for the different ISI-range conditions (I: wide, top; II: narrow,
bottom). The horizontal line-segments below the waveforms represent
intervals with significant (p < .01) point-by-point difference between ERPs
elicited by sound pairs with adjacent ISIs (differing in 10 ms); the line color of
the horizontal segment corresponds to the color of the ERP waveform
representing the pair with the longer of the two ISIs. On the right side of the
figure two columns of scalp-distribution displays are shown. The rightmost
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column depicts the scalp distribution of the ERP amplitude difference
between pairs with adjacent ISIs measured from the 170-210 ms poststimulus interval. Cold colors indicate that the pair with the longer of the two
ISIs elicited a more negative response than the pair with the shorter ISI. The
left column shows the scalp distribution thresholded by the significance of the
difference (p < .01) between the ERPs elicited by the same two pairs. Note
that the thresholding was based on the comparison of average amplitude
measurements used in the statistical analysis and thus it does not directly
correspond to the point-by-point differences shown below the ERP
responses.
4.3.2. Behavioral results
The mean TOJ threshold of the three measurements in the classic
psychophysical setup was M = 37.37 ms (SD = 24.96, min. = 10.83, max. =
87.22). The mean TOJ threshold in the gamified version was M = 59.64 ms
(SD = 33.38, min. = 16.11, max. = 134.44). The results of the two versions of
the paradigm significantly differed from each other (t(19) = -5.877, p < .001,
pη2 = .645), but the correlation between them was strong ( r(18) = .777, p
< .001).
No significant correlations were found between the average TOJ and the
electrophysiological threshold (Table 4).
Classic TOJ
First block
rho
p
Table

.12
.601
4.

Correlations

Gamified TOJ
Whole cond. First block
I
.19
.15
.40
.507

between

electrophysiological
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Whole cond.
II
.27
.24
indices

and

behavioral thresholds.
5. General discussion
We found a boundary-like amplitude difference increase in pairwise
comparisons between the ERP responses elicited by neighboring sound
pairs differing in the time interval between two short dichotic sounds. That is,
in each of our stimulus conditions, the amplitude difference was significantly
larger between a single pair of neighboring tone-pairs at some non-terminal
position of the tested ISI range than that between any other pair of
neighboring tone-pairs. This is a sign of a qualitative processing change
occurring between these pairs, i.e., a boundary between different processes
as opposed to a continuous effect of the within-pair ISI. This pattern of results
was expected based on the assumption that with longer ISIs, the second
tone would trigger the formation of a second perceptual event. The
emergence of a second onset response should cause a larger change
between the ERP waveforms characteristic of the fused vs. the split event
than that between tone-pairs differing by the same amount of within-pair ISI
but not in the number of events.
A similar temporal processing limit was suggested by Steinschneider et al.
(1999, 2005) who demonstrated that an additional response component
appeared in the Heschl’s gyrus at long Voice Onset Times (VOT - the time
interval between consonant onset and the onset of the glottal pulsation; VOT
determines the difference between voiced and unvoiced consonants).
Steinschneider and colleagues obtained similar results also with click trains
suggesting the existence of a temporal limit in auditory processing underlying
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the categorical perception of voiced and unvoiced consonants. The critical
VOT has been found to be a function of sound frequency, showing that this
temporal limit is adaptive. Our results are compatible with these findings, and
add the observation that this temporal limit is also influenced by the statistical
context.
The current results are also compatible with the ‘perceptual moment’
hypothesis (Pöppel, 1971, 1997, 2004; Hirsh & Sherrick, 1961; von Baer,
1864), which defines a temporal limit/frame for perceptual event formation. A
simple explanation for the non-linear effect of the within-pair ISI is that the
larger ERP difference between neighboring tone-pairs is due to the
emergence of a second N1-like response above the observed ISI boundary.
This explanation does not depend on the existence of a grouping mechanism
that would be based on a fixed sampling rate and segment length (such as
those proposed to utilize some brain oscillation; see Schwender et al., 1994;
Pöppel, 1997)), allowing the temporal limit to change from event to event.
The N1 explanation is plausible based on the scalp distribution of the
emerging waveform. Studies utilizing sound pairs with short ISIs usually
describe a second N1/N100m (Loveless et al., 1995; Fox et al., 2010) but did
not test shorter onset differences than 45 ms. Fox et al. (2010) found a
second N1 even at SOA = 45 ms (ISI = 25 ms, tone duration = 20 ms) in their
adult sample. However, because 45 ms was the shortest onset difference
tested in their study, they could not have found the qualitative change
observed in the current study. The auditory N1 response has been previously
regarded as an exogenous component that is governed by the physical
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stimulus properties and influenced by the state (e.g., arousal, attention, etc.)
of the listener (Näätänen, & Picton, 1987). However, it was later proposed
that the N1 is an event-driven rather than stimulus-driven response
(Nishihara et al., 2011). The interpretation that the cause of the boundary-like
behavior found in the current study is the emergence of a second N1 at
longer within-pair ISIs is compatible with the event-driven conceptualization
of the auditory N1: we would then suggest that N1 is elicited when a new
sensory event is formed, which leads to the formation of a new perceptual
event. The relatively late latency of the significant differences (peaking mostly
at >200 ms) and the observed contextual effects are compatible with the
notion that the processes underlying the observed threshold may contribute
to perception.
Lewandowska et al. (2008) contrasted within-pair SOAs of 20 and 70 ms (ISI
= 10/60 ms and duration = 10 ms) and found a large negative difference
between the two. These results are also compatible with the current ones.
However, Lewandowska and colleagues (2008) interpreted the difference as
the suppression of the P2 component elicited by the pair-onset. This is also
plausible considering that in their active paradigm, the 70 ms SOA pair was
easier to judge than the 20 ms one. The lack of a morphologically separate
N1 together with the well discernible P2 component is compatible with this
interpretation. The P2 suppression explanation is an example of a more
general alternative explanation suggesting a non-linear sensitivity-change
with a peak within the tested ISI parameter range. While this may be the
case, the elicitation of a second N1 provides a simpler, more plausible
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explanation.
The lack of reliable correlation between the ERP-based boundary and the
one established by behavioral methods prevents us from anchoring the
observed electrophysiological boundary to TOJ measurements and through
them to the concept of the perceptual moment. One possibility, of course, is
that the two measures index different temporal boundaries. Therefore, we
cannot confirm that the observed temporal processing limit matches that
suggested by the ‘perceptual moment’ hypothesis (Pöppel, 1971, 1997,
2004; Hirsh & Sherrick, 1961; von Baer, 1864). However, it is possible that
attention

(which

differed

between

the

EEG

and

the

behavioral

measurements) significantly modulates the formation of perceptual events. In
support of this hypothesis one should note the well-known attentional
sensitivity of the N1 wave (e.g., Hillyard, Hink, Schwent, Picton, 1973). We
have putatively linked the N1 with auditory perceptual event formation.
Further, the finding of both very short (5 and 10 ms) and long (70 or 80 ms)
behavioral thresholds may indicate that participants used different strategies
for performing the task. In contrast, the passive ERP measurement is not
confounded by listener strategies. It is also possible that the ERP measure
benefited from the fixed pair onset-to onset interval, which may have
provided a clearer time-tag for the first sound (in an otherwise ambiguous
situation) than the random interval used in the TOJ measurement. If this
improvement of the TOJ performance reflected reduced threshold for
segmenting the two successive sounds, then it could have also affected the
electrophysiological threshold. However, if improved tagging improved task
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performance without changing the threshold, then it does not apply to the
current electrophysiological threshold, as it does not rely on order judgement.
Finally, the lack of correlation could also have resulted from the noisiness of
either or both estimates of the threshold. In addition to the general noise level
of the two types of measurements, the ERP based threshold may be
sensitive to long-term fluctuations in processing speed as well as to
repetition-induced N1 attenuation (Ross & Tremblay, 2009; Schwartze,
Farrugia, & Kotz, 2013). The behavioral measure, in turn, could be sensitive
to

attentional

fluctuations.

Better

linking

the

behavioral

and

electrophysiological findings could be a direction for future studies.
In Experiment I, we found evidence that the probability with which a given ISI
appears within the sequence influences the position of the threshold. The
effect was not symmetric, as the threshold significantly changed between
frequent ISI = 35 and 55 ms (C35 and C55) contexts but not between C55
and C75. Note that the threshold did not follow the distance to the frequent
ISI, which would have indicated a mismatch-like response with respect to the
expected/prototypical tone-pair. Further, in two of the three contexts (C35 and
C75), the threshold-related significant difference was obtained by comparing
between responses to pairs with equal (low) probabilities and the scalp
distribution of the third significant difference (in the C55 context, where the
difference was between the frequent-pair and an infrequent-pair response)
was very similar to the scalp distribution obtained for the other two significant
differences (Figure 1). Finally, no MMN was obtained in the classic oddball
setup (90% standard 10% deviant) or in any other frequent-infrequent
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comparisons (see Supplementary Figure II). Therefore, it is very unlikely that
MMN significantly contributed to the threshold-related differences in
Experiment I. A boundary was also observed in Experiment II, in which the
probabilities of the different ISIs were equal within the stimulus blocks
(conditions). This result further argues against the possibility of an MMN-like
source of the ERP effect underlying the observed boundary. One possible
explanation of the effect of the statistical context is that the boundary adapts
to the mean of the ISI range. However, this assumption is not in line with the
lack of change in threshold position between the Narrow and Wide ISI Range
conditions of Experiment II as well as with the position of the threshold in the
Wide ISI Range condition (between 35 and 45), which differs from the mean
(50 ms).
Admittedly, the fixed condition order of the second experiment allows the
possibility that the lack of change in position of the boundary is due to two
counteracting factors. For example, the time on task could have increased
the boundary while the short ISI dominance could have decreased it.
However, this explanation is not supported by the lack of interaction effects
(and the very low effects sizes for this non-significant interactions), i.e., that
the block halves within conditions did not mediate the ISI effect. Further,
because the second of the two conditions did not introduce new stimuli,
stimulus novelty should not have affected the responses.
Surprisingly, the mean thresholds differed in the two experiments, being
shorter in the second experiment. Experiment I yielded an asymmetrical
contextual effect of the ISI: the predominance of pairs with shorter ISIs had a
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larger effect on the responses to pairs with intermediate ISIs than that of
pairs with longer ISIs. Therefore, the shorter threshold in Experiment II can
be the result of introducing ISI = 25 ms. Although the adaptation to the mean
type of explanation of the context effect has been ruled out, a non-linear
version of it suggesting higher weights for the short ISIs would explain the
current results. A second explanation for the threshold difference between the
two experiments can be based on the notion that the equiprobable
presentation in Experiment II created a less predictable context than that in
Experiment I (i.e., there was no frequent pair that could have been
predicted). The less stable context could have forced the auditory system to
work at a higher temporal resolution, which could lead to integrating shorter
information chunks than in the more predictable situation. Both explanations
are compatible with the lack of difference in the behavioral threshold
measure in the two experiments (36 and 37 ms), which were obtained using
the same procedure at the beginning of the experimental sessions.
In conclusion, using an ERP method, we have identified a temporal boundary
in processing sounds presented in short succession (in the range of a few
tens of milliseconds). This boundary likely corresponds to some strong
integration process of the acoustic input, although we found no direct
correlation with behavioral measures of the most likely candidate, the
perceptual moment. We further found that the boundary is not fixed. Rather, it
adapts to the immediate acoustical context, the statistical make-up of the
sound sequence. The context effect on the boundary does not follow an
adaptation toward the unweighted mean, as short intervals appear to have
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larger effect on it than long intervals.
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Supplement Figure I – The lack of a Mismatch Negativity effect
Group-average (n=21) ERP responses to tone pairs measured from the
artificial fronto-central EEG channel. The light gray line indicates the ERP
elicited by the deviant pair (10% occurrence) with an ISI = 75 ms. The darker
gray line represents the ERP of the ISI = 75 ms pair as a standard (60%
occurrence). The thick black curve shows the difference waveform. There
was no significant difference between the standard and deviant responses
(with p < .01 criterion). Furthermore, the difference in the region of interest
(around 200 ms post stimulus) is positive suggesting that a lack of significant
negativity is not due to a lack of statistical power.
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Supplementary Figure II – Difference waves (pairwise and frequentinfrequent comparisons)
The left side of the figure shows the difference waveforms between ERPs
elicited by adjacent tone pairs. The right side of the figure shows difference
waveforms between ERPs elicited by identical frequent and infrequent tone
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pairs. Whereas there appears to be an N1-like peak in the difference
waveforms between ERPs to adjacent tone pairs, no MMN-like activity
appears on the infrequent vs. frequent difference waveforms. The “mmncl75” represents the classical MMN scenario when the tone pair with ISI = 75
ms was presented 10% along with 90% pairs with ISI = 55 ms. The other
difference waveforms are taken from the experimental conditions with 60-1010-10-10% make-up. Panel titles “I35”, “I55” and “I75” refer to the ISI of the
tone pairs.
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3.4. Electrophysiological correlates of the spatial
temporal order judgment task
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Abstract
The study investigated auditory temporal processing on a tens of
milliseconds scale that is the interval when two consecutive stimuli are
processed either together or as distinct events. Distinctiveness is defined by
one's ability to make correct order judgments of the presented sounds and is
measured via the spatial temporal order judgement task (TOJ).
The study aimed to identify electrophysiological indices of the TOJ
performance. Tone pairs were presented with inter-stimulus intervals (ISI)
varying between 25 and 75 ms while EEG was recorded. A pronounced
amplitude change in the P2 interval was found between the event-related
potential (ERP) of tone pairs having ISI = 55 and 65 ms, but it was a
characteristic only of the group having poor behavioral thresholds. With the
two groups combined, the amplitude change between these ERPs in the P2
interval showed a medium-size correlation with the behavioral threshold.
Keywords: temporal order judgment, auditory perception, EEG, ERP,
temporal discrimination
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Introduction
Understanding the auditory temporal processing functions of the human
cognitive system is crucial to improve differentiation and training of groups
displaying deficiencies in linguistic and other domains (Halliday, 2017).
However, some of these functions are still poorly defined and the same
putative construct is often measured using different tasks (Fostick & Babkoff,
2013). Furthermore, psychophysical measurements typically reflect the
outcome of complex interactions between the putative temporal processing
function, task-related strategies, motivation, and other sensory and executive
functions (see, e.g., Simon et al., 2020). Here, we aim to identify
electrophysiological correlates of the auditory spatial temporal order
judgment task that is assumed to measure temporal discrimination on a tens
of milliseconds scale. Suboptimal temporal discrimination of auditory events
of a few tens of milliseconds were proposed to be partly underlying
developmental dyslexia (Gaab et al., 2007; Fostick et al., 2014a; Farmer &
Klein, 1995), hearing deficits in the elderly over 60 years (Saija et al., 2019;
Szymaszek et al., 2009; Fink, Churan & Wittmann, 2005), and they were also
observed

in

schizophrenics

(Stevenson

et

al.,

2017).

Therefore,

electrophysiological correlates of this temporal discrimination function may
help to specify the role of temporal processing in these deficits as well as
provide a bridge between behavioral measures and the underlying
neurophysiological mechanisms.
We focused on the spatial temporal order judgment task (sTOJ) as it has
been frequently reported as a sensitive indicator of dysfunction (like aphasia

257

or dyslexia) and its training showed transfer effect to linguistic skills, such as
phonological awareness (Szelag et al., 2014; Fostick et al., 2014a; Gaab et
al., 2007). This task presumably allows the assessment of the duration of a
short-term temporal integration window, which has been suggested to be
longer in groups at risk of developing language impairment. A longer
integration window makes some time-based (e.g. voice onset time)
consonant distinctions more difficult (Szelag et al., 2014; Zaehle et al., 2007,
2004; Steinschneider et al., 2004, 2003). The sTOJ task requires judging the
order of two sounds presented to different ears with a variable inter-stimulus
interval (ISI) between the sounds. The discrimination threshold (also can be
referred as fusion threshold, Cutting, 1976) denotes the interval, below which
the order of the two sounds cannot be established on the basis of temporal
information alone. Electrophysiological (EEG) measurements have previously
been conducted during the sTOJ task. In such studies, the primary goal was
to find correlates of accurate decision at the individual discrimination
threshold. It has been shown that higher judgement accuracy is associated
with lower activity in the superior temporal cortex (Bernasconi et al., 2010a),
stronger pre-stimulus beta activity (Bernasconi et al., 2011), and increasingly
uncorrelated electric brain activity in the two hemispheres (Bernasconi et al.,
2010b). However, these results do not automatically refer to processing one
versus two auditory events, because correct responses do not necessarily
correspond to perceiving two separate sounds. Correct judgments in the
spatial version of the TOJ task are less likely to be based on holistic
perception than distinguishing the high-low and low-high pattern in the
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spectral version of the task (Fostick et al., 2014b; Fostick & Babkoff, 2013).
Although, one cannot rule out that correct order judgments can be made
through utilizing holistic features distinguishing the left-right from the right-left
sound pairs (Kanabus et al., 2002). As for the studies of Bernasconi and
colleagues (2010a and b, 2011), the average behavioral threshold was quite
low (26.15 ± 5.04 ms as opposed to the more frequently found 40-50 ms
range) and the accuracy was not especially high (65.31±2.91% at the
beginning). Therefore, it is possible that the ISI within the tone pairs
frequently fell under the discrimination threshold of individuals, who learned
subtle cues of discrimination through feedback. Individual thresholds below
30 ms (either in the cited or in our own study) raise the question whether
even the spatial TOJ task reflects temporal discrimination based sound
processing.
An electrophysiological marker related to the spatial TOJ threshold would
thus benefit interpreting the behavioral results of the sTOJ task.
In our previous study, we found an EEG based marker likely indexing the
discrimination threshold addressed by sTOJ (Simon, Balla & Winkler, 2019);
the amplitude difference between the ERPs of tone pairs having ISI = 55 ms
and ISI = 65 ms was significantly greater than any other amplitude
differences of adjacent ISI ERPs. Adjacent pairs where tone pairs differing in
one step of ISI. We were looking for nonlinearity in the ERP differences of
adjacent ISI pairs as an electrophysiological index of the emerging second
auditory event. However, no significant correlation was observed between the
electrophysiological measures and behavioral measures of the discrimination
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threshold. Thus, the EEG based marker could not be anchored in perception.
One possible reason for the lack of this correlation is that, in contrast to the
behavioral measurement, the sounds were not attended during the EEG
measurement. Therefore, in the current study, we introduced an active
condition in which participants performed a target detection task unrelated to
the sTOJ task, which required them to attend to the sounds. In addition,
performing a task could produce more homogeneous neural responses than
the passive condition recorded in our previous study. We expected to be able
to replicate our previous findings of the ISI effect in the latency range of P2
component, even in the active condition.
Based on our previous results, we hypothesized a P2 reduction at longer
ISIs, especially above ISI = 55 ms. The assumption was that if the second
tone is processed as a separate auditory event, the appearance of a second
onset event (most likely a second N1) would attenuate the positive P2
component compared to the ERPs of tone pairs with short ISIs leading to
fused tones.
Besides replicating our previous findings about a non-linear change in the
ERP amplitudes as a function of linear increase in ISI, we expected to find
correlation between the changes in electrophysiological responses of
adjacent ISI ERPs and the behaviorally measured discrimination threshold.
At ISI = 25 ms most people hear fused tones and at ISI = 75 ms most people
hear two tones, therefore we expected to find correlation where the
difference between the ERPs of tone pairs differing in one ISI step is the
greatest.
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Methods
2.1 Participants
Thirty young adults (20 female) participated in the study. Their mean age was
22.36 years (19-29 range); 13.13% were left handed while 10% reported
ambidexterity. None of the participants had a hearing threshold higher than
25 dB HL measured at frequencies 250, 500, 1000, and 2000, or a betweenear difference higher than 10 dB HL. They reported having no psychiatric or
neurological conditions.
Prior to the data collection, participants signed an informed consent approved
by the United Ethical Review Board of Hungary. They received moderate
financial compensation through a student work organization for taking part in
the study.
2.2 The timeline of the experimental procedure
The session (see also Figure 1) started with standard audiometry (see the
tested frequencies at 2.1) and it was followed by practice for the behavioral
Temporal Order Judgment task (TOJ) and three consecutive TOJ threshold
measurements (see section 2.3) in order to gain a proper estimate of the
individuals discrimination threshold. Participants were then trained to
recognize the target pattern of the active EEG-measurement condition that
was supposed to direct attention to the dichotic tones as well. This phase of
target detection stopped after performance reached 85% based on the last
ten target occurrences. This was followed by preparations for the EEG
recording (placing the cap and setting the impedances).
The EEG-recording part comprised two conditions; each condition was
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presented in a separate sequence of six blocks with a minimum one-minute
break between blocks (longer, if the participant needed more time). In the
“passive condition”, participants attended to a muted self-selected movie with
subtitles and they had no task involving the sounds. In the “active condition”,
listeners were instructed to pay attention to the sounds and press a response
key whenever a target (triplet) was detected. The condition order was
counterbalanced across participants resulting in a “passive-start” and an
“active-start” group with 15 participants in each group.

Figure 1. The structure of the experiment. The behavioral measurements
were followed by the EEG recording that had two parts. Participants attended
to a silent movie with subtitles in the passive condition, while in the active
condition they focused on the tones, because they had to detect a target. The
recognition of the target was practiced before the EEG recording started. The
passive and active conditions were counterbalanced between participants.
2.3 Temporal Order Judgment (TOJ) task
The task consists of a series of order judgments. In the spatial version of the
task, the same tone is presented twice in a dichotic manner. Participants are
to decide whether they heard a left-to-right or right-to-left propagation of the
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sounds. In our experiment, the TOJ threshold was measured with a threedown-one-up adaptive algorithm that stopped after eight errors. The initial ISI
was 120 ms and the initial step size was 20 ms; the latter was halved after
each error until it reached 5 ms. The threshold was calculated as the average
of the last six ISIs at which an error was recorded. Participants responded by
pressing the ‘1’ or ‘2’ key on a standard IBM PC keyboard with ‘1’
corresponding to the left-to-right sound propagation. Trials (tone pairs to be
judged) commenced 600-900 ms after the response to the previous trial.
Participants started each threshold measurement whenever they were ready
by pressing the SPACE key.
In the practice phase, tone pairs with an ISI of 150 ms were presented six
times with feedback after each response. After this accommodation phase,
twelve pairs were presented (half of them with ISI = 150 ms and half of them
with ISI = 100 ms), and the performance was summarized in a percentage at
the end of the block. If the performance was below 85%, this procedure was
repeated.
2.4 Stimuli
The stimuli for the EEG part were pairs of 800 or 980 Hz pure tones, each
tone lasting for 10 ms (with 1-1 ms linear rise and fall times included). Only
the 800Hz tone was used in the behavioral measurement. Two different
frequencies were used during the EEG recording in order to reduce the N1
suppression due to adaptation (May & Tiitinen, 2007) and to test whether
tone pitch affects the discrimination threshold. Tones were produced by a
Juli@ MAYA44 sound card (24-bit, 192 kHz– ESI Audiotechnik GmbH) and
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delivered via a Sennheiser HD 600 headphone at 68 dB SPL.
The target in the active condition was a sequence of three 10 ms tones in
left-right-left order separated by 60 ms silent periods (ISI; see Figure 2).

Figure 2. Stimulus paradigm for the EEG part. Rectangles represent the 10
ms long pure tones. The ISI between the pairs varied between 25 and 75 ms
in 10 ms steps. Target triplets appeared only in the active condition. “L” and
“R” denote the left and right ears, respectively. In the passive condition, the
tone pairs were not actively attended. In the active condition, due to the
detection of triplets, attention was directed to the sounds. Three schematic
trials are depicted from each condition. The onset asynchrony of these trials
was 850 ms.
Tones were presented in pairs (like in the behavioral task), except for target
triplets in the active condition that were inserted between successive pairs of
sounds. The time separating the onsets of successive pairs as well as that
between a target triplet and a pair was always 850 ms (Figure 1). The first
tone of the pair/triplet was always presented to the left, the second to the
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right ear. Half of the tone-pairs/triplets (in the active condition, 840/120
pairs/triplets; in the passive condition, 960 pairs with no triplets) were
composed of 800-Hz, while the other half from 980 Hz tones. The within-pair
ISI varied between 25 and 75 ms in 10 ms steps (six different pairs, in equal
number). After creating all different tone patterns (pairs with the 6 different
ISIs and the two tone frequencies and triplets with the two tone frequencies),
they were randomized with a card-shuffling method applying two constrains:
1) at the beginning of the sequence, six additional tone pairs were presented,
each with a different ISI and appearing in random order and 2) each triplet
was followed by at least one pair. Altogether, in each condition, 1926 patterns
(pairs and triplets, together) were delivered. Both conditions were segmented
into blocks of 321 patterns (six blocks of 4.5 minutes, each) with a minimum
30 seconds long break between blocks. The break could be extended in the
active condition at the participant’s request.
2.5 EEG recording
EEG was recorded at 1000 Hz and 24 bits resolution with a BrainAmp DC
64-channel amplifier (Brain Products GmbH) and actiCAP active electrodes.
During recording, a 0.1 Hz high-pass and a 250 Hz low-pass filters were
applied online. The placement of the electrodes followed the International
10/20 system with three additional electrodes: one placed on the tip of the
nose (for the final reference), one below the left, and one lateral to the right
eye (serving to assess the composite electrooculogram in a bipolar
montage). The FCz electrode served as the common reference during
recording.
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2.6 Preprocessing of electrophysiological data
MATLAB R2014a software (MathWorks Inc.) was used for the analyses with
custom scripts adopting functions from the EEGLAB (Delorme and Makeig,
2004) and ERPLAB toolboxes (Lopez-Calderon and Luck, 2014). The
occasionally malfunctioning P7 recording channel was interpolated, then the
signal was re-referenced to the nose electrode and filtered between 1 and 30
Hz with a finite impulse response filter (Kaiser window = 5.6533).
Epochs of 900 ms duration (100 ms pre-, and 800 ms post stimulus) were
extracted from the continuous EEG, time locked to the onset of the first
sound of the tone pairs. The first six pairs of each stimulus block, the pairs
following a triplet in the active condition, as well as those epochs that
included >150 µV voltage changes during the whole period were rejected
from further analysis. Independent Component Analysis (ICA) was applied to
the preprocessed data and components related to eye movements were
subtracted from the signals based on the recommendations of the ADJUST
1.1.1 software (Mognon et al., 2011).
2.7 ERP analysis
Shorter epochs of 500 ms post stimulus interval were cut from the preprocessed epochs. They were baseline corrected by the average voltage in
the 100 ms long pre-stimulus period and epochs with >100 µV voltage
changes occurring during the whole period were rejected from further
analysis. An artificial electrode was created by averaging the ERPs from Fz,
Cz, FC1, and FC2 for improving the S/N ratio and to maintain compatibility
with Simon et al. (2019). Measurements from this electrode were entered into
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the statistical analyses. ERPs were averaged separately for each, condition,
pair type (6 ISIs and 2 tone frequencies), and participant. Although the 800Hz
tones evoked responses with somewhat higher amplitude in the P2 latency
range, the data was collapsed across tone frequency, because no significant
interaction was found between TONE-FREQUENCY and either the ISI (6
levels) or the CONDITION (passive vs. active) factor (for a comparison figure
and the description of the analysis, see Supplementary Material, Section A).
2.8 Measurements from the EEG experiment
Since the last 100 ms of the epochs did not contain relevant information, due
to more statistical power and better plotting, we only used a 400 ms long post
stimulus interval.
In order to find the optimal amplitude measure for testing the effects of the
manipulations, we searched for the latency ranges sensitive to the ISI
variable, separately in the passive and the active condition. The 400 ms poststimulus period was divided into 40 consecutive bins of 10 ms duration each,
and the average amplitude was calculated for each bin. A repeated measures
ANOVA was run on each bin with the within subject factor ISI (N = 6) and with
a significance criterion level of p = .00125 (taking Bonferroni correction for
multiple comparisons into account), separately for the passive- and the
active-start group and the passive and the active condition. We found two
common intervals sensitive to the within-pair ISI from the above four
analyses: 150-170 ms (early window) and 210-230 ms (late window). In
these intervals, mean amplitudes and amplitude differences between
adjacent ISIs at the artificial electrode were calculated for each participant
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and condition from these two latency ranges. The aim was to find a nonlinear change as a function of ISI, in order to find a potential index of event
separation. The physical differences between the tone pairs are expected to
generate similar differences between the ERPs differing in one ISI step
(adjacent pairs).
In the active condition, hits were defined as a key press no later than 1700
ms (two SOA – stimulus onset asynchrony) after target onset. The number of
false alarms was calculated by subtracting hits from all button presses. Hit
rates were used to check whether the participants followed instruction.
2.9 Statistical analysis
In our previous studies with TOJ (Simon et al., 2020), we found a
performance

decrement

(threshold

increase)

when

measuring

TOJ

thresholds multiple times in a row. Using a repeated measures ANOVA with
the within-subject factor RUN (N = 3) we tested this effect on the current
data.
Possible differences between the active- and the passive-start group in the
mean behavioral TOJ threshold and in the hit rate and the number of false
alarms in target detection were tested by independent-samples t-tests. These
analyses checked whether the two groups differed in their TOJ thresholds
and whether the order of the two conditions affected performance in the
active EEG condition.
Because the test-retest reliability of the sTOJ threshold is not especially high
(Fink, Churran & Wittmann, 2005), for exploring the effects of the TOJ
threshold, in addition to testing correlation between the behavioral and EEG
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measures, a “low-” and a “high-threshold” group were formed using median
split of the mean TOJ thresholds. The grouping was then entered into the
ANOVA comparing ERP measures (see next paragraph). The two groups
were also compared on the hit and false alarm numbers of target detection
for testing whether difference in the TOJ threshold affected performance in
the active EEG condition.
The effects of the manipulations and groupings were first tested on the mean
ERP amplitude measures, separately for the early and the late measurement
window by mixed mode ANOVAs with the within-subject factors of
CONDITION (active vs. passive) and ISI (N = 6) and the between-subject
factors of STARTING-CONDITION (active- vs. passive-start) and TOJGROUP (low- vs. high-threshold). Post-hoc tests (pairwise comparisons and
F-tests) were Bonferroni corrected.
Pearson’s correlations were calculated (because the Kolmogorov-Smirnov
tests of normality were not significant) between the ERP amplitude
differences (between adjacent ISIs) on the one hand and the average and
the maximum TOJ threshold on the other hand (the latter is assumed to be a
better indicator of discrimination problems), separately for the two conditions
(passive and active) and the two latency ranges (early and late).
Statistical significance was set at α=.05. The pη 2 effect size is reported for
each significant effect. Whenever the assumption of sphericity was violated
based on Mauchly’s Test, the degrees of freedom were Greenhouse-Geisser
corrected and the corresponding ε factor is reported. All significant effects are
reported.
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Results
3.1 Behavioral measures
The mean TOJ threshold was 41.96 ms (SD = 26.78), the mean of the
maximum thresholds was 57.30 (SD = 32.64), with the three successive
threshold measurements yielding means of 33.20 (SD = 25.12), 44.85 (SD =
31.03), and 47.81 ms (SD = 34.83). The repeated measures ANOVA
revealed a significant threshold deterioration during the three measurements
(F(2,58) = 5.46, MSE = 327.68, p = .007, pη 2 = .158). No significant threshold
difference was found between the active- and the passive-start group.
The groups formed with median split based on their mean TOJ threshold had
thresholds of 20.82 (SD = 8.72; low-threshold) and 63.097 ms (SD = 21.28;
high-threshold).
The mean hit rate in the active condition was 91.38% (SD = 7.18%),
suggesting that participants focused on performing the task. There were no
significant differences between the active- and the passive-start group in the
hit rate (t(28) = 1.598, p = .121), the number of false alarms (t(28) = -1.502, p
= .144), or the mean TOJ threshold (t(28) = -1.497, p = .146). There was also
no difference in hit rate (t(28) = .052, p = .959) between the low- and the
high-threshold group, but there was a difference in false alarms (t(28) = 2.69, p = .012, the high threshold group producing more incorrect
responses).
3.2 EEG measures
3.2.1 Manipulation and TOJ group effects
The ERPs for the two conditions (passive and active) and the two TOJ-
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threshold based groups (low- vs. high-threshold) are shown on Figure 3 with
the responses to the different within-pair ISIs overplotted. Visual inspection
shows a clear difference in the ERP morphology between short and long
ISIs.
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Figure 3. Group mean (N=15) ERP responses to tone pairs by ISI (line color).
Upper panels show the responses obtained in the passive, lower panels in
the active condition with the low-threshold group on the right and the highthreshold group on the left panels. Data was collapsed across the groups
with different starting condition. Amplitude measurement intervals are marked
by light grey columns. T0 corresponds to the onset of the first tone. The gray
areas indicate the measurement windows (post stimulus 150-170 and post
stimulus 210-230) obtained with a series of Bonferroni corrected ANOVAs
with the within subject factor ISI.
Early latency window. The mixed mode ANOVA of the mean ERP amplitudes
yielded significant main effects of CONDITION (F(1,26) = 24.29, MSE = 2.54,
p < .001, pη2 = .415) and ISI (F(5,130) = 18.01, MSE = .48, p < .001, pη 2
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= .381). The active condition was associated with more negative amplitudes
than the passive condition (Figure 4A; M active = -.187 (CI95 = [-.657 .283]),
Mpassive = .578 (CI95 = [.172 .984])) and the amplitude generally increased
with the ISI. Post-hoc Bonferroni corrected pairwise tests revealed a
significant difference only between ISI = 45 and ISI = 55 (MD = -.416, p
= .015; see Figure 4A showing the effects of both the ISI and the condition).
Late latency window. The mixed mode ANOVA of the mean ERP amplitudes
yielded a significant CONDITION main effect (F(1,26) = 7.25, MSE = 2.70, p
= .012, pη2 = .218; the passive condition amplitudes being more positive than
the active condition ones; Figure 4B), and a significant ISI main effect
(F(5,130) = 42.82, MSE = .45, p < .001, pη 2 = .622, ε = .668) with a general
decrease in amplitude as a function of ISI. There was a significant ISI ×
STARTING-CONDITION interaction (F(5,130) = 3.407, MSE = .46, p = .018,
pη2 = .116, ε = .668). No post hoc pairwise group comparison yielded
significant difference while the amplitude differences between adjacent ISIs
reflect the differences observable on Figure 4 with the exception of the
difference between 45 and 55 ms ISI in the “passive-start” group (see
Supplementary Material Section C, Figure 2). Based on visual inspection, the
“passive start” group showed a steeper amplitude decrease as a function of
ISI than the active-start group. The ISI × TOJ-GROUP interaction was also
significant (F(5,130) = 3.34, MSE = .45, p = .019, pη 2 = .114, ε = .668). Again,
no post hoc pairwise group comparison was significant. However, the high
but not the low threshold group showed a significant amplitude drop between
ISI = 55 and ISI = 65 (MD = .813, p < .001; see Supplementary Material
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Section C, Figure 4A; the same effect shows up on the depiction of amplitude
differences between adjacent ISIs – see, Figure 4C or Supplementary Figure
4 for the scalp distributions).
Post hoc repeated measures
ANOVA
differences

of

the

amplitude

between

ERPs

having adjacent ISIs (collapsed
across condition and starting
group) was run separately for the
two TOJ groups with the withinsubject factor ISI-PAIR (N = 5:
35 – 25, 45 – 35, 55 – 45, 65 –
55, 75 – 65). There was no ISIPAIR effect in the 'low-threshold'
group, but it was significant in
the

'high-threshold'

group

(F(4,56) = 3.64, MSE = .38, p
= .01, pη2 = .207). The best
polynomial contrast fitting the
trend was the cubic function
(F(1,14) = 12.30, MSE = .39, p =
.003, pη2 = .468; see also Figure
4C).
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Figure 4.
A, ERP amplitudes (N = 30) from the early (150-170 ms) measurement
window as a function of ISI (x-axis), separately for the active and the passive
condition (passive: grey; active: black; collapsed across the two groups with
different starting condition as well as the two TOJ threshold groups due to the
lack of significant differences). B, Group mean (N = 15) average ERP
amplitudes from the late (210-230 ms) measurement window as a function of
the ISI (x-axis), separately for the active and the passive condition (passive:
grey; active: black) and TOJ-group (low TOJ threshold: left panel; high TOJ
threshold: right panel; collapsed over the two groups with different starting
condition). C, In order to highlight the differences between the adjacent ISI
ERPs in the late (210-230 ms) window, the difference amplitudes are
presented as a function of

ISI pair (x-axis), separately for the two TOJ

groups (low threshold: grey; high threshold: black; collapsed across the
active and the passive condition and the two groups with different starting
condition). * p < .05, ** p < .01

3.3 Correlations between electrophysiological and behavioral measures
Figure 4C suggests that for the low-threshold group, the largest change
between adjacent ISIs occurs between 35 and 45 ms, whereas in the highthreshold group, the boundary appears between 55 and 65 ms. This
suggests some relationship between the TOJ threshold and the ERP-based
indices. The correlation analyses were set up to assess the existence of
corroborating evidence.
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Early latency window. No significant correlation was found between the
amplitude change for any pair of adjacent ISIs and the behavioral TOJ
thresholds (mean or maximum).
Late latency window. The amplitude difference between 55 and 65 ms ISI
significantly correlated with the behavioral threshold data. The correlations in
the passive condition were rho(28) = -.444, p = .014 with the mean TOJ
threshold and rho(28) = -.424, p = .020 with the maximum TOJ threshold.
The correlations in the active condition were rho(28) = -.476, p = .008 with
the mean TOJ threshold and rho(28) = -.569, p = .001 with the maximum TOJ
threshold. All of the above results hold even after Bonferroni correction.
Figure 5 shows that participants having higher TOJ thresholds (lower
temporal resolution) show a more pronounced change between the ERPs
elicited by pairs with 55 and 65 ms ISI. Although the effect size is bigger in
the active than in the passive condition, the statistical comparison between
the coefficients was not significant (p = .863 and p = .442 comparing the
correlations with the mean and maximum values respectively; the applied
function can be found in the Supplementary Material, Section D).
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Figure 5. Mean (N=30) ERP amplitude difference in the late (210-230 ms)
measurement window between the 55 and 65 ms ISI (y-axis) as a function of
the TOJ threshold (x-axis) with the active condition shown on the left, the
passive on the right panel. A larger negative amplitude difference reflects
larger absolute difference between the ERP amplitudes. Trend lines were
fitted and their respected R2 values were added for easier comparison.

Discussion
The aim of the present study was to identify electrophysiological markers of
the discrimination threshold in auditory temporal processing. Tone pairs were
presented with parametrically varying within-pair ISI and their ERP responses
were analyzed as a function of ISI in relation to the spatial TOJ threshold
obtained in the same participants. In line with our previous findings (Simon,
Balla and Winkler, 2019), nonlinear amplitude changes were identified, but
surprisingly it was significant only in the 'high-threshold' group. Similarly to
our first experiment of the above cited study, the pronounced change was
between the ERPs of tone pairs with ISI = 55 and ISI = 65 ms at the latency
range of the P2 component. The latency of the relevant change is in line with
previous results showing P2 attenuation with long ISI (Lewandowska et al.,
2008).
P2 attenuation can be explained by various processes. As in this experiment
the attenuation was present even in the passive condition, the hypothesis of
a more elaborate conscious processing of long-ISI tones due to less
ambiguity (Lewandowska et al., 2008) is less likely. A higher P2 in the short
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ISI conditions can be a result of fusion making the consecutive tones one
binaural event that produces larger P2 responses than monaural ones
(Papesh et al, 2015). Alternatively, the second sound can act like a masking
noise that attenuates P2 (Billings et al, 2013). However, we prefer a second
N1 explanation, namely that the P2 is attenuated because it co-occurs with
the generation of a second N1. This explanation is in line with the visual
examination of the scalp distributions but for a definite conclusion more data
is needed with more sophisticated procedures (e.g. proper source
localization). However, all these explanations are in line with a qualitative
change in neural processing as the two tones start to be processed as two
distinct auditory events. Another argument in support for the fused nature of
the tones at short ISIs is that the N1 did not show its typical attenuating
behavior as the ISI decreases (Javitt et al, 2000); if anything, it was largest at
the shortest ISI. Due to the various potential overlap of neural components, it
is hard to form a strong conclusion, but these results suggest that while the
N1 is an obligatory component, the P2 is a result of a higher level integration
process, as no pronounced second P2 emerged.
On the one hand, the results of this study support the claim that with the
increase of ISI the differences between adjacent ERP amplitudes (e.g. the
ERP of tone pairs having an ISI = 45 ms is adjacent to the ERP of tone pairs
having an ISI = 55 ms) are not just the function of the physical parameters
but reflect the participants individual sound processing mechanisms. On the
other hand, the appearance of the qualitative change between the ERPs of
tones having 55 and 65 ms ISI is not always present or at least identifiable.
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In our previous study, we considered the change around 60 ms as an event
boundary, under which the two sounds are processed as a single event,
meaning that the input from the individual tones do not have comparable
temporal tags. In this conceptual framework, a lack of pronounced change in
the 'low-threshold' group can be explained by either a more distributed
threshold blurring a single peak, or with changing thresholds within
participant during the recording (e.g. 35 ms at the beginning, 55 ms at the
end of the session). However, this conceptual framework is yet to be
supported with additional results.
At this point, we can only state that the behavioral spatial TOJ threshold is
not just the result of applying different behavioral strategies, but is related to
differences in brain processing, which was indicated by the amplitude
difference between ERPs of ISI = 55 ms and ISI = 65 ms correlating with the
TOJ thresholds. However, if we accept that the boundary around 60 ms does
indicate a discrimination threshold, that is in line with the assumed duration of
a perceptual moment around 20-70 ms (Fostick & Babkoff, 2013 ; Pöppel,
1997), then the behavioral thresholds around 20 ms are the result of some
participants' ability to use holistic strategies even in the spatial TOJ task.
It should also be noted that the participants of the study of Simon et al.
(2019) did not have worse spatial TOJ thresholds than participants in the
current study, yet the amplitude differences showed a robust nonlinearity
(Simon et al, 2019). This might indicate the context dependency of tone
processing at the examined time scale. In both experiments, they started with
the behavioral measurements, but the later EEG recording could have been
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a different experience for the two groups of the two studies. One source of
difference between the two contexts was that pauses were introduced in the
current experiment. The context dependency of sound processing at this sub100 ms time scale is in line with the relatively low test-retest reliability of the
spatial TOJ task (Fink, Churran & Wittmann, 2005) or its susceptibility to
deterioration as a function of measurement repetition (Simon et al., 2020).
Temporal processing of quick acoustic changes is a hot topic in language
processing as temporal discrimination of auditory events of a few tens of
milliseconds were proposed to be suboptimal in developmental dyslexia
(Gaab et al., 2007; Fostick et al., 2014a; Farmer & Klein, 1995). One popular
explanation of developmental dyslexia and specific language learning
impairment is the rapid temporal processing deficiency hypothesis (Ben-Artzi
et al., 2005; Tallal 1980, 2004). However, the theory is debated as the
supporting evidence is contradictory (Goswami, 2011; Ziegler et al., 2009;
Banai & Ahissar, 2004; Ramus et al., 2003; Bishop et al., 1999). Besides the
heterogeneous nature of the condition, one of the reasons of the
contradicting measures can be that behavioral tests claimed to assess
temporal processing measure different constructs and there is no clear
mapping between the behavioral index and the underlying constructs
(Protopapas, 2014). Therefore, further exploring the electrophysiological
changes associated with these paradigms proposed to investigate temporal
discrimination can be beneficial in understanding the exact nature of the
different temporal processing functions.
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1

Conclusion

In this study, we showed that event-related responses of tone pairs
separated by short (25-75 ms) time intervals do not only result from physical
differences between stimuli but are also related to the spatial TOJ threshold
of the individuals. Furthermore, applying specific strategies may introduce a
bias on behavioral sTOJ thresholds, as the behavioral results of the best
performing group were much better than the threshold indicated by the
pronounced change in the ERP amplitudes.
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Supplementary Material
A
The effect of frequency
Early window
The three-way repeated measures ANOVA with the factors CONDITION
(passive and active), FREQUENCY (800 and 980 Hz) and ISI (N = 6) showed
no significant main effect of frequency, only a tendency (F(1,29) = 3.830, p
= .06, pη2 = .117). No interaction effect involving the FREQUENCY factor
became significant.
Late window
The three-way repeated measures ANOVA with the factors CONDITION
(passive and active), FREQUENCY (800 and 980 Hz) and ISI (N = 6) showed
significant main effect of frequency, indicating higher amplitudes for the 800
Hz tones (F(1,29) = 4.286, p = .047, pη 2 = .129). No interaction effect
involving the FREQUENCY factor became significant.
Supplementary Figure
1. The 800Hz tones
increased amplitude
but did not change the
ERP morphology. The
ERP curves were
computed by the
averaging of the six ISI
conditions.
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B
Early latency window. The mixed mode ANOVA of the mean ERP amplitudes
yielded significant main effects of CONDITION (F(1,26) = 19.01, MSE = 2.37,
p < .001, pη2 = .422) and ISI (F(5,130) = 13.86, MSE = .36, p < .001, pη 2
= .348). The active condition was associated with more negative amplitudes
than the passive condition (Mactive = -.249 (CI95 = [-.714 .217]), Mpassive = .502
(CI95 = [.102 .901])) and the amplitude generally increased with the ISI.
Late latency window. The mixed mode ANOVA of the mean ERP amplitudes
yielded a significant CONDITION main effect (F(1,26) = 8.32, MSE = 2.65, p
= .008, pη2 = .242; the passive condition amplitudes being more positive than
the active condition ones, and a significant ISI main effect (F(5,130) = 38.92,
MSE = .58, p < .001, pη 2 = .600, ε = .691) with a general decrease in
amplitude as a function of ISI. There was a significant ISI × STARTINGCONDITION interaction (F(5,130) = 3.342, MSE = .58, p = .018, pη 2 = .114, ε
= .691). The ISI × TOJ-GROUP interaction was also significant (F(5,130) =
2.80, MSE = .58, p = .037, pη 2 = .097, ε = .691). The high but not the low
threshold group showed a significant amplitude drop between ISI = 55 and
ISI = 65 (MD = .658, p = .001). The low threshold group showed a significant
amplitude drop between ISI = 35 and ISI = 55 (MD = .510, p = .002). These
results stand after Bonferroni correction.
Correlation - Late latency window. The correlations in the passive condition
were rho(28) = -.359, p = .051 with the mean TOJ threshold and rho(28) =
-.329, p = .078 with the maximum TOJ threshold. The correlations in the
active condition were rho(28) = -.423, p = .020 with the mean TOJ threshold
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and rho(28) = -.487, p = .006 with the maximum TOJ threshold.
C

Supplementary Figure 2. Group mean (N=15) average ERP amplitudes from
the late (210-230 ms) measurement window as a function of the ISI (x-axis),
separately for the active- and the passive-start group (passive: grey; active:
black) collapsed across conditions (passive and active) and TOJ threshold
groups (low and high).
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Supplementary Figure 3. Group mean (N=15) average ERP amplitudes from
the late (210-230 ms) measurement window as a function of the ISI (x-axis),
separately for the low and high TOJ threshold group (low: grey; high: black)
collapsed across conditions (passive and active) and condition start groups
(passive-start and active-start).
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Supplementary Figure 4 Scalp distributions of the N1 and difference waves in
the active and passive conditions. The darkest blue refers to the most
negative value (-1 µV). The difference waves were computed post stimulus
210-230 ms. The N1 was measured a hundred ms earlier, 110-130 ms post
stimulus. The numbers indicate the ISI (e.g. 65-55 means the ERP of tone
pairs having an ISI = 55 was subtracted from the ERP of tone pairs having an
ISI = 65 ms.) The scalp distribution of the 65-55 difference wave is similar to
the N1, while the distribution of the 75-65 difference appears less similar,
although the ISI delay was the same. The difference between the ISI = 75
and ISI = 25 is even more pronounced than the N1, probably because the
former was less predictable (after every 850 ms there was an onset, but a
pair with long ISI allowing the generation of two events appeared randomly).
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D
The function applied to compare correlation coefficients
https://www.mathworks.com/matlabcentral/fileexchange/44658compare_correlation_coefficients
% This function compare if two correlation coefficients are significantly
% different.
% The correlation coefficients were transferred to z scores using fisher's r
% to z transformation.
% ref: http://core.ecu.edu/psyc/wuenschk/docs30/CompareCorrCoeff.pdf
%-------------------------------------------------------------------------% Inputs: (1) r1: correlation coefficient of the first correlation (2) r2:
% correlation coefficient of the second correlation (3) n1: number of
% samples used to compute the first correlation (4) n2: number of samples
% used to compute the second correlation
%-------------------------------------------------------------------------% Output: (1) p: p value, the probability that H0 (the correlation
% coefficiets are not different) is correct
%-------------------------------------------------------------------------% Example :
% x = rand(20,1);
% y1= x+rand(20,1)*0.05;
% y2= x+rand(20,1)*0.5;
% r1=corr(x,y1);
% r1=corr(x,y2);
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% p = compare_correlation_coefficients(r1,r2,length(x),length(x));
%-------------------------------------------------------------------------function p = compare_correlation_coefficients(r1,r2,n1,n2)
t_r1 = 0.5*log((1+r1)/(1-r1));
t_r2 = 0.5*log((1+r2)/(1-r2));
z = (t_r1-t_r2)/sqrt(1/(n1-3)+1/(n2-3));
p = (1-normcdf(abs(z),0,1))*2;
end
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4. General discussion
The above presented work had two major questions in its focus: is there a
short integration window (on a scale of 20-70) that influences auditory
perception and how can this window (or temporal constrain) be best
measured.
Like the resolution of a monitor influences the experience of the image
displayed, it can be assumed that the resolution of cognitive processing
influences the quality of perception. It was proposed by Pöppel (1997) and
many researchers following his hypothesis that there is a perceptual moment,
a temporal constrain of a couple of tens of milliseconds during the incoming
stimuli are treated atemporal by the cognitive system. Individual differences
in the length of this grouping window, differences in processing rapid input
changes, influence higher cognitive functions like language processing (Tallal
et al, 1996; Szymaszek et al, 2009; Fostick and Babkoff, 2013). The
increasing interest in brain oscillations even proposed an intuitive mechanism
that allows the discretization of incoming signals (VanRullen and Koch,
2003). It was also proposed, that the left hemisphere preferably processes
information on a smaller time scale and the right hemisphere prefers a larger
scale resolution allowing bi-hemispheric language processing with different
accents in the two hemisphere (Poeppel, 2003).
Summarizing my results, I would conclude that there is indeed a short
temporal constrain or integration window around 20-70 ms that influences
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auditory perception, and that can differ on individual level. However, the
results highlight the flexibility of such a window, that hardly can be explained
by a few notable oscillations. Since a 60 ms threshold that we found point to
a sampling rate in the beta range (in line with the results of Bernasconi et al,
2011 finding pre-stimulus beta oscillations predictive to TOJ accuracy), the
proposed physiological explanation to the ‘asymmetric sampling in time
hypothesis’ (Poeppel, 2003) might need a little refinement, since it only
highlights the gamma activation in relation of short-term integration.
To reflect on the second question of my research: measuring this window is
far from easy. The best behavioral paradigm is the spatial TOJ task (so far),
that can yield lower as well as higher thresholds that is indicated by the
electrophysiological results. Extremely low thresholds can be reached if
someone can use a fine-pattern discrimination strategy, and considerably
high thresholds can be measured if someone is less attentive, more stressed
or fatigued. EEG results indicate a threshold around 60 ms, that can be lower
for a group of participants if the conditions are optimal (e.g. more pauses,
perhaps sounds less loud). Therefore, EEG experiments could help in the
debate whether special groups (people with phonological dyslexia,
schizophrenics, elderly) indeed differ in rapid auditory processing and if that
can be improved by training. In the meantime, the spatial TOJ task could
become a useful tool to quickly measure fatigue effects and quite probably:
attentional capacity.
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4.1 Summary of the studies
It was assumed in the first study that if the incoming auditory stimuli is
grouped into perceptual chunks around 20-70 ms that would influence stream
segregation, the grouping of sequential sounds into auditory objects. This
phenomenon is usually studied via an ABA0 paradigm (Bregman, 1990),
alternating presentation of two different sounds with the omission of each
second B sound. The shorter the time interval (ISI) between the consecutive
same sounds, the higher the chance for segregation (van Noorden, 1975),
when the participants report hearing two streams (a stream of A sounds and
a stream of B sounds). We hypothesized that this ISI effect gets reversed or
disappears if the ISI of consecutive sounds is smaller than the temporal order
threshold, because the A and B sounds will be fused into a single auditory
event. The results were in line with this hypothesis, showing a non-linear ISIeffect at shorter than 50 ms ISIs, propagating integrated reported perceptions
at high frequency differences where segregation was expected, and
propagating segregated reported perceptions at small frequency differences
where integrated reports were expected. One explanation can be that at
small ISIs, the fusion of consecutive sounds can result either in ABA-ABA
streams or new combinations like AB- AB- parallel with an A-A- stream. This
explanation is not easy to examine via behavioral measurements. However,
what the results show clearly is that the ISI effect known from literature no
longer applies if the ISI between the A and B sounds is smaller than 50 ms.
The moderate correlation that we found between the percentage of
integrated reports (of sound sequences having ISI between the A and B
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sounds around 30-60 ms) and the best TOJ thresholds indicates, that the
separation of auditory objects is not independent of individual abilities
reflected by the spatial TOJ task. In our framework, this ability is the temporal
discrimination, which reflects the resolution of auditory processing.
The first study lead to an additional finding that was not expected. Since the
test-retest reliability of spatial TOJ was reported not especially high (Fink,
Churran and Wittmann, 2005), we repeated the measurement five times (one
at the beginning of the experiment, and four times at the end of it). While the
very first mean threshold did not differ from the mean threshold of the first of
four measurements at the end of the experiment, the surprising result was
that the four consecutive TOJ thresholds have shown a linear increase
(performance deterioration). This deterioration happened despite that the
reported task-goals of participants was high (meaning they were motivated to
perform well). Therefore, we wanted to explore this effect in a separate
experiment, that resulted in a series of three experiments and is presented in
the second study. We replicated multiple times that the consecutive
measurement

of

the

spatial

TOJ

threshold

leads

to

performance

deterioration. It was also shown that this effect can be eliminated by intermeasurement pauses as well by a feedback, when the individual
performance is compared to an average value. The feedback helped even if
it was fake (sometimes negative, sometimes positive). The higher a pause
effect was, the smaller additional gain could have been achieved via
feedback and vice versa, suggesting a singular source of residual capacity.
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The feedback valence was also examined. While there was no overall
valence effect, the group that started with a positive feedback showed an
earlier performance deterioration than the group that started with negative
feedback. However, the last threshold was higher in the negative-start group
than in the positive-start, warning that negative feedback might be more
effective in short-term, but more dangerous on long term. Naturally, different
contexts can lead to various patterns. These results only show however, that
this paradigm is a promising candidate to relatively quickly test variables that
influences cognitive fatigue. Nevertheless, performance decline never
correlated with subjective fatigue. This was not especially surprising, since
subjective fatigue is a feeling, and as such, it is a result of interpretation. In
line with this definition, we found that subjective fatigue correlates with
perceived effort, decrease in positive affectivity, sensitivity to criticism and
reported subjective fatigue before starting the cognitive tasks. Interestingly,
while the degree of performance decline was not predictive to subjective
fatigue, the best TOJ threshold was. It is an interesting result, that is hard to
interpret without further data. It can suggest that the minimum TOJ threshold
is a good indicator of cognitive fitness, or it might only reflect the better
emotional state of participants who performed well. A high TOJ threshold also
indicated worse performance in a flanker task that supposed to measure
focused attention. Correcting to TOJ effect, there was no performance
decline in the four consecutive flanker blocks, which highlights the sensitivity
of the spatial TOJ task. In sum, it could have been concluded, that while the
behavioral TOJ task is not a precise measure of temporal cognition since it is
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influenced by various factors (those influencing the energetic background of
cognition), it is a highly sensitive tool that can be measured relatively quickly,
which makes it a promising candidate to use in fatigue research.
Since the spatial TOJ threshold does not always reflect the actual
physiological constrain characteristic of an individual’s auditory processing,
we

wanted

to

find

evidence

to

a

short

integration

window

via

electrophysiological measurements. In the third study, two EEG experiments
were presented in which participants listened to tone pairs having ISIs
between 25 and 75 ms. In the first experiment, we found a pronounced P2
attenuation between the ERP responses of tone pairs having ISIs 55 and 65
ms. This change happened between the ERPs of tone pairs having 45 and
55 ms ISI when the presentation frequency of the tone pairs with ISI = 35 ms
was 60%, suggesting the sensitivity of this electrophysiological boundary to
statistical context. The second experiment provided further evidence to the
flexibility of this boundary, since the pronounced P2 attenuation appeared
between the ERPs of tone pairs having ISIs 35 and 45 ms. In this second
experiment, there were two conditions. The first contained pairs with ISIs
ranging from 25 ms to 75 ms, the second had an ISI range between 25 and
55. The presentation of tone pairs were equiprobable in both conditions. The
presence of a shorter ISI and probably other details of sound presentation
(loudness,

different

experimental

chamber)

resulted

in

an

electrophysiological boundary at a shorter ISI. These results imply that the
chunking of incoming stimuli cannot be described via a constant, and most
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likely is not a result of one specialized oscillatory activity. This conclusion is
supported by the fact that the boundary did not appear in the middle of the
parameter range and there was no oddball effect when one ISI was
presented with a probability of 90% (first experiment). The presence of a
short integration window that is a function of stimulus properties seems to be
the most likely explanation. However, we did not find correlation between the
behavioral TOJ threshold and the place of the P2 attenuation (it was
assessed individually between which two ISI the biggest P2 attenuation
happened). This can be explained by many factors, nonetheless it makes
hard to prove a relationship between the P2 attenuation and the threshold
measured via TOJ.
In the fourth study, we introduced an active condition to make the experience
more similar to the behavioral task. Participants had to press a button to a
target sound pattern in the active condition, therefore they were attending the
sounds (yet it was not as fatiguing as to ask them to make order judgments
so many times which could have introduced more fluctuation or change in
their temporal processing). We also changed our method to test correlation
between behavior and electrophysiology. We were measuring the amplitude
of the P2 attenuation that occurred once again between the ERPs of tone
pairs having ISIs 55 and 65 ms. It was assumed, that if the majority of people
have a boundary around 60 ms most of the time, people with better
resolution will show little attenuation, so a worse threshold will result in a
greater P2 attenuation.

We found medium correlations between the
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maximum TOJ threshold and the P2 attenuation in both conditions with a
higher effect size in the active condition. Dividing participants into two groups
with a median split method, based on their behavioral performance, showed
that the P2 attenuation between the ERPs of tone pairs having 55 and 65 ms
ISIs happened in the ‘high threshold’ (worse performance) group. The
difference between the ERPs of adjacent ISIs was more continuous in the
better performing group, with a more pronounced difference between the 35
and 45 ms ISI. These results are in line with our previous finding that the
position of the non-linear change, the place of the electrophysiological
boundary is not fixed. The boundary (where the morphology of ERPs change
as a function of ISI) is in the 40-60 ms range depending on individual
differences and contextual factors.

Conclusions
It can be concluded that there is indeed a physiologically and behaviorally
relevant temporal constrain in auditory perception around 40-60 ms, that is
hard to measure only via behavioral tasks, but the attenuation of the P2 ERP
component can be informative. An additional interesting result of this line of
research was that the spatial TOJ task is highly sensitive to cognitive fatigue
and since it can be measured relatively quickly, it is a promising tool in the
research of various factors influencing human performance.
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The rationale for better understanding measurement
methods
There is a tendency in the literature that performance of a specific task is
treated as an index of a specific function (temporal acuity, chunking speed or
integration ability) while obviously a behavioral outcome is influenced by
multiple factors. We have seen that even the different versions of the same
task can yield very different results. It can be easily the case that a task is
predictive to higher level functions like language processing or executive
functions not because the function associated with it, but because it requires
the fine interaction of multiple cognitive processes (memory, attention,
motivation, spectral discrimination). Therefore, instead of being confident that
we measure a given process (an abstract concept created by us or borrowed
from predecessors back to William James), whose role we try to understand
within perception, a more data driven approach might be useful. I do not
mean data mining with blind algorithms. What I am trying to suggest, that if
we find a task predictive to an important outcome (e.g. reading/language
impairment) it would be wise trying to understand which aspects of the task
underlie the relationship. That would require collecting a lot of data with
slightly different versions of the same task. Those results should generate
hypotheses, instead of searching proof for a preferred idea. At the beginning
of my research work, I was thinking in the framework of input chunking, but
the most interesting results came when I followed the unexpected results of
my experiments. It seems that the spatial TOJ task is indeed highly sensitive
to individual differences, but as it turned out to be context dependent, the
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hypothesis can be raised that it might be a better index of the actual mental
state of the subject, than a trait which reflects the participants’ temporal
discrimination ability. In the study of Thesis II, the task's sensitivity to even
small manipulations like the given feedback was observed and different
temporal patterns could have been observed as a function of feedback type.
It can be assumed, that many interesting hypotheses can be tested via
spatial TOJ that can help understand not just auditory perception but the
energetic background of human performance.
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