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Glossary of abbreviations

AM Amplitude modulation

EEG Electroencephalography/Electroencephalogram
ERP Eventrelated brain potential

HRTF Headrelated transfer function

IID Interaural intensity difference

ISI Interstimulus intervaloff setto-onset interval)

ITD Interaural time difference

MEG Magnetoencephalography/Magnetoencephalogram
MMN Mismatch negativity

SOA Stimulusonset asynchrony (onset-onset interval)

SSA Stmulusspecific adaptation



Abstract

In our everydayacousticenvironmentssounds emitted by different sources usually
interfere with each other before arriving to the ears. A key function of the auditory system is
to disentangle the resultingixture in order toprovide us with consistent information about
the identity and location of sound sources. This functias beertermed auditory stream
segregationAuditory stream segregation has been most often studied by presenting listeners
with two interleaved soundsequence This stimulus configuratioms typically perceived
eitherin terms ofone or twocoherent sound sequences (ternsg@am$ During longer
exposureto such soungequencgperception typicallyswitchesback and forth between the
alternatives (termed auditory bimultistability). In our own studies, multistable sound
sequences were delivered to listeners whose task was to continuously mark their perception of
the soundsThe overall aim of the researcrsummarized inthe thesis was to investigate how
different audibry cues influencethe segregationof auditory streamsand to discover
electrophysiologicatorrelats of auditory stream segregatioBome auditorycues, such as
difference in pitchhave been shown tpromote the dominance of ored the possible
perceps. These havbéeentermedil p e r-icregu ¢ i nlrgoontrast) e cues, such as the
presence of separate regular feature patterns in two interleaved sequencdselminy
maintainng one of theperceps once it has alreadgecame dominantThese have been
termed fi p e r-stabilzing cues. In separate studies, we found that separation in the
frequency of amplitude modulatiaas well agemporal overlap between the tones belonging
to the two interleaved sequences, and somewhat surprisingly, also the presence of separate
melodies in the two sequences acted as pemgdpting cuesBy measuringeventrelated
brain potentials (ERRye fourd thattheauditoryP1and N1 componenticited by repetitive
regubr soundsas well as later ERP responses elicitedrdmg deviantsoundsvaried as a
function of the alternative sound organization perceived by the listédnathermore we
implemented garadigm appropriate for testing auditory foregrebadkground processing
Measuring ERPs in this paradigmehowed perceptdependentdifferences in the P1
component. Therefore, these ERP components can be used to study auditory stream
segregatioralsowhen it is not possible or desirable to ask listeners to mark their perception

(e.g., young children)
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Introduction

In everyday life the auditory system is usually confronted with several acoustic events
produced by different sound sources operating concurrdntibgine a noisy street yoare
walking on The street noise consists of many different sounds produceddnalsgourceat
the same timesuch asthe noise of the cars, the footsteps of the people, thengiraj
cellphoneshuman speechhe sound of the wind blowing, etSeparating the sound of an
approaching cairom the other sound sourcean be crucialor avoiding an accidenin other
words n order to interact with our environment we need to organize these acoustic events into
meaningful streams, which typically represent the available sound sd¢Bregsnan, 1990
The formation of sound streams (termechaditory streamghas been investigated within the
framework ofauditory scene analysi@regman, 1990for recent reviews see also Snyder &

Alain, 2007 Gutschalk & Dykstra, 20X4Ninkler et al., 2009a

Several studies have shown that the auditory system estildifferent cues for
segregting sound streamé@Moore & Gockel,2002 Moore & Gockel, 201R According to
Bregmands theory there ar egredatwmo(Bregman,gle® o f
Initially, alternative soungroupings(proto-objects groupings of sounds that may appear in
perception) are formed binking together soundbased onsimilarity in various features
(such as pitchtemporal proximitysource location, etcalso termed as similaytbased cugs
In the second stageompetition occurs between the alternative sogrmlipingsand the
strongest one becomes the dominant perosptle compatible other groupings form the
background. Foreground and background together provide a posildescription of the
auditory scene, termed a sound organizatWhereas the classical view was that peroapt
settles on one of thEternativesound organizations after a few seconds from the beginning of

~

the sequencd t h e Abui | duy p@nt studdies ssthowesl ahats fpr longer sound
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sequences (> 1 minute) perception switchesck and forthbetween the alternative
interpretationgDenham & Winkler, 2006Pr e s s ni t z e r). This pghenpn@non i2 0 0 6
termedperceptual bi/multistabiity (Blake & Logothetis, 2002 eopold & Logothetis, 1999
Pressnitzer). I& ordeutp @plain2tiie Ortultistability discovered for auditory
stream segregatipenham and Winkle2006 suggestdthat perceptual bistability reflects
continuouscompetition between the alternative sound organizatiather Bendixen and
colleagueq201Q Bendixen et al., 20)3howed that beyonsimilarity-based cuesauditory
stream segregationan also be supported by temporal regularitieldowever they affect
stream segregatiom i different manner Directly comparing the effects of feature similarity
and temporal regularitidBendixen and colleagu€2013 foundthat inmultistableconditions
cues which can induce a percept facilitaaitchng from another percepioward tre
particular percepand reduce the length of thetime intervas during whichother percegtare
heard In contrast,cues which can only stabilize a percept exgglttie time intervaduring
which this perceptvas heard, butthey did not affectthe intervals during which soneher
perceptwas heardTherefore aes which can induce a percept seenedperceptinducing
cues while those which only stabilize a percept menedperceptstabilizing cues

More than 20 vye aiO%) infuerttiad workBundergtanding Gcene
analysis stillposesseveral questions for auditory reseafdr reviews, seeCarlyon, 2004
Denham & Winkler, 2006Haykin & Chen, 2005Snyder & Alain, 2007 Winkler et al.,
2012. Perceptual bimultistability provides an important tool for investigating stream
segregation as the mental representatiai@facoustic scenen be tested without changing
the physical parameters of the stimulinty thesis | focused on the following questioklgw
do spectral and temporal cues interact with each Dthéyw do temporal regularities
influence the competition between alternatiezgepts? What are the neural correlates of the

perceived sound organization? The main goal etliesiswasto provideinsightsinto these



guestions ando characterize the effects of percépducing and percegtabilizing cues of
auditory stream segregation using behavioral and electrophysiological measurdéfoants.
studies are presented in the Thesis supporting our questions using the phenomenaryf audito
bistability. Study linvestigated the effect of amplituseodulation frequency difference, and
its interaction with perceived location difference and carrier frequency difference while Study
Il investigated the effects of higherder cues: melodyhythm and familiarityon auditory
stream segregatiorstudy Il investigated thenodulationof ERP componentby different
perceptual organaions. Study IV tested the ERP responses annew bistablestimulus
paradigm for investigating foregrowtckgroundiecomposition of thauditoryscene.

The structure of the thesis is the followir§ection1l begins with an overviewf
auditory stream segregati@iescribingthe basic principles and findings. Within tlssction
the most common paradigms and tasks are introd®ection1.1 and 1.2). This is followed
by Section2 where thevariousfactors influencing auditory stream segregation are detailed.
The sectionproceeddrom lower to higherprocessingdevels starting wth factors based on
physical stimulus parametersto factors involving longerm memory, predictignand
attention. Section 3 describesthe phenomenon of auditory -bmultistability providing a
theoretical overview, whil&ection4 discusses the differerslbetween percephducing and
percepistabilizing cuesSection5 focuses onan important tool for investigating auditory
stream segregatiorERP measurement®lated tothe behavioral results discussed in the
previousSectiors are reviewedT h eMaiifi obgectives and thesis poidts s e sumraoize
the goas of the thesisfollowedby thearticles in their published form. This is followed tne
fiGeneral discussianwhich summarizes the findingd the paperplacing themwithin the

literature anddiscusse$utureresearchdirections.



Section 1. An overview of auditory stream segregation

Auditory stream segregation is fundamental for humans and other animals as well,
even beyond the subphylum Vertebrata. Schul and Shegi&tdmul & Sheridan, 20QGound
that an Ofiopteraspecies segregated the bat echolocation calls from songs of male insects.
Several experiments showed that the ability of separating sound sources is present in birds
(Hulse et al., 199™MacDougaliShackleton et 311998 Itatani & Klump, 2009, bats(Moss
& Surlykke, 200} and monkeys(Fishman et al., 2004In his influential work Bregman
(1990 referred to the term auditory stream as a perceptual unit that represents a single entity.
This perceptual unit usually reflects a sound source. However a sound source is not
necessarily a single acoustic entity. For instance the singers in a choiretotmtnh a
perceptual entityven thoughhere are several people who produce voices at the same time.
The decomposition of this mixture involves a great challetmg®ur auditory system.
Bregman(1990, pp. 56) illustratedthis by the following exampldi | ma gi ne retolmat yo
the edge of a lake and a friend challenges you to play a game. The game is this: Your friend
digs two narrow channels up from the side of the lake. Each is a few feet long and a few
inches wide and they are spaced a few feet apart. Halfway up eacyoan friend stretches a
handkerchief and fastens it to the sides of the channel. As waves reach the side of the lake
they travel up the channels and cause the two handkerchiefs to go into motion. You are
allowed to look only at the handkerchiefs andnireheir motions to answer a series of
guestions: How many boats are there on the lake and where are they? Which is the most
powerful one? Which one is closdg?the wind blowing? Haany large object been dropped
suddenl y i nThioexampleis &trictkkaeaPogy of the problem that the auditory
system is facing in everyday life. The channels represent the ear canals while the

handkerchiefs stand for the eardrums.



Auditory scene analysis deals with the decomposition of mixtafesounds into
meaningful soundunits, theauditory streams.Sounds similar to each other are likely to
originate fromthe same sound source and grouped together wheigddyg different sounds
are more likely tariginate fromdifferent sound sources atitereforethey areseparated into
different streamsBregman (1990 differentiated two kind of grouping processes driving
stream segregation. Vertical or instantaneous grouping is a simultaneous integration of sounds
based on speatitemponl features. This process allovesie to group together acstic
components occurring at the same time. These cues are available, rsyatiiyas common
onset and harmonicitAlain et al., 2002 Hautus & Johnson, 200Hartmann et al., 1990
Moore et al., 1986 Anotherimportant problem for our auditory system is that the sound
sour@s usually produce discontinuous sequences of sounds. Horizontal or sequential
grouping bind together sounds over tin{®oore & Gockel, 201 This kind of grouping
heuristic allowsfor instanceperceiving a series of footsteps a coherent sound stream.
Whereas instantaneous grouping amt/ on the incoming informatigrsequential grouping
requires previous knowledge of the acoustic sq@regman, 1990 The simplest cue for
grouping sounds over time is perceptual similafitgn Noorden, 1975 Sounds similar to
each other can be easily grouped together and form a separate perceptual entity from those
which are dissimilar from thenirhe other important factor is the time between the successive
tones.Different ounds following each other with a very fast presentation rate tend to form
separate sound groufgan Noorden, 1975

Bregman(1990 also differentiated primitive and schetbased grouping processes.
Primitive streamsegregation is driven by botteap processes and explained by the Gestalt
laws of perception(K° h | e r), suci @s4 Similarity and good continuation. Gestalt
psychologists proposed that ttaevs of perceptual grouping are innate andytieork in an

automatic manner. Howevyemuch evidence show strong topdown influence on stream



segregation. In contrast to primitive stream segregation, schasghsegregation acts as a
top-down process influenced by higHewel factors such as attention and poergi knowledge
(the ter-mpo Ahaddvdareosed for discriminating purely stimulus driven
processes form processes involving higher level cognitive funategasdless of considering

the precise feedforward and feedback mechanisms in the).l8@hemabased segregation
processes represent the individual 6s adaptat
of humans being able to adapt to very different environments (both as a species and as
individuals moving between highly differeatoustic environmentsY.he original idea was

that this kind of grouping process can only modulate the resultpriofitive stream
segregation. Beand McAdamg2002 investigated scherdaased stream segregation using a
melody recognition task. They presented unfamiliar-tehe patterns (targets) to the
participants, interleaved with diattor tones. The targets were presented alone to the
participants either beforehand or after the interleaved mixture of tones. Then participants were
asked whether they recognized the target tone pattern within the interleaved sequence.
Par t i ci mmtiort gedormaneecveas higher when the target melody was presented
beforehandso they could form expecations about the pattern to be encountered, allowing
them to better segregat the target melody from the distractor tones. Also, recognition
performane was higher when the frequency of the interleaved tones was different from the
targets showing the effects of primitive stream segregatidowever there are studies
arguing for schenmtbasedstream segregatian the absence of primitive stream segregat

It was demonstrated by Dowling and colleagyB®wling, 1973 Dowling etal., 1987 that

when a piece of familiar melody was preseniedistenersand afterward th samemelody

was presentetb themtogether withrandomnotesfrom the same pitch rangkstenerswere

able to separate tmeelody and the randonmotesto different sound streams and recognize the

melody. Devergie et al2010 alsoshowed that scherrizased processes can operate even



without primitive stream segregation as they fuhatin interleaved sequences familiar
melodieswere separated fromandom tunesvithout substantiakpectral differences between
them based solelyn prior knowledge Theseresuls suggesthat primitive stream segregation
processes araot always necessaryfor auditory stream segregation: two streams can be

segregated bychemabased processadoneg at leasin some particular cases

1.1.Stimulus pradigmsfor investigating auditory strearnsegregation

Auditory stream segregation is often investigatedhe classicahuditory streaming
paradigm which consist of a repeating ABgoundpattern(van Noorden, 1975vhere A and
B denotesoundsdiffering in some features and the repetitions of these ABA triplets are
separated by a silent interval equaduration to thesum of thetone duration and twice the
inter-stimulus interval [ISI](Figure 1). This stimulus configuration is typilyaperceived in
two different ways. The A and Boundseither form a single sound streapermed the
integrated perceptor are perceptuallgeparatedanto two sound streamsneconsising only

of the A andthe othemonly of the Bsoundqtermedthe segregated percept

Experimental design
Possible percepts

Frequency Integrated
B Time
A A
- - - - =
SOA N T I
Time - e S —
Segregate

Time

Figure 1. The auditory streaming paradigm developed by van No¢t8&8. The left panel shows
the structure of the sequences. The black and gray rectangles represent the shifiewdsif and B).
The right panel shows the possible perceptual organizations.



Investigating theeffects of thef r equency di f f dwoguretenesi qpf )
and B and the time between consecutive tor{ekaracterized by the stimulus onset
asynchrony [SOA; onséb-onset interval]) on auditory stream segregatiean Noorden
defined two boundarie® the pfi SOA parameter spacehich deternme the percepat the
end ofashorttrail Fi gur e 2) . O0Andslowepregentatiomadtéle., lopg SOA)
the ABA sequenceould only beheard as a single coherent stream. This part of the feature
space is demited by the FissiorBoundary( F B) . I ncreasing the of
ratg van Noordenfound that participants could heaither one or two streams. Over the
Temporal CoherenceBoundary (TCB) participants were not able to hetre integraed

streamanymore but only two segigated streamd his happened at fast presentationsatel

| ar ge f .

Tempo (Tones/Sec)
0 10 5 3
[}

N
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—
\\\'
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~ Always /§°
Segregated &
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¢ 3
T\\\

<
S$

g
g
£
l’ .
Ambiguous
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Always
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0 SN\ NN
0 50 100 150 200 250 300 350 400

Tone Repetition Time (msec)

Figure 2. Results on of and SOA (denot l®79as t
p.30. The figure is bas®@a.on van Noordends resu

Most of the studiesthat investigaed auditory stream segregation dssound
sequencedased on the paradigm by van Noorden (1975); applgimey or morefeatural
differences between theo sets otones(Denham et al., 2012013 Rose & Moore, 2000
Anstis & Saida, 1985Bregman et al., 2000 However some experimentemployedmore
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complex auditory scese Early studiesi nvestigating t he used ockt a
simultaneous speech ftestingthe effects of selective attentigBroadbent, 1952Cherry,

1953. These studies demonsttinat one carfollow only one speecistreamat a time.

However someinformation of high personal relevancs, uch as the | i stene
(Moray, 1959, cansometimede recognize@lsoin the unattaded speecktream(Conway

et al., 2001 Many studies usethaskers fonnvestigating stream segregation. It has been
demonstratedhat the detection of soundsith a predefined frequency can be kiered by

additional random soundgom different frequency range@Neff & Green, 198). This
phenomenon is calleidformational maskingDurlach et al., 2003 Other studiesemployed
sequenceof interleaved melodies for investigating stream segregélenergie et al., 2010

Dowling, 1973 Bey & McAdams, 2003Cusack & Roberts, 2000In these experiments two

melodic patterngre interleavedOne of them is usually a target and the other is a distractor.
Based on the differences between the target and dstserjuenceghese can be perceived

as one or two stream®ther studies sl the phenomenon callesbntinuity illusion for
investigating stream segregatigRiecke et al., 2009 When an ongoing sound is masked

with another transient sound or a noise huiisteners usually report to hear the sound
through the masker, even when the sound i

presentatiofWarren et al., 1972

1.2.Li st easksused doinviestigak auditory stream segregation

Auditory stream segregationas been ofterinvestigated byasking participantsto
report their percefsubjective reports methad he s e met hods di ffer in
and fAwhen to rTgpaly Hteér thg presentatiom of & few seconds of the
auditory streaming paradigm participants were asked whether they heard the galloping rhythm
(integrated percept) or ngBregman, 1990Bregman et al., 200vzan Noorden, 19795 For

instancein the study of Bregman et §R000, participants were irgicted to try to hear the

9



galloping rhythm as long as they ¢camd they indicated how easily they could solve this task
on a 7 point scal@ther studiesised more balanced response options: for exarGpimault

et al. (2002 instructed thi participantsafter the presentation of the sound sequemce
indicate whether they heattie sound sequences in terms of thkegrated or segregated
organization In another stdy (FrenchSt George & Bregman, 198®articipants indicated
their percept during the 30s long sound sequéygeressng aresponse key on a keyboard

when they heartheintegratedbrganization

Other studiesrecordedcontinuously the subjective report of participants by asking
them to indicate their current perceptlore (Bendixen et al., 201(Menham et al., 2010
2013 Bendixen et al., 20t3Anstis & Saida, 1985P r es s ni t z e r; Rabertslet al.® ,
2002. For examplePenham et al(2010 askedparticipants to listen to the sound sequence
andto continuously mark their perceph using two responsikeys One of the keys was to be
depressed when they heard the sound sequence as integrated, tike\oties when they
heard two sound streamis parallel Listenerswere instructedto keepthe response keys
depresseds long as they heard the sequenderms of the organization assigned to the.key
There was also an option foot pressing either button if the participant could not match
his/herpercept tceitherof the alternativesFinally, participants weré presshoth buttois at
the same tim# theyheard integrated and segregapatternsn parallel These areamportant
differences compared to the previously ugedcedurs. First when the participants were
required to indicate integrated only, it is not sure that they heard segregated whed tiaty d
indicatehearing the integrated percdptg., they might have been confusedndeterminate
about their perception)When listeners were allowed to choose betweaeare than two
alternative perceptthe results showed that this is a caseerceptial multistability rather

than bistability.Second continuous measurement allows acdesthe temporal dynamics of
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stream segregatiqief., Section 4) Furtherimplementation®f continuousmeasurementith
multiple alternativesirediscussed irsection4.

Some experimentase a sacalled objective approach instead of the subjeatports
method. In this approacparticipants are given a ta#ikatis easier to solveitherwhen one
or whentwo strears are heard. For instanceghe temporal relation beeen the A and B
soundscan be recognizethuch easierwhen integration is perceived. Cusack and Roberts
(2000 conducted an experiment wheteepar t i ci pant sd6 task was to
sound sequence was isochronous (regular rhythm) or not (irregular rhythm). Participants
could solve this task more easily when the frequency separation sbuheswvas small. In
other experimenigasks wee set up for whicltihe segregatearganizationwould bemore
advantageous. Imariants of thanterleaved melody taskecognition performanceas found
to behigherwhen streansegregatioroccured (Devergie et al., 20tMowling et al., 198Y.
In general tasks referring to global sound patterns of the sequareeasiersolved when
holding all sounds togethan an integrated perceptihereador taskstesting the emergence
of patternswithin one of thepossiblestreamsperceiving segregatiols more advantageous.
These types ofasksmay provide a more objective measurement than subjective reports.
Objective tasks can e liasesbyrhe ingruciosn, the exmerimeriert s 6
or the experimental environment, or uncertainty about the different percepts. However there
are some disadvantages of these tasks as well. In the objective tasks stream segregation is
measured indirectlysee, e.g. Cusack & Roberts, 2P0l is possible that participants build
strategies beyond stream segregation for performing the task. Furthermore, most of the
objective tasks provide information only at a discrete time point whereas subjective tasks
allow measuringperceptiorcontinuousy throughout the stimulatiofsee, e.gBendixen et al.,

201Q Dentametal.,2010Pr essni t zer). & Hup®, 2006
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This section presented the most comnpanadigms and measurements investigating
auditory streansegregation. The most important difference between subjective and objective
measurement is that whilailgective reports can be recorded continuouslgnd directly
measureghe perceptobjective tas& usually provide informationly at discrete time points
inferring the percept fromthe task performancegfor detailed review of the methodological
problems see also Bendixen, 2D1#ihe choice of measurement should dependvbather
the question othe research is related to static or dynamic asp#ciream segregation.
Objective tests may be more relialfler the static aspects (such as the effects of cues).
Subjective test can provide more informatioregarding dynamic effects (such as percabptu
multistability). Therefore appropriatesks andneasurementseed to beselectedn the basis
of the researchguestionsconsideringthe advantages, disadvantagasd possibleéiasesof

eachmethod.
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Section 2.Factors influencing sequential stream segregation

2.1 The role of peripheral channelingn auditory stream segregation

A number of alternative theories have been offered to explain the formation of
auditory streams. The first is based on similarity between the consecutive sound events and
suggests that stream segregatemtursprimarily at the auditory periphergHartmann &
Johnson, 1991Beauvois & Meddis, 1996 The idea is rooted in the Gestalt principtés
perceptim (K° hl er , 1947 s e)ewithasimgadty denotindssnuldrity ofrthe 1 .
excitation patterns evoked by two acoustic eséperipherial channeling; for reviews, see
Moore & Gockel, 2002Moore & Gockel, 2012 When the overlap between tbgcitation
patterrs evoked by successivundsis high the assumption that the two events have
originated from the same sound source is npdaesible and thelikelihood that the sounds
are perceived within the same stresniigher(within the auditory streaming paradigm, this
is reported as the integrated percept). In contrast, when the overlap is small sounds are more
likely to belong to different sound sourcasd they are more likelfo be segregated into
different streams (wiih the auditory streaming paradigm, this is reported as the segregated
percept)(Hartmann & Johnson, 199Bee & Klump, 2004 2005 Fishman et al., 2001
McCabe & Denham, 199Micheyl et al., 2005 Pressitzer et al., 2008 Hartmann and
Johnson(199]) conducted an experiment about the effectiveness of the different cues. They
interleaved two familiar melodies and participawere askedto identify them. It was found
that the most effective cuder segregationwere frequency difference, structural spectral
differences (pure tones vs. harmonic complexes)d#ferentear of presentation. All of these
cues are processed at the auditory periphery. Rose and {20@®@ found that the overall
intensity level of the toneis alsoan important factor. At higher intensity levels less stream
segregatioroccurs. This might be due to that higher intensity level broadens the peripheral

auditory filters, resultingn greater overlap between the excitation patterns.
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2.2. Factors beyondgripheral channeling

Many phenomena of auditory streamgregatiorcannot be explained on the basfs
peripheral channelingsee e.gAkeroyd et al., 2005Grimault et al., 2002Roberts et al.,
2002 Vliegen & Oxenham, 1999 For example, differences in the temporal envelope act as
an effectivecue of stream segregatiprhowever, the temporal envelope of sounds is not
encoded by the auditory periphdtyi ® g-@hauves et al., 2004Whereapure tones have a
flat envelope (regardless of the onset and offset rampuse bursts have random envelope
fluctuations and the amount of fluctuation depends on the bandwidth. Dannenbring and
Bregman(1976 tested the effect of temporal\exlope by alternating two sounds, A and B
which either differed in their envelope or nBbth A and B stimuli wergure tones othey
were narrowband noises or a combination of these. They found that with an increase in
frequency separatiothe A and Bstreamswere more likely tde segregated and this effect
was more prominent with parallel differences in the temporal envelope. Tieeeul
envelope structures resulted in qualitative (timbre) differences between the sounds. Using
multi-dimensional scaling analysiserson(1995 found that stream segregation is influenced
by the envelope structure as well as the spectral shape. Inoeleck is demonstrated to be
affected by the spectral shape and the dynamic variations in the spesteuriime (Grey,
1977 Iverson & Krumhansl, 199¥Xrumhansl, 1989

Cusack and Roberf2000 also investigated the effect of timbre using envelope
difference between thgounds. They used an interleaved melody task in which participants
were instructed to detect a change in the target sequence while distagtdswere also
presented. They found thperformance was improved when the target and distraotords
differed in their temporal envelope indicating that it was easier to segregate them compared to
when the envelopes were similar. Moregvikey showed that envelope difference contribute

to obligatory stream segregation.e(, it is effective not only when segregation is
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advantageous but also when it is disadvantageous). In their second experiment, participants
were instructed to perform a rhythm judgment task, detecting an irregularitg tertipo of

an alternatingwo-soundpattern. In this case, integration was more advantageous because the
temporal relation between the twsound was only detectable wheimtegration was
perceived. They found that smaller frequency difference was reqgiaresblving the task

when the twosoundsdiffered in their envelope suggesting that segregation occurred even
when participants tried to integrate the streams. Compatible results were found by Singh and
Bregman(1997), who showed thaboth temporal envelope difference and harmonic content
difference influenced stream segregation, however harmonic content differentteewese
effective cue.

Another factor wherea difference appearg in the temporal envelope is used in
auditory segregfion is amplitude modulation differen(@o | | e g a |l ; Gimauladtal., 2012
2002. Grimault et al. (2002 presentedhe auditory streaming paradigio the participants
where A and B were amplitugaodulated broadband nois@he A sounds were modulated
with a fixed 100 Hz frequencywhile the modulaton of the B soundwaried The authors
found that participants perceived the sequence as integrated when the modulation frequency
difference was smaller than 0.75 octaves while they were more likely to hear segregation
when the difference exceeded 1 oetavhis resultshows that the temporal amplitude
envelope difference introduced by tremplitude modulation is an effective cue for
segregating two streams but only when the difference is relatively large.

There arealso nontemporal envelopecuesinfluencing auditory stream segregation.
Many studies showed that stream segregation can be based on periodicity information alone.
Using the auditory streamingaradigm Vliegen and Oxenhan(1999 presentedcomplex
soundswith a common passband and consisting of high (unresolved) harmonics, with

harmonic numbers of 10 or higher to avoid differenda the excitation pattern of the
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peripheral nerve fibersThe A and B soundsdiffered in treir fundamental frequency (FO).
They found thastream segregatiomccurred on the basis of FO difference when participas 0
task was to indicate the presence of two streams and also when the task was to detect a
melody interleaved with distraatsounds In another experiment Vliegen et @1999 used a
rhythm discrimination task investigating the effect of FO difference. Theyaigsadant ofthe
auditory streaming paradigmhere participants had to detect an irregularity in tempo. The A
and B stimuli were either pure tones or complex sounctntaining high unresolved
harmonics and differing in FO or they had the same FO but the center frequency of the spectral
passband vaed. They found the largest effect when pure sowere combined with sounds
varied in their center frequency¥he FO difference was also effectiva inducing stream
segregation

Differences in phase spectrum also produceasn segregatigrmswas demonsated
by Roberts et a2002. These authors used threaundsthatdiffered in their phase spectra.
Each of them was a complex harmosmundcontaining only high unresolved harmonics
which could notbe heard as separate sou(idsore & Goclel, 201). For one type ofound
( A Chlapmonics were added in cosine phase, while for anditaenonics were added in an
alternated cosi ne/ si nseundphbramamies wer@d added in raRdom t h e
phase (ARO) r es diketstumdgompaned o C ang Asethe fdier hagl elear
pitch. Using the auditory streaming paradigm with a pitch difference between the two sounds,
participants were presented with rapeg triplets of the structure CXCXC..., where X
could be, in separate sequences C, A, or R. Participants were instructed to continuously
indicate whether they heard one or two streams during the presentation of the 30 s long
sequences. The authors fduthat when the combinations of the differeagundswere
presented (CAGAC or CRGCRC) streansegregatiorwas more likely to occur compared

to when the same type sbund were presented (CCCCC). Ths effect was stronger for the
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CRGCRC combinations #m for the CACGCAC combinations. Similarly, in a rhythm
discrimination task, where integration was more advantageous for detecting the irregularity in
tempo, the performance decreased when different typssumicc were combined compared

to when the samgype of sound appeared in the sequendéis suggests that differences in

the phase spectrum resultedbligatory steam segregation. Neither of the above listed cues

is ercoded at the auditory periphery. With the exception of pure tpitek difference cannot

be simply explained by the spectral differendeather in these casegjtch is related tahe

fine temporal structure ahe sounds and fluctuationia their envelopgPlack & Oxenham,
2005.

Another factorthatcan contribute to stream segregatiodiféerence inthe perceived
locationof sounds such asnduced by ITD. Hartmann and Johngd®91) showedthat two
interleaved melodies were segregated from each bth€rD differences nearly as well as
when thesoundsof the different melodies were presented to different ears. Lateralization
information depending on ITD is processed in the braingiaedel & Kollmeier, 2002Furst
et al., 198% Therefore stream segregation occurring on the basis of this cue cannot be
explained byperipheral channeling. Saemd Bailey(2004) used a task for investigagrthe
effect of ITD difference Participantswere instructedo detect a target rhythm interleaved
with arrhythmic tones. TheyntroducedlID and ITD differenes between the target and
distractor tones and found that ITD difference facilitated segregation even when 1D
difference was not present. However Boehnke and Phi{ip85 showed that ITD alone
cannot induce obligatory stream se@gn usinga gap detection and temporal asymmetry
detection task They presentetthe auditory streaming paradignith the A and Bbeingtwo
independent wideband noise bursts, newly generated for eacihennoise busts were
presented wittN5 00 Os | TD difference. Pgwerepresénted t he ¢

to facilitate the buildup of streasegregationThey found no difference in conditions where
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the ITD differencecuewas used compared to the condition where A and B were pedsent
diotically. In contrast, IID was found to be a more effective cue promoting stream
segregation. However, the most effective cue was presenting the sounds to different ears.

Source location cues have been studied also together with othedrcaestug by
Denham et al(2010 perceivedocation was introduced by IIdifferencebetween the tones
in the auditory streamingparadigm. Thee authordound a significant effect of the IID cue
and no significant interaction between treffects of perceived location and frequency
difference on auditory stream segregation. Du &f28l1]) found that participants were more
accurate in separating two vowels whicares simultaneously presented when both frequency
and location difference were present compared to when only one of the cues &cre us
Moreover the sum of the effects caused by the single factors was approximately identical to
the combined effect o f suggestizat theowo cues, mperceivpd . The
location and frequency differeneee independelyt processedrom each other.

These studies demonstrated that stream segregation can occur sitofitant
differences between the excitation patteragoked by the interleavesbundsat the auditory
periphery Whereas some of these cues resuitestream segregjan only in cases where
segregation was advantageous (for instance ITD and FO) other cues produced similar effects
as differences in power spectrum (like temporal envelope or phase spectrum). These results
suggest that cues other than peripheral charmeéin leado obligatory stream segregatias
stream segregation occed alsoin situations where integratiomasadvantageougJsing the
auditory streaming paradigm we tested the effect® abnspectral cue, theamplitude
modulation frequency diffence, and its interaction with perceived location difference and
carrier frequency differencgstudy ). We presented sequences composed of pwiee sine
wave tones, A and B which differed in their frequencies (carrier frequency) amdere

modulated(multiplied by) by sine wavesalso differing in frequeny (amplitudemodulation
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frequency) The AM modulation frequencies usg0 Hzto 283 H3 fall within therangein
which AM modulation igpercéved asfiroughness of the soundgJoris et al., 2004 Figure 3
shows an example for the amplitude modulated todéfering in carrier frequency,

modulation frequency and perceived location.

Amplitude A
Amplitude A
o

£ , \ \ . , . . , 2 . . , L \ , , ,
0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160
Time (ms) Time (ms)

Amplitude B
)
Amplitude B

L . . . . . . . € . . . . . . L .
1} 20 40 60 a0 100 120 140 160 0 20 40 60 80 100 120 140 160
Time (ms) Time (ms)

Figure 3.Demonstration for the sousdenployed in Study | with AM frequency and perceived
location differencebetween the A and B soundbhe upper rowshows the amplitude modulated A
sounds, bottom row shows the B soundth different AM frequency modulation. Theo A sounds

in the top row wrepresented tone eaywhile the two B sounds in the bottom rovenepresented to
the other ear.

We hypothesized that the auditory system utilizes the amplinatiilation frequency
difference as a perceptducing cue of auditory stream segregatiorthis case we should see
that AM differences affect the phase duration of both the integrated and segregated percept
similarly to other percepnhducing cuegBendixen et al., 20)3The term phase is used for
the continuoustime interval during whichlthe samepercept is heardPhase duration then
refers to the length of this intervakurthermore if the AM frequency difference cue is
processed independently from other static cuescépard location difference and carrier
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frequency difference), then their effects should be additive. Study | summarizes our finding

about these questions.

2.3. The role of temporal coherenae auditory stream segregation

There arealso other factorsbeyond feature differencesuch as temporal coherence
which caninfluence auditory stream segregatio.he peripheral channeling theory predicts
that when consecutive sounds ldygdiffer in some featuresncoded at the periphery, these
should be sepamd into two streams regardlessf whether they were presented
simultaneously or successively. However this is not the case, when two sounds separated by
an octave are simultaneously presented: they are still heatms of a singleoherent
stream(Elhilali et al., 2009. This, and several other studigisow that temporal coherence
promotes perceptual groupilfpr a review, se&hamma et al., 201 Bheft, 2008 Shamma
et al. (20171 suggested that after feature extraction in the peripleardl central auditory
system, computation of coherence happens between the stilmches activity for all neural
channels. The coherence analysis happens between the range of 50 to 500 ms duration which
corresponds to the slewave stimulusnduced fluctiations of spiking rates in auditory cortex
(Lu et al., 2001Kowalski et al., 1996 According to this theory, high coherence supports the
grouping of sounds into a common streamhereas low coherence induces stream
segregation. This theogssumeshat the representation of streams and the individual sounds
is developedvithin the same process. In contrast, other theories (see bedsuwnehat first
the representation of inddual sounds are formed and based on the different cues

connectios arebuilt between the representations or not.

2.4. Sequential grouping and memory

Continuous monitoring of the auditory scene is an essential function of the auditory
system. Some of thmformation about the sound sources is not present in the individual
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sounds. For instance an individual footstep is hard to be identified alone but it is relatively
easy to tell when series of footsteps are presehtather, the spatial progression oferies

of footsteps can only be extracted from comparing between successive footstep sounds.
Sequential grouping of sounds requires some representation of the previous sound events in
the brain. Although there is no consensus in the literature about theenand form of
memory stores where these information are maintained, it is obvious that for a short period of
time (which spans a few hundreds of milliseconds) a large number of sound representations
can be storedCowan, 19881984 Demany & Semal, 2008 Some of the information is
available even for longer timperiods. For instance, sound patterns can be detected in a
repeating cycle of 80 s, but not when the cyclegtend beyond 320 s(Kaernbach, 2004
Warren et al., 2001 Studies about rhythm perception proposed that the time period in which
successive sounds can be connected is even shorter and does not exceéDwke,21989

van Noorden & Moelants, 1999This evidence is also supported by studies on stimulus
specific adaptation (SSA) which refers to the decreasing neuralnsssgor a repeated
auditory input(Ulanovsky et al., 2004Mill et al., 201]). SSA reflects an adaptation to the
repeating sound or sound pattern. Ulanovsky €804 investigated the timecale of SSA

and found that # time constant of the principal effect of the precediogndlasts ca. 1.5.s

For stimulus statistics the time constant was much longd5 8 however These time
periods are compatible with the time needed for the formatiomdifaay streamgstypicaly

time periods spanning from hundreds of milliseconds to about 10 seconds exposure to the

auditory scen€Anstis & Saida, 1985Moore & Gockel, 201

There is much adence reflecting that information about previous auditory events
becomes unavailable after a short period of t{iDeke, 1989 Kaernbach, 20Q4Warren et
al., 200). However there is also evidence suggesting that some information can be retrieved

after quite longer periods of time (e.g., over 2 minutes) by giving a reminder to the

21



participants(for a review, see Winkler & Cowan, 2003t is important to note that the
reactivation of an auditory event alssactivats its context as wellincludingthe relation to

the peceding events(Korzyukov et al., 2008 This suggests that the information of
individual auditory events may not be stored separately, ragyears of larger perceptual

units, which can be regarded as auditory object representa(Gnffiths & Warren, 2004
Winkler et al., 2012 Compatible evidence was obtained in studies showing thattésng
memory representations are involved in stream segregation, such as those demomnstrated b

studies using familiar sound sequen(@evergie et al., 2010

2.5. The role of prediction

Jones(19769 suggested firsthat predictable patterns facilitate streams segregation.
J 0 n e s Opropdsexitatr spunds are more likely to be connected if they predictably follow
each other. Higher predictability therefore promakesformation of a stronger or more stable
representation of the corresponding auditory stre&2amncenttheoriesand studiesof audtory
perception suggest that predictability is an intrinsic property of the auditory system
(Baldeweg, 2006Bendixen et al., 200%Gr i mm & Sch&Eélhge? ¢geWifkierz 007
et al., 2009aWinkler et al., 1996Zanto et al., 2006 The mechanism by which prediction
can contribute to stream segregation is based on the assumption by Miche{@2@%land
Winkler et al.(Winkler, 2007 Winkler et al., 2009a who proposed that the underlying neural
mechanisms of stream segregation and regularity extraction are similar as the same
information is required for stream segregation and regularity extraction. This idea was
supported bythe results oBendixen et al(201Q Bendixen et al., 20)3The authors used
continuous measurements of feumute long trains of the auditory streaming paradigm
inducing auditory multistability. Thefound that the presence of separate acoustic regularities
in two interleaved sequences promoted stream segregation by extendcgatienof the

intervals during wWiich listeners reported perceiving two (segregated) streams while not
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influencing the length of the intervals during which listeners reported perceiving all sounds as
part of a single (integrated) streaihe resultsof Bendixen et al(Bendixen et al., 2013
Bendixen et al., 20)Guggesthat the presence of streapecific regularitieg A pr edi ct abi
based stahilees thsegregated sound organization but when listeners perceive the
integrated percept the regularity (predictability) based cues do not help in switching towards
segregationln contrast, cues based on perceptual similarities canex¢indthe duration of
phases of theegregated percept and reducedheation of those phaseswhich participants

head integrated However in a recent study Bendixen et(@014) found that predictability
based cues may also reduce the phase duration. In contrast to previougAnditesu et al.,

2011 Bendixen et al., 2010FrenchSt George & Bregman, 1989within the auditory
streaming paradignstreams were manipulated independently from each other and therefore
the integrated and segregatedganizatios were independentlypredictable (or not) in
separate condition3hey usednultiple covaryingfeature differences (onset time, frequency
and lacation)to enhance the predictability of integration or segregation. Comparing with the
condition where features randomly varied gredictable tone patterns helped neither the
integraed nor the segregad perceptthe phase duration of integrated inceshsand
segregated decreasiedthe condition where the predictable tone pattern was compatible with

the integrated percept. This wamilar tothe effect ofperceptual similant cues

2.6. The role of attention

The role of attention in auditory stream segregation is debated in the liteffature
reviews, se&nyder & Alain, 2007Sussman, 2007Whereas some studies demonstrated that
streamsegregatioroccurs preattentivelgsee e.gWinkler et al., 2003cSussman et al., 2007
Jones et al., 1999dones et al., 199%thers showed the opposif€arlyon et al., 2001
Carlyon et al(200]) presente@1 s long sequences thie auditory streaming paradigmthe

left ear and participants were instructed to indicate whether theydhiedegration or
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segregationin onecondition,no sounds were presented to the right eaantthercondition,
distractorsoundswere presented to thieght earfor the first 10 s of the sequce.During this

period participants were required to ignore RBA pattern and after 10 s pass#dwy were

told to indicate their percept of the ABA sequenthe probabilly of two streamseing
reportedin this conditionwas significantly reduced compared the no-distractorcondition.

The effect wasas if the buildup of stream segregatidmas been delayed or restarted at the
ti me when the I|istenerds attention was direc
that the buildup of stram segregatiorrequires attention. Attentional switching may have
caused a reset in sound grouping similarly to gaps presented within a selesak et al.,

2004 Moore & Gockel, 200Rresulting in the differences found between the two conditions.
The reset explanation allows the build process itself being attentiomdependent, with

only the reset depending on attentidndeed, Jones et a(19993 found that stream
segregationoccurred for irreevant sounds suggesting that the buifd did not require
directed attention. They used a serial recall task (with letters presented visually) with
additional distractor sounds. The sounds were alternating speech-gpeeoh sounds with a
small, mediumor high pitch difference between the alternated sounds. Based on results by
van Noorden(1979 the small, medium and large differences were assumed to produce one
stream in the small artie mediumdifferencecases and two strearn the largedifference

case. In a preliminary experiment they found that the amount of disruption in the serial recall
task varied as a function dfie variation between the distractors; larger variation produced
more disruption(the changing state explanation of the irrelevant sound effédten the
alternated sounds were presented during the serial recall task timelytfai the amount of
disruption increased from the small to the medium difference and then decreased from the
medium to the large pitch difference. This result suggested that stesgegatioroccurred

preattentively asvhen stream segregation occurrédesulted in two homogeneossund
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streams, whicltaused less disruptiathat the single stream with sound changes occurring

within the stream

Different theoretical framework$ave beensuggested for explaining the role of
attention in auditory streanegregatior(for reviews, sedlain & Bernstein, 2008Fritz et al.,
2007, Snyder et al., 2032ShinnCunningham, 2008 Fritz et al. (2007) proposed that
selective attention dymically modulates cortical filters in the primary auditory cortex during
active listening when a target event is attended. They s@gighat some cells in the primary
auditory cortex can rapidly change their receptive figidsccorcnce withthe task. As soon
as the target is identified a signal is sent from hidgéed brain areas (involving the
prefrontal cortex and auditory association cortex) initiating a cascade of rapid signals
touching the subcortical neuromodulatory structures (sgdbasal ganglia), which project to
the primary auditory cortex. This tasklated plasticity is an ongoing process which re
organizes the cortical receptive fields in the primary auditory cortex.aBsismedttention
driven mechanism opeegon a timesale ofa fewsecondsFritz et al.(2007) also proposed
that longterm effects can still occur even after attention had been shifted suggesting that

these sustained changes are related teattentional mechanisms.

Shamma et al(2011) proposes that attiéion operates on the formation of auditory
streams as it enhances the neural responses for the attended .fEatdines, attention can
modulate the temporal coherence between neural populé@tatsur et al., 2002 According
to the objecbased attention theory (Duncan and Humphreys, 1989), attention operates on
perceptual objects and therefore it is involved in object selection rather than the object
formation.On this theoryobject formation must precede theestion of the attended object.
Although the objeebased theory of attention has been mainly developed for the visual
modality, it has also been applied to the problem of auditory stream segre(tiion

Cunningham, 2008 As streams act as auditory objects, these descriptions suggest that
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auditory stream segregation does not require attention, although it can be modylated b
This notion was supported llye results of someectrophysiological studie§Sussman et al.,

1998 1999 Sussman et al., 200Winkler et al., 2003cWinkler et al., 2003p

Studies discussed in this section demongtrétat aiditory stream segregation is
based on several factors. When a sound wotar ear the first information is provided by
extractingthe variousfeatures which starts athe level ofthe auditory peripheryand extends
to secondary and associatiaditory brain areas.The general conclusion is thainy
perceptual difference can lead stream segregafdimer factors involving higher cognitive
functions can modify the effect of these cues and sometimes may dominate the perceptual
outcome of stream geegation(see Devergd et al., 201 In summary vinereagues based on
perceptual similaritplay a crucial role in separating sound streahesimportanceof higher

level cognitive processesuch as prediction, attenticemd memoryannot be denied
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Section 3:Bi-/multistable perception in auditory stream segregation

Perceptual bimultistability refers to the phenomenon when the same physical input
can be interpreted in different ways resultinglifferent percept¢Blake & Logothetis, 2002
Leopold & Logothetis, 1999P r e s s ni t z e r). TReretdre, pv@stigatih @& c@ptual
bi-/multistability helpsto dissociate the processes extracting information from the input from
higherlevel perceptual processdsistable perceptual phenomehave been observed all
sensory modalitieqfor review, see Schwartz et al., 2Q1Bistability was extensively
investigated in the visualomain Some of themost weltknown ambiguous figures are the
Necker c ube an dilutan bviich éas induee distable gperaeptioBtudies
investigating visual bistabilitfound that there is a spontaneous fluctuation between the
alternative perceptgfor a review, see Blake & Logothetis, 2Q0Bowever the neural
mechanismaunderlying perceptual switchingre still not known. Recentmodeling studies
show that thgghenomenon may be explained bgaabination oiheuraladaptation and noise

(van Ee, 2009Kang & Blake, 201}

For auditory stream segregatidhge early dominant view wakat afer a short period
of time (the buildupof the percept) the percept becomes stabédtling onone of the
alternative perceptual organizatien(for the auditory streaming paradigm, this egher
integration or segregatipnMost of the early studies using the auditory streaming paradigm
presented short (<) sound sequences and then asked listeners about their perception at the
end of the sequendsee, e.gBregman, 1990van Noorden, 1975 However, sme recent
studies(Bendixen et al., 20t1Bendixen et al., 20fMenham et al., 201@013 Pressnitzer
& Hup ®; Rolderisebal., 20Q0delivered longer sequences (for example 4 min) and
asked participants to report their perception continuously throughout the sound sequences.
These studies found that perception switches back and forth bettw@®n morealternative

sound organizations
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Theories of auditory bimultistability

A possible explanation for switching is the fluctuation of attention over time. In the
study by Cusack et al. (2004hort silent gaps were inserted into the auditory streaming
paradigm resulting imn apparentese of stream segregation. The gaps might have caused
participantsto switch theirattention away from the sound sequenesuling in the reset.
However Denham et al. (2010) found that silent gaps did not cause complete reset (i.e., a
complete new buildip): The probability of reporting integration increased after the
appearance of the gaps but the perceptual phase following the gap did not show similar
characteristics to the firgierceptualphase of a sequence (s@so in Section 4)1 Also if
attentiona switch caused a reset in stream segregation one would expect a fatigue effect on
switches. However there was no sign of this effect when 10 minutes long sequences were

presented to the participants (Denham et al., 2013).

According to Denham and Winkl€2006 auditorymultistability reflects a continuous
competition between the alternative sound percégge alsoPr essni t zer ; & Hup
Schwartz et al., 20)2However it is not clear whantitiescompete with each otheht afirst
glance itappearsbvious that the integrated and segregated percepts compete with each other
as it was suggested by the early studies on stream segrg@aggman, 1990van Noorden,

1975. However, sme recent studies showed that percepts other than integrated and
segregated can also ocdiBendixen et al., 20t0Denham et al., 2033In the studies of

Bendixen et al (2010) and Denham et al. (2013jsteners reported perceiving sound
organizations other than the integrated or segregatedngtance they heaiabth integration

and segregation at the same tinidese authorsised the auditory streaming paradigm
continuously recording the | istenerds perce,j]
report both integrated and segregatedhat same time termed as theth (or combined)

percept. This percept does notrefdedp ar t i ci pant s whaitheyperanviedas on a b
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they were instructed not to report any of the percepts ifweeg not suref what they heard
The both percept also could not have resulted from switching from one of the primary
percepts to the other (i.e., from asynchrony in releasing on response key and pressing another
one), as the percept was experiencedrétatively long periods of timéoften exceeding a
few seconds)ln a recent studyDenham et al(2014) tried to identify patterns other than the
ABA and A-A-A/B-B-B, which corresponded to the integrated and segregated percept
respectively They trained their participants to discriminate si¥ferent patterns in
unambiguous sequences-fAA, B-B-B, A---A---A, ABA, AB- and BA). They found that
participants reportehearingeach of thesgatternsalso whenlistening to tone sequences
constructed in accordance withe classical auditory streaming paradigm (repeating ABA
pattern of tones). This result shotimat percepts other than ABA (integrated) anéA\/B-
B-B (segregatedpre experienced within the auditory streaming paradigoh togetherthey
couldexplain thep r e s e n ¢ bothiopkrceptih the pfievious experimentas the sum of
the time spent experiencing these percepts was approximately equal to thé aftoue
listeners reported the both percept for sequences of identical parameters, when they were only
given the option to mark the segregated, 't he
having an identifiable percepf{Note thatthe perceptda phases during whic
percept is reported maaiso possihy include periods ofluplex perceptiorfLiberman et al.,
1981, Rand, 1974 althoughthere is nospecific evidence for thiswithin the auditory
streaming paradigm.

The study by Denham et #2014 also showed that treegregated percejself raises
the question whether the-A-A and BB-B streamsn the auditory streaming paradigsne
processedogetheror one of thenappears in the auditofgreground while the other stays in
the backgroundin a previous studyGutschalk et al(2005 have alreadyconsidered that

either the A or the Bstreamscould appear inthe foregroundrespectively,and therefore
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instructed their participants to discriminate three alternatives: try to hear integrated thalow
A streamor follow the B streamIn both studiegDenham et al., 20145utschalk et al., 2005
participants were forced to furtheubdivide the segregated percept by distinguishing which
of the streams appears in the foreground. Considering that the auditory streaming paradigm
may not be optimal for testing each possible alternative other than the classically described
integrated andsegregated percepts, Study IV investigated the foregrbaokiground
selection applying a paradigm other than the auditory streaming one. The paradigm was based
on We s s e(l99% allosvingutal discover more than two percepts vehtre alternative
sound organizations are relatively easy to discriminate from each other. In the same study we
investigated the perceptlated MMN elicitation as well.

In the review of Winkler et a2012), three principlesire considered for explaining
how the different organizations are developed and th@rcompetition between the different
interpretations of the auditory scemaay occur. The first possibleprinciple is the
fihierarchical competition theavy, = w hbiasellon Gusack et &. 2004 model According
to this assumption, competition takes plawe at least twolevels. The firstevel of the
competition takes ple betweenfull explarations of the auditory input.These full
explanations are termed sound organizati@me® Winkler et al., 20)2If we consider the
auditory streaming paradig this first-level competition takes place between the ABA
(integrated) and AA-A and BB-B together (segregatedyganizationsin this case AA-A
and BB-B streams are compatible as together they fully explain all of the auditory input
without overlap m the explanations provided by the two componenite second level of
competition takes pladeetween separable streams within each organizéieih-A and B
B-B for the segregated organizatjoand switching betweerstreams within the same
organization des not require the 4iaterpretation of the auditory scene. Thexeists a

computationaldifficulty for this model Before the construction of the organizatipeach
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Apr-objoect 6A-A, AB-, IBa8-B,Aetc.)needs tobe comparedvith all other prote
objectwhether they are compatible or nbst.a complex scene wita large number of proto
objects, the formation of possible organizations may result in a combinatorial explosion.
(Note, however, that this is an implementatimased bjection, rather than a formal argument
against the hierarchical competition theory.)

The secondpossible principles the foregroundackground solution. According to
this ideathere is only a single level of competition: each piatgect competes withlleother
at the same time anohe ofthem (for instance the AA-A) becomes dominartreatingthe
perceptuaforeground, whileall the remainingsoundsare joined intoa backgroundobject
Indeed there are experimental resultggasing that there is no diinction in the perceptual
backgroundat least when the sounds not included within the foreground stream are relatively
similar to each othe{Brochard et al., 1999%Gussman et al., 20R5With this solution the
problem of finding compatible protobjects iseliminated (i.e., the background in this case is
by definition compatible with the foreground streardpwever br fast switching between
two different organizations (i.e., different foregrodmackground pairsihe auditory system
needs to maintain the representation of the possible foregroundotjetts and thie
complementarpackgroundWith complex scenes, this might result in storing a large number
of possible organizations. (Note, again, that thisnsmplementatiofibased objection, rather
than a formal argument Furthermore there is some esigte that distinction in the
background can occur with larger differences between the sduvid&ler et al., 2003c
Sussman et al., 20p7

Winkler et al. (2012) proposeditlaird possibé competition principle based anocat
collision conceptualization of thénterference between the prembjects (Winkler et al.,
2012. Thisassumptiorsuggests that interaction between the puodigects occurs only when

they predict the samsoundat the same time. In this casee colliding proteobjects weaken
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each other. There is no other interaction betweesithaltaneously existingroto-objects.In

this caseit can be shown thdhe relative strength @ahoseproto-objectswhich donot collide

with eachother becomes higbr low at the same time, thus organizations emerge implicitly
The advantage of thiprinciple is that there is no need to keaexhaustingcompatibility
testing for proto-object combinatios like in the hierarchical competition thearyas
compatibility (or rather incompatibility in terms of this principle) information is not necessary
for explaining the full auditory scenRather, incompatibility information is only used at the
time point when protmbjects collide. According to thisprinciple, proto-objects which are
strong at the same time form therceived organization, with the strongest one appearing in
the foregroundBecause all protobjects compete all the time, any of them can emerge as
dominant (perceived) and form an organization together with the other simultaneously strong
proto-objectsi proto-objects colliding with each other cannot be strong for long asdiee

time due to the weakening effect of the collisions. (On the other hand, incompatible proto
objects, which are temporarily strong at the same,tcoeld explain duplex perception.) A
computational model based on this principle has been shown to prqdattatively similar
results as those measured from human listefhitset al., 2013. Experiments summarized

in this thesis were based on the latter principle. Within this corpexteptinducing cues
increa® the competitivenes®f a proteobject facilitating it to appear in the perceptiom
contrast, perceptstabilizing cues increase the stability of a probject and support their

ability to remain dominant.

This section summarized the most important aspects of auditényultistability. In
general bi/multistability appeargo be aninherent prperty of auditory stream segregation
when participants listen to the same sequence for longer time. Irrespective of the precise
explanation for this bimultistable phenomen auditory bi/multistability can providenuch

information abouthe mechanisms @tream segregation.
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Section 4: The effects of percepinducing and perceptstabilizing cues on auditory

stream segregation

Most of the early experimentsinvestigated auditory stream segregatiware not
designed to test the temporal dynamics of streagregationelated perceptual processes.
Recent experiments using@t i nuous recording ofreportdfag parti
relatively long (>1 minutes) multistabloundsequencesllowed the measurment of the
duration of each perceptual phaddeasuring the proportion of overall time inhieh
participants reported one or the other perceppbwswhetherthe cuetestedincreased or
decreased the likelihood of integrati@nd segregation.Changes inthe average phase
duration ofa perceptshow whether or notthe cuetestedfacilitated the discovery of the
alternative organizationTherefore pase durations prade an opportunityto separately
assess the effects of a cueeacth ofthe alternative perceptBased on t@ assumption that
perceptuaimultistability reflects continuous competition betwetre various protabjects
cues increasing the duration afpercept are regarded as having a stabilizing effect on the
corresponding soundrganization(e.g., extending the duration of the segregqtectept is
interpreted as stabilizing the segregated sound organizatiam)the other hand, cues
decreasing the duration afperceptmay decreas¢he strength of theorresponding proto
object and/or increase the strength of some alternative-pbp¢ot within the competition
(e.g.,shortening the duration of the integrated percept is interpreted as the segregated sound
organizationbecomingmore competitivawith respect tahe integrated sound organizatjon
Perceptinducing cues, such as frequency separaptay a role in the competition between
the proteobjects (e.g., large frequensgparationdecrease the duration of the integrated
phasedacilitating to perceivesegregation In contrast percepitstabilizing cuesonly extend
the dominane durations of theroto-objectsbelonging to the organization they promote

they do not influence the competition between the colliding paltjects (e.g.temporal

33



regularitiesextendthe duration othe segregated percejatl phasesut do not influencethe

duration ofthe integratesnes(Bendixen et al., 20tBendixen et al., 20)R Theresults by

Bendixen et al(2013 suggesthat the tenporal patterns they useith their studywere only

detected when the corresponding probgect was dominanivhereas similaripased cues

both increased the duration of the segregated percept and decreased the integrated percept as
having inducing and stabilizineffect As a consequengpercepistabilizingcuescould only
stabilizesomesound organizationnce it haslreadybeendiscovered on the basis pércept

inducingcues, but they do not help iteduceswitching to their promoted organization

4.1.Dynamical effects using @ceptinducing cuesin auditory steam segregation

Sections2.1 and 2.2Aliscuss which wes can be utilized fandudng auditory stream
segregatiorfresultingin obligatory stream segregatioif his sectiondealswith the dynamical
aspects of stream segregation based on studies using padiephg cuesuindermultistable

conditions

According to early studies on stream segregation it was assumed that there is a strong
biastowards integratiomt the beginning of the sequence as the auditory sydtesnot yet
have sufficient evidence for separating the sosnihto streams(Anstis & Saida, 1985
Bregman etal., 2000. Denham et al(2013 found in the auditory streaming paradigimat
there are some particular parameter combinations where segregation is more frequent than
integrationasthe firstreportedpercept(see also Deike et al., 201X his was found at very
short SOA and | arge of. The effect of SOA ¢
phases than the in the firgerceptualphase.The timeinterval precedinghe first reported
percept was also dep#gnt on the stimulus parameteBenham and colleagudsund that
the time from the onset of tlewundsequence to the firseportedpercept was shortavith

longerSOAs and smallep$. Thephaseduration of the firsperceptwas usuallysignificantly
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longer tharthat ofthe subsequent phases. This is consistent with findargasual bistable
phenomengCarter & Cavanagh, 200®amassian &outcher, 2006 The phase duration of
the first percept washortstwh en t he SOA was s homthis casele @f we
temporalproximity supporédthe link between theimilar but nonadjacent tones{Aand B
B) while therelatively low frequency separation suppedithe link between thesubsequent
tones.Thereforethe parameter regiowh er e short first phase were
studyallowedfor quickly discovering both the integrated and segregated alterndtivaber
parameter regionghe phase duration of thedt percept was morprolonged Considering
these results it is possible that previous experiments on stream segregation which used short
sound sequencesaracterized only the first perceptual phase

Denham and colleagues (2010) tested perceptual switching over a wide range of the
P fSOA feature space usingMinutes sequences conforming to the structure of the auditory
streaming paradigm. They found that perceptualtist abi | i ty occ$0A ed wi
combination they tested, even at fast presentation rates combined with large frequency
difference(classically assumed to cause obligatory segregattamjhermore, the addition of
another perceghducing cue did not help to fully stabilize the ssgated percept. The
authors applied IID difference additionally to frequency difference and found that although
the segregated percept became more frequent, integration still occurred. Denham et al. (2010)
tested whether the continuous switching over aewpdrameter range is an artifact of the
extreme repetitiveness of the auditory streaming paradigm by randomly jittering the sound
parameters. They found that switching still occurred in spite of the variability of the stimulus
parameters. Thus arguably,ighing is not an artifact of the repetitiveness of the sequence.
Theseresults suggest that perceptuatultistability is an inherent property of the sound

sequences constructed according to the auditory streaming paradigm and switching between
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alternativepercepts appears even beyond the ambiguous region determined by van Noorden

(1975).

4.2. Percepstabilizing cues

As it was mentioned above similaribased cues are usually found to induce stream
segregation and therefore regarded as peindpting ces Recent studiesusing the
auditory streaming paradigm showed the&gherorder cues, such as temporal regularities
facilitated stream segregatioin yet differently than percephducing cuesexplained in
previous sectiongcf., Section 2.4., Bendixen et al., 2Q01Bendixen et al., 2013see,
however, Bendixen et al., 2014

Thereis muchevidence arguing for the notion thée auditory systerautomatically
processeshythmc structurs. For instanceit was shownthat listenersare able to detect
violations in rhythmic structureven when the violation is task irrelevahiadinig et al.,
2009. The roots of sensitivityo rhythm arealready present at birdis wasdemonstratedby
the studiesshowing thathewbornsdetectomissiors at the downbeaposition in sequences
with a regular rhythm(Winkler et al., 2009p Jones and colleagué3ones, 1976Jones &
Boltz, 1989 havelong agosuggestedhat rhythmic structure is utilized as an important cue
for stream segregatioin a study investigating the effects of rhythm on stream setipeday
Andreou et al(2011]) participants performea pattern detection task. They presented two
streams, A and B anparticipants were instructed to atteode of then ard detect a pre
defined pattern within the sequence. Taétpatternsoccurred bothn the attended antthe
unattended stream. The attended stream was always preaghtedirregular rhythm while
the unattened, distractor streamas either irregulaor regular(a constant SOAset between
the sounds)It was found that target detection improved when the unattended sequence was
regular compared towhen it was irregular suggestingthat the temporally regular

configurationof the distractor sequendacilitated its separationfrom the target sequence
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Contrasting results wem@btainedby Frerch-St. George and Bregm#h989 andRogers and
Bregman(1993 who found that temporal regulaghad noeffect on stream segregation.
These contradctory results were due to the methodological differences between the studies
(Bendixen, 2014Bendixen et al., 2004

Studies reviewed in this sectimummarized the most important differences between
perceptinducing and percegtabilizing cues: whereas percaépducing cues ifiuence the
competition between sound streams perstgibilizing cues usually stabilize a sound stream
which currently dominates the percept. These studieslalsonstrated that temporal patterns
appearing in sound sequences are important cues for atggegtreamsSeveral studies
showedthat melodc structure affectstreamsegregatior(Bey & McAdams, 2002Devergie
et al., 2019 Dowling, 1973 Dowling et al, 1987 see also Section).JFurthermoreresultby
Devegie et al.(2010 suggest that familiaritywith the melodiesnay not only stabilize but
could also induce streamsegregationin their study he presence of rhythmiegularities
further facilitated the recognition of the melodid$owever it is still not clear how and when
these factors influence stream segregation. Do stedyilize streamsnly or they are able to
induce streansegregationat least in some particular casegen participants are highly
familiar with the sound psdrr? If the melody and/or rhythm cues act as perstabilizing
cues, then only the phase duration of the segregated percept will be affetttecauditory
system utilizeghese cuess percepinducing cus of auditory stream segregatiothenthe
presence of these cues wallsoreduce the phase duration of the integrated perdéwgise

guestions are addressed in Study II.
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Section 5. Eventrelated brain potential (ERP) measuremens for investigating

sequentialauditory stream segregation

EEG measures provide a good tool for investigating auditory stream segreg@ation
The high temporal resolutioof EEG allows oneto investigate the different stagesstfeam
segregatioras well aghe effecs of cues on these stag&y. EEG measuresanbe obtained
irrespective of the participantods task, t hu:
processed outside the focus of attenti&arly studies using EEG measures focused on the
effects of selective attention on auditory stream segregéfiain et al., 1993 Alain &
Woods, 1991 In theseexperiments participantswere usually presented witla sound
sequences whicbould be heard as two streams and tiare asked to focus their attention
on either one or the other strealBRP enhancemestwere typically found for sounds
occuring in the attended stream compared to the sapand whenoccuring in the
unattendedstream (Hillyard et al., 1973 Recent studies more frequently used passive
listening tasks avoiding the effects of attention on stream segre¢sg®ne.g. Winkler et al.,
20039 andbr gave unbiased instruction to the partioiga(Winkler et al., 200h ERP

componentsonsideedin this section aréhemismatch negativity (MMN)the P1 and N1.

5.1.MMN as an index ofauditory streamsegregation

Several studies used the®IMN ERP componentN2 2 t 2 ne n etfor al . |,
investigating stream segregati@ager et al., 20035ussman et al., 1998999 Sussman et
al., 2009. Thesestudies showed that MMN elicitatiooan be made dependent on the
perceived sound organizatitwased on the principle that thegularities theauditory system
detectscan depend othe perceived sound organization (e.g., regularities appearing only in
some sounds within the sequence can only be detected when these sounds are segregated from

the other soundsMMN is regarded ashé electrophysiological correlate detecting the
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violation of a regularityextracted from the preceding sound sequencinéyuditory system

(Winkler, 2009. The classical paradigm investigating MMN &hation is the auditory oddball
sequencavhere a repeatingound(standard)s occasionally exchanged for a rare (deviant)

sound The deviansoundelicits afronto-centrallynegative waveform peaking at about 100

250 msfrom the onset of the deviatidfor reviews, se& @ 2t 2 n e n ;®/inkleg 2007, 2007

Kujala et al., 200y

In the study by Sussman et @998 an alternating sequence diigh (H) and low (L)
toneswere presented where tonesde upa sixtone patterrconstructedrom three kind of
high and three kind of low tonesach separateBscending in frequency (L1, H1, L2, H2, L3,
H3). This pattern was unlikely to split into two streams unless attemtasdirected to one of
the streams (high or lowDccasionallyhigh or lowdevianttonepatterrs wereinsertedinto
the sequencgeadescending in fragency (H3 H2, H1 or L3, L2, L1)isteners either ignored
the stimuli and read a book or attended to the high tomése firstcase MMN was not found
for the deviantpaterns However wherthe high tones were attended MMN occurred lhoth
deviant patternsThis resultsupports thatMMN elicitation followed the percept: no MMN
was found when two streanwere unlikely to be perceived but MMN appearadhen
participants seggated the high and low strear8amilar results were found by Winkler et al.
(2006 when ambiguous sound sequences were presented to participants who were asked to
maintain one or the other interpretation of the scene. They found MMNfor deviants
violating the regularity in the maintained sequence. This result suggests that MMN elicitation
follows the percept also in ambiguous situations.

Ritter et al.(2000 showedthatregularites areanaly®d separatelwithin streams and
violating the regularity of one streanby a sound belonging to another stredoes not elicit
MMN. They presented stimulussequence where tones alternated between the lefigiid

eas, creaing the impression of two streams presented to separateleaess presented the
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left and right eas differed in their duration, intensity and frequency. Occasionatlyiaiht
toneswereintroducedeither to the right or to the left ear. Deviant tone fesgwere identical
to standard tones of the corresponding ear excepthbdurationwas halfway btween the
two standard tone duration& previous studyhad shownthat deviant tones which have a
duration midway betweetwo frequentstandard tones elictwo MMNSs, one withrespect to
each ofthe two standardéWinkler et al., 1995 HoweverRitter et al.(2000 found that
deviant tones elicited only a single MMRhe onehat marked the violatioof the regularity
of the sound streanwithin which the deviant occurredhis result argues for thatMN
elicitation happened according to the different acoustic sources rathé&ytfemiuresalone
MMN hasalso beenshown to reflect theclassical notion of théuildup of stream
segregatiorfSussman et al., 20DA sequence oftandardoneswas presentedith constant
intensity to listeners additionally witha sequence ofintervening tones whose intensity
randomlyvaried Occasionallya standard tone was replackeyg an intensity deviant tone.
MMN elicitation for deviant tonesvas found when the frequency difference between the
standardand interveningones was higlsupporting thathe stadard and intervening tones
were segregated (Experiment 1) Experiment 2 deviant tones werg@laced at different
positions relative to the beming of the stimulus sequenckoth at positions wherehe
buildup of stream segregation was likelyht@vealreadyoccurred(> 10 s, see Micheyl et al.,
2005 as well asearlier in the sequencBIMN elicitation was found only for those deviants
that occurred late in the sequence, after the buildup of stsegnegatiorhas presumably
been completedrhis resulishows thathe MMN elicitationcan be used teflect the buildup
of streamsegregationMoreover this study suggested that theildup of streams cahappen
without focusing onthe stimulj as participants were engaged in a-aaditory task during

the presentation of the sounds
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Winkler et al.(20039 also demonstrated that streams are segregated and processed
outside the focus of attention in a more natural (but also more complex) auditory scaee. The
authorspresented a mixture of soundensisting ofstreet noise, a series of footstepad
soundsfrom amovie, whichthe participants were instructed to watehile disregardinghe
sounds emitted by thether two sourceswithin the series of footstepene step deviated
from the otherslt sounded as ifomeone stepped onto a different surthemthe one the rest
of the steps were taken .oMIMN waselicited by the deviant footstepuggestinghat in this
complex sceneall sound sources were segregated from each,atieduding the unattended
ones

These studies gpport the notionthat MMN can be used for investigating auditory
stream segregation because 1) MMN is elicited without focusing atteortithre stimuli and
therefore appropriatéor studieswhere the effects of atteah needs to be eliminate@)

MMN elicitation shows good correlatiowith perceptual results, i.entegrated percept
related MMN has beerfound for those parameter combinationwhere perceptual results
supported that integratiowas perceived and segregatpdrceptrelated MMN has been
found for those parameter regionshere perceptual results supported that integraties
perceivedThat is, MMN can be used to tell how the sounds are organized in perception for a
given sequence of stimulusing strearspecific regularities MMN can be used for testing
part i ci ppwithatddireptly asking them about Howeverthereis alsoevidence
showing thaMMN elicitation doesnot always follow the percepin the study byRoss et al.
(1996) it was found that MMN elicitation correspondd to the physical stimulus properties
ratherthan tothe perceptual properties.n t heir study they wused
denote for the illusion gberceiving a single tonavhen two tones separated by a full octave
are presented simultaneously iseparate ear®eutsch, 197¥ They createda seqence of

two simultaneously presentédnesseparated by an octave where the high and low tones
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alternated between the two ears. Occasionally single tones corresponding to the illusory
perception (mimicking the octave illusion) were inserted into the sequ&MN was found

for these deviant tones showing that the MMN elicitation followed the spectral properties
rather than the perceptual properties of sounds in this Hasesver, n another study using

the auditory streaming paradig(Winkler et al., 200bno MMN was found for deviast

rather an early frontocentral negative difference appeared irrespective of the perceived sound
organization.Therefore, theissue of the relationship between MMN elicitah and the
perceived sound organizatios investigated in Study IMusing a multistable auditory
paradigm which allowedesting the perceptlependent MMN elicitation and foreground
background differentiatioras mentioned abovedn a multistableparadigm adapted from
Wessel 0s @Vegsed 1979 esae talso Sectio Be inserted separate regularities
corresponding to the different percepts well as oneorresponding tdhe overall sound
sequenceWe thentested whetheor not,whenviolating theseregularities MMN elicitation

follows the percept. If MMN is elicited by the separate regularitiescereinfer that the
auditory system formed regularitiascording tahe various possiblgerceps. If the auditory
system forrs regularities based othe overall sequential structure, thBfMN should be

elicitedonly by violating the correspondingggularity, regardless of the percept.

5.2.0ther ERP componentindexing stream segregation

Beyond the MMN other ERPcomponents also showerceptdependent effects
providing important tod for investigating auditory stream segregatibtost of the studies
found perceptlependent modulation in the ERP components connecfedttoe analysis of
the stimuli(see, however, Winkler et al., 2009he PLand NIN2 2t @2 nen & Wi nkl e
appear around 50 and 100 ms after stimulus onset. Bheseogenous componer(idillyard
& Picton, 1987 reflecing sensory encoding of auditory stimulus propsi{iN2 2t 2 nen &

Winkler, 1999 see, however Klimesch, 2011 about the function gf Pdr instanceM dler
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and colleagueg2005 showed that the N1 component is sensitive to whether tones are

processed in a single or two different streams.

Using theauditory streamingparadigmin an MEG study Gutschalk et al(2005
found that theamplitude of thanagnetic P1 and N1 componsgeticited by the same sounds
variedaccor di ng t o t he Theyiirsstruetetibe parscipaptsto icdegiet i o n
whethertheir perceptvasintegrated or segregateshdto attendeitherthe A tone only (in
half of the conditions) or the B tos@nly(in the other half of the conditions) whenever they
head two streamslt wasfound that the amplitude of the Pland N1mfor the B tonewas
enhancedvhen participantperceived two streanmpared to one streamegardless of the
task (followingthe A or the B tones). Similar effectswere observefbr the second A tone of
the triplets when th&ask was to follow the A toneslso, longerlatency effects(P2m)were
found for the B tones when the A tones were to be attedexkeresuls showedpercept
dependent influence on the P1m and N1m comporardsin somecaseson the P2m In
contrast t o Gut s c h,aWirdkler ettal. (2005 fousd tisat exabgnoug 2 0 0 5 )
components were affected only by stimulus configuration whereas a negative component
elicited by omission deviants arapbpearingwith longer latencyca. 175 msafter stimulus
onset)varied together with he par t i ciThis negasiveé comgoneatemad larger
when participants perceivetie integrated compared to the segregated perceimilarly to
Gutschalk and colleagues, Winkler and colleaglss usedhe auditory streamingaradigm
However, Winkler and colleaguésstruced the participants to pressrasponse kegs long
as they hearthe sequence as integrated and release the button whedidhegt hear it
integrated The difference between thesiructionsin the two experiments may have resulted
in the different findings as allocation of attentidiffered betweerthe two studiesnd also,
the processing of regular and irregular sound rhaye been affected differently by the

current perceptWe addressed this question 8wdy Ill. Using the auditory streaming
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paradigm we tested the ERP responses for regular and irregularvibhescontinuousy
recordi ng pehcepon Wehypathesizedihat if differences between the two

above Isted studiegGutschalk et al., 2003Vinkler et al., 200pstemmed from measuring

the responses for regular vs. irregular sounds ithemr experimentearly effecs (onthe P1

and N1 componentsyil be f ound for regular sounds si mi/
whereas late effecttheul d appear for deviant sounds sin
Otherwise if allocation of &ntion produced differences in the results we will see only late

perceptdependent ERP effects.

Studies using EEXMEG measurements provided important information about
auditory stream segregatideBRP components such as MMN, P1, N1 and N2 showed percept
related differencesvhich distinguished fromthe effects of stimuus features thus being
related tathe perceptual outcom8ome of theeinformation would not be possible to obtain
solely by behawral measurementsecause there are situations where perceptual reports are
not desirabler attainable (e.g., when one wants to study perception withowtowp effects
or in subject populations not able to follow instructiom&jditionally, ERP measuments
can be more reliable than perceptual reports (note, however that they also measure indirectly
the percept, and at discrdtme points similarly to objective perceptual measuremeris).
integrating the findings of the behavioral and EEG experimgatsan get a better picture
aboutthe mechanism dauditory stream segregatiofherefore this thesis consisted of studies

using both measurements for obtaining useful information ahalitory stream segregation
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Main objectives and thesis points

The main objectiveof this thesisareto shed light on two topics. The firgbal is to
test different cuesf auditory stream segregatiaregarding their ability to inducehe
formationof and/orto stabilize sound streams. The secgual is to extend ar knowledge

aboutelectrophysiological correlates of the perceived sound organization.

Within the first topic weinvestigated theeffects of amplitude modulatiorand its
interactions between multiple perceptiucing cuesn multistableconditions Grimault et al.
(2002 found that when they increased ttigference in therate of amplitude modulation
(AM) between two sets of interleavéohes, participants were more likely to perceive the
sequence as two streanusing the auditory streaming paradigm we tested the edfesiM
on the proportion and phase duration of the perc&st&\M is a timevarying cueits effect
may be independent from static cusach asfrequencyor perceived locatiordifference
However AM influences the perceived pit@leddis & Hewitt, 199) therefore its efct may
be overlapping witlthe difference in the carridrequency Thess | presers the conclusions
from our study in which we havevestigate the effects and interactioh&tweerseparations
in amplitude modulatiorpitch, and perceived location

The second question vaskedwaswhether initial stream segregation is drivaalely
by similarity-based cues awhetherhigherordercues can also industreamsegregationat
least insomecases.For instanceDevergie et al(2010 demonstrated thatsing familiar
sound patternparticipants gearated streams in the absence of simildréged cuesRecent
studies demonstrated that predictable sound patterns have an importamt gileam
segregation(Andreou et al., 20L1Rimmele et al., 2012Snyder & Weintraub, 2011
Bendixen et al., 203Bendixen et al., 20)thowever these cues are more likely to stabilize

sound streamsgather than initiating theiformation (Bendixen et al., 20138endixen et al.,
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2010. Thesis |l summarizes our results investigating the effectanetody rhythm and
familiarity on stream segregation
By applying electrophysiological methods, sources of information inaccessible to

behavioral methods can be tappetb. MMN paradigmshave beersuccessfully usedo
investigaé auditory stream segregatio(Rahneet al., 2007 Sussman et al., 1998999
Winkler et al., 2003aWinkler et al., 2003pWinkler et al., 2003cWinkler et al., 200h
However the relationshipbetween auditorystreamsegregation and the deviangetection
process reflected by MMM indirect(Sc hr © g er ; Winkleaet al.,,20098A01 the
relationship betweeMMN elicitation and percepion is not entirely straightforwar(Ross et
al., 1996 Paavilainen et al., 200%an Zuijen et al., 2006 Further perceptdependent
differencesrelated to auditory stream segregatimve also beefound for the magnetic P1
and N1 responses. Thesis Bummarizes our findings regardirtbe perceptiependent
processing of regular and deviant soundshe classical @ditory streaming paradigm (van
Noorden, 1975)while Thesis IVintroducesa new multistableauditory stimulus paradigm
permitting the investigationf auditory foreground/background decompositmnmeans of

ERPs andthe investigation operceptdependenMMN elicitation.*

Thesis |. The effects of separatiom amplitude modulation frequency on auditory stream

segregation

The aim of the study was to test tbfect ofthe AM differenceon auditory stream

segregatiorunder multistable conditions and itisiteractionswith frequency difference and

! Sound examples for the experiments can be found following the link: http://www.mtapi.hu/seandples/.

File names start with the name of the relevant study. For Study | the following examples are presented: AM
frequency difference of 0.5 octaves with 4 ST carrier frequency differences (Studyl_modul0.5_carrier4); AM
frequency difference of 1.5 octaves withST carrier frequency differences (Studyl_modull.5_carrier4) and the
same with location difference (Studyl _modull.5 carrier4_loc). For Study Il the four songs are presented
separately (H1, H2, G1, G2), and the following conditions: original melody, obridigghm, HH
(Studyll_H_H_melody_rhythm); original melody, original rhythmG GStudyll_G_G_melody_rhythm); and
these conditions with random melody (Studyll_H_H_random_rhythm and Studyll_G_G_random_rhythm). For

Study IV the different falling sequences earpresented separately (StudylV_falling_timbreA, and
StudylV_falling_timbreB) and the test sequence where the two timbres alternated (StudylV_full_sequence).
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perceived locationWe used the auditory streaming paradigm with continuous perceptual
recording.Our results showed thédrgerseparation in any of thiested sound featurésve

cut the integrated phases shorter and extended the duration of the segregated phases.
Furthermore,we found interactions between t#eM and frequency differenceAM and

location differenceand frequency difference and location difference suggesting a ceiling
effectin stream segregatioifhese resustsuggest thasimilarity in any of these features is

utilized asa perceptinducing cue.

Thesis II. The effects of sequenaructure cues on auditory stream segregation

In this study we aimed at testing the effectdahiliar and unfamiliarhythms and
melodieson stream segregatio8pecifically, we investigated whether not the presence of
tunes separately in twimterleavedtone sequencebelps to segregate timeinto separate
streams. Theuneswere preselected on the basis of their pitch range and nieguency
similarity to avoid stream segregation on the basis of pitch differdivee.Hungarian and
two German songsvere usedA group of Hungarian and another Bhglish volunteers
participated inthe experimentsddungarian participants were familiar with the Hungarian but
not with the German songs whereas English participants were not familiaanyitbf the
songs None of the participants hadeceivedformal musical training.The songs were
presenteceitherwith thdar original rhythm, or with a evenrhythm having each tone arioe
following resthave separate constahiratiors. We found thathe presence ahelody helped
segregating the sound sequenaeespective of whethgrarticipants werdamiliar with the
tunesor not Rhythm stronfy promotedstream segregation regardless of the familiarity.
However, his was caused by overlaps between the tones of the two interleaved sequences
rather than theemporal structure, per s&hese resu#t confirmthat higherorder cues can

induce stream segregation in some particular cases.
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Thesis Ill. Short and longerlatency ERP correlates of perceived sound organization in the

auditory streaming paradigm

The main objective of the study was to tedtether the currentlperceived sound
organization affectshe processing ofegular and pitcldeviant soundsFor testing this
guestionthe auditory streaming paradigmas used with continuous perceptual and EEG
recording Occasionally standard sounds were exchanged with devlattwere slightly or
moderately distinct from the standardfée found that regular and irregular (deviant) sounds
were affectedas early as ca. 75 ms after stimulus onaethetime of feature extraction
reflected by the PtomponentFurther modulations were found for deviant tones at the level
of sound evaluationdeviant soundorocessing was affectdaly the current percepas was
reflected in theN2 and P3a components. These lssindicate that there are multiple

interactions between the dominant sound organization armdhessing of incomingound.

Thesis IV. A new paradigm for measuring the ERP correlates of auditonyltistable

perception

The aim of the study wakvofold: using a new auditorynultistable paradigm we
investigated the foregroudshckground discrimination indicated by ERPs taskd whether
MMN elicitation dynamically follows the perceptal organizationof sounds We have
designed our paradigm basech We s s el 60s ( 1 %ohépattemseodresiagipitchg t hr
combined with alternation timbre. Such sequences can be perceived as rising (based on
temporal proximity) or as falling (based on timbre similariile r ecor ded par ti
percept dung the experiment therefore the current perceptual foreground was determined
behaviorally.For testing whether MMN elicitation follows the perceived sound organization,
two additional feature regularities were introduced, one of which was expected to be

discovered only when the percept wvihat of therising pitch, andthe other ont whenthe
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perceptwas that of the falling pitchlf the perceptual groupings of these sound sequences
affected the representations underlying MMNen each featureegularity volation should

elicit MMN only when listenerexperienceghe corresponding percept. Our results showed
that in this paradigm, MMN elicitation did not follow the perceptual organization of the
participants Rather, it followed the temporal arrangement thie tones. This was
demonstrated by the double dissociation of MMN elicitation from perceptual organization:
One MMN was elicited with both percapthe other with neither percept. We suggest that in
this case, the feature regularities had been extrdmtéule perceptual grouping occurred.
However, we found that the P1 amplitude correlated with one aspect of the perceptual
organization: whether the sound was part of thegiaend or the backgroundlhis result
confirmed that obtained in Thesis Hlthe perceived sound organizatiomfluences the

processing of sounds as early as 70 ms from stimulus onset.
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In our surrounding acoustic world sounds are produced by different sources and interfere with each
other before arriving to the ears. A key function of the auditory system is to provide consistent and
robust descriptions of the coherent sound groupings and sequences (auditory objects). which likely
correspond to the various sound sources in the environment. This function has been termed auditory
stream segregation. In the current study we tested the effects of separation in the frequency of ampli-
tude modulation on the segregation of concurrent sound sequences in the auditory stream-segregation
paradigm (van Noorden 1975). The aim of the study was to assess 1) whether differential amplitude
modulation would help in separating concurrent sound sequences and 2) whether this cue would in-
teract with previously studied static cues (carrier frequency and location difference) in segregating
concurrent streams of sound. We found that amplitude modulation difference is utilized as a primary
cue for the stream segregation and it interacts with other primary cues such as frequency and location
difference.
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INTRODUCTION

In everyday auditory environments several sound sources may produce discontinuous se-
quences of sounds which arrive to the ears as a mixture of overlapping events. In order to
allow us to make sense of our surroundings. the auditory system decomposes the mixture of
sounds and forms coherent sequences from them. termed auditory streams. Auditory streams
often match the concurrently active sound sources in the environment (Bregman 1990, Grif-
fiths and Warren 2004). Since Bregman'’s (1990) seminal book. the organization of the acous-
tic input into auditory streams has been studied within the framework of “auditory scene
analysis™ (for recent reviews, see Snyder and Alain 2007, Ciocca 2008, Winkler et al. 2009,
Shamma et al. 2011).

The formation of streams is often tested by mixing together two sets of sounds that are
separated by a difference in some acoustic feature. Such sequences are often heard as two
separate streams of sound (termed “auditory streaming”™: van Noorden 1975, Bregman 1990).
Although most of the cues underlying auditory stream segregation are based on spectral
differences between the two sets of sounds (Hartmann and Johnson 1991), Grimault and
colleagues (Grimault et al. 2000, 2002) showed that auditory streaming can also be based on
time-varying cues alone. For example, Grimault et al. (2002) evoked auditory streaming by
differences in amplitude modulation (AM) frequency (see also Dollezal et al. 2012).

Recently. Bendixen and colleagues (Bendixen et al. 2010) showed that auditory stream
segregation is also supported by higher-order temporal regularities. However, in contrast to
spectral cues, which can initiate the formation of auditory streams and are thus considered
primary cues (see Bendixen et al., and Denham et al. in this issue). higher-order temporal
regularities only stabilized streams that had been formed on the basis of spectral cues. Fol-
lowing up on these findings. we set up the present experiment to investigate how differences
in AM frequency affect auditory stream segregation. Can one form streams on the basis of
such cues alone (i.e., do they act as primary cues) or do they only stabilize streams (similar
to higher-order temporal patterns)? Furthermore, we wished to determine the relationship
between cues based on the fluctuation of the temporal envelope, spectral and spatial cues of
auditory stream segregation. Do they increase the likelihood of streaming independently of
cach other, or do their effects interact with each other as was found for spectral and spatial
cues (Denham et al. 2010, see. however, Du et al. 2011), suggesting that they rely at least
partly on common mechanisms? In the current study. we tested the effects of AM frequency
differences on stream segregation, using this cue alone, as well as combining it with spectral
and spatial cues.

In the traditional “auditory streaming paradigm™ (van Noorden 1975), participants are
presented with a repeating three-tone (ABA-) sound sequence. where “A” and ‘B” denote
two different sounds and *- stands for a silent interval equaling the common duration of
the two tones. When participants are asked about their perception after listening to the se-
quence for a few seconds. they may report hearing a single stream with a galloping rhythm
(termed the “integrated percept”). or two separate homogeneous streams with different but
even presentation rates. one for each sound (the “segregated percept™). These studies showed
that by increasing the feature separation (e.g.. frequency difference: Af) between the “A” and
‘B” sounds (typically tones). and decreasing the silent interval separating the sounds in time
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(A1), the segregated percept became more and more probable: whereas decreasing the feature
difference and/or increasing the Az increased the probability of the integrated percept (Moore
and Gockel 2002). Van Noorden (1975) found a trade-off between Af and the stimulus onset
asynchrony (SOA: onset-to-onset interval, which also characterizes Az with constant sound
durations).

Whereas most early studies using the auditory streaming paradigm presented short (<20 s)
sound sequences and asked listeners about their perception at the termination of the sequence
(but see Anstis and Saida 1985), some recent studies (Roberts et al. 2002, Denham and Win-
kler 2006, Pressnitzer and Hupe 2006, Denham et al. 2010, Bendixen et al. 2010, see also
Bendixen et al., and Denham et al. in this issue) delivered longer sequences (e.g.. of 4 minutes
duration) and asked participants to report their perception continuously throughout the sound
sequences. These studies found that perception switches back and forth between the integrated
and the segregated percept throughout the whole stimulus train, and likened this phenomenon
to visual observations of perceptual bistability (Pressnitzer and Hupe 2006. for reviews of
visual bistability, see Leopold and Logothetis 1999, Blake and Logothetis 2002).

In one of these studies. Denham and colleagues (Denham et al. 2010) found that although
the combination of two primary static cues (separation in tone frequency and source location)
increased the probability of the segregated percept, these cues did not substantially reduce
switching between the two sound organizations: thus they did not stabilize perception. This
is in contrast to everyday environments in which auditory percepts do not seem to fluctuate.
One may argue that static cues do not fully characterize natural sound streams. Veridical
decomposition of complex natural auditory scenes may additionally benefit from monitoring
the time-varying cues of stream segregation. In the current experiment we tested whether
the effects of separation in the frequency of AM (Grimault et al. 2002, Dollezal et al. 2012),
combined with spectral and spatial cues might lead to perceptual stabilization in the auditory
streaming paradigm. Both Grimault et al. (2002) and Dollezal et al. (2012) presented the
AM frequencies above 20 Hz. Previous studies suggested that AM frequencies below 20
Hz are associated with the sensation of rhythm, whereas above 20 Hz they influence pitch
(Schulze and Langner 1997). In this case. we should expect that a difference between AM’s
of >20 Hz frequencies will be utilized as a primitive cue of stream segregation similarly to
pitch difference. However, Bregman et al. (1985) reported that when two sinusoidal tones,
set in the region of the first and second formants of the human voice, respectively, were mod-
ulated by the same ca. 100 Hz frequency. they tended to be fused more strongly than when
the two tones were modulated by different frequencies. Bregman and colleagues (1985) con-
cluded that AM information may be utilized independently from frequency difference in
separating two sounds. Thus it is possible that AM frequency difference will have different
cffects from pitch or location difference, perhaps similar to higher-order dynamic cues.

Continuous recording of the participants’ perceptual report allows one to measure the
average duration of each percept. This allows one to separately assess the effects of a cue on
the alternative percepts. Primary static cues for sound source segregation. such as frequency
separation. both increase the duration of the segregated percepts and decrease the duration of
the integrated percept. Based on the assumption that bistability of auditory streaming reflects
continuous competition between alternative sounds organizations (Denham and Winkler
2006, Winkler et al. 2009). cues increasing the duration of the segregated percepts are re-
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garded as having a stabilizing effect on the segregated organization. On the other hand. cues
decreasing the duration of the integrated percepts increase the likelihood of a switch towards
the segregated organization (competitive effect). Primary static cues exert both effects on
auditory streaming. Bendixen et al. (2010) found that introducing regularly repeating se-
quential patterns separately into the high and low tones of the ABA sequence influenced only
the duration of the segregated percept. but not that of the integrated one. This result indicated
that higher-order sequential cues can only stabilize a sound organization already formed on
the basis of primary cues. but they cannot help in the initial discovery of or switching towards
a sound organization (sec also Bendixen et al. in this issue). In the current study, we tested
the effect of AM frequency difference on the proportion and duration of the segregated and
integrated percepts in the auditory streaming paradigm. If the auditory system utilizes the
AM frequency difference as a primary cue, then with increasing AM frequency difference,
we should see an increase in the proportion and average duration of the segregated percept
as well as a decrease in the proportion and average duration of the integrated percept. In con-
trast, if the effect of the AM cue is similar to higher-order dynamic cues, then with increasing
AM frequency difference, we should see an increase in the average duration of the segregated
percept. but no decrease in the average duration of integrated phases.

We also tested the interaction of the AM frequency difference cue with two types of static
cues: carrier-frequency difference and perceived sound source location difference (hence-
forth termed “location’). If the AM frequency difference cue is processed independently from
these static cues. then their effects on the proportion of the different percepts should be ad-
ditive.

METHODS
Participants

Twenty-eight young healthy volunteers (18-27 years of age. average: 21.5, 15 female and 13
male) participated in the experiment. Participants gave written informed consent after the ex-
perimental procedures were explained to them. The study was approved by the Ethical Com-
mittee of the Institute for Psychology of the Hungarian Academy of Sciences. Participants
were pre-selected by a clinical audiometric test. with the criteria that their hearing threshold
would not exceed 25 dB hearing level and 10 dB difference between the ears in the 250 to
8000 Hz frequency range. The audiometric test was performed using an SA-5 audiometer
(Mediroll. Hungary). The study was conducted in a sound-attenuated experimental chamber
at the Institute for Psychology of the Hungarian Academy of Sciences. Participants received
modest financial compensation.

Stimulus paradigm

Participants were presented with four-minute trains of the “ABA-’ structure. *A”and "B’ were
tones of 75 ms duration including 10 ms raised-cosine onset and offset ramps. Each tone was
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amplitude-modulated with a sinusoidal envelope: the depth of the modulation was 100%.
The “A’ tone frequency was always 1000 Hz. In the stimulus conditions employing a car-
rier-frequency difference. the “B’ tone frequency was 4 semitones [ST] higher. The *A” tone
was always modulated at 100 Hz. In the stimulus conditions employing an AM frequency
difference. the AM frequency of the “B” tone was 0.5. 1. or 1.5 octaves higher than that of
the “A’ tones (these values were selected based on the results of Dollezal et al. (2012). In
conditions without location difference. the *A’ and ‘B’ tones were delivered binaurally with
Sennheiser HD 600 headphones at 40 dB intensity above the participant’s individual hearing
level established for the “A’ tones. In the stimulus conditions employing a location difference,
the “A’ tone was 6 dB louder on the left channel. and 5 dB softer on the right channel, whereas
‘B’ tones were 5 dB softer on the left and 6 dB louder on the right channel. The stimulus onset
asynchrony (SOA) was uniformly 150 ms. including that before the “silent’ (*-) part of the
*ABA-’ pattern (i.e., the SOA between consecutive “A’ tones was always 300 ms, whereas the
SOA between consecutive ‘B tones was always 600 ms).

Each stimulus condition was delivered separately in a single stimulus block: the order
of the stimulus blocks was separately randomized for each participant. Stimulus conditions.
altogether 16, differed in the cues that separated the *A” and ‘B’ tones. Each level of the AM
frequency difference (0. 0.5. 1. and 1.5 octaves) appeared ecither a) alone (4 conditions),
b) together with carrier-frequency difference (4 conditions). c) together with location dif-
ference (4 conditions), or d) together with both carrier-frequency and location difference
(4 conditions).

The stimulus block with no difference between the “A” and ‘B’ tones served as a catch
trial. For the statistical analyses. participants were grouped according to whether they report-
ed the same percept throughout the catch trial stimulus block (“faithfully reporting™ group)
or reported switching more than once or after the first 60 seconds of this stimulus block
(“doubtfully reporting”™ group). Although it is possible that some of the “doubtfully report-
ing” participants indeed experienced illusory perceptual changes during the presentation of
the identical sound triplets, it is also possible that they responded to the implicit pressure of
reporting perceptual switches suggested by the presence of two response keys and the careful
instructions regarding how to mark the possible changes of perception (see below). In order
to account for this possible bias, we pooled the responses separately for the two participants
groups and compared them in our statistical analyses (see below). Overall, 14 participants
(19-24 years of age. average: 22.1, 8 female and 6 male) fell into the “faithfully reporting™
group, and 14 participants (18-27 years of age. average: 21.0, 7 female and 7 male) fell into
the “doubtfully reporting™ group.

Procedure

Participants were instructed to report their perception continuously during the stimulus
blocks by depressing and releasing two response keys. one held in each hand. The assign-
ment of the two response keys was counterbalanced across participants to eliminate the
cffects of handedness. Participants were instructed not to press either of the response keys
if they did not hear any regularly repeating sound pattern (termed the “Neither” percept).

Learning & Perception 5 (2013) Supplement 2

54



154 0. Szaldrdy et al.

When they heard regularly repeating identical tones of only one type (either “A” or “B’). they
were asked to press one of the keys and keep it depressed as long as they heard the same
repeating pattern. The same response key was to be depressed also when the participant heard
two different tones repeating at the same time, as long as the different tones were not joined
together in a repeating pattern (the “Segregated™ percept). Participants were to press the other
response key when they heard some regularly repeating pattern that included both *A’and ‘B’
tones (the “Integrated” percept: e.g.. ABA-ABA-...). Finally. participants were instructed to
depress both keys when they heard a repeating pattern which included both types of tones
(c.g. AB--AB...) as well as a repeating pattern made up of identical tones (e.g., --A---A...):
the “Both™ percept. They were asked to follow their perception closely with the key combi-
nations, so that they always marked their actual perception.

The experimenter made sure that each participant understood the types of percepts they
were required to report, using both auditory and visual illustrations. The instruction phase
lasted for 15-25 minutes. depending on the participant. The 16 stimulus blocks were deliv-
cred in a randomized order. During the experiment, participants were scated in a comfortable
chair. They were allowed to relax for about a minute between consecutive stimulus blocks
with longer breaks inserted whenever the participant asked for it. On average. the experimen-
tal session lasted for 120 minutes.

Measurement and data analysis

The continuous response signal was broken down into “perceptual phases™. A perceptual
phase is the continuous interval within which the participant depressed the same response
key combination, marking that he/she perceived the sound sequence throughout this inter-
val as either integrated. segregated, both, or neither (see the definition of the percepts to be
discriminated by the participants above). Perceptual phases shorter than 300 ms were not
analyzed, because they may represent inaccurate coordination of key presses and releases
(Moreno-Bote et al. 2010). The type and duration of each perceptual phase was extracted for
cach subject and condition. From this information. the proportion of each type of percept and
the average phase duration were calculated. The proportion and phase duration of a percept
was taken to be 0 for participants/conditions where the given percept did not appear within
the corresponding stimulus block.

The conditions with no AM frequency difference were introduced for comparison with
our previously reported experiment using the same stimulation parameters (Denham et al.
2010). for the catch trial (see above). and for testing the independence of cue effects. Results
in these conditions were not included in testing the effects of AM frequency difference be-
cause the no-difference between ‘A’ and ‘B’ conditions cannot be compared with the condi-
tions including an AM frequency difference, only.

Because the “both™ and “neither” percepts appeared relatively rarely (both <15% and
neither <1%) during the stimulus blocks and not at all in many combination of participant
& condition, we only conducted statistical analyses for the “integrated™ and the “segregat-
ed” percepts, which were perceived by most participants in most stimulus conditions. Per-
cept proportion and average phase duration values were separately entered into mixed-mode
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analyses of variance (ANOVA') of the structure: Participant group (faithfully reporting vs.
doubtfully reporting: grouping factor) x AM frequency difference (0.5 vs. 1 vs. 1.5 octave) *
Carrier-frequency difference (present vs. absent) x Location difference (present vs. absent).
Where appropriate, Greenhouse—Geisser correction of sphericity violations was applied and
the € correction factor is reported together with the n?* effect size. Post-hoc analyses were con-
ducted using the Tukey HSD test. In addition. the independence of the effects of the different
cues on the proportion of the segregated and integrated percepts was tested by comparing
with dependent Student’s r-tests the proportion of the integrated/segregated percept when
both or all three cues were present with that modeled by assuming independent effects of
the individual cues (e.g.. P, was compared with P, =P + P — P x P, where P and P,
denote the observed proportions of the given percept with only cue “a’ or *b’ present and P,
the observed proportion with both cues “a” and *b’ present: a similar model can be set up for
three independent cue effects). Statistical analyses were conducted with the STATISTICA
software. All statistically significant effects are reported.

RESULTS

Table 1 summarizes all significant effects obtained in the ANOVA tests.

Proportions of the integrated and segregated percepts

With increasing AM frequency difference the proportion of the integrated percept decreased
and the proportion of the segregated percept increased. Similar effects were observed for car-
rier-frequency and for location difference. When present, these cues decreased the proportion
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Figure 1. Proportion of the integrated percept: Interactions between AM frequency difference and car-

rier-frequency difference (left) and between AM frequency difference and location difference (right).

The x axes show the levels of the AM frequency difference in octaves: the y axes show the proportion of

the integrated percept within the stimulus blocks. Solid lines indicate the absence of carrier-frequency/
location difference. dotted lines indicate their presence.
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Table 1. Significant effects obtained in the ANOVA tests. “Measure” indicates the measure compared:

intProp = proportion of integrated phases: segProp = proportion of segregated phases: intDur = average

duration of all integrated phases: segDur = average duration of all segregated phases. “Factors™ are the

ANOVA factors: AM = AM frequency difference: CF = carrier-frequency difference. LOC = location

difference: Group = “Faithfully reporting™ vs. “Doubtfully reporting™ participants. Degrees of freedom

(df). F values, significance levels (p). Greenhouse—Geisser correction factors (where applicable). and
1’ effect sizes are shown for each significant ANOVA effect.

Measure Factor df F p G-Ge n?
intProp AM 2,52 51.071 0.001 0.958 0.663
CF 1,26 82.782 0.001 0.761
LOC 1.26 124416 0.001 0.827
LOC*Group 1.26 11.045 0.01 0.298
AMx*CF 1,52 36.733 0.001 0.826 0.586
AM=LOC 2,52 15.019 0.001 0.823 0.366
segProp AM 2:52 14.073 0.001 0.875 0.351
CF 1,26 50.121 0.001 0.658
LOC 1,26 79.960 0.001 0.755
AMx*CF 2,52 12.455 0.001 0.941 0.324
intDur AM 2,52 15.164 0.001 0.734 0.368
CF 1,26 32.037 0.001 0.552
LOC 1,26 26.518 0.001 0.505
AMx*CF 2,52 20.784 0.001 0.656 0.444
AM*LOC 2,52 9.028 0.001 0.861 0.258
CFxLOC 2,52 14.685 0.001 0.361
segDur AM 2,52 13.533 0.001 0.785 0.342
LOC 1,26 17.362 0.001 0.400

of the integrated percept and increased the proportion of the segregated percept within the
stimulus block.

AM frequency difference interacted with carrier-frequency difference as well as with
location difference in decreasing the proportion of the integrated percept (Fig. 7). In both
cases, the slope of the AM frequency effect was steeper without than with the additional
(carrier-frequency/location) difference. This was shown by the lack of significant differences
between the proportions recorded for the 1 and 1.5 octaves AM frequency difference in the
presence of either one of the additional cues (Tukey HSD with df = 52: p = 0.451 and p =
0.977 for the carrier-frequency and location difference. respectively). whereas the same
differences were significant in the absence of additional cues (Tukey HSD with df = 52:
p <0.001, both).
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The tests of the independence of cue effects revealed that the smallest AM frequency
difference (0.5 octaves) and carrier-frequency difference did not interact with each other in
determining the proportion of the integrated percept: The observed proportion was not sig-
nificantly different from the proportion calculated by the model for independence. However,
with higher AM frequency differences (1 and 1.5 octaves) these two cues significantly inter-
acted with each other (p <0.01). Furthermore. when adding the location cue on top of the AM
frequency difference and carrier-frequency difference. significant interactions were found for
each level of the AM frequency difference (all p values <0.05) both in the proportion of the
integrated and the segregated percept. In all of these cases the theoretical proportion, which
was calculated by assuming independent cue effects. was lower for the integrated, and higher
for the segregated percept than the proportion actually measured. This means that these cues
are sub-additive in determining the segregation of auditory streams.

Average perceptual phase durations

All three cues significantly influenced the durations of the integrated phases, and AM fre-
quency difference and location difference had a significant effect on the duration of segre-
gated phases: Increasing separation between the “A’ and ‘B’ tones decreased the average
duration of the integrated phases and increased that of the segregated phases (Fig. 2). None
of the interactions between the effects of the different cues on average phase durations were
significant for the segregated percept. For the integrated percept, AM frequency difference
interacted with the carrier-frequency difference as well as with location difference. Similarly
to the proportion variable, the interaction was caused by differences in the slope of the AM
frequency effect in the presence vs. absence of an additional cue (carrier-frequency/location
difference). This was shown by the lack of significant differences between different AM
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Figure 2. Phase duration of the integrated percept: Interactions between AM frequency difference
and carrier-frequency difference (left) and between AM frequency difference and location difference
(right). The x axes show the levels of the AM frequency difference in octaves: the y axes show the
average phase duration of the integrated percept in seconds. Solid lines indicate the absence of carrier-
frequency/location difference. dotted lines indicate their presence.
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frequency differences in the presence of another cue (df = 52, p > 0.42) whereas the same
differences were significant in the absence of cither of the other cues (df = 52. p < 0.001).
The interaction between the carrier-frequency difference and the location difference was also
significant. Either one of these two cues alone or both together significantly decreased the du-
ration of the integrated percept (df = 26. p <0.001) but the effect caused by a single cue alone
did not differ from the effect caused by the presence of both cues together (df =26, p > 0.39).

Possible biasing effects of the instructions

The only significant effect of sorting participants into “Faithfully reporting”™ and “Doubtful-
ly reporting™ groups on the measured variables was an interaction between the Participant
group factor and the effect of presence vs. absence of the location difference cue on the pro-
portion of the integrated percept: A higher proportion of the integrated percept was reported
by “Faithfully reporting”™ than “Doubtfully reporting™ participants in the absence of the lo-
cation difference cue. No other significant main effect or interaction included the Participant
group factor. Therefore, we conclude that the pattern of results was largely similar in the two
groups of participants.

DISCUSSION

We found that with increasing separation in AM frequency, the proportion of perceiving two
segregated streams increased and the proportion of perceiving a single integrated stream
decreased. These results are consistent with those of Grimault and colleagues (Grimault
et al. 2002) as well as Dollezal et al. (2012). Therefore, we conclude that separation in
the frequency of amplitude modulation is utilized as a cue in auditory stream segregation.
Importantly, we found that increasing the separation in AM frequency increased the dura-
tion of segregated perceptual phases and decreased the duration of integrated phases. Thus,
similarly to primary static cues. separation in AM frequency is a cue that has both competi-
tive and stabilizing effects on auditory streaming. That is, when integration is the currently
dominant percept. the AM frequency cue increases the chances of a switch towards the seg-
regated percept. And. further. when segregation is the currently dominant percept. the AM
frequency cue helps to maintain the dominance of this percept. Similar effects were found
for the carrier-frequency and the location difference tested. replicating previous findings
(Denham et al. 2010. and in press, Bendixen et al. in this issue). These results suggest that
AM frequency difference similarly affects the segregation of concurrent sound streams as
primary static cues. Therefore we conclude that AM frequency difference is a primary cue
of auditory stream segregation.

We found strong interactions between the effects of the AM frequency cue and those of
the two static cues on most measures. The nature of these interactions appears to be a ceiling
type of effect. That is. with the exception of the smallest tested amount of AM frequency dif-
ference, adding cither or both of these other cues causes little further increase in segregation
and/or reduction in integration. The test of the independence model suggests that AM fre-
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quency and carrier-frequency difference have partly overlapping effects on the segregation
of auditory streams. Except for the smallest AM frequency difference, these cues interacted
with each other in their effects on the proportion of integrated percept. At the smallest (0.5
octave) AM frequency difference. perhaps there was enough room for each cue to reach its
full effect. These results suggest that AM frequency and carrier-frequency difference may
affect auditory stream segregation through partly overlapping mechanisms. This result is
compatible with the observation that an AM of >20 Hz frequency modulation rate (such as
100 Hz) may influence the perceived pitch. which would explain the interaction between the
ceffects of AM frequency difference and pitch difference on auditory streaming.

Adding the location cue extended the interactions also to the proportion of the segregated
percept. In all cases. the values measured for these combinations of cues showed less seg-
regation and more integration than those predicted by the model based on the independence
of these effects. These observations as well as the lack of interaction at lower levels of the
AM frequency difference suggest that the interactions could have resulted from a ceiling
effect. That is, it is possible that overall effect of these types of cues is limited. Full stability
of the percept can only be achieved by qualitatively different cues. This suggestion is com-
patible with the results of Denham et al. (2010), who also found bistability with a number
of different manipulations of the auditory streaming paradigm. If this was the case, then the
interactions between the cues tested in the current study may have resulted from a bottleneck
separating the stage of processing at which these cues are taken into account and another
stage, which imposes bi/multi-stability on the outcome of this stage. Further research should
be directed towards discovering the prerequisites of unambiguous perception of multi-stream
stimulus configurations.

Some of the participants reported switching between integrated and segregated sound
organizations even during those stimulus blocks in which the “A’ and ‘B’ sounds were iden-
tical. This may be an auditory illusion. However. it is also possible that these participants
implicitly tried to “please™ the experimenter by assuming that they were expected to re-
port perceptual switching in this experiment. However, despite this difference between the
“faithfully reporting”™ and the “doubtfully reporting™ participants, the two groups showed
similar patterns of results. Only one interaction involving the Group variable reached sig-
nificance. It remains to be clarified in further experiments whether “doubtfully reporting”™
participants are indeed influenced by implicit expectations. The current results suggest that,
on the one hand, this issue should be kept in mind when designing future experiments. but
on the other hand, mixing together “doubtfully reporting”™ and “faithfully reporting™ partic-
ipants does not qualitatively affect the results: it probably only increases the inter-subject
variance.

CONCLUSIONS

We found that separation in the frequency of amplitude modulation acts as a primary cue in
auditory streaming. It increases the strength of the segregated organization in the competition
as well as the stability of this percept. This cue affects auditory streaming through partly
overlapping mechanisms as separation in pitch and, possibly location.
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NOTE

! We are aware that the current data are not ideally suited for ANOVA type of statistical testing of con-
tinuous variables. This is mainly due to the limited observation period. When a given percept does not
appear within the 4 minutes stimulus block. assuming that it would never be observed (as is done by
filling empty observations with zeros) is not warranted. Similarly, the last perceptual phase of each
stimulus block was cut short by the end of the sound sequence. Thus we cannot assess. how long it
would have been, had the stimulus block continued. Finally. the phase-duration variable does not
conform to the normal distribution. To ascertain that the ANOVA's did not yield substantially distorted
results, we re-analyzed the data using more advanced statistical methods implemented in the “gamlss™
and survival R-packages (Rigby and Stasinopoulos 2005, Therneau and Lumley 2011. respectively)
and by which 1. there was no need for averaging, that is. all individual phases could be analyzed.
2. fixed and random (subject) effects were separated. 3. censoring was explicitly modeled. 4. various
distributions besides the normal distribution could be fitted and 5. instead of p values the Bayesian
information criterion (BIC) was applied for model selection. However, because these new statistical
methods are not yet fully documented and they vielded consistent results with the ANOVA's, we did
not wish to burden the ms with detailed descriptions of statistical methods and decided to present the
results obtained with the traditional ANOVA method. As a further caution against spurious effects, we
set the a level to 0.01 for the ANOVA tests.

REFERENCES

Anstis. S.. Saida. S. (1985): Adaptation to Auditory Streaming of Frequency-Modulated Tones. Journal
of Experimental Psychology — Human Perception and Performance, 11, 257-271.

Bendixen. A.. B6hm, T. M.. Szalardy. O.. Mill. R.. Denham. S. L., Winkler. I. (2012): Different roles
of similarity and predictability in auditory stream segregation. Learning and Perception, 4, 37-54.

Bendixen. A.. Denham. S. L.. Gyimesi, K., Winkler. I. (2010): Regular patterns stabilize auditory
streams. Journal of the Acoustical Society of America, 128, 3658-3666.

Blake. R., Logothetis. N. K. (2002): Visual competition. Nature Reviews Neuroscience, 3, 13-23.

Bregman. A. S. (1990): Auditory Scene Analysis: The Perceptual Organization of Sound. MIT Press,
Cambridge. MA.

Bregman. A. S.. Abramson. J.. Dochring, P.. Darwin. C. J. (1985): Spectral integration based on com-
mon amplitude-modulation. Perception & Psychophysics, 37, 483-493.

Ciocca. V. (2008): The auditory organization of complex sounds. Frontiers in Bioscience, 13, 148-169.

Denham, S. L., Gyimesi. K.. Stefanics. G.. Winkler. I. (2012): Perceptual bistability in auditory stream-
ing: How much do stimulus features matter? Learning and Perception, 4, 73-96.

Learning & Perception 5 (2013) Supplement 2

61



161

Modulation-frequency in auditory streaming

Denham, S. L.. Gyimesi. K.. Stefanics, G.. Winkler. I. (2010): Stability of perceptual organisation in
auditory streaming, In: Lopez-Poveda, E. A.. Palmer. A. R., Meddis. R. (eds.): The Neurophysio-
logical Bases of Auditory Perception. Springer, New York, pp. 477-487.

Denham, S. L.. Winkler. I. (2006): The role of predictive models in the formation of auditory streams.
Journal of Physiology, Paris, 100, 154-70.

Dollezal, L. V.. Beutelmann, R.. Klump, G. M. (2012): Stream segregation in the perception of sinusoi-
dally amplitude-modulated tones. Plos One, 7, e43615.

Du, Y.. He. Y.. Ross. B., Bardouille, T., Wu. X. H., Li. L. A., Alain, C. (2011): Human auditory cortex
activity shows additive effects of spectral and spatial cues during speech segregation. Cerebral
Cortex, 21, 698-707.

Griffiths, T. D., Warren. J. D. (2004): What is an auditory object? Nature Reviews Neuroscience, 5,
887-892.

Grimault. N.. Bacon, S. P.. Micheyl. C. (2002): Auditory stream segregation on the basis of ampli-
tude-modulation rate. Journal of the Acoustical Society of America, 111, 1340-1348.

Grimault. N., Micheyl, C.. Carlyon, R. P, Arthaud. P.. Collet, L. (2000): Influence of peripheral resolv-
ability on the perceptual segregation of harmonic complex tones differing in fundamental frequen-
cy. Journal of the Acoustical Society of America, 108, 263-271.

Hartmann. W. M., Johnson, D. (1991): Stream segregation and peripheral channeling. Music Percep-
tion, 9, 155-184.

Leopold, D. A.. Logothetis. N. K. (1999): Multistable phenomena: Changing views in perception.
Trends in Cognitive Sciences, 3, 254-264.

Moore. B. C. J.. Gockel, H. (2002): Factors influencing sequential stream segregation. Acta Acustica
United with Acustica, 88, 320-333.

Moreno-Bote, R.. Shpiro. A.. Rinzel. J.. Rubin, N. (2010): Alternation rate in perceptual bistability is
maximal at and symmetric around equi-dominance. Journal of Vision, 10, 1-18.

Pressnitzer, D., Hupe, J. M. (2006): Temporal dynamics of auditory and visual bistability reveal com-
mon principles of perceptual organization. Current Biology, 16, 1351-1357.

Rigby. R. A.. Stasinopoulos. D. M. (2005): Generalized additive models for location, scale and shape.
Applied Statistics, 54, 507-554.

Roberts, B.. Glasberg, B. R.. Moore, B. C. J. (2002): Primitive stream segregation of tone sequences
without differences in fundamental frequency or passband. Journal of the Acoustical Society of
America, 112, 2074-2085.

Schulze. H.. Langner. G. (1997): Periodicity coding in the primary auditory cortex of the Mongolian
gerbil (Meriones unguiculatus): two different coding strategies for pitch and rhythm? Journal of
Comparative Physiology a-Neuroethology Sensory Neural and Behavioral Physiology, 181, 651—
663.

Shamma. S. A.. Elhilali, M.. Micheyl. C. (2011): Temporal coherence and attention in auditory scene
analysis. Trends in Neurosciences, 34, 114-123.

Snyder, J. S., Alain, C. (2007): Toward a neurophysiological theory of auditory stream segregation.
Psychological Bulletin, 133, 780-799.

Themeau. T.. Lumley. T. (2011): survival: Survival Analysis Including Penalised Likelihood. R pack-
age version 2.36-3. url: http://CRAN.R-project.org/package=survival.

van Noorden, L. P. A. S. (1975): Temporal coherence in the perception of tone sequences. Doctoral
dissertation, Technical University Eindhoven.

Winkler. ., Denham, S. L., Nelken, I. (2009): Modeling the auditory scene: predictive regularity repre-
sentations and perceptual objects. Trends in Cognitive Sciences, 13, 532-540.

Learning & Perception 5 (2013) Supplement 2

62



Study Il. The effects of sequenesructure cues on auditory streasegregation

Szal 8§rdy, O.BRhBmwe n daviegM. A., Denham, SL., Winkler, I. (2014).
The effects of rhythm and melody on auditory stream segregdtonnal of the Acoustical
Society of Americal35(3):13921405.D01:10.1121/1.4865196

The effects of rhythm and melody on auditory stream segregation

Orsolya Szalardy
Institute of Cognitive Neuroscience and Psychology, Research Centre for Natural Sciences,
Hungarian Academy of Sciences, P.O. Box 286, H-1519 Budapest, Hungary

Alexandra Bendixen

Auditory Psychophysiology Lab, Department of Psychology, Cluster of Excellence “Hearing4all,”
European Medical School, Carl von Ossietzky University of Oldenburg, Ammerlinder Heerstrasse 114-118,
D-26129 Oldenburg, Germany

Tamas M. Bohm
Institute of Cognitive Neuroscience and Psychology, Research Centre for Natural Sciences,
Hungarian Academy of Sciences, P.O. Box 286, H-1519 Budapest, Hungary

Lucy A. Davies and Susan L. Denham
Cognition Institute and School of Psychology, University of Plymouth, Drake Circus, Plymouth PL4 8AA,
United Kingdom

Istvan Winkler®
Institute of Cognitive Neuroscience and Psychology, Research Centre for Natural Sciences,
Hungarian Academy of Sciences, P.O. Box 286, H-1519 Budapest, Hungary

(Received 16 May 2013; revised 25 January 2014; accepted 29 January 2014)

While many studies have assessed the efficacy of similarity-based cues for auditory stream segregation,
much less is known about whether and how the larger-scale structure of sound sequences support
stream formation and the choice of sound organization. Two experiments investigated the effects of
musical melody and rhythm on the segregation of two interleaved tone sequences. The two sets of
tones fully overlapped in pitch range but differed from each other in interaural time and intensity.
Unbeknownst to the listener, separately, each of the interleaved sequences was created from the notes
of a different song. In different experimental conditions, the notes and/or their timing could either
follow those of the songs or they could be scrambled or, in case of timing, set to be isochronous.
Listeners were asked to continuously report whether they heard a single coherent sequence (integrated)
or two concurrent streams (segregated). Although temporal overlap between tones from the two
streams proved to be the strongest cue for stream segregation, significant effects of tonality and
familiarity with the songs were also observed. These results suggest that the regular temporal patterns
are utilized as cues in auditory stream segregation and that long-term memory is involved in this
process. © 2014 Acoustical Society of America. [http://dx.doi.org/10.1121/1.4865196]

PACS number(s): 43.66.Mk, 43.75.Cd, 43.66.Lj [ELP] Pages: 1392-1405

I. INTRODUCTION regular temporal patterns for sorting sounds into streams
(see also Andreou et al., 2011; Rimmele et al., 2012; Snyder
and Weintraub, 2011). However, while the regularities tested
by Bendixen and colleagues (Bendixen et al, 2013;
Bendixen et al., 2010) extended the intervals during which
listeners perceived the tone sequence in terms of two
streams, they did not affect the length of the intervals during
which listeners perceived the tone sequence as a single inte-
grated stream. This was taken to suggest that proto-objects
(groupings of sounds that may appear in perception) may
have two separate attributes that affect their competition for
dominance. One is their ability to wrest dominance away
from the currently dominant (perceived) proto-object. We
term this attribute competitiveness. A proto-object with high
competitiveness will shorten the dominance duration of
other proto-objects. Thus the effect of a cue on the competi-
tiveness of a proto-object can be assessed by measuring its
“Author to whom correspondence should be addressed. Electronic mail: effect on the dominance durations of other proto-objects.

winkler.istvan@ttk.mta.hu The other attribute of proto-objects reflects their ability to

In everyday life, the ears continuously receive multiple
sounds originating from concurrently active sound sources.
To adapt to and efficiently interact with our environment, we
need to organize these acoustic events into coherent sequen-
ces, termed auditory streams, which are usually associated
with separate sound sources (Bregman, 1990; Winkler et al.,
2009a). The formation of auditory streams has been investi-
gated within the framework of auditory scene analysis
(Bregman, 1990; Snyder and Alain, 2007; Winkler et al.,
2009a). Several studies have shown that the auditory system
forms streams by grouping together sounds with similar
acoustic features (see, e.g., Moore and Gockel, 2002).
Recently, Bendixen er al. (Bendixen ef al., 2013; Bendixen
et al., 2010) showed that the auditory system can utilize
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resist the competing proto-objects and thus to remain domi-
nant. We term this attribute stability. A proto-object with
high stability will have long dominance durations. Thus the
effect of a cue on the stability of a proto-object can be
assessed by measuring the dominance durations of that
proto-object itself. Switching occurs when the competitive-
ness value of a currently non-dominant proto-object exceeds
the stability value of the currently dominant proto-object.
Competitiveness and stability may be two independent
attributes of proto-objects. Alternatively, it is possible that a
common “‘activation” attribute (see Mill er al., 2013) is
affected differently by certain cues depending on whether
the proto-object is dominant or not. Bendixen and colleagues
(2010) implicitly suggested the latter by assuming that the
regularity of their temporal patterns is only detected when
the corresponding proto-object is dominant. As a conse-
quence, the regular temporal patterns tested by Bendixen
and colleagues (Bendixen et al., 2013; Bendixen et al.,
2010) appeared only to stabilize auditory streams that have
already been segregated but not to induce segregation by
themselves. In contrast, the similarity-based cues tested so
far (separation in pitch, sound source location, and amplitude
modulation rate) not only extended the intervals of segrega-
tion but also shortened the intervals of integration (Bendixen
et al., 2013; Denham et al., 2013; Szalardy et al., 2013). On
this basis, one may distinguish cues that induce percepts by
increasing their competitiveness (percept-inducing cues) and
cues that stabilize percepts by increasing their stability
(percept-stabilizing cues); allowing also for cues that exert
both effects (percept-inducing/stabilizing cues). In the cur-
rent study, we investigated whether melody and rhythm (two
of the structural features characterizing human speech and
music) can act as cues for auditory stream segregation and,
if so, whether they stabilize and/or induce auditory streams.
Specifically, we tested whether the presence of melodic and
rhythmic patterns, hidden separately in two interleaved tone
sequences, shortens the intervals during which listeners
perceive the sequence as a single stream and/or extend the
intervals during which two streams are perceived.

Auditory stream segregation is often investigated in the
classical auditory streaming paradigm, a stimulus configura-
tion that consist of a repeating “ABA_" pattern of sounds
(van Noorden, 1975), where “A™ and “B” denote two sounds
differing in some feature(s) and “_" stands for a silent inter-
val equaling the common duration of the two sounds.
Depending on the stimulus parameters, this stimulus config-
uration is usually perceived in one of two different ways:
Either all tones form a single sound stream termed the inte-
grated percept or two streams are heard concurrently, one
consisting only of the A and the other only of the B sounds
(the segregated percept). Whereas the classical view sug-
gested that perception settles on one of the two sound organi-
zations (Bregman, 1990; van Noorden, 1975), more recent
studies demonstrated that when listeners are exposed to
ABA_ sequences for a few minutes, perception switches
between alternative sound organizations (Bendixen et al.,
2013; Bendixen et al., 2010; Denham et al., 2010, 2013;
Denham and Winkler, 2006; Gutschalk er al., 2005;
Pressnitzer and Hupé, 2006; Szalardy et al., 2013). This
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phenomenon is termed perceptual bistability, and it reflects
competition between alternative interpretations of the sen-
sory input (Leopold and Logothetis, 1999; Pressnitzer and
Hupé, 2006; Winkler et al., 2012).

Such bistable configurations can be used to investigate
how various auditory cues affect the balance between the
integrated and segregated perception of the sequence. Based
on the view that auditory perceptual bistability reflects con-
tinuous competition between alternative sound organizations
(Denham and Winkler, 2006; Denham et al., 2013; Winkler
et al., 2009a; Winkler et al., 2012), a continuous measure-
ment of the listener’s perception can be used to assess prop-
erties of the competition. For the analysis, the continuous
record of the listener’s report is segmented into intervals
between two perceptual switches (termed perceptual phase;
i.e., the unbroken interval within which the listener reported
the same percept). The mean durations of these perceptual
phases, averaged separately for each possible percept, pro-
vide important information about the way a given cue affects
auditory perceptual organization (Bendixen et al., 2010;
Bendixen et al., 2013; Denham et al., 2013). For example,
increasing the pitch separation in an ABA_ sequence pro-
longs the duration of segregated perceptual phases and short-
ens the duration of integrated phases by causing switches
back to segregation (Bendixen et al., 2013). The first effect
(prolonging phases of the supported percept) can be regarded
as stabilizing the percept, whereas the latter (shortening
phases of the alternative percept) shows the effect of the cue
on wresting dominance away from other organization to
induce perception of the supported organization. Inserting
regular pitch and intensity patterns separately into the A and
B tone sets in an ABA_ paradigm prolonged the duration of
segregated phases but had no effect on the duration of the
integrated phases, i.e., they did not cause perception to
switch to “segregation” (Bendixen et al., 2010; Bendixen
et al., 2013). Based on these results, Bendixen and col-
leagues (Bendixen et al., 2010; Bendixen et al., 2013)
hypothesized that similarity-based cues can both induce and
stabilize a perceptual organization (i.e., they are inducing/
stabilizing cues), cues based on regular temporal patterns
can only stabilize a percept (stabilizing cue).

Here we investigated two cues, melody and rhythm, that
are conceptually similar to the repetitive patterns used by
Bendixen er al. (Bendixen et al., 2010; Bendixen et al.,
2013; see also Andreou et al. 2011) in that they provide
structure for sound sequences. Rhythm refers to the temporal
arrangement of the shorter and longer notes and pauses in a
sequence, while melody refers to the sequence of pitches
carried by the sounds. Some studies have indicated that the
roots of rhythm perception are already present at birth
(Winkler er al., 2009b). However, so far few studies have
directly investigated the effects of rhythmic structure on
auditory stream segregation (but see Andreou et al., 2011;
French-St George and Bregman, 1989; Rimmele et al.,
2012; Rogers and Bregman, 1993). Jones and her colleagues
have long argued for an important role of rhythmic structure
in auditory stream segregation (Jones, 1976; Jones and
Boltz, 1989), suggesting that temporal predictability guides
the grouping of sounds through attentive processes (Demany
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and Semal, 2002; Devergie et al., 2010). Contrasting results
were obtained by French-St George and Bregman (1989),
who found that a temporal regularity inserted into an “AB”
sequence had no significant effect on auditory stream inte-
gration. Similarly, Rogers and Bregman (1993) found that a
temporally predictable induction sequence did not increase
the segregation of the following ABA_ sequence compared
to an unpredictable one. In contrast, two recent studies
showed that temporal regularities help auditory stream seg-
regation when listeners are instructed to attend one of the
streams even when regular temporal patterns appear only in
the other stream (Andreou er al., 2011; Rimmele er al.,
2012). It remains to be tested whether the same is true for
unbiased listening instructions (i.e., when the listener is not
instructed to attend one of the streams).

The effects of melodic structure on streaming are also
not well understood. Dowling and colleagues (Dowling,
1973; Dowling et al., 1987) showed that when a familiar
melody was presented to listeners together with distracting
sounds taken from the same pitch range, many listeners
were able to separate the melody from the other sounds. A
similar study was conducted by Bey and McAdams (2002),
who presented listeners with two melodic patterns, each
consisting of six tones. One of the patterns was interleaved
with distractor tones. Listeners were then asked whether the
two melodies were identical or not. Listeners’ recognition
performance was higher when the target pattern was
presented first without the distractor tones. The authors
interpreted this result as showing that sequential stream seg-
regation can be improved by previous knowledge, which is
mediated by expectations (for a similar conclusion, see
Devergie et al., 2010). However, in these studies, listeners
were actively searching for familiar melodies, thus they
intentionally attempted to segregate the interleaved sequen-
ces as it helped them to detect the target patterns. Several
studies (e.g., McDermott ef al., 2011) showed that familiar-
ity with some given sounds (either through previous knowl-
edge or exposure to the sounds prior to testing them as part
of a mixture) enhances the likelihood of segregating them
from other concurrent sounds even without the listener
actively searching for the familiar sounds (for a review, see
Snyder et al., 2012).

In the current study, we aimed at testing the effects of
rhythm and melody on stream segregation without asking
listeners to actively search for a particular rhythm or melody.
Thus the task did not suggest to them that segregation was
preferable over integration. The two cues were separately
tested in a 2x2 fully crossed design by inserting into
sequences of interleaved A and B tones (an ABAB...
sequence): (a) Two different melodies (one for the A and the
other for the B tones), including their rhythmic structure or
(b) the two melodies, each delivered at a uniform presenta-
tion rate, or (¢) separate randomized sequences of the notes
of the two melodies delivered with their original rhythm, or
(d) randomized sequences of the notes delivered at a uniform
presentation rate (the baseline condition). In all conditions,
A and B differed by an interaural time and intensity differ-
ence (ITD and IID, respectively) that promoted the segrega-
tion of the two sets of sounds despite the almost complete
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overlap between the pitch ranges of the interleaved melo-
dies. This allowed detecting potential stabilizing cues, which
only exert their effect on streams already segregated on the
basis of some inducing cue. Separation in virtual source
location has been previously found to support auditory
stream segregation, although compared with other cues, such
as pitch separation, it is not a strong cue (e.g., Bohm et al.,
2013; Denham et al., 2010). If the melodic and/or rhythmic
patterns hidden in the sequences are utilized as stream segre-
gation cues, the proportion of segregation should increase in
the corresponding experimental conditions compared to
the baseline condition. Depending on whether this putative
increase in the proportion of segregation is caused by
prolonging the duration of segregated percepts alone or
(also) by shortening the duration of integrated percepts, the
percept-inducing and stabilizing qualities of melodic and
rhythmic patterns will be characterized.

Finally, we also wished to separate the effects of pattern
recognition from those of regularity detection on auditory
streaming. Therefore we manipulated the familiarity of the
melodies in the experiment by presenting well-known
Hungarian and German songs to Hungarian and English
listeners. If familiarity (pattern recognition) is a necessary
prerequisite for utilizing melodic and/or rhythmic cues, then
Hungarian listeners should report more segregation for the
Hungarian compared to the German melodies, whereas
English listeners should show no such bias.

Experiment I investigated the questions detailed in the
preceding text. Experiment II was designed to determine the
acoustic cues underlying the effects found in experiment I.

Il. EXPERIMENT |
A. Methods
1. Participants

Twenty-five healthy Hungarian and 21 English partici-
pants took part in experiment I (Hungarian group: 18-26 yr
of age, average age, 21.68 yr, 10 females; English group:
18-35yr of age, average age, 21.00yr, 18 females). Three
Hungarian and two English participants were rejected from
the analysis: One of the Hungarian participants had difficul-
ties in performing the task, reporting after the experimental
session that he could not distinguish the different percepts;
and two did not report perceptual switches throughout the
whole experimental session; in the English group, one partic-
ipant was rejected as her percept differed from each of the
integrated, segregated, and both percepts for more than 40%
of the time, across all conditions, and another was discarded
as she only perceived the segregated percept, across all
conditions.

Written informed consent was obtained from partici-
pants after the experimental procedures were explained to
them. Participants were screened for intact hearing by audi-
ometry before the start of the experiment. The criteria were
that the hearing thresholds should not exceed 30 dB hearing
level (HL) within the 250-8000 Hz frequency range, sepa-
rately within each ear, and that threshold differences
between the ears should not exceed 10dB at any frequency.
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